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Effects of Analgesic Use on Inflammation
and Hematology in a Murine Model of
Venous Thrombosis

Gerald A Hish Jr,! Jose A Diaz,? Angela E Hawley,? Daniel D Myers Jr,>* and Patrick A Lester®”

Venous thrombosis (VT) is a significant cause of morbidity and mortality in humans. Surgical animal models are crucial in
studies investigating the pathogenesis of this disease and evaluating VT therapies. Because inflammation is critical to both
the development and resolution of VT, analgesic medications have the potential to adversely affect multiple parameters of
interest in VT research. The objective of this study was to determine how several common analgesics affect key variables in
a murine ligation model of deep vein thrombosis. Male C57BL/6 mice were randomly assigned to receive either local (bupiv-
acaine) or systemic parenteral analgesia (buprenorphine, tramadol, or carprofen) or 0.9% NaCl (control). All mice underwent
laparotomy and ligation of the inferior vena cava, and treatment was continued until euthanasia at 6 or 48 h after surgery.
Analysis of harvested tissues and blood included: hematology, thrombus weight, serum and vein-wall cytokines (IL1(, IL6,
IL10, TNFa), soluble P-selectin, and vein-wall leukocyte infiltration. Compared with 0.9% NaCl, all of the analgesics affected
multiple parameters important to VT research. Carprofen and tramadol affected the most parameters and should not be used
in murine models of VT. Although they affected fewer parameters, a single dose of bupivacaine increased thrombus weight
at 6 h, and buprenorphine was associated with reduced vein wall macrophages at 48 h. Although we cannot recommend the
use of any of the evaluated analgesic dosages in this mouse model of VT, buprenorphine merits additional investigation to
ensure the highest level of laboratory animal care and welfare.

Abbreviations: hpf, high-power field; IVC, inferior vena cava; IQR, interquartile range; sP-sel, soluble P-selectin; TW, thrombus

weight; VT, venous thrombosis.

Venous thrombosis (VT) is among the most common vascular
diseases and is a significant cause of morbidity and mortality in
humans. Numerous risk factors have been identified including
advanced age,*? neoplasia,®® and obesity,! and approximately
275,000 new cases are diagnosed annually in the United States
alone, with a recurrence rate of approximately 30%.2° Historical-
ly, the primary contributors toward the development of VT have
been summarized as the Virchow Triad and include hyperco-
agulability, endothelial injury, and vascular stasis.*> During the
last 4 decades, additional attention has been paid to the role that
inflammation plays in the initiation, progression, and eventual
resolution of VT, emphasizing endothelial cellular and molecu-
lar interactions.?” It is now understood that the endothelium
plays a key role in maintaining an antithrombotic, vasodilatory
state, in part through the production of nitric oxide and IL10,
an antiinflammatory cytokine.> After endothelial dysfunction,
induced by either direct physical trauma or secondary to sys-
temic proinflammatory conditions, a cascade of changes occurs
that fosters a prothrombotic, vasoconstrictive environment. In
particular, for VT, the upregulation of cell adhesion molecules
like P-selectin on the endothelium lead to the adhesion of
activated platelets and leukocytes, contributing to thrombus
formation and inflammation. Leukocyte migration across the
vascular wall, particularly by polymorphonuclear cells, further
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contributes to early endothelial injury. Over time, these same
cells, acting in concert with monocytes, are important for effec-
tive postthrombosis remodeling and eventual resolution.34047

As the underlying mechanisms of thrombus formation have
been elucidated and novel antithrombotic therapies have
been developed in response, animal models have played an
ever increasing role in both basic and applied VT research.?”
Although no single species perfectly recapitulates the human
disease, and both rodent and nonrodent large animal models
are important to the study of VT, murine models serve a crucial
role in understanding the mechanisms of VT and evaluating
novel therapies headed for clinical trials.?*** Characterizing
the effects of medications, such as analgesics, on these models
is an important aspect of model refinement, particularly when
the model has a surgical component.

Because of the difficulties in initiating thrombus formation,
most models currently used in VT research involve some degree
of surgical invasiveness to access the vessel endothelium or to
induce partial stasis. Because of the limited utility of minimally
invasive methods due to their small body size, the absence
of spontaneously occurring disease, and the need to induce
thrombus formation in larger vessels, rodents generally require
more invasive surgical manipulation than do some large animal
models. Although all rodent models used to study VT involve
some degree of surgical intervention, only 2 techniques have
been shown to produce consistent, reproducible thrombus for-
mation with minimal postoperative mortality, the electrolytic
injury model'? and ligation of the inferior vena cava® (IVC),
both of which require laparotomy. Consistent with the Guide for
the Care and Use of Laboratory Animals,** PHS policy,® and the
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Animal Welfare Act,® these surgical models warrant the use of
analgesia to minimize postoperative discomfort and distress
unless there is compelling scientific justification for the omission
of pain-relieving medication. Historically, the use of analgesics
has been questioned in several laparotomy models of diseases
in which inflammation plays a significant role, including sepsis
and VT. The justification for withholding analgesics in these
scenarios may reflect concerns that these compounds alter
inflammation, immune function, and coagulation and thereby
introduce a confounding experimental variable.

Although these are valid and important considerations in
preserving the integrity of study results, generalizations about
an individual drug may ignore the variability seen among com-
pounds within the same analgesic class.?’ The routine clinical
use of analgesics in human patients afflicted with these condi-
tions further complicates the ethical dilemma when weighing
the evidence against analgesic administration in laboratory
species. Despite the widespread use of animal surgical models
in VT research, very few species-specific data regarding the ef-
fects of analgesia on inflammation and thrombus formation are
currently available in the literature, particularly in regard to the
most commonly used VT surgical models. This type of work, as
it relates to analgesic use in various species and specific models
with a high potential for pain and distress, is crucial if IACUC
and investigators are to ensure ethical care without compromise
of study data. The current study characterized the effects of 4
analgesics with varied mechanisms of action on specific end-
points of the commonly used mouse IVC ligation model of deep
vein thrombosis and compared these findings with data from
other species and models in the published literature.

Materials and Methods

Animals. This study used 10- to 12-wk-old male C57BL/6
mice (1 = 150) with a mean body weight of 24.6 g (Charles River
Laboratories, Portage, MI). Our laboratory has historically used
male mice with the ligation model of VT, because we previously
have shown that male mice produce larger thrombi and female
mice are unsuitable due to the vascular anatomy of the uterus
and ovaries.? We use C57BL/6 mice in light of our extensive
historical data and their use as the background strain for all of
the gene-targeted models that we use in our laboratory.

Five mice were housed per ventilated cage (Allentown
Caging, Allentown, NJ) on a 12:12-h light:dark cycle in a tem-
perature- and humidity-controlled room in compliance with the
recommendations of the Guide.?* Mice were fed a commercial
rodent diet ad libitum (irradiated Labdiet 5LOD, PMI Nutrition
International, Brentwood, MO), and had continuous access to
reverse-osmosis—purified water via a rack-mounted continu-
ous watering system. The health of the colony was evaluated
quarterly by using dirty-bedding transfer to 3 male CD1 sentinel
mice per 70 cages. All sentinels were negative for the following
pathogens for the study duration: mouse hepatitis virus, mouse
parvovirus, minute virus of mice, epizootic diarrhea of infant
mice, ectromelia virus, Sendai virus, pneumonia virus of mice,
Theiler murine encephalomyelitis virus, reovirus type 3, lym-
phocytic choriomeningitis virus, mouse adenovirus, polyoma
virus, Mycoplasma pulmonis, cilia-associated respiratory bacillus,
and murine pinworms (Aspiculuris and Syphacia). All animal
procedures were approved by the University Committee on
the Use and Care of Animals at the University of Michigan in
compliance with the Guide.?*

Experimental design. Individual cages were assigned ran-
domly to 1 of 5 experimental groups (1 = 30 mice per treatment
group) prior to undergoing surgery with a model of IVC ligation

as described previously.*’ All of the mice within a single cage
received the same treatment and were harvested at the same
study time point. Surgeries were performed on one cage of ani-
mals each day at approximately the same time in the morning,
and cage order was randomized so that all treatment groups
were equally represented temporally over the course of the
study. The same person performed all of the surgeries, treatment
administrations, and tissue collections to ensure consistency.
Mice were allowed to recover, and tissues were collected by
terminal harvest at either 6 or 48 h postoperatively (15 mice per
time point for each treatment group). Mice were anesthetized
by using isoflurane, the same inhalant anesthetic administered
during surgery, for cardiocentesis and tissue collection.

Ateach time point, blood was collected from 10 of the 15 mice
from each group for serum cytokine analysis, and the IVC and
thrombus were removed, weighed, and frozen individually for
further analysis. For the remaining 5 mice in each treatment
group for a given time point, blood was collected in EDTA
tubes for hematology and soluble P-selectin analysis, and the
IVC, thrombus, aorta, and surrounding tissues were removed
for histologic evaluation (Figure 1).

Analgesic administration. Mice were assigned randomly to
1 of 5 experimental groups and received either 1 of 3 paren-
teral analgesics or a local anesthetic or preservative-free 0.9%
NaCl (no analgesia). The parenteral analgesia groups received
buprenorphine (0.1 mg/kg; 0.3 mg/mL, Reckitt Benckiser Phar-
maceuticals, Berkshire, UK), tramadol (20 mg/kg; 10 mg/mL,
Wedgewood Pharmacy, Swedesboro, NJ), or carprofen (5 mg/
kg; 50 mg/mL, Pfizer, New York, NY). All parenteral analgesics
were administered subcutaneously beginning 30 min prior to
surgery and continued twice daily for as long as 48 h. The local-
anesthetic group received bupivacaine (5 mg/kg; 0.5%, Hospira,
Lake Forest, IL) as a single subcutaneous injection on either side
of the abdominal skin incision 3 to 5 min prior to initiation of
surgery. All drugs were diluted with preservative-free 0.9%
NaCl to produce a final volume of 0.2 mL per injection. So that
the surgeon was blinded regarding treatment group, all mice
received injections at the same sites and frequency. Preservative-
free 0.9% NaCl was used for subsequent twice-daily injections
in the local analgesia group. Animals in the no-analgesia group
received preservative-free 0.9% NaCl for all injections during
the course of the study.

Vein wall morphometrics. The IVC and surrounding tissues
were fixed in 10% formalin, paraffin-embedded and processed
into slides, and stained with hematoxylin and eosin. A board-
certified veterinary pathologist, blinded to the treatment groups,
evaluated the slides and determined the number of leukocytes
infiltrating the vein wall in 5 high-powered fields (hpf) on
each slide. The leukocytes of interest included neutrophils,
macrophages, and lymphocytes.

Vein wall and serum cytokine analysis. The vein wall was
separated from the thrombus, snap frozen in liquid nitrogen,
and stored at —70 °C for later analysis. Blood (500 to 800 pL)
was collected for serum cytokine analysis and held at room
temperature in untreated microcentrifuge tubes (ThermoFisher
Scientific, Waltham, MA) for at least 30 min until clot formation
occurred. Samples then were spun at 2000 x g for 20 min. The se-
rum was removed and stored at —70 °C until analysis. Vein wall
samples were placed into 400 uL Complete Lysis Buffer (Roche,
Indianapolis, IN), homogenized for 60 s, sonicated for 15 s, and
then spun at 19,474 x ¢ for 3 min. Vein wall homogenates and
serum were assayed separately for IL1§, IL6, IL10, and TNFa
by using a multiplex bead assay (EMD Millipore, Billerica, MA),
and the protein concentration for each sample was determined
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Time Point Tissue Evaluation Blood Evaluation n
6 hour Thrombus and IVC Serum 10
- Weight - Cytokines
- Vein wall cytokines
IVC and aorta (fixed) Plasma 5
- Vein wall leukocyte counts - Complete blood count
- Soluble P-selectin
48 hour Thrombus and IVC Serum 10
- Weight - Cytokines
- Vein wall cytokines
IVC and aorta (fixed) Plasma 5

- Vein wall leukocyte counts

- Complete blood count
- Soluble P-selectin

Figure 1. Allocation of mice to experimental groups. For each group, 30 mice were divided equally between 2 time points and then further as-
signed according to the type of tissue and blood sample that was collected for analysis.

by using the standard BCA protein assay (Pierce, Rockford, IL).
Cytokine levels below the detection threshold were assigned
a value at the lower detection limit. All cytokine results were
normalized to the protein content of each sample.

Hematology. Blood (500 puL) was collected via cardiocentesis
and placed into microtainer EDTA tubes (Becton Dickson,
Franklyn Lakes, NJ). A CBC was performed on each sample by
using a HemaVet HV950 Multispecies Hematology Analyzer
(Drew Scientific, Oxford, CT).

Mouse soluble P-selectin (sP-sel). After a CBC, the EDTA
samples were processed according to the manufacturer’s rec-
ommendations by using a soluble P-selectin ELISA kit (R and
D Systems, Minneapolis, MN). The protein in each sample was
determined by using the standard BCA protein assay (Pierce)
for normalization of the sP-sel levels.

Thrombus weight (TW). At the time of tissue harvest, overly-
ing connective tissue was carefully dissected from the IVC and
removed with its associated thrombus from the level of the left
renal vein to the bifurcation of the vena cava. The total weight
of the IVC and thrombus was recorded in grams and served as
a reference of thrombosis.

Statistical methods. Statistical analysis was performed by us-
ing GraphPad Prism version 6.0 (GraphPad Software, La Jolla,
CA). Data were analyzed for normality by using the D’ Agostino
and Pearson omnibus tests. The statistical significance of dif-
ferences between the operated nonanalgesic group and each of
the analgesic treatment groups was assessed for each variable
at each time point by either parametric (unpaired t test with
Welch’s correction) or nonparametric (Mann-Whitney test)
methods. Significant outliers were identified in continuous sets
of data using the extreme studentized deviate test (Grubbs test,
o = 0.05) and were not included in the statistical analysis. A P
value of 0.05 or less was considered significant for all statisti-
cal comparisons. All parametric and nonparametric data are
reported as mean + SEM or the median and the interquartile
range (IQR), respectively.

The decision to perform individual f tests, rather than use a
statistical method that would correct for multiple comparisons
(thatis, ANOVA or Kruskal-Wallis), increases the risk of type 1
errors but minimizes the likelihood of missing true significant

differences associated with analgesic treatment, thereby increas-
ing the overall power of the study.'®

Results

Vein wall morphometrics. Thrombus formation resulted in a
progressive inflammatory process in the vein wall as evidenced
by local leukocyte infiltration. Comparing analgesic treatment
groups to the operated mice without pain management at both
time points revealed 5 differences in vein wall cell counts. Vein
wall neutrophil counts were significantly reduced at both 6 h
(median, 4.5; IQR, 1.0 to 8.5; compared with median, 12.0; IQR,
5.5 to 24.5 cells/hpf; P = 0.0035) and 48 h (median, 7.0; IQR, 3.0
to 11.5; compared with median, 14.5; IQR, 8.0 to 17.5 cells/hpf;
P =0.0216), in mice receiving carprofen compared with the no-
nanalgesic groups. Vein wall macrophage numbers at 48 h were
significantly reduced in the buprenorphine (median, 2.0; IQR,
1.0 to 2.5 cells/hpf; P = 0.0049), tramadol (median, 2.0; IQR, 1.0
to 3.0 cells/hpf; P = 0.0325), and carprofen (median, 1.5; IQR,
1.0 to 3.0 cells/hpf; P = 0.0167) groups compared with the no-
nanalgesic group (median, 3.0; IQR, 2.0 to 4.0 cells /hpf; Table 1).

Vein wall cytokines. IL1B, IL6, and IL10 were present at detect-
able levels in the majority of the vein wall homogenate samples
at both the 6- and 48-h time points, whereas TNFa was below
the detection threshold in all assayed samples. In general, the
cytokine results were higher for IL6 and at or near the low end
of the detection range for IL1 and IL10. At 6 h, none of the treat-
ment groups differed significantly from the no-analgesia group
for any of the 3 measurable cytokines. Similarly, there were no
apparent treatment effects on IL1f or IL10 at 48 h. Bupivacaine
(330.6 +45.3 pg/ug protein, P = 0.0113) and carprofen (249.1 +
64.0 pg/ug protein, P = 0.0037) reduced vein wall IL6 concen-
trations at 48 h compared with that of the no-analgesia group
(596.5 +79.6 pg/ug protein; Table 1).

Serum cytokine analysis. IL6 levels were present at detect-
able levels in most of the serum samples and showed marked
decreases between the 6- and 48-h time points (Table 1). IL1,
IL10, and TNFo. were consistently below the detection limits of
the assay for most of the serum samples.

At 6 h after surgery, IL6 levels were significantly lower in the
mice receiving carprofen (9.7 + 1.7 pg/ug protein; P = 0.0379)
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Table 1. Effects of analgesics on parameters related to thrombosis

No analgesia Bupivacaine Buprenorphine Tramadol Carprofen
Vein wall leukocytes (no. of cells/high-power field)
6h
Neutrophils 12.0; 5.5-24.5 18.0;2.0-15.8 T8.0;1.5-31.5 155;1.0-11.5 145;1.0-8.5
Macrophages 1.0; 0.0-1.0 T1.0;0.0-2.0 1.0; 0.0-1.0 10.0;0.0-1.0 10.0;0.0-2.0
Lymphocytes 1.0; 0.0-2.0 1.0; 0.0-2.0 11.0;0.0-2.5 11.0;0.5-3.0 71.0; 0.0-3.0
48h
Neutrophils 14.5;8.0-17.5 T14.0;4.3-21.8 111.0,7.0-19.3 T18.0;9.5-44.0 1 7.0;3.0-11.5
Macrophages 3.0;2.0-4.0 12.0;1.0-3.0 12.0;1.0-2.5 12.0;1.0-3.0 11.5;1.0-3.0
Lymphocytes 3.0; 1.0-4.0 12.0;1.0-35 12.0;2.0-3.0 12.0;1.0-3.0 13.0;2.04.0
Vein wall cytokines (pg/ g protein)
6h
IL1B 189 +3.4 T189+43 T201+4.8 T720.0+5.8 T224+72
IL6 4059.5 +545.9 T 4106.6 + 850.7 T54465+1061.8  T10066.9 +£3144.7 13395246822
IL10 32.8+7.0 1172424 1309+3.7 T624+19.9 1314+56
48h
IL1B 14.0+3.4 T16.3+3.9 T184+2.8 l115+22 T20.7+5.1
L6 596.5 +79.6 1 330.6 +45.3 1 449.6 +100.4 144404539 12491 + 64.0
IL10 20.4; 14.1-31.6 113.1;10.1-20.1 117.7,7.1-49.8 110.9;9.2-26.0 113.0;9.3-19.5
Circulating IL6 (pg/ug protein)
6h 21.6+4.6 1172424 111.5+1.6 J11.7+24 19717
48h 1.2;,1.0-1.4 T72.1;1.1-2.9 T1.6;1.2-3.8 T2.6;1.4-4.2 T1.1;0.7-1.9
CBC (x 10 cells/uL)
6h
WBC 4.42;3.22-4.83 1 4.02;3.23-4.69 T 4.75;3.51-6.33 13.82;2.46-4.31 T 5.22; 4.79-5.41
Neutrophils 3.04; 2.40-3.58 T 2.82;2.09-3.44 1 3.45;2.68-4.65 12.03;1.82-3.15 13.72;3.58-4.01
Lymphocytes 0.92; 0.67-1.20 T0.88; 0.68-1.26 T1.13;0.71-1.43 11.03;053-1.22  T1.22;0.96-1.70
Monocytes 0.11; 0.10-0.20 10.17;0.11-0.32 T0.12; 0.05-0.19 1 0.07;0.06-0.08  10.17;0.11-0.29
Platelets 626; 576659 T 683; 604-835 T 620; 572-722 1 478; 347-730 T 671; 635-708
48 h
WBC 4.16;2.45-4.80 T 6.34;3.88-6.74 12.82;2.06-4.21 1 3.24;2.21-3.95 1 3.12; 2.50-4.80
Neutrophils 1.76;1.25-1.86 T 3.09; 1.70-3.64 1 1.54;1.07-2.05 1 1.14;0.90-1.51 1 1.03;0.76-1.55
Lymphocytes 2.20; 1.15-2.89 T 2.60; 2.09-3.21 11.25;0.93-2.04 11.82;1.12-207  71.89;1.56-2.95
Monocytes 0.08; 0.05-0.10 1 0.07; 0.06-0.09 1 0.05; 0.04-0.11 T0.28;0.12-0.37 T 0.23; 0.13-0.27
Platelets 359; 281485 T 430; 367-549 T 484; 411-626 1 324; 277-364 1 307; 295-337
Hct (%)
6h 38.4; 38.2-38.8 T 39.6; 38.6-41.5 38.8; 37.9-40.8 1 38.7;35.2-40.9 T42.1;38.5-44.3
48 h 36.2; 35.3-39.4 134.1;31.6-35.8 | 31.6; 31.0-33.6 1 31.0; 27.4-34.2 1 36.9;35.0-37.1
Soluble P-selectin (pg/ug protein)
6h 6.13;5.90-7.67 1 5.78; 5.35-6.09 T 9.95; 6.62-10.90 78.47;7.80-10.31  17.22;6.29-7.73
48h 9.98;8.94-11.39  T11.99;8.84-1223  19.76;843-13.11 T 13.63;10.16-13.88 1 9.73;9.31-10.89
Thrombus weight (mg)
6h 13.1+0.7 T17.6+1.4 T139+15 T156+1.2 l123+42
48h 305+1.2 127613 1275+13 1267+13 l26.6+1.1

Results reported as mean *+ SEM for parametric data and median and interquartile range for nonparametric data. Bold text indicates values that

are significantly (P < 0.05) different from that of the no-analgesia group.

compared with those with no analgesic treatment (21.6 + 4.6
pg/ug protein). Mice in the tramadol group (median, 2.6; IQR,
1.4 to 4.2 pg/ug protein; P = 0.0056) had increased serum IL6
at 48 h after surgery, compared with those without analgesics
(median, 1.2; IQR, 1.0 to 1.4 pg/ug protein; Table 1).
Hematology. Peripheral leukocyte counts. Among surgi-
cal groups, treatment did not significantly affect circulating
numbers of neutrophils or lymphocytes. Total WBC at 6 h was
higher in the carprofen group (median, 5.22; IQR, 4.79 to 5.41)
compared with mice that did not receive any analgesia (median,

4.42;1QR, 3.22 to 4.83 cells x 103/uL; P = 0.0397). Depression of
peripheral monocyte numbers occurred at 6 h in mice receiv-
ing tramadol (median, 0.07; IQR, 0.06 to 0.08) compared with
those receiving no analgesia (median, 0.11; IQR, 0.10 to 0.20 x
103 cells/uL; P = 0.0079). Circulating monocyte numbers were
significantly (P = 0.0238) increased at 48 h in the carprofen group
(median, 0.23; IQR, 0.13 to 0.27) compared with no analgesia
(median, 0.08; IQR, 0.05 to 0.10 cells/uL; Table 1).

Circulating erythrocytes and platelets. Treatment had no ef-
fect on Hct at 6 h after surgery compared with the no-analgesia
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group. Mice receiving buprenorphine (median, 31.6; IQR, 31.0%
to 33.6%; P = 0.0079) and tramadol (median, 31.0; IQR, 27.4%
to 34.2%; P = 0.0079) had values that were significantly lower
than did animals that did not receive analgesia (median, 36.2;
IQR, 35.3% to 39.4%; Table 1).

All treatment groups demonstrated a marked reduction
in platelets between 6 and 48 h as thrombus formation pro-
gressed, but there were no significant differences between the
no-analgesia group and any of the treatment groups at either
time point (Table 1).

Mouse soluble P-selectin. At 6 h after surgery, sP-sel levels
were significantly (P = 0.0159) higher in mice receiving trama-
dol (median, 8.47; IQR, 7.80 to 10.31) than in those that did not
receive analgesia (median, 6.13; IQR, 5.90 to 7.67 pg/ ug protein).
There were no significant differences in circulating sP-sel levels
between the no-analgesia group and any of the analgesic treat-
ment groups at 48 h (Table 1).

Thrombus weight. Mice receiving bupivacaine analgesia had
significantly increased TW at 6 h after ligation than did animals
receiving no analgesia (17.6 = 1.4 compared with 13.1 0.7 mg;
P =0.0116). Compared with the no-analgesia group (30.5 + 1.2
mg) at 48 h, TW were lower in mice treated with tramadol (26.7
+1.3 mg; P = 0.0487) and carprofen (26.6 + 1.1 mg; P = 0.0264).
There were no other significant differences at either time point
when groups that received an analgesic were compared with
those that did not (Table 1).

Discussion

Effects of analgesics on leukocyte infiltration into vein walls.
The role of leukocytes in thrombus formation and resolution
is well documented in experimental VT. It begins with the
initial local response to endothelial activation, when P-selectin
expression on platelets and the endothelial surface is increased.
Receptors present on the surface of both leukocytes and plate-
lets, called P-selectin glycoprotein ligands, bind to the newly
expressed P-selectin and attach to the endothelium at the site
of injury as well as throughout the developing thrombus
matrix.' This process also stimulates the attached leukocytes
(especially monocytes), platelets, and endothelium to produce
microparticles, prothrombotic phospholipids that contribute
significantly to ongoing thrombus formation.”!> The progres-
sion of leukocyte migration to the site of thrombus formation
is similar to that observed in other inflammatory processes—
specifically, polymorphonuclear cells arrive at the early stages
of the disease followed by large numbers of monocytes and
small numbers of lymphocytes. In the early stages of thrombus
resolution, polymorphonuclear cells contribute by promoting
both fibrinolysis and collagenolysis, whereas at the late stages,
monocytes play a crucial role in remodeling and resolution of the
mature thrombus.? Because the presence of leukocytes within
the thrombus and vein wall are critical to the pathogenesis of
VT, we particularly were concerned about the potential effects
of various analgesics on leukocyte function and migration.

Local anesthetics, as a class, have known effects on the migra-
tion and function of leukocytes,?! although the effects are seen
more frequently in association with high doses, systemic rather
than local administration, or in in vitro assays. Bupivacaine
seems to be less likely to affect neutrophil function than do
other local anesthetics,® and although both lidocaine and bupi-
vacaine were found to alter local inflammatory factors, neither
resulted in an impairment of tissue remodeling when evaluated
in a mouse model of wound healing.*® There is evidence that
subcutaneous local anesthetic administration can affect inflam-
mation at a distant anatomic site,?’ but the referenced study used

Effects of analgesics on a murine model of venous thrombosis

lidocaine rather than bupivacaine. The results of our current
work are in concordance with the majority of the evidence in
the literature and confirmed no significant effect of bupivacaine
on leukocyte infiltration after surgery.

Several recent reviews”?’ have addressed the antiinflamma-
tory and immunomodulatory properties of opioids, specifically
the differences between the immunosuppressive effects of those
exhibiting strong activity at the p receptor (morphine, fentanyl)
and those with weaker p affinity that appear to have little effect
(buprenorphine) or even immunostimulatory effects (tramadol).
Decreased numbers of vein wall monocytes at 48 h in mice that
received buprenorphine and tramadol were the only opioid-asso-
ciated effect that we noted in the vein wall leukocyte counts. To the
best of our knowledge, there are no prior reports in the literature
of buprenorphine or tramadol inhibiting monocyte migration in
vivo. Astudy of the effects of buprenorphine on human neutrophil
chemotaxis in vitro revealed a dose-dependent inhibitory effect®!
and morphine suppressed the in vitro migration of macaque neu-
trophils and monocytes in response to IL8.32 In contrast, monocyte
migration in rats was unaffected by tramadol, a weak n agonist.®
In fact, several published reviews®* have suggested that bu-
prenorphine, as a partial p agonist, has minimal effect on immune
function, including leukocyte migration. This conclusion is sup-
ported by 2 studies that used a murine cecal ligation-and-puncture
model of sepsis and found no difference in monocyte numbers in
peritoneal fluid after surgery with and without buprenorphine.!?2
In addition, one of these studies? also noted a transient increase in
airway macrophage numbers in mice that received either tramadol
or buprenorphine. Taken together, these findings imply that the
effects on chemotaxis are not only drug- and dose-specific but may
also depend on the anatomic location and degree of the injury as
well as the type of inflammatory cell of interest.

As a category, NSAID have been shown to suppress leukocyte
function, chemotaxis, and endothelial migration in a dose-
related fashion,'® and carprofen specifically reduced neutrophil
and total leukocyte accumulations in experimentally induced
subcutaneous airspaces in a rat model.'> Of the 4 analgesics that
we selected for the current study, carprofen has the most well
documented and potent antiinflammatory effects; it therefore
is not surprising our study yielded similar findings. Carprofen
had the greatest effect on leukocyte migration of any treatment
we evaluated and reduced polymorphonuclear cellular infiltra-
tion at both time points and numbers of vein-wall monocytes at
48 h. The observation that carprofen does not affect TW at 6 h
but does result in a smaller thrombus at 48 h suggests that the
impairment of thrombus formation is due in part to decreased
inflammation and consequently smaller thrombi.

An additional contribution to the apparent antithrombotic
effect of carprofen that we noted is its potential effect on the proin-
flammatory cytokine concentrations in the vein wall. Evaluation
of the IVC vein wall at 48 h showed a significant reduction in IL6
compared with that in the no-analgesia group. IL6 has been asso-
ciated with the development of deep vein thrombosis and intimal
fibrosis, and neutralization of IL6 in a mouse IVC ligation model
of VT significantly reduced the weight of the resulting thrombus
at 48 h after surgery.*’ Attenuation of IL6 production by carpro-
fen occurred in an equine tissue culture model of osteoarthritis*
and a rodent model of traumatic brain injury.*! The combined
effects of carprofen on monocyte migration and IL6 production
may contribute to the reduction in thrombosis that we found in
this study. We saw similar reductions in vein wall IL6 without
a concurrent decrease in TW in mice that received bupivacaine.

Carprofen’s effect on IL6 does not appear to be limited to
the vein wall, as significant reductions in serum IL6, relative to
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animals not receiving analgesia, were observed at the 6 h time
point. Tramadol was the only other treatment that had any sig-
nificant effect on circulating IL6 and increased serum levels at
48 h after surgery. In both of these instances, the difference we
noted was inconsistent with the findings of published studies
evaluating similar effects.?8%%48 Importantly, all of the previ-
ous studies lacked parity with ours with regard to the model
and species investigated, thus highlighting the challenges of
extrapolating data between species and confirming the need
for model-specific investigations.

Although the effect of leukocyte infiltration at the site of in-
jury has been established, the role of circulating leukocytes on
the course of disease is less certain. In the current study, only
tramadol and carprofen affected blood leukocyte numbers, and
these effects primarily were limited to monocytes. Tramadol was
associated with a reduction in monocytes at 6 h but not 48 h,
in contrast to a murine CLP study,?? which found decreases in
peripheral monocytes only at 48 h and at a significantly higher
dose than that we used. Carprofen increased the circulating
WBC count at 6 h and monocyte count at 48 h; effects that seem
counterintuitive and difficult to explain for a compound with
well-documented antiinflammatory properties. Although these
differences achieved statistical significance between groups, the
small sample size for each experimental group (1 = 5) warrants
cautious interpretation of these findings, especially in light of
an uncertain mechanism and the lack of previously published
data revealing similar effects on leukocyte numbers.

The only other significant hematologic effect of analgesia ap-
peared to be a reduction in circulating erythrocyte mass at 48 h in
both opioid groups. Because none of the animals demonstrated
evidence of overt postoperative hemorrhage or hemolysis and
given that neither of the implicated analgesic classes are rou-
tinely associated with bone marrow suppression, the cause of
the relative reduction is difficult to explain. A variable that does
show moderate correlation with the decreased Hct is the dura-
tion of surgery (Figure 2). Additional investigation is needed
to better characterize this unexpected result.

As previously mentioned, sP-sel plays a critical role
throughout the process of thrombus formation. Not only does
membrane-associated sP-sel facilitate the recruitment of in-
flammatory cells to the site of endothelial injury, it also plays
important roles in the promotion of coagulation, fibrin deposi-
tion, and eventually increased thrombus mass and stability.
Studies have shown that sP-sel plays an active part in leukocyte
recruitment and subsequent increases in microparticles, which
contain tissue factor, an important component of the extrin-
sic coagulation pathway leading to thrombin production.®38
Another consequence of increased sP-sel expression by the
endothelium and activated platelets is a concurrent rise in sP-
sel in the plasma that is proportional to the degree of injury as
well as the thrombotic potential.’

In general, analgesic therapy did not have a marked effect on
sP-sel concentrations in plasma, and the only effect that was sta-
tistically different from the value obtained from the no-analgesia
group was that for the tramadol group at 6 h. Although the differ-
ence in sP-sel concentrations between tramadol and no analgesia
at 48 h did not achieve statistical significance, there was a trend
(P =0.0952) toward increased levels at this time point as well.

Interestingly, the expected consequence of increased sP-sel,
increased TW, was not observed in the tramadol groups. Instead,
mice given tramadol had smaller thrombi at 48 h compared with
those without analgesia. Tramadol’s observed antiinflammatory
properties® and potential to inhibit the procoagulant actions
of serotonin'”!? and norepinephrine** could account for the

reduction in TW that we noted. Although these effects may
not lead to clinically relevant alterations in hemostasis,3% they
are important considerations in the decision to use tramadol in
models of thrombosis. Like tramadol, carprofen reduced TW
at 48 h, and in this case is a finding that is consistent with its
documented effects on inflammation and hemostasis.”

One aspect of the results that was difficult to understand
was the significant increase in TW at 6 h in mice that received
bupivacaine. Of all of the analgesic groups, those receiving
bupivacaine seemed the least likely to show increased thrombus
formation, given the local nature of administration, as well as
the documented antithrombotic properties of local anesthetics
both in vitro?® and after intravenous administration in human
patients.!® In our mouse study, bupivacaine did not affect any
of the other measured parameters in a manner consistent with
increased TW at the same time point. Although the use of
bupivacaine led to an increase in serum IL6 and a reduction in
vein-wall IL6 at 48 h, neither change correlates temporally with
the observation of increased TW at the earlier time point. Cou-
pled with the common clinical observation that local anesthetics
reduce thrombosis and inflammation, the results we obtained in
this study deserve additional investigation and characterization.

The primary goal of this study was to evaluate the effects of
common analgesics on inflammation and hemostasis in mice,
specifically within the context of a surgical model of VT. Accord-
ing to our results, none of the analgesic candidates are completely
devoid of effects on important variables relevant to the ligation
model of VT, and their use could be problematic at the doses
and intervals used here. However, rather than eliminating all of
the selected analgesics from further consideration in light of the
potential to affect a single variable, these results serve as an op-
portunity to pursue additional investigation of those medications
that had fewer effects. In this study, our choices to use analgesic
doses at the upper end of the recommended range, the use of 48
h of therapy, and the incorporated method of statistical analysis
were intended to provide a conservative evaluation of the effects
of these compounds and discern a possible response. This practice
facilitates the selection of one or more analgesics for additional
investigation by using a dose-response approach to determine
whether a lower dose or a shorter duration of therapy would
provide a measure of pain relief without compromising the sci-
entific integrity of the model. Similarly, various analgesics can
be removed from consideration when numerous or pronounced
effects on research variables are noted, thereby preventing the use
of excessive animal numbers and financial resources.

Carprofen was selected for evaluation despite its classification
as a NSAID due to its widespread use, demonstrated efficacy,
and lack of regulatory burden as a noncontrolled substance. Not
unexpectedly, carprofen affected the greatest number of study
parameters and should not be considered for VT studies because
of its significant effects on cytokine levels, leukocyte chemotaxis,
and thrombus formation. Tramadol has experienced increased
use in laboratory animal medicine as a noncontrolled analgesic
drug with several mechanisms of action, including activation of
opioid receptors. A review of the literature suggests that trama-
dol has a limited effect on inflammation and immune response.
However, in the current study, compared with the no-analgesia
group, tramadol-treated mice showed a reduction in TW and
alterations in serum IL6, sP-sel levels, and circulating monocytes,
thus limiting the utility of tramadol in this particular model of VT.

We expected that bupivacaine, as a local anesthetic, would
prove to be an effective analgesic without significant effects on
our model. Few published in vivo studies have examined the
effects of bupivacaine on hemostasis and inflammation, and
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Figure 2. Significant differences in (A) Hct at 48 h are eliminated when (B) Hct is normalized to surgery time (s). (C) The Hct at 48 h shows an
inverse correlation with the duration of surgery (P = 0.0167) Treatment groups are no analgesia (NA), bupivacaine (BV), buprenorphine (BR),
tramadol (TR), and carprofen (CA). Results are reported as median and interquartile range.

we noted few differences on these parameters. However, the
increased TW and effects on IL6 coupled with bupivicaine’s
relatively short duration of action reduce the promise of this
modality in the current murine laparotomy plus IVC ligation
model. Additional research to elucidate the mechanisms un-
derlying our findings is warranted for this class of drugs and
specifically for bupivacaine. At our institution, due to its efficacy,
safety margin, and favorable dosing interval, buprenorphine is
the most commonly used opioid in rodent species. Reports in
both the human and veterinary literature have characterized
buprenorphine as having minimal effects on the immune system
and inflammation, although there are no published data regard-
ing its effects on hemostasis. In our study, the reduction in vein
wall macrophage infiltration represents a significant component
of thrombosis pathophysiology that could affect investigators’
results at the dose and interval evaluated here.

In light of our study’s results, we do not recommend the rou-
tine use of any of the evaluated analgesics at the doses used in
the murine IVC ligation model. In addition, due to the variety
and number of the parameters they affected in this study and
considering their potential antiinflammatory action, neither
carprofen nor tramadol should be used in mouse models of
thrombosis. Buprenorphine, although not appropriate for use
in a murine IVC ligation model at the dose and interval that
we evaluated, may be a reasonable candidate for future studies
using a different doses or administration interval. We invite

investigative groups to continue to evaluate the suitability
of selected analgesics for their own models, especially when
model-specific scientific justification for withholding analgesics
is not well documented. Historically, our laboratory has not used
analgesics in VT models because of potential confounding ef-
fects on research outcomes like those shown in the present study.
Yet we believe that model-specific studies like the current one
are necessary for challenging current analgesic dogma while
ensuring the highest level of laboratory animal care and welfare.
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