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Prothrombotic Effects of Thrombolytic
Therapy in a Rat (Rattus norvegicus) Model
of Venous Thrombolysis

Katherine A Shuster,">" Shirley K Wrobleski,’ Angela E Hawley,® Benedict R Lucchesi,* Dorothy R Sorenson,® Ingrid L Bergin,?
Robert E Sigler,” Kenneth E Guire,* Megan H Nowland,” Thomas W Wakefield,? and Daniel D Myers Jr**

The use of thrombolytic agents has greatly improved patient outcomes, but the prothrombotic response to these drugs in vivo is
unknown. Approximately 24 h after we induced thrombosis in male Sprague-Dawley rats, we placed an infusion line in the infe-
rior vena cava and administered either saline or a thrombolytic agent (tissue plasminogen activator [tPA] or plasmin) for 30 min.
Blood was drawn immediately after infusion; rats were euthanized 24 h after infusion for collection of blood and tissue (inferior
vena cava and thrombus). Thrombus size was decreased in the tPA-treated rats but not in those that received saline or plasmin;
this change correlated with the significant rise in D-dimer levels noted immediately after infusion in the tPA-treated rats. Plasma
soluble P-selectin, a prothrombotic marker, was elevated at 24 h in the plasmin group compared with the other treatment groups.
There were no significant differences in plasma C3a, C5a, or C5b9 levels or in thrombus C3 levels between groups. According to
ultrastructural analysis, thrombus structure and vein wall effects did not differ between groups. Local tPA did not induce a pro-
thrombotic state during acute DVT or after thrombolytic therapy in a rodent model of venous thrombolysis. Conversely, levels of

the prothrombotic marker plasma soluble P-selectin increased when plasmin was administered.

Abbreviations: DVT, deep vein thrombosis; IVC, inferior vena cava; tPA, tissue plasminogen activator.

Deep vein thrombosis (DVT) is part of a disease condition
known as venous thromboembolism. Approximately 360,000
new cases of DVT occur annually”? in the United States, and
this number has not changed appreciably over the years.*® DVT
can lead to serious sequelae such as chronic venous insufficiency
and postthrombotic syndrome,*"* and recurrence of thrombosis
is a significant risk.”? To prevent these complications, the goals of
treatment are to restore vessel patency and prevent valvular dam-
age.? Standard-of-care anticoagulants do not always meet both of
these goals, and catheter-directed thrombolysis has arisen as an
alternative treatment method. This technique uses placement
of a multiport catheter at the site of the thrombus, with subse-
quent infusion of a thrombolytic agent.* The thrombolytic agents
most commonly used are plasminogen activators, such as tissue-
plasminogen activator (tPA), urokinase plasminogen activator
(uPA), and streptokinase. These agents work on the fibrinolytic
system and catalyze the conversion of plasminogen to plasmin.®
Plasmin then binds to fibrin, which leads to breakdown of fibrin
and initiates the formation of fibrin degradation products, such
as D-dimer.%'° Recently, there has been increased interest in the

Received: 02 Oct 2012. Revision requested: 16 Nov 2012. Accepted: 03 Dec 2012.
'Merck, Rahway, New Jersey; *Unit for Laboratory Animal Medicine, *Section of Vascular
Surgery, *Department of Pharmacology, and °*Department of Cell and Developmental
Biology, Medical School and °Department of Biostatistics, School of Public Health,
University of Michigan, Ann Arbor, Michigan; "Research Essential Services, Plymouth,
Michigan.

“Corresponding author. Email: katherine.shuster@merck.com

244

use of plasmin,® due to its direct thrombolytic ability (already in
the active form to break down fibrin) and enhanced safety profile
when compared with plasminogen activators.”

Inflammation plays an important role in the development
and progression of DVT? and therefore has become a target for
treatment of this disease. Soluble plasma P-selectin has been
documented to be a biomarker of thrombosis, and increased
concentrations are associated with a prothrombotic state.>*
Several components of the innate immune system, specifical-
ly the complement system, are upregulated in the presence of
thrombolytics.? In addition, the presence of certain complement
components (for example, C3) within the thrombus may lead to
states of hypofibrinolysis.#!¢ Taken together, these factors may
impede successful therapy via catheter-directed thrombolysis and
lead to a poorer patient outcome.

Therefore, we set out to determine whether thrombolytic agents
create a prothrombotic environment during acute DVT, especially
at the site of treatment with catheter-directed thrombolysis. Our
hypothesis was that local and systemic prothrombotic indicators
would be activated after therapy with thrombolytic agents with
different mechanisms of action (indirect, recombinant tPA; direct
thrombolytic, plasmin) in a rat model of venous thrombolysis.

Materials and Methods

Animal use. For this study, male (n = 96; mean body weight,
360.3 g) Sprague-Dawley rats (Charles River Laboratories, Portage,



MI) were housed 3 per cage in static microisolation cages (8 in. X
17 in. x 7 in.; Allentown Caging, Allentown, NJ) in a temperature-
controlled room on a 12:12-h light:dark cycle. All environmental
parameters within the room complied with the recommendations
in the Guide for the Care and Use of Laboratory Animals.'® Rats were
fed a commercial diet ad libitum (Lab Diet 5053, PMI Nutrition
International, Brentwood, MO), and provided filtered city water
ad libitum by an automated watering system. Colony health was
monitored by use of a semiannual dirty-bedding sentinel system.
Three sentinel rats (Sprague-Dawley) were used for every 50 to
70 cages, and these sentinels remained negative for the follow-
ing infectious agents during the time period that this study was
conducted: sialodacryoadenitis virus, rat parvovirus, Kilham rat
virus, Toolan H1 virus, rat minute virus, Syphacia spp., Aspiculuris
tetraptera, Sendai virus, pneumonia virus of mice, Theiler mu-
rine encephalomyelitis virus strain GDVII, reovirus type 3, Myco-
plasma pulmonis, lymphocytic choriomeningitis virus, and mouse
adenovirus. This study was part of an IACUC-approved protocol,
and rats were housed in an AAALAC-accredited research facil-
ity. Rats were randomly assigned to one of the following groups:
controls (that is, surgically naive animals), n = 21; saline treat-
ment, nn = 22; tPA treatment, n = 22; plasmin treatment, n = 22; and
DVT only, n = 9. Due to insufficient sample collection from some
rats, some of the test parameters have fewer than the number of
samples listed here.

Animal welfare. Because the current study investigated in-
flammatory parameters, the use of systemic analgesic agents
was contraindicated. Furthermore, multiple major survival sur-
geries were a component of this particular animal model, so we
sought alternatives to minimize pain and distress to the animals.
Bupivacaine was used along the incision site before closure after
every surgical procedure. This analgesic has been shown to be
effective for postoperative pain,®* and because it was adminis-
tered locally, it likely had minimal effects on systemic inflam-
matory parameters.® In addition various nursing care measures
were employed to improve animal comfort including: long sip-
per tubes on the water bottles, rodent chow placed on the floor,
warmed subcutaneous fluids given daily, and a nutritionally
complete soft diet (DietGel 76A, Clear H,0, Portland, ME) ad-
ministered daily. None of these treatments were used on the
surgically naive control rats.

Animal model. The modified inferior vena cava (IVC) ligation
stasis model was used to induce thrombogenesis.?® Rats were
anesthetized by using 2% isoflurane gas in 100% oxygen. A mid-
line laparotomy was performed and the IVC exposed by blunt
dissection. The back branches and the IVC itself, just caudal to
the renal veins, were ligated by using 6-0 polypropylene suture
(Prolene, Ethicon, Somerville, NJ). The abdominal muscle and
skin were closed in 2 layers. Prior to closure of the skin, bupiva-
caine (1 mg/kg; Hospira, Lake Forest, IL) was injected into the
abdominal musculature along the incision line. The rat then was
allowed to recover from anesthesia.

Twenty-four hours later, rats were reanesthetized by using the
same mixture of isoflurane gas and oxygen as previously men-
tioned. The incision site was opened and the IVC exposed via
blunt dissection. The suture on the IVC was removed, and an
infusion line (27-gauge needle; Baxter, Deerfield, IL) connected to
a syringe pump (Braintree Scientific, Braintree, MA) was inserted
directly into the IVC at the level of the thrombus. Recombinant
tPA (5 mg/kg, in sterile water; Alteplase, Genentech, San Fran-
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cisco, CA), plasmin (8 mg/kg; human; plasminogen activated to
plasmin by using streptokinase; lyophilized from 20 mM NaPO,
with 10 mg/mL p-mannitol and 10 mg/mL NaCl, pH 7.4; Athens
Research and Technology, Athens, GA), or 0.9% saline (equivalent
volume) was infused for a total of 30 min. These dosages were
based on allometric scaling using previously published informa-
tion? or on previous experience within the laboratory. Surgically
naive control rats (C) were also used for baseline measurements
along with rats that only underwent the first surgical procedure
to induce thrombosis (DVT). After the infusion, the needle was
removed and hemostasis achieved by applying pressure to the
site with a sterile cotton-tipped applicator and/or use of sterile
hemostatic foam (Surgifoam, Ethicon). The site was observed for
at least 5 min after needle removal to ensure adequate hemostasis.
Blood (1 mL) was drawn from an area on the IVC, cranial to the
thrombus for analysis of D-dimer and complement (C5a, C5b9,
C3a) levels (0-h time point). The abdominal muscle and skin were
closed. Prior to closure of the skin, bupivacaine (1 mg/kg; Hospira)
again was injected into the abdominal musculature along the in-
cision line, to provide analgesia. Rats then recovered from anes-
thesia.

Twenty-four hours after infusion, rats were reanesthetized
and blood was collected via cardiocentesis (24-h time point) for
analysis of the following parameters: C3a, C5a, C5b9, soluble
P-selectin, CBC, fibrinogen, D-dimers, thrombin clotting time,
and activated partial thromboplastin time. Rats were euthanized
(removal of the heart under anesthesia) and the IVC and throm-
bus were harvested for analysis of the following parameters:
weight and length of IVC and thrombus, C5b9 levels in the vein
wall, C3 levels in the thrombus, and thrombus composition via
scanning electron microscopy and transmission electron mi-
Croscopy.

IVC+thrombus weights. In brief, treatment groups were ana-
lyzed for wet thrombus weight (in grams) and length (in centi-
meters) at the time of euthanasia, when the IVC thrombus and its
associated vein wall were removed. The weights were normalized
to length to ensure uniform analysis across groups.

Soluble P-selectin and plasma complement levels. After hema-
tologic analyses were run, the same EDTA sample was processed
for ELISA assays according to the manufacturer’s instructions
for analysis of circulating C5a, C5b9 (NovaTeinBio, Cambridge,
MA), soluble P-selectin, and C3a (Kamiya Biomedical, Seattle,
WA). All samples were run in duplicate, a positive control was
run for each plate, and the results were normalized to total pro-
tein by using the standard bicinchoninic acid assay (Pierce, Rock-
ford, IL). Blood collected via direct IVC draw was placed in EDTA
microtainer tubes (Becton Dickinson, Franklin Lakes, NJ) and
analyzed for Cba (sensitivity,1.0 ng/mL), C5b9 (sensitivity,
1.0 ng/mL), soluble P-selectin (sensitivity, 0.1 ng/mL), and C3a
(minimal detectable dose, less than 0.225 ng/mL) levels. Plasma
was immediately frozen in liquid nitrogen (-196 °C) and stored
at =70 °C prior to processing.

C5b9 level in vein wall. The vein wall was separated from the
thrombus, immediately frozen in liquid nitrogen (196 °C), and
stored at =70 °C prior to processing. The vein wall was homog-
enized in 1 mL Complete Lysis Buffer (Roche, Indianapolis, IN),
sonicated for 20 s, and centrifuged at 15,000 x g for 30 min. The
supernatant was processed according to the manufacturer’s sug-
gestions for the C5b9 direct sandwich ELISA kit (NovaTeinBio)
to measure the amount of C5b9 contained within the vein wall
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(lower limit of detection, 3.12 ng/mL). All samples were run
in duplicate, a positive control was run for each plate, and the
results were normalized to total protein by using the standard
bicinchoninic acid assay (Pierce).

C3 level in thrombus. The thrombus was separated from the
vein wall, immediately frozen in liquid nitrogen (-196 °C), and
stored at =70 °C prior to processing. The thrombus was homog-
enized in 1 mL of Complete Lysis Buffer (Roche), sonicated for 20
seconds, and centrifuged at 15,000 x g for 30 min. The superna-
tant was processed according to the manufacturer’s suggestions
for the C3 (Kamiya Biomedical) direct sandwich ELISA kit, to
measure the amount of C3 contained within the thrombus (assay
range is 12.5 to 800 ng/mL). All samples were run in duplicate,
a positive control was run for each plate, and the results were
normalized to total protein by using the standard bicinchoninic
acid assay (Pierce).

Coagulation parameters. Blood (1.8 mL) was drawn via cardio-
cenesis at 24 h after thrombolysis and placed in sodium citrate
vacuum phlebotomy tubes (Becton Dickinson) for analysis of
thrombin clotting time, activated partial thromboplastin time,
and fibrinogen by using the BBL Fibrosystem (Becton Dickin-
son). After these samples were run, the same sodium citrate
sample was processed according to the manufacturer’s sugges-
tions for the D-dimer direct sandwich ELISA kit (Diagnostica
Stago, Parsippany, NJ), to measure circulating D-dimer levels
(lower limit of detection, 10 ng/mL). In addition, blood samples
were collected via direct IVC draw immediately after infusion
and placed in sodium citrate. Plasma was immediately frozen by
using liquid nitrogen (-196 °C) and stored at —70 °C prior to pro-
cessing. All samples were run in duplicate, and the results were
normalized to total protein using the standard bicinchoninic acid
assay (Pierce).

Hematology. Blood was drawn via cardiocentesis and placed in
EDTA microtainer tubes (Becton Dickinson) for complete blood
analysis by using an automated analyzer (CDC Technologies
Hemavet Multispecies Hematology Analyzer, Drew Scientific,
Oxford, CT).

Transmission electron microscopy. Segments of the IVC con-
taining the thrombus were excised and immersion-fixed by incu-
bation in 2.5% glutaraldehyde in 0.1 M Sorensen buffer overnight
at 4°C. After several buffer rinses, the tissue was postfixed in 1%
osmium tetroxide in the same buffer. Samples were rinsed in
buffer and then dehydrated in ascending concentrations of etha-
nol, treated with propylene oxide, and embedded in epoxy resin
(Epon, Momentive Specialty Chemicals, Houston, TX). Semithin
sections (thickness, 5 um) were stained with toluidine blue for
tissue identification. Selected regions of interest were sectioned
(thickness, 70 nm), poststained with uranyl acetate and lead
citrate, and examined at 60 kV (Philips CM100, FEI Company,
Hillsboro, OR). Images were recorded digitally (ORCA-HR sys-
tem, Hamamatsu Photonics, Hamamatsu, Japan) operated with
AMT software (Advanced Microscopy Techniques, Danvers,
MA). Digital images of thrombus and vein wall were analyzed
by 2 board-certified veterinary pathologists blinded to the treat-
ment groups.

Scanning electron microscopy. Segments of the inferior vena
cava with thrombus were excised and then fixed overnight in
2.5% glutaraldehyde in 0.1 M Sorensen buffer. After a buffer
rinse, samples were postfixed for 1 h in 1% osmium tetroxide in
the same buffer, rinsed with buffer, dehydrated in ascending con-
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centrations of ethanol, treated with hexamethyldisilazane, and
allowed to dry. Samples were mounted on specimen mounts,
sputter-coated with gold, and viewed on a field-emission scan-
ning electron microscope at 5 kV (Amray 1910 FE, SEMTech
Solutions, Billerica, MA). Digital images were collected with
a SEMTech X-Stream Imaging System (SEMTech Solutions).
Digital images of thrombus and vein wall were analyzed by 2
board-certified veterinary pathologists blinded to the treatment
groups.

Statistics. All statistical analyses were performed by using
Prism (version 5.0c, GraphPad Software, La Jolla, CA) or SAS
(version 9.2, SAS Institute, Cary, NC). All parameters under-
went one-way or repeated-measures ANOVA, depending on
the data set (single time point compared with 2 time points,
respectively). Bonferroni and Tukey posthoc tests were used
to adjust for multiple comparisons among experimental treat-
ment groups. For all analyses, a P value of less than 0.05 was
considered statistically significant. Data are presented as mean
+ SEM.

Results

tPA, but not plasmin, increased venous thrombolysis. No throm-
bus was present in the nonsurgical control group, and their
IVC+thrombus weight (representing vein wall only) was less (P <
0.05) than those of all other groups. The DVT group had a greater
(P <0.05) IVC+thrombus weight than those of the tPA and saline
groups. The IVC+thrombus weight of the tPA group was less (P <
0.05) than those of the saline and plasmin groups, and the saline
group had a lower (P < 0.05) IVC+thrombus weight than that of
the plasmin group. These data suggest that tPA was an effective
thrombolytic agent but plasmin was not. The gross appearance of
a representative thrombus in each treatment group is presented
in Figure 1.

Soluble P-selectin and plasma complement levels. In both ro-
dents* and humans,” elevated plasma P-selectin levels have been
associated with a prothrombotic state. Soluble P-selectin levels at
the 24 h time point were significantly higher in the plasmin group
compared with the control group (P = 0.0084), saline (P = 0.0354)
and tPA (P = 0.0109) groups (Figure 2). Therefore, use of plasmin
for treatment of DVT may lead to the creation of a prothrombotic
environment. Plasma complement levels (C5a, C3a, C5b9) did
not differ between any of the groups at either of the time points
(0 or 24 h), except that at the 24-h time point, the saline group
had a higher (P = 0.0094) C3a level than did the plasmin group
(Figure 3).

Complement levels in thrombus and vein wall. There were no
statistically significant differences in thrombus C3 levels between
the DVT only, saline, tPA, and plasmin groups (Figure 4). The
DVT group had higher (P < 0.05) C5b9 levels in the vein wall than
did all other groups; this unexpected finding may reflect an acute
increase due to manipulation of the tissue for collection (the ves-
sels from the saline, tPA, and plasmin groups had already been
extensively manipulated).

Plasma D-dimer levels. Derived from the interaction between
plasmin and fibrin, plasma D-dimer levels are an indication of
active thrombolysis.”” Plasma D-dimer levels were elevated in
the tPA group immediately (0 h) after infusion compared with
the control and other treatment groups at the same time point
(P < 0.0001 in all cases; Figure 5), indicating that the tPA group
was the only one in which active thrombolysis occurred.
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Figure 1. Gross appearance of the thrombus from a representative rat in the (A) saline group, (B) tPA group, and (C) plasmin group. The tPA thrombus

is visibly the smallest in both length and width.
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Figure 2. Plasma soluble P-selectin levels in all groups. Data are pre-
sented as mean = SEM (1 = 9 for all groups). Plasma samples were taken
immediately (0 h) and 24 h after infusion. C, surgically naive control; S,
saline; T, tPA; and P, plasmin. t, Soluble P-selectin levels were signifi-
cantly elevated in the plasmin group at the 24 h time point compared
with the surgically naive control (P = 0.0084), saline (P = 0.0354), and tPA
(P =0.0109) groups. The increased soluble P-selectin seen in the plasmin
group at the 24 h time point is indicative of a prothrombotic environ-
ment.

Coagulation parameters. Fibrinogen levels were significantly
(P <0.05) elevated in all of the treatment groups compared with
the control group, indicating active thrombosis, and that of the
saline group was significantly (P < 0.05) higher than that of the
tPA group. Thrombin clotting time was elevated (P < 0.05) in all of
the treatment groups compared with the control group, most like-
ly because of the presence of fibrin degradation products in the
treatment groups. Thrombin clotting time did not differ between
treatment groups, which indicates that there were no abnormali-
ties in the intrinsic (contact activation) or common coagulation
pathways after treatment (Table 1).

Hematology. Neutrophil levels were elevated (P < 0.05) and he-
matocrit levels were decreased (P < 0.05) in all treatment groups
compared to the control group. There were no differences in the
remaining hematology values (monocytes, platelets, lympho-
cytes, total white blood cells) between groups (Table 2). These
findings were expected given that DVT is an inflammatory pro-
cess and that RBC are a large component of a thrombus.

Ultrastructural imaging of thrombi. There were no major differ-
ences between groups noted on transmission or scanning electron
microscopy for either thrombus composition or its effect on vein
wall. The main components in all thrombi were neutrophils, fi-
brin, and RBC (data not shown). There was also a large amount of
cellular debris present, as well as scant monocytes, lymphocytes,
and platelets. These findings were expected in light of the inflam-
matory nature of DVT.

Discussion

We used a stasis model of venous thrombosis to investigate the
effects of 2 thrombolytic agents (tPA and plasmin) and their ability
to produce a prothrombotic state. Elucidating the inflammatory
response to thrombolytic agents is crucial to improve patient out-
come by preventing serious sequelae (chronic venous insufficien-
cy, postthrombotic syndrome)*** and recurrence of thrombosis.'?
Our data showed that although the model worked well in regard
to induction of thrombosis and administration of thrombolytic
agents, there were minimal effects on the complement system at
the time points evaluated. Plasma soluble P-selectin levels were
significantly elevated in the plasmin group compared with other
groups at 24 h after thrombolysis, a finding that may explain why
the IVC+thrombus weights of the plasmin group were increased.
In addition, the moderate alterations noted in various coagula-
tion and hematologic parameters were more indicative of a state
of thrombosis rather than of problems with the thrombolytic or
excessive stimulation of the complement cascade. These findings
prompt additional questions into the role of innate immunity in
DVT as well as the differences that can be seen between the ve-
nous and arterial systems.

On activation after vascular injury, the soluble P-selectin gly-
coprotein relocates from secretory granules to the surfaces of
platelets and endothelial cells.?” Soluble P-selectin is indicative
of a prothrombotic state®* and is being investigated as a po-
tential biomarker for DVT in humans.? In addition, P-selectin
inhibitors are being evaluated as treatment options for patients
with DVT.?? Therefore, a successful DVT therapeutic agent
would be one that prevents an elevation in soluble P-selectin
and, ideally, decreases circulating levels of P-selectin. Plasmin
does not cause systemic activation of plasminogen and is rap-
idly inactivated beyond the thrombus by 02-antiplasmin;® plas-
min therefore has a much wider margin of safety than that of
tPA and other plasminogen activators in regard to bleeding
risk.??2122 Therefore, plasmin seems like an ideal thrombolytic
because it is safe for patients'”® and because it would bind to
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Figure 3. Plasma (A) C3a, (B) C5a, and (C) C5b9 levels in all groups.
Data are presented as mean = SEM (1 = 11 for all groups except the sa-
line groups were 1 = 12). Plasma samples were taken immediately (0 h)
and 24 h after infusion. C, surgically naive control; S, saline; T, tPA; and
P, plasmin. 1, saline group had a higher (P = 0.0094) C3a level at the 24 h
Egg point than did the plasmin group.
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Figure 4. (A) Vein wall C5b9 levels and (B) thrombus C3 levels. Data are
presented as mean * SEM (n = 9 for all groups except n = 8 for the tPA
and plasmin groups for thrombus C3 levels). C, surgically naive control;
S, saline; T, tPA; and P, plasmin. 1, C5b9 level in vein wall of the surgi-
cally naive control group was higher than those of other the treatment
groups. The D group was used as the control for the thrombus C3 ELISA
because the surgically naive rats, due to their lack of a thrombus, were
not an appropriate control for this particular assay.

and begin degrading fibrin immediately on delivery and with-
out the need for activation.® In addition, plasmin is an effective
thrombolytic in a rabbit model of abdominal aortic thrombo-
sis.?! However, in the current study, plasmin significantly el-
evated soluble P-selectin levels at the 24 h time point, whereas
tPA did not at either time point. Of interest, the plasmin dose
used was not effective as a thrombolytic, and these rats had a
higher IVC+thrombus weight than did other groups. If plas-
min initiates a systemic prothrombotic environment, this effect
may negate any of the useful benefits of this compound as a
therapeutic agent for DVT. In addition, P-selectin can activate
the complement system by acting as a C3b-binding protein.’
This activity could further contribute to a prothrombotic state
by inducing a localized inflammatory response at the thrombus
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Figure 5. Plasma D-dimer levels for all groups. Data presented as
mean * SEM (n = 9 for all groups). Plasma samples were taken immedi-
ately (0 h) and 24 h after infusion. C, surgically naive control; S, saline;
T, tPA; and P, plasmin. {, D-dimer levels for the tPA treatment group at
the 0 h time point were higher (P <0.0001) than those of all other groups,
indicating that tPA was causing thrombolysis.

Table 1. Coagulation values

Group Fibrinogen (mg/dL) TCT (s) aPTT (s)

Control 211.9 £5.9° 22.08+03* 15.73+£09
Saline 381.1+10.7¢ 2521+04 163603
tPA 330.6 +17.3 2397+05 1642+05
Plasmin 350.1+10.1 24.89+0.5 16.04+0.6

Data presented as mean = SEM (1 = 18 for all groups except for fibrinogen
measurement, where 1 = 9 for all groups).

aPTT, activated partial thromboplastin time, TCT, thrombin clotting time.
“Not significantly different among groups.

Control value is lower (P < 0.05) than those of other groups.

Level for saline group is greater (P < 0.05) than that of the tPA group.

site. In other studies, elevations in endogenous plasmin levels
induced a proinflammatory environment by stimulating the
production of cytokines, such as IL6, and the recruitment of
monocytes to the site of inflammation.** Therefore, plasmin
may have limited usefulness as a thrombolytic agent for the
treatment of DVT.

Plasmin and, by extension, tPA stimulates the complement
system by cleaving C3 and C5 independently of any of the tra-
ditional complement pathways.'** This outcome is unwanted
because the complement system propagates the inflammatory
response and causes other local alterations,'”***! leading to a
prothrombotic environment. All of these changes can result in
restenosis or valvular damage. The presence of various com-
plement components has been demonstrated in atherosclero-
sis, and higher levels of these components, especially of C5b9
(membrane attack complex), have been associated with poorer
patient outcomes.”*>* Therefore, we considered that investigat-
ing the role of the complement system in DVT and after treat-
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ment with thrombolytic agents was a logical next step. We did
not find any biologically significant activation of the comple-
ment system in any of the treatment groups. However, one of
the limitations of the present study is the small number of time
points that was assessed. In the future, analyzing additional
acute (for example, 3 h, 6 h) time points would be helpful to
better characterize the role complement plays after thrombolyt-
ic therapy. Other possibilities for the observed results are that
the complement system does not play a role in venous disease,
given that this environment is very different from the arterial
side (lower flow, thinner vessel walls, less smooth muscle pres-
ent in walls), or that the low-flow environment may promote
local activation of the complement cascade and therefore render
changes in plasma levels undetectable. Additional assessments
of the thrombus and vein wall for other complement system
components may be helpful to determine whether this effect
is, in fact, local.

Although significant differences between groups were not seen,
it was interesting to note that C3 was detected within the venous
thrombi of all groups. Localized increases of C3 could be due to
the fact that the o granules of unstimulated platelets contain large
amounts of C3 that can be released into the area of thrombogen-
esis when platelets are activated.’ In addition, this component
has been found in the thrombi of patients with various chronic
diseases (for example, diabetes) and can lead to states of hypo-
fibrinolysis, possibly due to alterations in fibrin structure.'>¢ If
indeed a feature of DVT, C3-induced alteration of fibrin structure
may make successful treatment with plasminogen activators or
plasmin very difficult as this may lead to reduced exposure of fi-
brin binding sites. This situation would result in impaired throm-
bolysis and the need to use higher doses to achieve a desirable
clinical outcome. Plasminogen activators have a narrow margin
of safety because they systemically stimulate plasminogen activa-
tion, leading to increased bleeding risks, with the most serious of
these risks being intracranial hemorrhage.”” Using higher doses
of plasminogen activators would therefore compromise patient
safety.

In conclusion, we here present an effective model for throm-
bus induction and subsequent treatment via catheter-directed
thrombolysis. There was no evidence of activation of systemic
complement (C5a, C5b9, C3a) at either 0 or 24 h after throm-
bolytic treatment. In addition, levels of a known prothrombotic
marker in DVT, soluble P-selectin,” was significantly elevated
in the plasmin group at the 24 h time point compared with the
other treatment groups. Therefore, treatment with plasmin may
lead to a prothrombotic state and may be what led to the in-
creased IVC+thrombus weight in this group. These features may
therefore limit the usefulness of this therapeutic agent for the
treatment of DVT. In addition, our data indicated local deposi-
tion of complement (C3) in the thrombus itself, suggesting that
complement activation in DVT may be localized to the site of
the thrombus.'>'® No significant alterations in coagulation or he-
matologic parameters were noted at the time points examined,
indicating that treatment effects were localized and transient.
Additional research in this area is warranted to better establish
the role of different thrombolytic agents in venous disease, spe-
cifically DVT, as well as examining additional acute time points
(for example, 3 h, 6 h) after thrombolytic therapy to better es-
tablish the role of complement activation during thrombolytic
therapy.
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Table 2. Hematology values

WBC Neutrophils Monocytes? Lymphocytes® Platelets®
Group (x10°/uL) (x10°/uL) (x10°/uL) (x10°/uL) (x10°/uL) Hct (%)
Control 9.85+0.54 1.76 £0.15° 0.50 £0.03 7.32+£0.37 687.20 + 38.6 39.8+0.5¢
Saline 10.47 £ 0.64 4.01£0.26 0.38+£0.04 6.04 £0.44 593.70 £10.62 33.3%0.6
tPA 10.54 £ 0.52 3.77+£0.24 0.39£0.06 6.59 £0.45 607.30 £31.97 345+£09
Plasmin 11.05 + 0.45 3.90£0.19 0.48 £0.04 6.63 +0.41 608.70 £32.43 328+1.1

Data are presented as mean + SEM (1 = 18 for all groups).
“Not statistically different between groups.

Control value is lower (P < 0.05) than those for other groups.
“Control value is greater (P < 0.05) those for other groups.
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