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Examination of utility of sperm cryopreservation for preservation of transgenic rabbit
lines: Fertility performance of transgenic rabbit’s sperm cryopreserved for 5.6 years
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Kazutoshi NISHIJIMA", Shinji YAMAGUCHI", Masatoshi MORIMOTO0?,
Teruo WATANABE", Shuji KITAJIMAY
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Summary

Sperm cryopreservation should be the most efficient way to preserve transgenic (Tg) rabbit lines, since rabbit
semen is easily collectable. Though the frozen sperm is assumed to be maintained in liquid nitrogen almost
permanently, the reliability of a long-term cryopreservation has not been examined in rabbits. In this study, we
determined the fertilization ability of long-preserved (5.6 years) sperm derived from human lipoprotein lipase (hLPL)
-Tg rabbit. Motility of frozen and thawed was 36.3% , which was not significantly different from that when the same
sperm was thawed immediately after frozen (41.7% ). Five virgin female Japanese white rabbits were inseminated
artificially (20 % 10° sperms/head) with the thawed long-preserved sperm. As a result, the pregnancy rate was
60.0% . the mean litter size was 5.3 and the weaning rate was 93.8% . When fresh semen from the same male hLPL-
Tg rabbit was inseminated artificially (10 % 10° sperms/head), the pregnancy rate was 62.5%, the mean litter size
was 7.2 and the weaning rate was 75.8% . The result indicated that Tg rabbit sperm cryopreserved for 56 years had

fertilization ability, and sperm cryopreservation would be an adequate method for preservation of Tg rabbit lines.
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Summary. Background: High plasma levels of C-reactive pro-
tein (CRP) constitute a powerful predictive marker of cardio-
vascular events. Several lines of evidence suggest that CRP has
prothrombogenic effects. However, whether CRP directly
participates in the pathogenesis of thrombosis in vivo has not
been fully clarified. Objective: To test whether human CRP
(hCRP) affects arterial thrombus formation after balloon injury
of smooth muscle cell (SMC)-rich or macrophage-rich neo-
intima. Methods: We compared the susceptibility of transgenic
(Tg) rabbits expressing hCRP (4621 = 13.85mgL™",
n = 22) and non-Tg rabbits to arterial thrombus formation
after balloon injury of SMC-rich or macrophage-rich
neointima. Results: Thrombus size on SMC-rich or macro-
phage-rich neointima was significantly increased, and was
accompanied by an increase in fibrin content in hCRP-Tg
rabbits, as compared with non-Tg rabbits. Thrombus size did
not significantly differ between SMC-rich and macrophage-rich
neointima in hCRP-Tg rabbits. Tissue factor (TF) mRNA
expression and activity in these neointimal lesions were
significantly increased in hCRP-Tg rabbits as compared with
non-Tg rabbits. The degree of CRP deposition correlated with
the elevated TF expression and thrombus size on injured
neointima. In addition, hCRP isolated from hCRP-Tg rabbit
plasma induced TF mRNA expression and activity in rabbit
cultured vascular SMCs. Conclusions: These results suggest
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that elevated plasma hCRP levels promote thrombus formation
on injured SMC-rich neointima by enhancing TF expression,
but have no additive effects in macrophage-rich neointima.

Keywords: cardiovascular diseases, prognosis, smooth muscle
cells, thrombosis, tissue factor.

Introduction

C-reactive protein (CRP) is an inflammatory acute-phase
reactant that has emerged as a powerful predictor of cardio-
vascular diseases. High levels of plasma CRP are associated
with future cardiovascular events in apparently healthy indi-
viduals and with a worse prognosis in patients with acute
coronary events [1].

On the other hand, CRP has also been implicated in the
pathogenesis of cardiovascular diseases such as atherothrom-
bosis. This notion was initially suggested by the demonstration
that: (i) CRP is expressed in atherosclerotic lesions [2,3], where
its concentration is associated with plaque instability [4]; and
(i) CRP induces proinflammatory changes in cultured vascular
cells [5,6]. However, recent studies with transgenic (Tg) rabbits
[7] and Tg mice [8—11] from various laboratories have indicated
that CRP does not directly participate in the progression of
atherosclerosis. These findings are also supported by human
genetic studies [12,13], suggesting that CRP triggers cardiovas-
cular events through other mechanisms, such as the promotion
of thrombosis. This notion is supported by the following
findings. Tg mice expressing CRP have impaired endothelial
functions [14], and CRP reduces the expression of tissue-type
plasminogen activator (t-PA) [15] and increases that of tissue
factor (TF) [16] in vascular cells. In addition, injection of
purified CRP activates the blood coagulation system [17].
Danenberg et al. [18] demonstrated that human CRP (hCRP)-
Tg mice have a higher rate of thrombotic occlusion after
arterial injury than non-Tg mice, whereas others have found
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that hCRP does not affect the incidence of thrombus in
apolipoprotein E knockout mice [19,20]. Regardless of these
persistent controversies, mouse models are not apparently
appropriate for examining hCRP physiologic functions,
because plasma levels of CRP, even in the presence of
inflammatory stimuli, are extremely low in mice as compared
with humans and rabbits [21].

Recently, we established Tg rabbits expressing hCRP in the
liver, and showed that the hCRP-Tg rabbit model might be
useful for investigating the relationship between CRP and
cardiovascular disease [7]. As in humans, but not in mice,
plasma CRP in the rabbit functions as an acute reactant
protein during inflammation, and hCRP can activate the rabbit
complement system [7]. We previously established a rabbit
model of arterial intimal injury and thrombosis [22,23], and
examined whether hCRP promotes neointimal proliferation
and thrombus formation in this model in vivo.

Materials and methods

Transgenic rabbits expressing hCRP under the control of a
liver-specific promoter were generated in our laboratory as
previously described [7]. Here, we studied male hCRP-Tg
rabbits (2.5-3.0 kg) expressing a plasma hCRP concentration
of 46.21 + 13.85mg L™! (n = 22) and non-Tg littermates as
controls (7 = 25). All amimal research protocols were
approved by the Animal Care Committee of Miyazaki
University (No. 2006-069-4), and the animals received humane
care according to the Guide for the Care and Use of
Laboratory Animals prepared by the Institute of Laboratory
Animal Resources and published by the US National Institutes
of Health.

Femoral artery injury models

Non-Tg rabbits and hCRP-Tg rabbits were fed with a
conventional diet (non-Tg, n = 15; hCRP-Tg, n = 12) or a
0.5% cholesterol diet (non-Tg, n = 10; hCRP-Tg, n = 10) for
1 week before and 3 weeks after balloon injury to determine
the effect of hCRP on the development of thrombus formation.

Neointimal lesions in the femoral artery were induced by the
balloon-injury method, as previously described [22,23]. The
rabbits were anesthetized with intravenous pentobarbital
(25 mg kg™"), and an angioplasty balloon catheter (diameter,
2.5 mm; length, 9 mm; Quantum, Boston Scientific, Galway,
Ireland) was then inserted into the femoral artery under
fluoroscopic guidance. The catheter was inflated to 1.5 atm and
retracted by 50 mm three times to denude the endothelium.
The neointimal lesions were collected for analysis 5 days and
3 weeks later (see below).

To induce thrombus formation on the neointimal surface,
balloon injury was induced once again 3 weeks after the first
balloon injury. A 2F balloon catheter (Baxter Healthcare,
Irvine, CA, USA) was inserted via the anterior tibial artery into
the femoral artery, inflated to 1.4 atm, and retracted by 30 mm
three times. The rabbits were injected with intravenous heparin
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(500 U kg™") 15 min later, and killed with a pentobarbital
overdose. Rabbits were also killed 5 days and 3 weeks after the
first balloon injury, for assessment of cell proliferation and
apoptosis (see Data S1). The rabbits were perfused with 50 mL
0f 0.01 mol L™! phosphate-buffered saline (PBS) (pH 7.4) and
then perfusion-fixed with 4% paraformaldehyde for histologic
and immunohistochemical staining.

Blood samples were collected from the medial auditory
artery into 3.8% sodium citrate (9 : 1, v/v) for evaluation of
blood parameters, platelet aggregation, whole-blood coagula-
tion and platelet adhesion under flow (see Data S1).

Histologic examinations and immunohistochemistry

The femoral arteries were fixed in 4% paraformaldehyde for
24 h at 4 °C, cut into five sections at 4-mm intervals, and
embedded in paraffin. Serial sections (3-pm thick) were stained
with hematoxylin and eosin (HE). Areas of neointimal lesions
and thrombus size were quantified on HE-stained specimens
with an image analysis system (Axio Vision 4.0.5; Carl Zeiss,
Munchen, Germany) and light microscopy.

Serial sections (3-um thick) were also immunohistochemi-
cally stained with antibodies (Abs) against hCRP, a-smooth
muscle actin, rabbit macrophages, TF, rabbit fibrin, glycopro-
tein IIb-IIIa, and Ki-67 (Table S1). The sections were rinsed
with PBS, and incubated with peroxidase-conjugated second-
ary Abs at room temperature for 60 min; staining was then
visualized after the 3,3’-diaminobenzidine tetrahydrochloride
reaction followed by counterstaining with Meyer’s hematoxy-
lin. The primary Abs were replaced with mouse non-specific
IgG or sheep or guinea pig serum in control sections.
Immunostained areas in whole cross-sectional areas of neoin-
tima and thrombus were quantified with a color imaging
morphometry system (WinRoof, Mitani, Fukui, Japan). All
quantitative analyses were performed in a blinded manner by
two investigators.

Analysis of TF expression and activity

The neointima of the femoral arteries produced 3 weeks after
the first balloon injury was carefully separated from the media
and adventitia under a stereomicroscope. Total RNA was
extracted with Trizol, and TF mRNA and B-actin expression
was determined by quantitative real-time RT-PCR with SYBR
Premix Ex Tagq kits (Takara Bio, Shiga, Japan), according to
the manufacturer’s instructions. The panel of the primers is
shown in Table S2.

Rabbit plasma clotting time initiated by the neointimal
homogenate was measured with a coagulation timer (Throm-
botrack, AXIS-SHIELD; PoC AS, Oslo, Norway) [23,24] for
evaluation of neointimal TF activity. The neointima was
homogenized in Tris-buffered saline (pH 7.4) containing
5mmol L' CaCl, and 0.1% Triton X (Nakalai Tesque,
Kyoto, Japan), with a Polytron PT3000 (Kinematica, Littau,
Switzerland). After centrifugation at 2500 x g for 10 min, the
supernatant (vessel sample; 100 pL, containing 100 pg of

© 2010 International Society on Thrombosis and Haemostasis



protein) was incubated for 1 min with rabbit plasma (100 pL)
with or without anti-rabbit TF antibody (10 pg mL™", 4511;
American Diagnostica, Stamford, CT, USA) or recombinant
human TF pathway inhibitor (250 ng mL™'; Chemo-Sero-
Therapeutic Research Institute, Kumamoto, Japan); clotting
was then initiated by adding 20 mmol L™" CaCl, (100 pL). The
protein concentrations were determined with the BCA protein
assay kit (Pierce, Rockford, IL, USA). A standard curve was
obtained from serial dilutions of recombinant TF (American
Diagnostica), and TF activity is expressed as arbitrary units.

Expression and activity of TF mRNA in cultured vascular
smooth muscle cells (SMCs)

Aortic SMCs isolated from the femoral arteries of non-Tg
rabbits by the explant technique were cultured in smooth
muscle growth medium (SmGM-2 bullet kit; Lonza, Basel,
Switzerland) [24] for five passages. Trypsin-EDTA (Sigma, St
Louis, MO, USA) was briefly added to 80-90% confluent
SMCs, which were then suspended (1 x 10° cells in 100 pL of
serum-free medium) in cuvettes and incubated with hCRP (20,
50 and 100 pg mL™") that was affinity-purified from hCRP-Tg
rabbit plasma [7]. Total RNA was extracted, and the mRNA
expression of TF and B-actin was determined as described
above. The TF activity of SMCs was assessed from plasma
clotting times. Briefly, rabbit plasma (100 uL) was added to
viable SMCs (1 x 10° cells in 100 pL of serum-free medium) in
cuvettes for analysis with a coagulation timer (AXIS-
SHIELD), and clotting assays were performed as described
above.

Statistical analysis

All data are presented as means + standard deviations.
Differences for individual groups were tested with Student’s
t-test and ANovA (GraphPad Prism version 4.03; GraphPad
Software, San Diego, CA, USA). Three groups of TF mRNAs
and activities were analyzed by one-way ANova followed by
Bonferroni’s multiple-comparison test in the cell culture study.
Platelet adhesion was analyzed in the flow chamber system by
two-way ANOVA. Microscopic assessments of femoral arteries,
TF mRNA and activity of neointima, blood parameters,
platelet aggregation and thromboelastogram assay findings
between two groups were compared with Student’s r-test.
Relationships between factors were evaluated with linear
regression analysis. Statistical significance was established at
P < 0.05.

Results

Effects of hCRP on the neointimal lesions

We initially investigated the effects of hCRP on the neointimal
lesions of the femoral arteries induced by balloon injury.
Figure 1 shows that neointimal lesions at 3 weeks after injury
contained mainly SMCs with a few macrophages in rabbits fed
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Fig. 1. Neointimal formation 3 weeks after balloon injury. Neointimal
lesions mainly contain smooth muscle cells (SMCs) with a few macro-
phages (Mo). Neointimal area and cellular components (SMCs and
macrophages) do not significantly differ between transgenic (Tg) and non-
Tgrabbits (n = 6 per group). Arrowheads indicate internal elastic lamina.
hCRP, human C-reactive protein; HE, hematoxylin and eosin.

with a conventional diet, but neointimal size and cellular
components (both SMCs and macrophages) did not signifi-
cantly differ between Tg and non-Tg rabbits. Neither cell
proliferation nor apoptosis differed significantly in the neoin-
tima of Tg and non-Tg rabbits at 5 days and at 3 weeks after
balloon injury (Fig. S1). Immunohistochemical staining fre-
quently revealed hCRP-immunoreactive proteins in the neoin-
timal lesions (but not in the normal intima; data not shown) of
hCRP-Tg rabbits (Fig. 2). RT-PCR analysis did not detect any
hCRP mRNA transcripts in the neointimal lesions (Fig. S2),
suggesting that hCRP-immunoreactive proteins were derived
from the circulation.

We immunohistochemically stained the neointima to deter-
mine whether hCRP affects TF expression in neointimal
SMCs. We found that the level of immunoreactive TF proteins
was increased three-fold in hCRP-Tg rabbits as compared with
non-Tg rabbits (Fig. 2). Furthermore, TF mRNA expression
and activities were increased 1.8-fold and 4.5-fold, respectively,
in the neointimal lesions of Tg rabbits as compared with non-
Tg rabbits (Fig. 3). Taken together, these data indicated that
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