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Abstract

Background—Vein grafts fail due to wall mal-adaptations to surgical injury and hemodynamic
perturbations. Interleukin-1 signaling has emerged as an important mediator of the vascular
response to trauma and hemodynamically induced vascular lesions. We therefore hypothesized
that interleukin-1 signaling drives early vein graft wall adaptations.

Methods—uUsing interleukin-1 type | receptor knockout (IL-1RI~7) and wild-type (B6129SF2/J)
mice, we investigated morphologic changes 28 days after interposition isograft from donor inferior
vena cava to recipient carotid artery, without (n=19) or with (n=13) outflow restriction. The
impact of mouse strain on the response to vein arterialization was also evaluated between
B6129SF2/J (n=18) and C57BL/6J (n=19) mice.

Results—No significant differences were observed in the traditional endpoints of intimal
thickness and calculated luminal area, yet media+adventitia thickness of the vein graft wall of
IL-1RI™/~ mice was 44-52% smaller than wild-type mice, at the both proximal (A<.01, A<.01) and
distal (P=.054, P<.01) portions of vein grafts, for both normal flow and low flow respectively.
Compared with C57BL/6J strain, B6129SF2/J mice exhibited no difference in vein graft intimal
thickness, but 2-fold higher media+adventitia thickness (A<.01).

Conclusion—When lacking interleukin-1 signaling, the vein graft wall adapts differently
compared to the injured artery, showing typical intima hyperplasia though attenuated media
+adventitia thickening. B6129SF2/J mice exhibit more media+adventitia response than C57BL/6J
mice. The inflammatory networks that underlie the vein response to arterialization hold many
roles in the adaptation of the total wall, thus the utility of anti-inflammatory approaches to extend
the durability of vein grafts comes into question.
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Autologous vein bypass grafting for coronary or low extremity arterial occlusive diseases
stands as one of the most common major procedures performed, though a high incidence of
vein graft failure remains.1-3 Vessel wall mal-adaptations, mainly intimal hyperplasia® ° and
wall remodeling,® 7 are the primary culprits of this critical clinical issue. All layers (intima/
endothelium, media and adventitia) of the vein graft wall and elements of circulatory system
may be the repository for the factors which drive wall mal-adaptation.®

Interleukin-1 (IL-1) a and B are major proinflammatory cytokines, functioning in immuno-
modulatory and inflammatory processes, which occur mainly via interactions with the 1L-1
type | receptor (IL-1RI).2 There is the increasing recognition of the effects of IL-1/IL-1RI
axis on cardiovascular events, such as atherosclerosis, myocardial infarction, vascular wall
remodeling, and the response to vascular injury.10-12 We previously reported3 that IL-1RI
knockout (KO) mice (IL-1RI~/") undergoing carotid artery ligation (low flow)
manipulationl4 tended to have 7-fold less intimal hyperplasia than B6129 wild-type (WT)
control mice. Other groups!®-18 subsequently showed that several factors in IL-1 signaling
pathway impact neointimal lesions after arterial injury.

Avrterialization of a vein massively upregulates IL-1p gene expression in the vessel (over
1,000 fold at post-operative day 1, detected by quantitative RT-PCR).1° In our pilot genome-
wide microarray studies this upregulation ranks very high among other mediators: IL-1f
gene ranks the 7th out of ~40,000 genes in upregulation in the mouse vein graft wall (day 7),
and 2nd out of over 4,000 genes in rabbit vein grafts two and twenty-four hours after
implantation.

In the context of these revelations and founded on the common inflammatory driven
mechanisms between arterial and venous intimal hyperplasia, we hypothesized that the
disruption of IL-1 signaling pathway would attenuate intimal hyperplasia in the early vein
graft. We directly tested this hypothesis employing murine vein graft models combined with
flow perturbation and gene KO strategies.

MATERIALS AND METHODS

Mouse Vein Graft Models

Nine-week-old male C57BL/6J mice (#000664), IL-1RI~~ mice (KO; #003018) and their
WT B6129SF2/J controls (WT; #101045), weighing 20 to 24 grams, were purchased from
the Jackson Laboratory (Bar Harbor, ME). The animals were maintained on a 12-hour light-
dark cycle, and received water and standard chow ad libitum. All animal experiments were
performed according to protocols approved by our local Institutional Animal Care and Use
Committee and complied with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publication No. 85-23, Revised 1996). All recipient mice
underwent vein bypass grafting, without (normal flow groups; WT n =10, KO n =9,
C57BL/6J n = 8) or with (low flow groups; WT n =8, KO n =5, C57BL/6J n = 11) outflow
restriction, and donor mice were of the same age, gender, and genetic background with their
recipients.

All operative procedures were performed aseptically, with general continuous isoflurane
inhalant anesthesia (2% during painful stimuli, and 1% at latent periods). Mouse vein graft
model was created via interposition of a supradiaphragmatic inferior vena cava from a donor
mouse into the right common carotid artery of a recipient mouse, combining with outflow
restriction manipulation or not as described before.2%: 21 Briefly, the mouse right common
carotid artery was dissected and ligated with 9-0 nylon sutures at the midpoint and divided.
After clamping, the ligatures were removed and the proximal and distal artery ends were
everted over pre-made polyetheretherketone cuffs (Zeus, Orangeburg, SC). The IVC was
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then sleeved over the cuffed arterial ends and secured into position with another 9-0 suture.
Increased outflow resistance was achieved in the low flow groups via partially ligating the
outflow common carotid artery (at the location 1 mm beyond the distal cuff body) with a 33
gauge blunt needle (outside diameter 0.21 mm, Hamilton, Reno, NV) by a 9-0 nylon
ligature, and then removing the mandrel needle to restore blood flow.

Blood flow rate of vein graft was measured at least 20 minutes after bypass grafting
completion + outflow restriction (day 0), and immediately before harvest (day 28), via a
Transonic TS420 flowmeter with 1PRB flowprobe (Transonic Systems, Ithaca, NY) and
data acquisition system (PowerLab 4/30 with LabChart v7.0.2; ADInstruments, Colorado
Springs, CO).

Vein Graft Duplex Imaging

Utilizing a VisualSonics Vevo 2100 Imaging System (VisualSonics, Toronto, Canada),
ultrasonography on mouse vein grafts was completed at post-operative days 4 and 28 to
monitor graft patency.

Tissue Harvest and Processing

At post-operative day 28, the recipient mice were whole-body perfusion fixed by 10%
formalin under physiologic pressure; the vein grafts were harvested, tissue processed and
embedded into paraffin for sectioning. The cross-sections at 200 pm, 400 pm and 600 pm
distances from the proximal/distal cuff edge were selected to represent the proximal/distal
portion of that vein graft.

Morphometry

Masson’s trichrome staining was utilized on selected cross-sections. Digital microscopic
images were captured using a Zeiss Axio Al microscope (Carl Zeiss, Germany). Lumen
circumference, internal elastic lamina (IEL) and outside boundary of the vein graft were
determined as we described before,20 and planimetry was completed by AxioVision Rel 4.7
software (Carl Zeiss). Each morphologic parameter from the adjacent 200 pum, 400 m and
600 m cross-sections was averaged to represent that vein graft portion’s remodeling status.
The calculation methods were previously described. 20 21

Statistical analysis

RESULTS

Data are showed as means + SEM. Differences among more than two groups were analyzed
by one-way analysis of variance. Comparison for two groups was performed via unpaired
two-tailed Student’s #test. P< .05 was considered statistically significant.

Two of eight WT low flow vein grafts (at days 4 and 28, respectively) and two of eleven
C57BL/6J low flow vein grafts (at day 28) were found occluded by ultrasonography. Both
were excluded from all analyses. All other mice survived until harvest, and all these vein
grafts were patent.

Outflow restriction produced an overall 43.89% + 1.03% decrease in vein graft mean blood
flow at day 0, and a 60.48% = 10.20% decrease at day 28 before harvest, without significant
differential between the WT group vs. KO group, and the WT (B6129SF2/J) group vs. our
previous data in C57BL/6J mice.2! These C57BL/6J mice underwent vein grafting exactly
as described in the current protocol.
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Under a B6129 genetic background, IL-1R1™~ mice did not show a change in mean intimal
thickness (Fig 1, A) or mean (calculated) concentric lumen area?! (Fig 1, B). However, the
mean thickness of media+adventitia was quite different between WT and KO mice
consistently, with significantly less (44-52% decrease) in KO mice, in both the normal flow
and the low flow models, and in both the proximal and the distal portions of the vein grafts
(Fig 1, Cand Fig 2). Consequently, KO mice tended to have a higher intima/(media
+adventitia) thickness ratio (Fig 1, D).

Finally, to evaluate the mouse strain differential vein graft response, we compared the
day-28 vein graft morphologic parameters of B6129SF2/J mice with those of C57BL/6J
mice (Table 1).21 Under the same blood flow manipulation (normal flow or low flow
condition), B6129SF2/J mice showed a similar level of intimal thickness with C57BL/6J
mice, though the hybrid strain B6129SF2/J tended to have a higher variation. Meanwhile,
B6129SF2/J vein grafts exhibited an approximate 2-fold thicker media+adventitia layer
(which we define as the area between IEL and vein graft outside boundary?9), and a lower
intima/(media+adventitia) thickness ratio, when compared to C57BL/6J vein grafts. No
significant difference in lumen area was found among all mouse vein grafts.

DISCUSSION

IL-1 pathway stands proximally in many fundamental inflammatory signaling networks!2
that have been linked to arterial adaptations such as flow induced arterial remodeling!® and
intimal hyperplasia.1l- 13 The factors which have been targeted in this pathway include
IL-1a, IL-1pB, IL-1RI, IL-1 receptor antagonist (IL-1Ra), P2X-receptor (mediator of
intercellular IL-1Ra release), caspase-1 (cleaves the precursor of IL-1f), myeloid
differentiation primary response gene 88 (MyD88), and Toll-like receptor 4 (TLR4).
Researchers have found that at least IL-1p, IL-1RI, IL-1Ra and MyD88 play important roles
in arterial intimal hyperplasia or total wall adaptations (Table I1).

Furthermore, broad based discovery approaches have identified IL-1 sighaling mediators as
some of the most upregulated genes in the setting of vein graft construction.19: 22. 23 For
instance unpublished pilot genome-wide microarray analysis data from C57BL/6J mouse
vein grafts (post-operative day 7) showed that IL-1f gene ranks 7th out of ~40,000 genes in
upregulation with vein graft arterialization, a pattern which was also confirmed with
quantitative RT-PCR and rabbit vein graft microarray genomic analysis.

Therefore IL-1 signaling recently emerged as a target to enhance the durability of vascular
interventions such as vein grafts by proximally blocking the I1L-1 driven inflammatory
cascades that lead to myofibroblast migration and proliferation. Several anti-1L-1 therapeutic
approaches have emerged.?* We evaluated the effects of IL-1 signaling on vein graft wall
adaptations directly utilizing normal and low flow murine models and gene KO strategies
based on B6129 genetic background which is consistent with our previous study on mouse
arterial system.13

Contrary to our initial hypothesis, the pattern of intimal hyperplasia (the traditional target for
anti-vein graft failure therapies) inhibition in the mouse arterial system was not observed in
normal flow mouse vein grafts, though the media+adventitia thickness decreases by ~44% in
IL-1RI™/~ mice. Considering the relatively higher variation in this hybrid mouse strain, and
the limited baseline neointima formation in this normal flow/normal lipid-profile/non-aged
mouse vein graft model,20 we repeated testing of the hypothesis utilizing a validated low
flow model that yields more intimal hyperplasia.2! Consistent with the initial findings, the
same pattern of vessel wall adaptations was observed in day-28 low-flow vein grafts. In
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totality, one can conclude that IL-1 signaling significantly impacts vein graft wall adaptation
to arterialization.

In this study we also report the differential morphologic response to vein graft arterialization
between the commonly used hybrid strain B6129SF2/J mice and the most popular inbred
strain C57BL/6J mice. With the same age and gender (male), and similar body weight, these
experimental mice underwent vein interposition grafting (under normal flow or low flow
condition) completed by the same microsurgeon under exactly the same protocol. The
B6129SF2/J strain showed similar amounts of intimal hyperplasia and lumen area compared
to its relative inbred C57BL/6J strain, but it did have a 2-fold higher thickness of the vein
graft media+adventitia layer, leading to a significantly thicker overall vein graft wall. Strain
differentials in the vascular response to injury have also been previously reported by
others.25-27

The potential clinical translation implications of our findings are murky since the relevance
of the difference in media+adventitia thickness is unknown. This is a relatively sort-term
model, so it is possible that if assayed at later time points the luminal anatomy could be
affected by these adaptations, including enhanced outward remodeling in the setting of no
IL-1 signaling. It appears that the inflammatory IL-1 signaling networks that participate in
the early vein graft response to arterialization hold many roles in the adaptation of the total
wall, thus the utility of broad anti-IL-1 approaches to extend the durability of vein grafts
comes into question. Researchers have increasingly recognized the vein graft tunica
adventitia as an important repository of progenitor cells, which can subsequently migrate
and proliferate; and as a source of vascular wall inflammatory cells, cytokines, and
chemokines.?8: 29 However, its anatomical morphologic changes have not been the focus of
prior reports. The vascular responses after vessel dissection and bypass implantation involve
common pathologic stages (such as inflammation, granulation, fibroplasia and contraction)
with regular wound healing. Thus some researchers have described the early vein graft wall
adaptation as a wound healing process.30-32 This less organized tissue repair process is more
typically seen in the area outside IEL, which is the zone termed the “media+adventitia” area
of the mouse vein graft.20 IL-1 signaling links to wound healing biology are recognized.33-3%
Thus, our findings indirectly support the theory relating the response to vein grafting/
arterialization to wound healing.30

Our research strategy holds some limitations. By utilizing the IL-1RI~/~ mice, we are unable
to separate IL-1a and IL-1p effects. It is also possible that with time there might be
aneurysmal degeneration owing to the thinner vein graft wall in IL-1RI~/~ mice, but we
examined only a single time point. However, the 28-day time point is most commonly
reported in mouse models of vein graft failure.20 Finally, differences in the biochemical
qualities of the media+adventitia between the test groups is not described, but such
experiments might provide additional insights into the role of this cytokine in early vascular
wall adaptations after hemodynamic perturbations.

In summary, we find that lack of IL-1 signaling in the setting of the early vein graft leads to
overall thinning of the conduit wall, due to less media+adventitia volume. While anti-1L-1
strategies do not appear to impact intimal hyperplasia in vein grafts, the results confirm the
role of pro-inflammatory cytokines in modulation of the vein graft wall adaptation to
arterialization.19: 36 However, translation of the perturbed morphologic adaptations observed
toward enhanced vein graft durability is unclear.
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Non-standard Abbreviations and Acronyms

KO
IEL
IL-1

Knockout
Internal elastic lamina
Interleukin-1

IL-1Ra Interleukin-1 receptor antagonist

IL-1RI Interleukin-1 type I receptor

MyD88 Myeloid differentiation primary response gene 88

NS

Not significant

TLR4 Toll-like receptor 4

WT

Wild-type
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Fig 1.

Morphologic analysis of B6129 background mouse vein graft wall adaptation. (A) Mean
intimal thickness. (B) Mean concentric lumen area. (C) Mean media+adventitia thickness.
(D) Mean intima/(media+adventitia) thickness ratio. Values are shown as mean + SEM
(error bars).
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B6129SF2/J Normal Flow IL-1RI*- Normal Flow B6129SF2/J Low Flow IL-1RI* Low Flow

X 100

X 400

Fig 2.

Representative Masson’s trichrome staining of vein graft models on B6129SF2/J wild type
or IL-1R17/~ mice. Lower panel shows the enlargements of area defined by the black boxes
in the upper panel. Solid arrows indicate internal elastic lamina; blank arrows indicate
outside boundary of the vein graft wall. Scale bars= 50 pm.
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