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" Summary of New Energy and Industrial Technology Development
Organization Entrusted R&D Report for FY 1996

Date of preparation

December 31, 1996

Field /
Project number

Field: E-041

Medical and walfare Support Technology

No.

Research

organization

Yokohama City University

Post of the research

coordinator

Assistant Professor Yokohama City University School of Medicine

Name of the

research coordinator

(signature)

L izt A

Yasuharu Noishiki

Title of the project

A new technology of artificial organ r%tcrials which can induce host
biocompatibility

Duration of the
project

January 16, 1996 ~ December 31, 1996

Purpose of the

project

The aim of this project is to produce a highly biocompatible materials
for next generation's artificial organs using the following methods:
1, Micromodification of polymr materials. 2, Biocompatible
treatment for biological materials. 3, Application of bioabsorbable
materials. 4, Bioactive substance immobilization. and 5, Use of
autologous tissue as artificial organ materials.

Summary of the

results

As a synthetic polymer material, microporous polyurethane was
used for a small diameter vascular prosthesis. The graft with this
technology was successfully implanted in rat abdomical aortic
position. The graft of 1.5 mm in internal diameter and 10 cm in
length showed excellent patency with nice endothelialization. As a
biological material, microfibers of collagen was used for a sealing
substance of vascular prothesis. The microfibers absorbed a large
amount of water, which could prevent blood leakage from the graft
wall. The graft showed non-thrombogenic property and excellent
host cell affinity, resulted in rapid neointima formation. As to
autologous tissue, bone marrow was used, since marrow cells can
differentiate into any mesenchimal cells with synthesis of growth
factors. Marrow cell transplanted vascular prothesis showed rapid
capillary ingrowth. These results indicated that the newly designed
materials had suitable properties for materials of next generation's
artificial organs.

Publication, patents,

ete.

We represented these results in the Sth World Biomaterial Congress
and The Annual Meeting of the Americal Society for Artificial
Internal Organs. Now, we are considering the patent application for
some of these findings.

Future plans

We are planning to apply these technology to develop new artificial
organs, especially in the field of vascular prostheses.
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Abstract

A fabric vascular prosthesis sealed with succinylated collagen (SC graft) was developed as
an A-V shunt graft for hemodialysis. The SC graft was soft, pliable, flexible, and puncturable
with quick hemostasis. A needle puncture made a smaller hole in the SC graft wall thanin a
control e-PTFE graft such as is usually used for an A-V shunt. The SC graft was extremely
hydrous since it is sealed with water which is absorbed into the intermolecular spaces of
negatively charged collagen. Succinylated collagen suspension was injected with pressure into a
knitted fabric vascular prosthesis wall (water permeability: 1200ml) so as to become entangled in
the Dacron nctwork. Then the graft was lyophilized and thermally crosslinked. Water leakage
from 6 holes created by a 18 G needle puncture in vitro under water pressure of 120 mmHg was
34.5 £ 29.9 ml/min. in the SC-graft and 169.9 + 38.5 m!/min. in the control e-PTFE graft.
Hemostatic time at six 18G needle puncture sites on grafts implanted in the abdomen of 12 dogs
was 4.5 £ 2.5 min. in the SC graft and 34.2 £ 11.5 min. in the controls. After implantation, the
luminal surface of the SC grafts had a thinner thrombus layer than the control grafts. After one
week, a thin thrombus layer covered the luminal surface of the SC grafts, and puncture sites
were recognized as small dots under it, but in the controls, the thrombus layer was thick and the
puncture sites could not be seen. These results suggest that the SC graft is less thrombogenic

and has less blood leakage from the puncture sites than the control.

Introduction

Various kinds of vascular grafts such as autologous vein grafts, autologous subcutaneous
connective tisue tubes, glutaraldehyde crosslinked bovine grafts, glutaraldehyde crosslinked
umblical cord vein grafts, e-PTFE grafts, fabric grafts, polyurethane coated grafts, and spun
Corethane (a polyarbonate-urethane formulated for enhanced biodegradation resistance over
conventional polyurethanes) fibers-Dacron composite prostheses have been tried and used as an
A-V shunt blood access for hemodialysis1-0). Today, e-PTFE grafts are the most frequently
used in this field because of their high patency rate and easy puncturabilityl,7,8,9) . Fabric

grafts are, however, the most frequently used in reconstructive surgery for occlusive peripheral
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arterial diseases such as occlusion of femoral arteries due to arterioscrelosis, since e-PTFE grafts
more often develop intimal hyperplasia at distal anastomotic sites than fabric grafts. In the field
of blood access, the intimal hyperplasia problem with e-PTFE grafts has also been discussed for
some time1). Other disadvantages of e-PTFE grafts are excessive bleeding after needle
puncture, perigraft hematoma formation, seroma formation, and aneurysmal dilatation after
repeated punctures by a hemodialysis needle10-12) . On the other hand, knitted fabric vascular
prostheses are not used due to their low patency rate caused by the thrombogenic properties of
Dacron fabric, even though the fabric grafts have other properties that make them superior to e-
PTFE grafts, such as elasticity, softness, easy suturing, flexibility, easy punctureability, and
quick hemostasis13).

The most frequent problems with the e-PTFE graft for blood access are prolonged
bleeding after puncture and the intimal hyperplasia at the distal anastomotic sites after long-term
implantationD. In this communication, we report a new fabric vascular prosthesis coated with
negatively ch.arged collagen which can absorb a large amount of water. The graft is extremely
hydrous compared with the hydrophobic properties of the control e-PTFE graft, but is expected
to be non-thrombogenic and to have quick hemostasis at needle puncture sites when used for
blood access. Because the observation period of the current experiment was short, we could not

assess intimal hyperplasia, but we present an evaluation of puncture tests and hemostasis.

Materials and methods

1. graft preparation

Aseptically purified and succinyated atelocollagen 14.15) (Koken Co. Ltd., Tokyo, Japan)
was used as a sealant, dispersed in distilled water at 40 °C, pH 7.0, to lmake a collagen
suspension.

A porous Dacron fabric vascular prosthesis (MICRON, InterVascular S.A ., Clearwater,
Florida, U.S.A., 6 mm ID, water permeability: 1200 ml / min. at 120 mmHg) was used as a
framework of the graft. It was enveloped in a vinyl chloride bag and connected with a syringe

containing the succinylated collagen suspension, by a three-way stopcock and a connecting tube
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to make a closed circulation system 16) - "Collagen suspension was sieved through the prosthetic
wall by pressurized injection from the syringe. The suspension that passed through the wall
was injected again with the syringe. After repeating the procedure several times, the interstices
of the Dacron fibers of the prosthesis were impregnated with collagen. Then the prosthesis was
lyophilized and thermally crosslinked 17,18) at 130 °C for 40 hours, simultaneously sterilizing
the graft. With this procedure, a prosthesis impregnated with succinylated collagen (SC graft)
was prepared.

An e-PTFE graft (Gore-Tex graft, W.L.Gore & Associates, Inc. Flagstaff, Arizona,
U.S.A.) was used as a control.

2. Analysis of the SC graft

Water leakage from holes created by an 18 G needle puncture in vitro under water pressure
of 120 mmHg was measured at 6 puncture sites according to the water permeability test for
vascular prostheses 19). Under internal water pressure of 120 mmHg, the graft was punctured
with an18 G needle at a 30 ° angle to the graft external surface. One minute after the puncture,
the needle was withdrawn. Amount of water leakage through the needle hole was measured, and
the average leakage of water through the 6 puncture holes was calculated. The same procedure
was performed with the control e-PTFE graft.

3. Implantation of the prostheses

Adult mongrel dogs of both sexes, weighing 8 to 18 kg, were anesthetized with an initial
dose of 40 to 75mg of ketamine hydrochloride (Sankyo Pharmacy Co. Ltd., Osaka, Japan)
intramuscularly and 8 to 15 ml of pentobarbital (2.5 % solution) intravenously. Supplemental
doses were given when required. The dogs were intubated and supported with a respirator at 20
cycles per minute and a tidal volume of 150 to 250 ml of 20 % oxygen. The peritoneal cavity
was entered via a midline incision at the center of the abdomen. The abdominal aorta was |
exposed and mobilized by severing two pairs of lumber arteries and the inferior mesenteric
artery . Five cm of the aorta was resected and replaced by the SC-graft (internal diameter, 6
mm; length, 5.5 to 6 cm). Continuous suturing with a 5-0 polyester multifilament suture (Nihon

Shoji Co. Ltd., Osaka, Japan) was used. During the operation, an antibiotic (1 gm
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Cephalosporin, Fujisawa Pharmacy, Osaka, Japan) was administered into the peritoneal cavity,
but no anticoagulants were used at any time. The control grafts were also implanted in the same
manner.

The time required to establish hemostasis at the puncture sites was measured at 6 sites on 6
SC grafts and 6 control grafts. The implanted graft was punctured with an 18 G needle at a30 °
angle to the graft external surface. After 1 minute, the needle was withdrawn. Digital pressure
was applied to the puncture hole, and every half minute the finger was slightly lifted to observe
the coagulation at the puncture hole, and the time required to establish hemostasis at each
puncture hole was recorded. The mean time at the 6 puncture sites was calculated.

After the hemostasis test, both the SC grafts and the controls were left in the abdominal
aortic position in order to observe the healing process at the puncture site and the whole luminal
surface.

All animal care was in compliance with the "Principles of Laboratory Animal Care"
formulated by the National Society for Medical Research and the "Guide for the Care and Use of
Laboratory Animals : prepared by the National Academy of Sciences and published by the
National Institutes of Health (NIH publication No. 80-23, revised 1985).

4. Explantation of the prostheses

Six specimens were removed at 1 hour, and 6 at 1 week after implantation from both the
SC graft groups and the control groups. Before harvesting, heparin sodium (100[U/kg) was
administered intravenously to prevent clotting. All the retrieved specimens were rinsed with
saline solution to remove excess intraluminal blood and examined macroscopically.

5. Histological examination

For light and scanning electron microscopic observations, 4 mm sections of the prostheses
were cut longitudinally from the proximal to the distal anastomoses. Each sample was cut into
seven pieces, and identifying marks were placed from the proximal to the distal area to observe
the entire length of the graft in sequence. The specimens were fixed with 10 % formaldehyde in
phosphate buffer 0.2 mol/L, pH 7.4. Tissue for light microscopic examination was embedded

in hydrophilic resin20). Sections were stained with hematoxylin and eosin, with the PAP
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method for the staining of factor VIII of endothelial cells, and with Von Kossa staining for
detection of calcification.

Sections for scanning electron microscopic observation were stained with a 1 % osmium
tetroxide solution, dehydrated in a graded series of ethanol and amy! acetate, and then critical-
point dried with carbon dioxide and sputter-coated with gold palladium. Examination was
performed with a S-800 scanning electron microscopy (Hitachi, Tokyo, Japan; accelerating

voltage; 15kV).

Results

1. Preparation of the SC grafts

Impregnation of the prosthetic wall with collagen was easy. After several repeated
injections of the collagen suspension through the prosthetic wall, the collagen was trapped in the
interstices of Dacron fibers of the prosthesis. After lyophylization, the graft become completely
white. Thermal treatment made the coated collagen insoluble from the graft wall. |

2. Prepared SC graft

The SC grafts were slightly rigid, white, and porous-looking when dry. However, once a
graft dipped into saline solution, it absorbed water quickly and became soft and pliable (Fig. 1a,
1b).

3. Puncture test in vitro

Figure 1 showed an 18 G needle puncture on an SC graft and on an control. Fig. 1b
shows both grafts after the needle removal. The hole on the SC graft was approximately 0.3
mm in diameter, but the hole on the control was approximately 1.2 mm. There was no
remarkable resistance to the needle puncture on either graft. Water leakage through the holes
was measured under pressure of 120 mm Hg at 6 puncture sites, and was 34.5+ 29.9 ml/min. in
the SC graft and 169.9 £ 38.5 ml/min. in the control ¢-PTFE graft.

4. Scanning electron microscopy

Holes created by the 18 G needle on the SC graft and on the control are shown in Figures

2a and 2b. Both photographs were taken at the same magnification. The control graft has a
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large, round hole approximately 1.2 mm m diameter in it. The thickness of the graft wall was
approximately 0.4 mm. The entire cut edge of the graft wall with a smooth surface is seen
through the hole. In the SC graft, there was a small tear of 0.2 to 0.6 mm in width with a rough
edge of cut and frayed Dacron fibers with broken collagen. The luminal surface of the control
was composed of the ordinary expanded PTFE structure with numerous nodules and micro-
fibrils. The luminal surface of the SC-graft was Dacron {ibers coated with collagen with many
holes of various sizes, i.e. the lumen was porous and rough (Fig. 2b).

5. Graft implantation and puncture test in vivo

Implantation of both the SC graft and the control graft was easy without any problems.
The SC graft wall was soft and pliable, and easy to suture. There was no bleeding through the
graft wall or the suture holes in the SC-graft. The control graft also showed no bleeding
through the graft wall, But, there was a little bleeding through the suture holes just after
implantation. This was controlled within two minutes without any treatment.

Average hemostatic time at 6 puncture sites on each SC-graft was 4.5 £2.5. Inthe
control grafts, the average time was 34.2 % 11.5 min.

6. Graft retrieval

After the puncture test, there was no bleeding problem at the puncture sites or the suture
lines on either SC grafts or the control grafts. A small thrombus adhered to each puncture site
on the graft outer surface (Fig. 3a). The luminal surface of the SC grafts at one hour was
completely covered with a thin red thrombus layer. The puncture sites observed from the
luminal surface were seen as small irregular spots, but there was almost no difference from the
surrounding areas (Fig. 4a). The control grafts, a thick red thrombus layer covered the whole
luminal surface, and the puncture sites could not be seen. (Fig. 4b).

One week after implantation and puncture, the luminal surface of the SC grafts was
covered with a thin fibrin layer. A small thrombus at each puncture site was seen from the
luminal surface through a thin thrombus layer, but not all the puncture sites cQuld be seen (Fig.
4c). In the control grafts, the luminal surface was covered with a thick thrombus layer, and the

puncture sites underneath the thrombus layer could not be seen (Fig. 4d).
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7. Microscopical observation - -

One hour after puncture, the luminal surface of the SC grafts was covered with a thrombus
layer approximately 0.1 mm thick. Needle holes at the puncture sites were completely occupied
by fresh thrombus composed of fibrin, platelets, erythrocytes, and leukocytes (Fig. Sa). The
coated collagen was present on the luminal surface, on the outer surface, and in the interstices of
the Dacron fibers, i.e., inside the graft wall. But there were many vacant spaces in the collagen
layer, i.e., it had numerous pores. In the control grafts, the luminal surface at one hour was
covered with a thick thrombus layer approximately 1.2 mm thick. The puncture hole was also
completely occupied fresh thrombus (Fig. 5b).

After one week, the SC grafts were enveloped by loose connective tissue from the outer
surface. There was no perigraft hematoma, granuloma, scar, seroma, induration, or other
unusual reaction around the grafts. The luminal surface of the SC grafts was covered with a
thin fibrin layer 0.2 mm thick which contained a small number of erythrocytes. Small numbers
of fibroblasts had already migrated into the interstices of the Dacron fibers. The luminal
surface was composed of a fibrin layer without endothelial cells. There was no capillary
ingrowth 1nside the graft wall. The puncture site had no foreign body reaction. At the
anastomotic site, endothelial cell lining from the host aortic wall could be seen continuously
beyond the suture line. Some fibroblasts had migrated underneath the endothelial cell layer.
The coated collagen was thin and had started to be absorbed at one week. In the control groups,
three out of 6 grafts had perigraft hematoma. There was no adhesion between the graft and the
surrounding connective tissue. The luminal surface was still covered with a fresh thrombus
layer 0.5 mm thick. There was no fibroblast migration inside the graft wall. At the puncture
site, the needle holes were occupied by a fresh thrombus which contained a small number of

fibroblasts, but no capillaries.
Discussion

Compared with the controls, it was evident from the results that the greatest advantage of

the SC graft was the small tear-like hole created by the needle puncture, followed by quick
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hemostasis at the site. Another characteristic property of the SC graf t was that its luxﬁinal
surface was less thrombogenic.

The time required to achieve hemostasis after the needle puncture on the SC grafts was
approximately one-eighth of that on the controls. This was due to the difference in the shape,
size, morphological structure, and materials of the hole and its wall. It has already been
pointed out that a needle puncture makes a large hole on an e-PTFE graf t7,21), The raw
material of the e-PTFE graft is easily deformed. Therefore, the hole retained its original size
after the punccture. On the other hand, in the SC graft, the fabric structure was soft and pliable
because the collagen sealant retained a large amount of water22), The collagen network as
shown in the SEM photographs would accelerate hemostasis, since collagen fibrils can easily
accumulate platelets. The three-dimensional structure of native collagen is thrombogenic due
to aggregation of platelets23-25).  The hydrous collagen network produced by negatively
charged collagen made the coating substrate soft and pliable. Therefore, the needle enters the
collagen network by expanding it, resulting in a small hole after the needle removal due to re-
swelling of the collagen network and flexibility of the Dacron fibers.  The hole created by the
needle puncture become a small tear after the needle puncture and had irregular edges compésed
of polyester fibers and collagen fibers.  The small tear with the irregular edge would be
effective to shorten the time of hemostasis.

The luminal surfaces of both the SC graft and the controls at one hour and one week after
implantation were completely different. The SC grafts were less thrombogenic than the
controls. In general, collagen induces platelet aggregation because platelets are negatively
charged. However, the modified collagen is less thrombogeni026). Collagen fibers in the SC
grafts were negatively charged and modified by succinylation. The collagen layer on the SC
grafts had less opportunity to be exposed to the blood stream since the luminal surface was
- hydrous because of the water trapped around the collagen fibers. Water does not enhance
platelet aggregation nor fibrin deposition. Consequently, the hydrous surface of the prosthesis
can prevent platelet aggregation and fibrin deposition. ' The hydrous surface on the SC grafts

was non-thrombogenic, effectively preventing excessive thrombus adhesion after implantation.
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Fabric vascular prostheses without collagen coating have not been used as A-V shunt grafts
because of their thrombogenicity. In the present experiments, the hydrophilic collagen coating
showed the possibility of overcoming the problems with fabric vascular prostheses for A-V
shunt grafts.

The e-PTFE grafts used as controls have been reported to have less thrombus 9:27) due to
the non-adhesiveness22.29) of the original raw material.  Thrombus forming on an e-PTFE
graft surface is expected to detach itself from the surface, maintainaning the graft patency.
However, the surface has numerous cracks, nodules, and microfibrils to give the graft flexibility
by expanding. These provide anchoring sites for the thrombus on the luminal surface. The
thick thrombus layer on the luminal surface at one hour in th¢ present study supports this
hypothesis. On the other hands, the walls of the puncture hole were relatively smooth, as
shown in the SEM photographs, due to the plasticity of the PTFE. The thrombus inside the hole
needs anchoring sites for hemostasis. But there were almost no anchoring sites on the walls of
the hole, as shown in Fig. 2b.  The thrombus inside the hole is not stable.

During clinical hemodialysis, heparin is usually used systemically to prevent thrombus
formation in the hemodialyser. A 14 or 16 G needle is used for the puncture. A thrombus
layer does not form on the graft luminal surface or inside the needle hole. A certain period of
time after implantation, however, new adventitial tissue composed of fibroblasts and collagen
fibers with microcapilaries is created around the graft. This tissue forms thrombus at puncture
sites, resulting in hemostasis. Therefore, in general, ePTFE grafts are not allowed to be
punctured for 2 weeks after implantation, during the term of adventitial formation, i.e., the term
for encapsulation of the graft by the host tissue. This waiting time for e-PTFE grafts is also a
problem for patients, especially in emergency cases. Even if new adventitial tissue is formed
after a time, the excessive bleeding may cause a perigraft hematoma.

In conclusion, the newly developed fabric prosthesis with a negatively charged collagen
coating has been shown to be an improved A-V shunt for blood access. The intimal hyperplasia

at the distal anastomotic sites has not been studied in the present workdue to the short
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observation period. We are presently evaluate long-term patency and internal hyperplasia at

the distal anastomotic sites of the SC graft.
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Figure legend

Fig. 1. Puncture of SC graft (top) and ePTFE graft (bottom) with an 18 G needle(left), and

after the puncture (right).

Fig. 2. Scanning electron microscopical observations of the puncture sites in SC graft (left)

and ePTFE graft (right).

Fig. 3. Outer surfaces of SC graft (left) and ePTFE graft (right) 1 hour after puncture.

Fig. 4. Luminal aspects of SC grafts (left top and left bottom) and ePTFE grafts (right top
and right bottom) 1 hour (left top and right top) and 1 week (left bottom and right bottom) after

puncture.

Fig. 5. Photomicrographies of cross section of SC graft (left) and ePTFE graft (right) one
hour after puncture. Thin thrombus covered the luminal surface on SC graft (left). In the
puncture hole, small numbers of the Dacron fibers trapps the thrombus. Thick thrombus forms

on the luminal surface and inside the puncture hole on ePTFE graft (right)
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Denacol EX 512, PGPGE (F+ 7 t{tT3%) . (5% PGPGE @ 0.1 M Na2Co3. 100 % =

044



4) EE

L #EHC X A M8 & DO RIS DFEE

PGPGE B L G ABEDMHEIX, ZOEBLBHEIH B, MEIL., &b IHEMARE

BEL 2D THBEY, BEHEDEILL > THEOPHICKELENE L, K1
THLIPZ L9, GABIIW <., PGPGEBERFEHEN D 5, T7-. GAEIBKME
BBEEHE T TWA I LT, PGPGE BIZEKETH 5, HEICDL, BIEDOEFAN
RETHHITH L, BREZETHD, MELLAN) LI TWE, MEOKE %=
k. FEHREEHEARENOEIIHS, ZNid, GAL PGPGE PAFLTOETH - T, [
—EEEELTH, ERHOETE oL HEDBR L ZMBEPERLYE S, 3T, %
DEEIAT HHBEOKIETH 05, MEABATLIEEEH,. 2L T, BA%KROH
FEFICENALOND, M7 RO AL THSL 2% X 91, PGPGE ElZiX, $#
DO FVE AR & BHEERSBAL TV 2 C AT EHEFERAETHY, 20K
BT v, TDE)HEZ, HHOBWIZIZHMBRICOBNAICLLbDEER bR
A, EHIlFE 2, MEOWE, FIZITREREDOED, BATHHBOBERZDET)
ROFXETAZEDNEZLONS, —ROMBALMEICBVWCIL, FEARZERT 5
R MR & SR AR I BN OBRRIMELEH 5, Tabb, NEMRIEZ. ATLEAZ
TN AMFEFENCFATICFOERMELEFEL T ADIH LT, FEHMRIZ. i
MERESEICH P BHEN, OFAOFIEICFEATICEFT A LML TWEY | #rg
L2273 VABOBARY, BEEOEOCEERICTY, BETAIMIIEIORESL
. B D 5 VBT BET ICRAIESE L 2V, ZokI kI ek
PGPGE BETIZGABIZHR, fiZA TN T A[EIZ, HEIT LI 4R IAATLL
BEOEAZEL, IS, ¢@%ﬁmm@axz;o FOIFNE L 7 IREMESL
TwhtBbhbs, TOEHIZ, RLEMDPOLIE M THRERHEILL>T, 20
%&#TQL\%ﬁerfﬂwwﬁréfﬂTé &AL HIRR

& Z AT PGPGE &2 BT 2 E RO BH A AR D MLEREIZ A 5 v AR RERIR,
NRIEERE o o2 &, BT, BHERBOATEIHBOOLLWHRTHS, 2D
L9 LML 2 HREOBHEEIE. MEOBINE, RE. MEABEE. 201
TRTOREMEALE ST, TORERELTITODNELDELTFRSINE,

L 8 L RIE & 2 E BB

REAE L FEOMBEEL b OMBAARAARENS 7Yy A —-H 2 &L T,
Bell DATREM” # ATMEY #LimobnTnd, OB, EREECMEEDMH
BEER, 37—V TEET SRR FEHMEROB I I YVERI N
Bo ThbH, invito (BT AMIERIZ L AHBBEOBTH L, —FH. BELLD
ETHHABMOYEIHR, Thbb, tenplate % RIFZN

WA Y77 Y b LT, templae ZW~OMfE R MEDFE, BV AEL. £HDOL D
BIED2BDCHA L CHEEEEL I0AZ LB TE S, JIIXBRLLFADFIL,
FRICZOBITHSL L, 7 Yamas D) DI T4V AR IH 54 b skin template D
OHIZHTIIELDDTH L, TDHE. template DIFE LT, HEFHE ISR
RTHAb, template IO KIFIDFFE, BEFICKEL LB SR 5, EEETRLA &
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DT, R T RAE DO AEAEER TR 2 52 L D 1 template & 7 1 2§
BTl BIEMNLHEBBERIIRVEETH S,

I ~/8Y) VFETF & M RE RS

HEZARBOAIN) VIEBEEEILAINE TOMEICLS L, PGPGEED G
ABCBVWTHOREBIIC, 1A TR LA YIS, 20% L5 &K
ERATHIEDFHL NI hoTWwES, 210 HRPUATHE LESBBESE T, £
J3) VARRETIIME R A A% 2B CARKMRPYEIMTEICHEEA L, 2ORIELIIHR
CBELTL A5, A U bsna b NEMRIC I ABBEIRERL Y, L
L. AN USRI ERED 5 &, M08 2 3TERIL L. SFICMEREENIEIT T
B3 BRICBWT, PGPGE B & CAE L IR AARFEDOANRY VEBIZEND
5500, 145 B#HICIZ900 %L EDAIY) idiE Sh, 45 B BEIC FEMIROBRA
MHOENBEI RS, COFRETAN) VIZHEERLTWwWALEZLND, o T, B
BITHOPGPGEE &L GAB L DHIRRBEHOEEIANNY) VEEICLIAZDDTIE %R, < b
Yy 7 ADHBEDOEICERTAILDLEbN 5,

5) BbHI

ZEMB IR T, DIIREEWL LM, ThE B L LTHIEPEAL. 8E
DHEBEETHIBER A ANITOEICBWTE btobwlv~\ﬂﬁwéoﬁﬁ%ﬁéﬁ
LERDESH* €T, BHETHIATRBOEELRBIESELHRIL, FLVEOA
TN 1 20EZRTIDTH A,

ﬁ?%i%k%tb EVERRL >~ ¥ —FEEr. #k ZEERIC, MEBEOHE
‘I\E'E@UFIE BT, 1@#’—??%7bj'f;u&%nal/\ 2 (ﬂ:ﬁﬂ‘f’biﬁ"o

3CHK

1) T. Miyata, Y. Noishiki, K. Kodaira, Y. Furuse : New crosslinking method for collagenous
biomaterials. 12th Annual Meeting Soc. Biomat., Minneapolice, Minnesota, U.S.A.,May, 1986

2) Y. Noishiki, T. Miyata, K. Kodaira : Heparin slow release collagenous small caliber vascular
graft with natural tissue compliance by new crosslinking method. 32nd Annual Meeting
A.S.A.1.O., Anaheim, Ca.,U.S.A. May, 1986.

3) D. Lagnoft, G. Warren : Determination of 2-Deoxy-2-Sulfoaminohexose content of
mucopolysaccharides. Arch. Biochem. Biophys. 99 : 396-400, 1962

4) K. Hayashi, H. Handa, S. Nagasawa, A. Okumura, K. Moritake : Stiffness and elastic
behavior of human intracranial and extranal arteries. J. Biomechanics, 13 : 175-184, 1980

5) Y. Noishiki : Pattern of arrangement of smooth muscle cells in neointimae of synthetic
vascular prostheses. J. Thorac. Cardiovasc. Surg. 75 : 894-901, 1987

6) W.A.D. Anderson, ed.: Pathology, P.56, The C.V. Mosby co. St. Louis, U.S.A. 1961

T)YE. Bell, H. P. Ehrlich, D. J. Buttle, T. Nakatsu : Living tissue formed in vitro and accepted
as skin-equivalent tissue of full thickness. Science, 211 : 1052-1054, 1981
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8) C.B.Weinberg, E. Bell : A blood vessel model constructed from collagen and cultured
vascular cells. Science, 231 : 397-400, 1986

9) I. V. Yannas, J. F. Burke, D. P. Orgill, E. M. Skrabut : Wound tissue can utilize a polymeric
template to synthesize a functional extension of skin. Science, 215 : 174-176, 1982

10) Y. Noishiki, T. Miyata : Successful animal study of small caliver heparin-protaimnecollagen
vascular grafts. T. A. S. A. L. O, 31:102-106, 1985

11) S. A. Wesolowski : Evaluation of tissue and prosthetic vascular grafts. Charles, C. Thomas
Co., Springfield, 111., 1962

12) Y. Noishiki : Alcohol-preserved homo-and heterologous connective tissue tube for arterial
prostheses. Artif. Organs, 1: 152-154, 1978
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ERs)
DEO—o0MREERLY, ZHFEPRROINVY — VT VT FRABHEIILERT
ZLLBENRREEZI O ETHEL M E Lo 12,
FHEIRERERTHYON TV AAEHBMHEATRSFZIZEA LI RTERT
LE)RLFERH 5, EHEHRMEORETE2 L, MBI ETH L
CETHEBATORMEER X BISETES, T3, "M 7)) v NRIANTERZF % 38t T
HECBHWTHEELZHATHN, 515, FOLKREFEBOV A M40 KEEF
LREDHMBERBRESBITE. FVIF -V TNTe RO &9 LBEOBGLEES T,
FOMBRPEETE LW LD, COERBLAAEDLVEHETOFEREHfFTE
5o
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53 E

SHRAPBET X F v VOERANDIGH

Bl ZHGBETI AT 4y 7 DHHHEDO LD ITEFIHED TRV EEE, KEEE D -
TWAbZE, BLUEBRATERERAIIDBENSLZE, FLTELIL, FOOMBEEIIMS
BEMRILERELWIEERR L, TS HBRTHV S LT 5 EEKRS R
FOTWL THALBRRBICEYRIE 2 RT DICHENKELRFETHE, T L) RiFH
OO T T AT 4y 7 EAVAEZ ETH L ALBEORENTiEE b, L
P, ORI —2HVWCHBOYA 7 ol L2 lAEbT I EICLD, EFEEL
BIELEEI B L. HHEERTALERE LD LIEFODBERERICOIERSL LV
—BRLATHEEDAEL D 5, THIGA TS ORBEM & L Ciddko~~ 7o
TLERFERMEFELBEbLNL, BEORENER7IAT 4+ v 7RATHLESHRET T
AFA TN TFITHOEESELI Lo THETORMETH )., THAERL
BETHAEPANLRBZAEF IV ETEMTHLI L2, TOBBRDEEIZITRIEH
LHwEiiffans,

COBEIESAGRETSIAFIELT, RUZAFLVD—D2THAHP (3HB-co
-4HB) (3-b FOX VEEER (3HB) & 4- b FUO X VEEER (4HB) OHXEAGB LAV
T, MEEMERBAME L L TOILAB X UBEHRIERICHVAIBESERSE LTok
BOZo%BD TR 21T 77,

B, EHEOARIEBEEY P HAKH OILERAEMRRT. MalE EELEOHKF
HEILAZODTHY), FOERRBEREF Y IIBWT, 208 AW -FMEIIE 4
DRETIT21bDTH 5,
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AREIRMA T RAEREE (1) (DB—1, 2 8 HEMH)
in vitroffily (I)

RERAALIME MRS (1) (DC~1, 2 5 HEEME)

REONYFER (1) (DE: 2 8 HREMEAE)
RKEONvFEE (I) (DF-1, 2; 14 REE#H
RKEONyFEER (1) (DG—1, 2 1 4HREEME)
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.3 NAFRYIAFNVOEESHGHAWEOZ &9

. KEIR

. XHR
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1. ¥
1. 1 HH

i

WEPEET IR I AFNLVO—DCHDP (S HB~co—4HB) (3—-kfFum
+UBRE (3HB) &4 - Fud: o (4HB) ofBEAK K1 oHEXERT)
W, R - RS XU ARSI EN L AERASEESELE LT, BFERR~OEH
OuJEEtEARRFEI NS LY

FEM R He Ak R OSSR B4t Kl &

LT QIR Z1T - 1o k6 R, g% CHy 0 0
@Uﬁ&ﬁﬁ%ﬁﬁé%émﬁ(/:ﬁ L/ . '(_D"*CH'CHz'C ax—«]‘CHz‘CHz‘CHz’C ‘)‘y
T3 EHEiSh, AEBRTEZ0X (3HB] [4HB)
ARARIT BN TEHEERBDIMEDO LS W (4HB = 4-hydroxybutyrate)

Mm@ EAMEE LTopAizo M1 P (SHB—co—4HB)
WTHRENT 5.

1. 2 FEXKEHEE

MEEMFROBERERELTREELTCATILE, OF - MEBRN FRHFon3.
BE, ALME, O MERN Y FEONFEREM &L TRERRY = X5 VKRS
POLIMRY F S 700 FLYNEREIATHS, BAMRY SIS 704 0T
F U VISR D 2 HsEEtE, MR A ED, ATLMERECEBRES N HTER
B 20 EANE (747 YEOMBFEEYO S TWE) OATMERE~D7 VA Vv
TR TENEEND B, i, RV T AF VRGNS 2 IXAREO
FUYAYTIETENTHY, BERAHRREL-THED OMEEEET 2 & bTAET
HAH, WMEBFLET 27D HILMENSSTILERD D, Mgk, kMt H T3
HOREHERWRERIATHE L,

AR TWRY TAF VBRI O7 VA Y v orktk, [BEE - WELEHSL, H
2, ERAMRIERONEETEIHOET LD, KEHEILEORS W ARY T AT VR
WMENAARY ZAFTNEFEEGTHIEEERRFBBELL. TRZEONAARY T
AFIVOHE - RlrME, AKEAHE, 4N, ZNMIESZORELRITIIENTE
3EEZoNS, —BIHALEOKREWATIIEE S EBOBRAILL S HBELNRIFTH
BIEHRHONTHY, HBOBARIGLETNA AR ZAFUEMMEL TN Z &L
%%giﬁmk%wﬁvIx%wﬁméwmabfﬂﬁ&ﬁﬁ@ﬂ@ﬁ%&éh%:a#
LGS 3,

REHI > THENAARY T AF VOB L TG L TERVIRLTE D, i,
CONHTOMAMNERETHIMETA  B—aRNRmcEEVWTszo s el

o
[

1. 3 BFEoures
RYIAFWATIMEEIS—F Y - ES5F EOENREMELZEST 3RAEEH
MoiThh, BATERINABBC DN TOWRKRECRBIFTCH2 EOHME D H B,
ESFUNFBLPLT VLI E, UEBETEEOMBME (wet KRB TINTEHERBETRES
N3N, TEFTCEMSNMETIHENH), BRIETEEL THIVINORBNIEDS),
ZEER (M %) OB ORBEEERL TV AEREDHS.2Y LR - MERA
vFELTIEBEBHARY 2AFVEE Sy VY E2EALLEERXH 2.V Thoo
A5=5Y  ESFVRODOTIEMEEE{GETE2IERTERN, £, PO
%mmwﬁ$U¢y:—w@-ﬁUﬂﬁ%ﬁé%%@%%ﬁ%UIx%w%ﬂmféﬁ&
IThhTing.s

1. 4 WBifo#EDH
HF-EBRA0EMEEELT, 2305 HFCOoORMBEETH MBEATINYE (RiE
6 mPLF) OMEEITY, 2OWRBETCHLRRED L LTI)ERAMLEHARE
WoTWHFELE, CNICEERYME L CFIERERVILDEREFLVEREL
PFNENS A bYEE LTS,

fefil, ERMBEELTEHERAILE T F0BNHHENERICE Y., LMD
HEAEE LT, KBALLE (FCrEHEOD 2 ALME RO RDD o —v
HELTNAARY T ASFNVEFERL, 7vouys4 v IR EETR) , ATEREN
BEOHNY » v PAALLE (EXHCEMOBER TS 9, ARLTHHGHITIELL
ﬁ%ﬁﬂ%)%ﬁ%ﬁé%%.iﬂ%?@%ﬂ%@ﬁﬁ%ﬁﬁﬁ%%E#é&%%@wf
W Z&EUT.
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2. EW%

2. 1 #H

K{AEVIZAF) P(BHB-co-80%4HB) ik MAHIEHAEEMEMEE L2z, VYV FNYL SR azoLsE
A (MYSEIR EBEE) WSRO BBOFHRIC L 12D > TER U7z, KIEHEOALFMIL %
AU R E 92 T SIZ kO /MBS 2 2 EMNTE, JIoLRE ST MATYIEY &3
—WBAT A ENTREE N o, BRI TR b2 A L.

2. 2 in vitro M# 84 IFM

HEbm EX TaadWa-vF1-7 (BLVAFAL, 7742v2-7 SH No.5) WIGIZAM{AFYIAF
romsbAEIE (3 wt/voly,  ANYVEER - BRESVOFUA B MERINT 2 D)X= L, BhHWC
Btk, —WZEr €y ) CTHETRB -7 E L, BilgEE EHm K
-7 EERG Lyt U, f2-JRCEBEEKEEAL, 05%ICEREEKEREL
oo W (BARA®GHE, o, KEH2.5 kg) 2075-VKE T COBERBEC T ERIL
, BB BRI RS SenBEIWIEA LK. FIERME (1~54) Ek, f-/W
EHBEEEKCTEREL, 2 BMNI5EE KESRICTEEL A, IEEMRTS 9 5 miiE
FEO/PNFEYIOMY, 42y "R THG S, WEERL A, IEEMmEERRe I ERE
LHSEEGREERE RN (SEM) WT/AME - 74707 0% - ZR4E DO il
L 7.

2. 3 KERA 1 REEARR

FHEERE3m - EX 3 7ymf-TREIC -7, BB F CAREERS 2 O idk
BBERICEAL, BAKRCTAUIOE > TERBLA. 1 HEERYBL, SHEAeEKE
T, 2 BMNTIFEF KBRICTEEL, MBEMEZFBEEEBICLTSEMIT
WEL .

2. 4 IEHER AR

A323.5 mm, A24.5 mo RIAIMEHERE (F—akdloRitchicdo, FILHEX
) EMARITE T L TERE & U, Ml MBI RO LS L TiIToh O
#423.0-3.5 mODFI0vFa-J0Z MAFYIZTL yomdbAAEE (3 wt/vol% , ANy $4k - RS LYY
ZHYBREINT 20T 1 ~2M1-7459 3, @a-74Y7L 7o F7uvia-T0 B2 Bk D #1270k
HERIEE D3, @—igEwy THUARE L mDYa-vfa-7 FIIMIRYIZFN S35 &
B (0.5 wt/volD)ZEALTHL, @QHED F1-THIW@EDF70vf2-TE2EA LR E E2F
BT o etk F4743/19)-Vvh T HESE S, @—EH L TWicw) 240 WMEXBU
Tiuvsa-7 HEIEHNT) HEEERNCANTEERT 5, @ZR%RWI-71-7 (550 77
v¥2-7) #REELRECES (2~4cn) WYBILTREI LT 3.

2. 5 KREMRAALIE TR

SR E R T TXEERD 2 IS KBEIRCYA L. SIS +» v FOHEK
SEIRANEEHIR E L2 L5 yE L, BRUMETFERELDLHIXYE L. FELE
W% (5~19H), £2BVUALLBRETICCRM R EZMNL 2, AR AEE
BEACTEBESER LD OFHCTEERES®, 10%00y KERIZTEEL, By Kk
BT TIRIV Y %, EFORvIsbAsAL-b KBS AL (Reichert— Jung®l HISTORESIN {#F8),
THEIZR 3/0b-4 (Reichert-Jung S 2055 AUTOCUT) 2 {EFA L TIE &5 pmOYF &L,
ATMN Y THIVEE S D O UL AT -Gt U TR ARSI L /-,
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2. 6 HEEIEN o FRE
(DB IAFMRHERT + ABI2F0 7404 (B9 &h-8 k)

MDY 100 BOMIFIBLHEY & RRT L, BMABYIATN /oushAERE (2 wt/vol )duis
BELODBER15amDi5Ae-) ETHEERE IV T, MBIy -5 IWEETmE 1k
U7, AIRIZFN Joosbl 3 (2 wt/vol %)40mlEEiR15emD i7ivv-V EICHIE Ltk *
WIRREER S S TEIHOy mO WA U 7. ZO74MD 2 IRIFY Ca-544
MEREDOE LN OB ML IRETICH-TVRTIOHTEIMB L /e, 3 X 5 cemlZ YT
LT ERK.

@BV IAFMPEE T O ) E AR IAFNE FLUE & U R T % MR ISR T & U 7o,
DTHELHREEBEZE S cnd WO/ ORKIZEHLETHOERY , MIFYIIFN 740AT0 4 T
Uiyl B &, 0CA—7 v CONRARUBRG LTSIz Eg ek, 20
BMARIAFY J34YY I (1 wi/vol %) 7T me&EX, BEHW-20 CORBEEEROM
WANFE S BB, BEESER LU GREES . MHYIZFL 9348 B/l (1 wt/vol %)
DO DIz, BEFVYFAMABIAFN ZxF L Th wth SLMARIIAFN 913}y iR (1 wt/vol
%) ZHHA LU TREMCOIE L T A BREEEL.

(Y A7 $E 4 O T T % MATV LML FLE & U 7o ikl

FS1mdD7h: LEHEMERALTT X IenOEFFORIBRE/ERL, MABIIIFN 2-54)
g & 16X 13em 2T Wb~ K & ORI 1 mOBEIRATE 2 K S W MAPYLIFN 3-57407
EHEEZ R UTaFvA BI- RE o, MIBIaFh 93y @8 (2 wt/vol %)
3B EIEE, HHIZ-20 COEEHLBEAOMIC ANERE Y, BESHEL%E, 3X5
el YW L CRE &5 7.

2. T KELWN o FEE

BTSN THEL, AOELZEO—EEYURLEN v FRHEEZEE NIV ILT
(MERIT SR ZFY 70, @QRE TR BSIVETEE, GBIl 100 ¥ mBE
OZIVEEM QREGRBCENO®E) 22nFhnimmaic Ucsdl, Ml
AR (14~28HFE1) S BREF T iRm%E <&, FigL <k E L, AT
ER AR U TR L 2.



3. BR
3. 1 in vitrofE{l (1)

Pt s & B in vitrofE i DFER, MARVIAFY P(3HB-co-80%4HR) A IEIRIY L M1tk 0 %
BCHRBNI EEMBLUA. E, VWATKRE2ED2.5-40 wt 2 &§FEE2 2 &I2k0H
SMPEEH BBERNE T I N &, VWUEARE10 wt % DLERNYT 3 Ea-540
B ETASYARELEEE A A B S LI & OFEMIT L D BSTVAEESTREE L TIL
MRS EENHERT I NI,

3. 2 AREHRMW IWHEHARK (DA-1, 2)

BMATYIZFD 030 3K, AWK E &K D2.5 wtl SLEE, WU kA kD 10 wtis
LR, dIR O fYVry (TECOFLEX EGBOA)IRKID A iAW TA2IRIC L Y ER L. (2)
SEM#ZE (R3) OE, OFfwyy (TECOFLEX EG80A) & tk~T S FE oY TH
328, QUWAAOBAIC LY MGNHEH2BENETS 5 2 & MRS, 1K
L, COFERZF-THMOBRZELDEAFHOBENRENI EBHOMNEK 57z,

3. 3 RBIRWALMENMERER (1) (DB-—1, 2 ; 8 HRIEH)
ERIAATIEOMER 4 1cRkd. ATIMERTICWEESE20 2 mOIMIRIZFN 74008
DB O Z QA TR IZFVEERERIA & — k(b U 7o M3fyazs) BIVEE RS 2. HERHTOR
BIARI CHELERER S WRT. WuikkZz 484 2 RE Ay AT -1z
KOGRBEINDE I E, MABIIIF HMWBIEHEEERBERECZ oM B LI L T D i3s
VIZFY JEOEBITNNATEN DT L T B I EMNHOMERL - 7z,

MAFVIAFY 030 KL, WL EELEOL wt) SUREO2H (WTFThbES4cen) %
AONTR2EZE) S HRIOEERERE{To /., ERERG6BLUEL DB-1,0B-2 IR
T, REEOTALEHRL T,

3. 4 in vitroff{f (1)

BIHE CORBRN S, O3 mBPEEOHEE~OEREMIRIIZFN 050 ST EH LW
&, @WWARERDIMIFIIRFY 740 T OREENE C FE B L THEY LSRN
BONKOZ EEMNHES NI, MIFIIIT EVAEEOBEAHII DXIRE L, Y
VI ERFESEB LR L) HIBREOREMSTREI LERWILLL., £2T, M
JIAFW-VAE RSBV SRIC DS R T A I L L L, ROE—BREL LT in vitro il
B FEEIT o7, TORRIORTHNEVIAHKELKOD20 wBESHES T
LABVRETHY, FOBHGLENI RSN P oMheL 51,

3. 5 AREIMRMALNEIEMRK (I) (DC—1, 2 ; 5 HEEA)
OWIAAVREDH, @FIAFMRE + LT , OPIAFMRA +HIAFY +bo3u20%,
@ IIFVRE + MARIAFN +VyFu20% +UER20% O 4B oHE (WINnbEX 2en)
FROTAR2EICELD 5 HROBBERREIT -7, HRERTHLUE 1 DC-1,DC-2 1
RY. A2 FRRIC RIS h o e DM HEWE T TRHRT L TN, %
HERO, @, QRVWThHMBIILIFEL THW AL, QORI 2L & bRHF
LTHOYEAETEN S DIAERNE LA OND SO OMBDFEILDEIh 7. IR
WEBRIHh o ALIMERIMVDRELTHSE I EHHEERI L.
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3. 6 KERMWATLMAAIERRAIR (I) (DD—-1, 2, 33 17~19 HEMEH)

FIEDRE RN O WYARR-V o3y RIFRICHRERNH B EZ L ol d, Lo ENEo
EIREITO & &Lk, i, WISBERERIARCBML TELOIERSZ N EEL ONS
PHER—TEERIR >+ v PE LT LEFIEET 2 28 & L.

PIAFVRE -+ IMBYIZFY +Vu3020% +NWUaER20% Bk (& 2cen, 36 K) 2 A 3[T
KERSS IR YA L, 19BRE (N1EEITHRE) BELx., ik, WHEERESELHWAL
M (FVIAFMRE + ARV N §80 RVIATMRE + MRV IAF) + V30207 ) % By 1 SHEh IR
TRy - PELUTHBIL, RERSBLITEL DD-1 ~DD-3 IRT. 20k
T, AWKV IR O 1 RKOADHFELTE Y, o b KiTm¥ic Xk oBZEL T
7o, LTV 1 ADEYEEE 9 ONMBRISEFTH Y, FTHIC K 2B S5 AV2R
FERRER O A TME PRI VUAREL TR 2 EREEREI k.

3. 7 RELNFER (1) (DE; 28 HREM)

AHE COBERCIDHEBATIIEA~OMITIGZY -7 OBFIEH L ERBFS ik
TeEMS, MBRIZKZPAROTRERMOL Y DBORAEE LU - MERSy FItET 3
EEERNADEELT.
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Abstract

A bone marrow transplanted vascular graft functioned as an autocrine artificial organ
which produced growth factors and was self-regulated. In a canine study, autologous bone
marrow was harvested, enmeshed into a long-fibril-length e-PTFE graft wall and implanted in
the abdominal aorta. Active endothelialization started simultaneously throughout the graft,
with numerous capillary ingrowth and was completed throughout the length within 3 weeks.
Transplanted marrow cells survived and continued exogenous hemopoiesis with synthesis of
bFGF which activated angiogenesis in the graft wall. A complete endothelial cell lining and
hemopoiesis were maintained without adverse effects for up to 6 months.
Introduction

Vascular grafts in human do not endothelialize, and the graft surface is covered with
fresh thrombus for a long period of time after implantation like a protracted ulcer in the blood
vessel walll). Great efforts to endothelialize the graft surface by cell seeding methods have
been made in the last 15 years. However, none of them have been proven successful.
Meanwhile, transplantation of autologous tissue fragments have been used effectively to
accelerate the healing process of protracted skin ulcers and prolonged bone fractures2:3).
Tissue fragments contain various kinds of cells. In the skin, fibroblasts act as feeder cells to
epidermal cells?). In equivalent experiments, smooth muscle cells and fibroblasts were shown
to enhance endothelial cell growth>0).  We have applied a similar technique onto vascular
prostheses, since endothelial cell proliferation is greatly improved with an underlying base of
feeder cells. Satisfactory results in both animal experiments’-8) and in the clinic®) were
obtained with venous and adipose tissue fragmented-grafts. Capillaries for endothelialization
originated from the transplanted fragments and complete endothelialization was observed in a
canine study’). From this evidence, the procurement of autologous tissue containing a
satisfactory quantity and quality of proliferative feeder cells was desired to accelerate
endothelialization. In order to regulate the healing process, we designed a vascular prosthesis

to have growth factors during the endothelialization. An autologous bone marrow tissue
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containing various proliferative and “differentiative cells with feeder cells and cytokine
secretionl0) was chosen for the source of fragments and was transplanted into the vascular
graft wall11). Under the stimulation of newly produced cytokines, a regulated, rapid creation
of a new blood vessel wall by the transplanted cells was expected.

As the basic matrix, an e-PTFE graft (diameter:6 mm, length:6-8 cm) with‘ an average
fibril length of 90 ym (Baxter Vascular Systems Division, Irvine CA) was used.
Approximately 0.5 ml of bone marrow was obtained from the sternum of experimental animals
by a needle puncture and tirred into 20 ml of Hepes-buffered cell culture RPMI medium (Gibco
Laboratories, Grand Island, NY) to create a suspension. The suspension was injected into the
graft lumen several times with pressure to enmesh the marrow cells into pores of its wall.
Then the bone marrow transplanted graft (BM-graft) was implanted into the same animal from
which the bone marrow was obtained. As a control, the long-fibril-length e-PTFE graft
without bone marrow treatment was used.

Thirty-six adult mongrel dogs of both sexes, weighing 7 to 15 kg, were used. Twenty-
two of them were implanted with the BM-grafts, and fourteenwith controls. Animals were
anesthetized with ketamine hydrochloride (5% solution, Sankyo Co. Ltd., Tokyo Japan)
intramuscularly and pentobarbital (2.5% solution) intravenously. A S cm segment of the aorta
was resected and replaced with the prepared graft.  All animal care was in compliance with
the "Principles of Laboratory Animal Care" formulated by the National Society for Medical
Research and the "Guide for the Care and Use of Laboratory Animals" prepared by the
National Academy of Sciences and published by the National Institutes of Health (NIH
publication No. 80-23, revised 1985).

For light microscopic observations of removed grafts, 3 mm wide sections were cut
along the longitudinal direction from the proximal to the distal anastomosis. The specimens
were fixed with 3% formaldehyde in phosphate buffer, and embedded in a hydrophi]ic resin.
Thin sections were stained with Hematoxylin and Eosin, Masson and May Giemsa stain,

Peroxidase Antiperoxidase (PAP) method, and Von Kossa's stain. The distribution of bFGF
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was investigated by immunohistochemical staining according to a previous report12),
Immunostaining was confirmed in sections by omitting the immunohistochemical control
procedures. The number of capillaries per 1 mm2 (2 mm by 0.5 mm) in five fields randomly
chosen from the middle of each graft wall was counted on 3 week, 3 month and 6 month
explants. The average number of capillaries was calculated for each implant dulation.

No animal died during the observation period (Table 1). Twenty out of 22 BM-grafts
were patent at retrieval, and 2 were found to be occluded at 91 days. Eleven out of 14 control
grafts were patent, and 3 were occluded at 124, 182 and 183 days.

The BM-grafts retrieved within 7 days were red with fresh thrombus. At 14 days, graft
surface was dark red and smooth. At 18, 20 and 21 days, their luminal surfaces were smooth,
glistening, and dark red without thrombus.  The grafts were surrounded with red
granulomatous connective tissue. At 2 and 3 months, the graf t.lumen was glistening and light
red, and the outer surface was red. At 6 months, the grafts were soft without scar formation or
abnormal reaction, and the lumen was glistening and light pink .

| In the controls, within 7 days, the graft lumen was réd with a thin thrombus and was
smoother at 14 and 15 days. Pannus extended over the anastomotic suture lines at 27 days and
it was glistening white with a length of about 1.5 cm at 83 and 150 days, while a thin red
thrombus was in the center. The long-term grafts (6 months) were white on both the inner and
outer surfaces.

Microscopically, after enmeshing the suspension, the pores of the BM-graft wall
contained clumps of marrow cells including marrow stromal cells, polychromatophilic
erythroblasts and myelocytes. No stem cells were identified. At the end of 3 days after
implantation, the graft wall was occupied with many erythrocytes and marrow cells. At4
days, the lumen was covered with a thin fibrin layer without erythrocytes. Marrow cells in the
graft were immunoreactively bFGF positive (Figure 1). At 7 days, numerous colonies of
endothelial-like cell were noticed along the entire graft lumen. These cells were stained by

PAP method and Factor VIII positive, suggesting that they were endothelial cells. At 14 days,

039
91



the total arca of these endothelial cell colonies occupied more than half of the graft lumen, and
other areas were still covered with fibrin. Capillaries and fibroblasts had infiltrated into the
adventitia and then into the graft wall. Colonies of erythroblasts, i.e., erythroblastic islands,
were noticed inside the graft wall, and were always associated with capillaries. Heterophilic
myelocyte in mitoses were frequently observed. At 18 days, the graft lumen was completely
lined with a single layer of endothelial cells (Figure 2A). Subendothelial smooth muscle cells
were present near the anastomoses but were not observed elsewhere. Substantial capillary
ingrowth was seen in the perigraft adventitia with many capillaries infiltrating the graft wall.
At 2 months, multi-layers of smooth muscle cells without hyperplasia were noticed underneath
the endothelial cells. The number of erythroblastic islands decreased. At 3 months,
heterophilic myelocyte mitosis was still commonly observed. Many myelocytes,
megakaryocytes, and lymphocytes were present in the graft together with capillaries. There
were immunohistochemically bFGF reactive. Some erythroblastic islands were still present
inside the graft wall (Figure 2B). Tremendous capillary migration was noticed both in the
graft wall and in the adventitia. At 6 months, a few erythroblastic islands were still noticed.
Circumferentially arranged inner and longitudinally arranged outer multilayers of smooth
muscle cells were observed underneath the endothelial cells (Figure 2C). Spongy bone with
bone marrow tissue associated with capillaries were observed sporadically in the graft wall
(Figure 2D). Numerous capillaries were still present (Figure 3), but the size of them
decreased.

In the controls, no hemopoiesis phenomenon was observed in any of the grafts. The
graft wall was occupied by fresh coagula at 1 -3 days. At7 days, the lumen was covered with
a thin thrombus layer. At 14 days, the graft lumen within 2 mm from the anastomotic lines was
covered with endothelial cells, while the remaining area still retained a thin thrombus layer.
Fibroblasts infiltrated the adventitia along with a few capillaries. At 25 and 27 days, the
endothelialized pannus extended 3 - 5 mm from the suture lines, while the other area was

covered by an irregular thrombus with a thickness of less than 50 ym. Smooth muscle cells
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were noticed underneath the pannus. - Capillary ingrowth was rarely observed. At 3 months,
the pannus extended about 15 mm from the suture lines, and was covered with endothelial
cells. Multilayers of smooth muscle cells were undernecath them. The other area was covered
with a thin thrombus. Fibroblast migration was observed in the graft wall along with a few
capillaries. At 6 months, the center area of the graft was covered with a thin fibrin layer
without endothelial cells. Other areas were completely endothelialized with multilayers of
smooth muscle cells. Many capillaries were present in the graft wall (Figure 3).

With the exception of highly porous grafts 13), endothelialization on vascular prostheses
typically starts from the host arterial wall beyond the suture line. Endothelial coverage of the
graft is limited due to endothelial cell aging. After approximately 70 cell divisions, it become
difficult for endothelial cells to create new cells for the next generation14).  They extend
approximately 2 cm beyond the anastomosis. The remaining surface of the graft lumen is
always covered with fresh thrombus 15). In the BM-grafts, undifferentiated mescnchymal cells,
stem cells, immature blood cells, and stromal cells with fibroblasts and endothelial cells in the
bone marrow could potentially differentiate, migrate, proliferate and create a new blood vessel
wall. This may be the reason why endothelialization of these grafts began simultaneously
throughout the entire graft lumen within a short period of time after implantation.

Exogenic hemopoiesis on these vascular prostheses was unique. Bone marrow
formation with capillary blood vessels surrounded with spongy bone was also a remarkable
phenomenon although observed sporadically. During hemopoiesis, cytokines continued to be
synthesized including bFGF10,16,17) which could contribute to capillary ingrowth into the
BM-grafts. Marrow cells need nutrition for their survival, raw materials for pr§ducing blood
cells at hemopoiesis, and routes for shipping out their products, i.e. "blood cells". As a result,
the capillary ingrowth was demanded. The requirements from the marrow cells might be
translated by the cytokines and growth factors. Rcmarkable capillary ingrow{h shortly after
BM-graft implantation indicated the exsistence of strong angiogenic properties. Detection of

bFGF in the transplanted marrow cells suggested that its production continued throughout the
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graft wall as long as those cells existed.” Recently, bFGF has gained attention due to its strong
angiogenic property and accelerate capillary ingrowth to form collateral circulation for the
ischemic heart18), The dark-red color came from the newly formed capillaries and numerous
immature blood cells at hemopoiesis . The size of the capillaries autoregulatively decreased in
parallel with the regression of the hemopoiesis and at that time the graft color turned into light

pink. These four items, i.e., bFGF, capillary ingrowth, hemopoiesis, and graft color seem to

be interrelated.

The sufficient dose of cytokine aﬁd growth factors for angiogenesis and graft healing
might be small, but their continuous release would be essential for the stimulation of the cells
to endothelialize the graft lumen, since their efficacy lasts a short time 17). However, there
vappears to be an autoregulating system in the BM-graft, since endothelialization was complete
within 3 weeks and was arrested without endothelial cell hyperplasia or hemangioma
formation, while hemopoiesis continued for more than 6 months.

Active angiogenesis in the BM-graft and accelerated endothelialization throughout the
graft lumen seemed to be the result of co-operation of the transplanted cells and cytokines
~secreted from them. The BM-graft appears to be an autocrine artificial organ producing
growth factors for itself under an autologously controlled system. Based on these
observations, similar phenomenon could be expected with bone marrow transplantation not
only in the field of vascular prstheses, but in other fields as well, i.e., undifferentiated cells
could differentiate into adequate functional cells with the guidance of environment, matrices
and cytokines resulting in creation of new hybrid organs.
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Table and Figure LEGEND

Table 1 Post operative day of abdominal aortic graft removal

Figure 1 Photomicrograph of a cross-section of the BM-graft at 4 days. Many marrow
cells with immunoreactively bFGF positive are observed near the adventitia of the graft
wall. Immunohistochemical staining of bFGF. Original magnification: x200. The bar
indicates 100 pm.

Figure 2 Photomicrogréphs of cross-sections of the BM-grafts (mid portion).  The
lumen was completely lined with a single layer of endothelial cells at 18 days (A).
Erythroblastic islands (arrows' heads) were inside the graft wall at 91 days (B).
Circumferentially arranged inner and longitudinally arranged outer multilayers of
smooth muscle cells were underneath the endothelial cells at 182 days. Arrows indicate
capillary blood vessels (C). Spongy bone with bone marrow was in the graft wall at
182 days. Arrows indicate capillary blood vessels (D). H.E. staining. Original
magnification: A;x200, B;x200, C;x100, D;x100. The bars indicate 100 ym.

Figure 3 The number of capillaries in the BM- and control graft walls at 3 weeks, 3 and 6
months. Closed columns indicate the average of calculated number of capillaries in the

BM-grafts and open columns indicate in the controls.
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Table 1 Post operative day of the graft removal

BM-graft

Group I 1,2,3,4,5,7, 14, 18, 20 é.nd 21 days
Group 11 60, 60, 91, 91, 91, 91, 91 and 91 days
Group III 182, 182, 182 and 192 days

Control graft

Group I 1,3,5,7, 14, 15 and 27 days
Group II 83, 124 and 150 days

Group 11 182, 182, 183 and 183 days
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per mm

12

No. of capillaries

control
BM-graft

N

3 weeks

3 months
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In order to diminish undesirable side effects of chemical crosslinking for biodegradable
materials, we developed a thermal crosslinking method which involved csvteriﬁcation by
dehydration under dry conditions. The optimal condition for crosslinking was the heating at
130 °C to 140 °C, for 40 hours. Efficacy of the crosslinking was evaluated using enzymatic
digestion of 0.01% protecase in phosphate buffer at pH 7.4. Collagenous materials without
crosslinking were digested completely within 30 minutes. With the thermal crosslinking,
however, it required 7 days for digestion. The capacity for holding water was also tested.
Water content decreased when the crosslink density was increased. As an in vivo experiment,
6 succinylated collagen sealed vascular grafts treated with the thermal crosslinking were
implanted in the abdominal aortae of dogs and removed 21 days later. These grafts showed
no foreign body reaction at all. The collagen layer was almost completely absorbed. A
collagen sealed graft crosslinked with formaldehyde (Hemashield, Meadox Co.) used as a
control showed strong foreign body reaction. These results suggest that the physical
crosslinking method was suitable for biodegradable biological materials such as collagenous
materials without the undesirable side effects of chemical crosslinking reagents.

Introduction

Collagen and collagenous materials have been recognized as suitable biocompatible
materials!»2). Those used for medical implaﬁts are crosslinked by chemical reagents such as
glutaraldehyde except when they are used autologously. Without crosslinking, several
problems are encountered including immune reactions problems, weak mechanical properties,
cracking, and detachment of the materials resulting in embolism in the case of vascular
prostheses. To overcome these problems, chemical crosslinkers are widely used 3.4),
Vascular prostheses sealed with collagenous materials can also be expected to have
biocompatible properties. Collagen is a unique protein which contains hydroxyl, carboxyl,
and amino groups>). Modification of collagen to introduce intermolecular crosslinking can
be done either by esterification of the cardoxy! groupséﬂ) or by amide formation of the amino
groups with chemical reagentss). But chemical crosslinking of collagenous materials
produces undesirable side effects®-12).

In the present study, we tested a thermal cro§slinking method for biodegradable
materials. 'We also discuss the relationship between crosslinking density and water content in
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the crosslinked materials. A vascular prosthesis collagen coated by the thermal crosslinking
was implanted in the abdominal aorta of dogs and compared with a control (Hemashield,
Meadox Co.) in order to evaluate the foreign body reaction against the thermal crosslinked

materials in vivo.

Materials and methods
1. sealing substances and framework for the vascular prosthesis

As coating, succihylated collagen (Koken Co. Ltd., Tokyo, Japan) and gelatin (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) were used. Heparin sodium and chondroitin
sulfate C sodium salt (Wako Pure Chemical industries, Ltd., Osaka, Japan) were used without
_purification.

As a framework for the vascular prosthesis, a knitted Dacron fabric prosthesis
(MICRON, InterVascular Co. Ltd., Clearwater, Florida, U.S.A.) was adopted. As a control
vbas‘cular graft, a Hemashield graft (Meadox Co. Ltd, Oakland, NJ, U.S.A.) was used.

2. Collagen sponge used for evaluation

Succinylated collagen powder was dispersed to create a collagen suspension at a
concentration from 1 to 15%. The suspension was poured into a tray, and frozen at -80°C, and
then lyophilized overnight. The dried sponges were placed in an oven and heated for 20 and
40 hours at each of the following temperatures: 100°C, 120°C, 130°C, 140°C, and 150°C.
The following four types of materials were crosslinking in this way and tested: 1) succinylated
collagen; 2) succinylated collagen containing 5% heparin_sodi’um; 3) succinylated collagen
containing 6% chondroitin sulfate C sodium salt; and 4) gelatin.

3. Protease assay

The resistance of crosslinked materials to biodegradation was assayed by immersion in
protease (obtained from bovine pancreas Type 1, Sigma Chemical Co., StLouis, MO, U.S.A.)
phosphate buffer solution!1). The protease solution containing 0.8 units/ml was prepared by
adding 80 units of protease (1 unit protease will hydrolyse casein to produce color equvalent to
1.0 micromole of tyrosine per minute at pH 7.4, at 37°C) to 100ml of phosphate buffer, pH 7.4.

Approximately 0.04 to 0.1 gram of each specimen was added to 2ml enzyme solution and put
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on a vortex mixer for 30 sec., then incubated at 37°C.  Each sample was weighted after
removal from incubator and dried. Calculation of degradation percentagé D was as follows.
Wo-Wi '

D=— _ x100%
Wo

Wo: dry weight of sample before digestion.
Wi : dry weight of sample after digestion.

4, Water content determination

Dried samples were weighed (dry weight) and placed into a tube, then immersed in a
distilled water vortex for 30 sec. The tubes were left at room temperature.  After 30 min, the
sample was placed between two dry pieces of tissue paper to absorb surface water. The
sample was then weighed and the wet weight recorded. Water content (C) was calculated as
follows:

Ww-Wd
C=——  x100%
Ww
Ww: Weight of sample after absorbtion of water (wet weight)
Wd: Weight of sample before swelling (dry weight)
S. In vivo experiments

1) Preparation of vascular prostheses:

A 3% succinylated collagen solution was injected into a vascular prosthesis several times
under pressure with our closed circuit systemlz). A Teflon rod (Sanplatec Corp., Osaka,
Japan) was inserted into the seal prosthesis to preserve a smooth surface in the prosthesis
lumen. The prosthesis was frozen at -20°C and lyophilized, and then baked in an oven at
130°C for 40 hours. Thus the prosthesis was thermally crosslinked and sterilized
simultaneously instead of using chemical or physical sterilization.

2) Implantation of the prepared prosthesis and the control

The vascular prostheses (internal diameter 6mm, length 6cm) were implantedin the
abdominal aorta of 12 dogs. Six of the dogs were used for the prepared grafts, and the other
six for the control grafts which had been treated with formaldehyde vapor.

Under anesthesia, 5 cm of the aorta was resected and replaced by the prosthesis (6 cm in
length). Cephalosporin 1mg was administered into the peritoneal cavity before closing the
abdomen, but no anticoagulants were used at any time.

All animal care was in compliance with the "Principles of Laboratory Animal Care"

formulated by the National Society for Medical Research and the "Guide for the Cares and Use
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of Laboratory Animals" prepared by the National Academy of Sciences and published by the
National Institues of Health (NIH publication No. 80-23, revised 1985).

3) Expiantation of prostheses

The specimens were removed from the animals at 3 weeks after implantation. Before
harvesting, heparin sodium (100IU/kg) was administered intravenously to prevent clotting.
All the specimens were examined microscopically.

4) Histological examination

For light microscopic observation the explanted grafts were fixed with 1% glutaraldehyde
in PBS, pH 7.4, dehydrated in a graded series of alchohol, and embedded in hydrophilic resin.

Sections were stained with hematoxylin and eosin.

Results
1. Prepared sponges

The prepared sponges were slightly hard when dry, but soft when wet. The swelling
;pccd of the sponges was slower than in non-treated samples at the primary stage as shown in
Figure I. Swelling speed was decreased with increasing crosslink density. Water
absorption decreased with increasing crosslink density.

Non-crosslinked sponge were dissolved in water at room temperature after 30 min.,
because there was no intermolecular covalent crosslinking and the mo]céules were not
compacted tightly enough to have strong non-covalent intermolecular bonding, but all the
thermally crosslinked sponges were intact in water even after one week at room temperature.

Sponges containing polysaccharides such as heparin or chondroitin sulfate have a higher
capacity of water absorption as shown in Figure 2. These results indicate that
mucopolysaccharides which had hydroxyl ';md carboxyl groups were condensed with collagen
by thermal dehydration.

2. Protease assay J
The resistance to degradation by protease was assayed far each sample treated under
different conditions. Figure 3 shows that the samples trcated: at 130°C er 40 hours resisted

significantly for longer time than those treated at 100°C for 40 hours. ~ The resistance to

protease increases with increased crosslink density. Thus, the crosslink density obtained by
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thermal dehydration at 130°C to 140°C for a longer time was significantly higher than below
120°C or over 150°C for a shorter time. '
3. In vivo analysis

All the grafts were patent at retrieval. At 3 weeks, the outer surfaces of the grafts with
thermal crosslinking were enclosed by loose, thin connective tissue containing adipose tissue
like natural arterial adventitial tissue (Fig. 4A). The graft was easily separated with scissors
from the neighbouring organs through the connective tissue at the adventitia.

Most areas of the luminal surface at 3 weeks were white without red thrombus, but
approximately 20 % of the surface had thin red thrombus (Fig. 5A). In light microscopy, a
complete endothelial-like cell lining with many layers of smooth muscle cells underneath
could be seen in the white areas throughout the graft surface. In the interstices of Dacron
fibers, numerous fibroblasts and some capillaries were also present. Most of the impregnated
collagen was already absorbed. There were no giant cells, plasma cells or lymphocyte
infiltration around the collagen (Fig. 6A).

The outer surface of the control grafts was enveloped by granulation tissue (Fig. 4B).
The areas near the anastomotic sites were covered with endothelial cells. Other areas were
covered with fresh thrombus (Fig. 5B). Most areas of the graft had the crosslinked collagen
remaining under the thick thrombus. . Around the collagen and inside the graft wall, multiple
macrophages, giant cells, and lymphocytes were present (Fig. 6B). There wére no
neutrophiles around the collagen and no fibroblast infiltration.

Discussion
1. Thermal crosslinking

In the protease assay, the materials without thermal crosslinking were completely
digested within 30 minutes. But the thermal crosslinking made the material insoluble for over
1 hour, it required 7 days for complete digestion by the protease. This showed the efficacy of
the thermal crosslinking.

After complete removal of water from the materials, condensation reaction can cause the
equilibrium concentrations to shift irreversibly towards the formation of intermolecular

crosslinking as follows.
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0]

H20 b
protein-OH + HOOC-protein'  ————— Protein -OC-protein’
+H20

esterification by dehydration

In thermal crosslinking, intefmolecular crosslinking is achieved by esterification of the
cardoxyl groups and hydroxyl groups7). Succinylated collagen proved to have desirable
properties with high water content. The hydrous materials containing water trapped in the
intermolecular spaces by the negative charge induced by the succinylation showed non-
thrombogenic properties and host cell affinityl3).  Succinylated collagen contains hydroxyl
and carboxyl groups, but no amino groups. In the present study, succinylated collagen was
crosslinked by condensation of hydroxyl groups with carboxyl groups without amino groups.

Most chemical crosslinkers can react to amino groups easily. Without amino groups,
chemical crosslinking requires special conditions such as low or high pH with accelerators and
catalysts.  Crosslinking by glutaraldehyde or formaldehyde with amino groupsg) forms a
methylene bridge between molecules which confers resistance to degradation in vivo.
2. Control of the crosslinking

Crosslinking density was controllable as shown in Figs. | and 2. The higher temperature
and longer duration of the heating produced high density crosslinking. However, raw
materials will be destroyed by extremely high temperatures. Therefore, the optimam
condition was heating at 130 °C to 140 °C for 40 hours. Though we did not use any other
supporting method, dehydration in a vacuum ‘could theoretically accelerate the crosslinking.’
3. Undesirable éide effects caused by chemical crosslinking reagents

As shown in the results, the vascular prostheses with thermal crosslinking did not show
any foreign body reactions. Numerous fibroblasts migrated from the host adventitial tissue
into the interstices of the Dacron fibers sealed with the thermally crosslinked collagen. Inthe
control grafts, numerous giant cells were seen around the graft.' There was no fibroblast
migration inside the grﬁft wall. The foreign body reaction without fibroblast migration and
fibroblast migration without foreign body reaction are completely different from each other.
During the foreign body reaction, the original collagen crosslinked with chemical reagents will
be dissolved, followed by absorption of the sealant; so that the sealed graft becomes unsealed.

Therefore, the graft will be in an unstable state. 127
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4. Absorption of the crosslinked materials and tissue repair

In the thermal crosslinking, fibroblasts migrated without any disturbance. These cells
created a natural collagen network around them resulting in stable cellulofibrous tissue. On
the prosthesis wall, natural cell activity coused rapid neointima formation resulting in the
creation of a strong and stable vascular wall.
The thermally crosslinked collagen layer was almost completely absorbed at 21 days in vivo.
These results suggested that the thermal dehydration caused partial intermolecular
crosslinking. The speed of the biodegradation was controllable, since the degree of the
crosslinking could be control led easily by varying the thermal treatment conditions. It will be
possible to adjust the absorption of the biodegradable materials to the speed of tissue repair
with host fibroblast migration without foreign body reaction.
Conclusion

With the thermal treatment, we could obtain a desirable crosslinked materials free of the
side effects of chemical crosslinkers. The method was suitable for crosslinking of biological
materials, especially biodegradable materials. An additional advantage of the method was
sterilization. The graft can be sterilized simultaneously with the crosslinking instead of using
chemical or physical sterilization. The method will be applicable not only in the vascular

field, but also in various other biomaterials.
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Figure legends:

Figure 1. Swelling speed and water absorption of succinylated collagen on different
thermal treatment conditions. A: Without crosslinking. B: Thermal crosslinked at 130 °C
for 20 hours. C: Thermal crosslinked at 130°C for 40 hours

Figure 2. Water content of the following substances crosslinked at 130°C for 40 hours.
A: Gelatin . B: Succinylated collagen. C: Succinylated collagen containing 5% Heparin

sodium. D: Succinylated collagen containing 6% chondroitin sulfate C sodium.

Figure 3. Resistance to degradation of thermal crosslinked materials determined by
protease digestion assay. A: Gelatin without crosslinked. B: Succinylated collagen
crosslinked at 100°C for 40 hours. C: Succinylated collagen crosslinked at 140°C for 40
hours.

Figure 4. Gross appearance of outer surface of implanted grafts at three weeks. A:
Succinylated collagen coated graft (SC-graft) crosslinked at 130°C for 40 hours. B:
Control Hemashield graft crosslinked by formaldehyde.

Figure 5. Gross appearance of luminal surface of implanted grafts at three weeks. A:
SC-graft thermal crosslinked has almost no thrombus. B: Luminal surface of the contral
graft is covered with fresh and red thrombus.

Figure 6. Photomicrographs of cross section of ifnplanted grafts. A: SC-graft thermal
crosslinked has no foreign body reaction. The luminal surface is lined with endothelial
cells. B: In the control, multiple macrophages, giant cells or lymphocytes are present.

No fibroblasts are seen inside the graft wall. H.E. staining, X 200.
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NATURAL CYTOKINE SYNTHESIS FOR VASCULAR
PROSTHESES INDUCED FROM AUTOLOGOUSLY
TRANSPLANTED BONE MARROW

Natural cytokines synthesized from autologously transplanted
bone marrow resulted in rapid neointima formation on long-
fibril ePTFE vascular prostheses (LFEPTFE grafts). Another
advantage of bone marrow transplantation is that bone
marrow contains many undifferentiated young cells which
can differentiate into various kinds of mesenchymal cells
including fibroblasts, smooth muscle cells, and endothelial
cells. A LFEPTFE graft (internodular length; 90 to {20
microns, internal diameter; 6mm, length; 6¢cm) was implanted
into the abdominal aorta of 24 dogs. Half of the grafts had
autologous bone marrow transplanted into the graft wall and
the other half were used as controls without such treatment.
These grafts were retrieved from | day to 6 months after
implantation. After 3 weeks, the luminal surface of the
treated graft was completely lined with endothelial cells.
Colonies of erythroblasts (hemopoiesis) were observed
frequently. Marrow cells and surrounding cells with
capillary blood vessels were immunohistochemically bFGF
reactive. The graft wall contained many capillary blood
vessels.  In the control grafts, the endothelialization was
limited to the vicinity of the anastomotic sites. The center
area of the graft was still covered with fresh red thrombus
without endothelial cell lining at 4 months, and required 6
months for complete endothelialization. Differentiation of the
transplanted marrow cells into various kinds of mesenchymal
cells was not seen.. These results indicated that bone marrow
transplantation is effective for the acceleration of necintima
formation on LFEPTFE grafts in dogs.

Y. Noishiki, Y. Yamane, Y. Tomizawa, Y. Iwai, X.H.Ma,
Marat Doulet, K. Takahashi, M. Mo, K. Imoto, M. Tobe,
J.Kondo,A. Matsumoto, Yokohama City Univ.
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A PUNCTURABLE COLLAGEN COATED FABRIC
VASCULAR PROSTHESIS F OR AN A-V SHUNT
GRAFT

We have developed a collagen coated fabric vascular
prosthesis which shows non-thrombogenicity on its luminal
surface and rapid neointima formation without intimal
hyperplasia at anastomotic sites. The prosthesis is extremely
hydrous since it 1s actually sealed with water which is
absorbed into the intermolecular spaces of negatively charged
collagen. As framework for the graft, Micron (InterVascular)
was used, since it Is the cleanest fabric graft commercially
available. Succinylated collagen suspension, which is
negatively charged, was lﬂ_]CCth under pressure into the graft
wall to become cntangled in the Dacron network. Then the
graft was lyophilized and thermally crosslinked. Water
leakage from needle holes created by a 16 G needle puncture
in vitro under water pressure of 120 mmHg was measured at
6 puncture sites.  The result was an average of 34.5 ml/min in
the graft and 169.9 ml/min in a control ¢PTFE graft such is
uscd as an A-V shunt graft for hemodyalysis. Hemostatic
time at the puncture sites of the graft implanted in the
abdominal aorta of dogs was measured at 6 puncture sites.
After a puncture, a finger was applied to the puncture hole,
and removed once a minute to observe blood coagulation at
the hole. Hemostatic time was an average of 9.6 min at the
graft and 34.2 min at the control. These results suggest that
1t 1s possible to reduce blood leakage from puncture sites
when the newly developed graft is used as an A-V shunt graft.

Marat Doulet, Y. Noishiki, X.H.Ma, K. Takahashi, M. Mo, Y.
Iwai, K. Imoto, M. Tobe, J. Kondo, A. Matsumoto,
Y okohama City Univ. School of Medicine
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THERMAL CROSSLINKING FOR BIOLOGICAL
DEGRADABLE MATERIALS |

Biological materials for medical implants are crosslinked by
chemical reagents such as glutaraldehyde except when they
‘are used autologously, but chemical crosslinking has
undesirable side effects. To overcome this problem, we
developed a thermal crosslinking method. The method
produces dehydration using hydroxy groups with carboxylic
groups under dry conditions, and no amine groups are used.
Therefore, crosslinking is also possible with materials having
no amine groups, such as completely succinylated collagen.
As examples, six each of succinylated and non-succinylated
collagen coated fabric vascular prostheses were thermally
crosslinked at 130°C for 20 hours. As controls, coated
prostheses of each type without thermal crosslinking were
used. The prostheses were digested in 0.1 % protease in
phosphate buffer, pH 7.4, for 7 days. The controls without
thermal treatment were completely digested in | day, but both
of the thermally crosslinked groups showed resistance to
digestion, and complete digestion required 7 days. As an in
vivo experiment, 6 succinylated and thermally chrosslinked
collagen grafts were implanted in the abdominal aorta of dogs
and removed from one to 21 days after implantation, These
grafts showed no foreign body reaction at all. The collagen
layer was almost absorbed at 21 days. A collagen coated graft
(Hemashield, Meadox Co.) used as a control showed foreign
body reaction. These results suggest that the thermal
trcatment causes partial intermolecular crosslinking, and the
method 1s suitable for biodegradable biological materials such
as collagnous materials. Another advantage of the method is
sterilization. The graft can be sterilized simultaneously with
the crossslinking instead of using chemical or physical
sterilization,.

X.H. Ma Y Noishiki, D.Marat, K.Takahashi, M. Mo, Y.lwai,
K. Imoto, J.Kondo, A. Matsumoto, Yokohama City Univ.
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APPLICATION OF A COLORIMETRIC METHOD TO
DETERMINE HEPARIN CONTENT IN INSCLUBLE
COLLAGENGCUS MATERIALS

A quantitative method was tested for heparin measurement in
insoluble collagenous implants. The metachromatic dye o-
toluidine blue, which has long been used as a colorimetric
indicator of heparin concentration in solution, can bind to
heparin in a complex state. - The method depends on dye
depletion in the supernatant at an ultraviolet wavelength of
631nm as toluidine blue is absorbed onto the heparin in an
immobilized state. The absorbance was measured with a
Perkin Elmer Hitachi 200 spectrophotometer. * As test
material, a collagen coated and hepannized fabric vascular
prosthesis was used. - Solutions containing 10 % modified
collagen with 0.1, 0.3, 0.5, or 1.0 % heparin were prepared.
The solutions were 1njected into a porous fabric vascular
prosthesis (Micron, InterVascular Co.) so as to become
entangled in the interstices of Dacron fibers of the prosthesis
wall. Then the prosthesis was lyophilized and thermally
crosslinked at 130°C for 20 hours.  Each piece of the
prosthesis was measured by this method. The measurements
were made by comparison with a standard curve previously
determined. The amount of heparin in the prostheses was
0.7,2.3,3.4,and 4.7 mg/cm2 at 0.1,0.3,0.5and 1.0 %
heparin, respectively. These results showed that the amount
of heparin in the insoluble collagen can be detected precisely,
and that the method can be used for the determination of
heparin concentration in various collagenous medical
implants. -

X.H. Ma. Y. Noishiki, Marat Doulet, K. Tokahashi, M. Mo,
Y. Iwai, K. Imoto, M. Tobe, J. Kondo, A. Matsumoto,
Yokohama City Univ. School of Medicine
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HEPARINIZATION OF BIOLOGICAL MATERIALS
WITHOUT CHEMICAL REAGENTS AND ITS
APPLICATION TO A LONG-FIBRIL E-PTFE GRAFT
In general, heparinization of biological materials i1s perfomed
using chemical reagents such as glutaraldehyde for covalent
bounds and protamine sulfate for ionic bounds. But these
chemical reagents have undesirable side effects. To
overcome this problem, we developed a hepaninization
method by thermal crosslinking. Since hepann s a bioactive
substance, 1t 1s believed to be destroyed functionally at high
temperatures. However, we found that heparnin was stable
under dry conditions at [30°C for 24 hours, as during thermal
crosslinking of collagenous matenals. After the thermal
treatment, reduction of the biological activity of heparin was
less than 9 %. A long-fibnl ePTFE graft (fibril length: 90 to
120 mm) was used as a framework. Ten % gelatin solution
containing 0.2 % heparin was injected with pressure into the
graft wall to become cntangled in the PTFE fibrils. Then the
graft was lyophilized and thermally crosslinked under the
same conditions.  The amount of heparin in the graft wall
was 0.427mg/cm2. Eight grafts were implanted in the left
carotid artery of dogs and eight ordinary ePTFE grafts
without heparinization were implanted in the night carotid
artery as controls. Four each were removed after one hour,
and remaining four grafts were removed one week after
implantation. Control grafts showed thrombus adhesion, but
the test grafts showed almost no thrombus after one hour and
less thrombus after one week than the controls. Under light
microscopy, the grafts did not show foreign body reaction.
These results indicate that the method can be used a simple
heparinization procedure for bioabsorbable materials without
inducing any side effects.

Y. Iwai, Y. Noishiki, X.H. Ma, Marat Doulet, K. Takahashi,

M. Mo, K. Imoto, M. Tobe, J.Kondo, A. Mmsumoto
Yokohama City Univ. School of Medicine
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DEVELOPMENT OF A NEW SEALING METHOD WITHOUT FOREIGN BODY
REACTION FOR PORCUS VASCULAR PROSTHESES

Noishiki Y, Ma XH, Tomizawa Y*, Yamane Y**, Doulet M, Takahashi K, lwai Y, Mo M,

Matsumoto A. ‘

Yokohama City University, 3-9 Fukuura, Kanazawa-ku, Yokohama 236, Japan,
*Tokyo Women's Medical College, **Tokyo University of Agriculture and Technology

INTRODUCTION

Recently collagen coated vascular prostheses
were used in clinic, however, side effects of the
coating have been reported. We developed a
method to seal a graft without these side effects.
MATERIALS AND METHODS

Purified fiber collagen was obtained from
Achilles tendon of bovine. To prepare negatively
charged collagen, it was succinylated. Most clean
fabric vascular prosthesis (MICRON,
InterVascular SA, Clearwater, Florida) was used
for the graft framework. Collagen suspension was
sieved through the prosthetic wall. Then the
prosthesis is lyophilized and thermally cross
linked at 130 °C for 20 hours, simultaneously
sterilizing the graft (SC-graft). A collagen coated
prosthesis cross linked by formaldehyde
(Hemashield graft, Meadox Co. Ltd., Oakland, NJ,
U.S.A.) was used as a control.

Thirty adult mongrel dogs were used for
implantation of the grafts (6 cm in length) in the
abdominal aorta. The grafts were retrieved from
1 hour to 3 weeks after implantation,

RESULTS

The SC-graft was slightly rigid, white with
velour like collagen fibrils, and looked porous
under dry condition. However, once it was
dipped into saline solution, it absorbed water
quickly and become soft and pliable. Water
permeability was 0.1 ml/cm? at 120 mmlbg.
Collagen fibers were present in both inner and
outer surfaces and even in the interstices of
Dacron fibers, however, the graft wall was porous.

Amount of collagen in the graft wall was

calculated as 4.0 mg/cm?- in average, and water

content was 64.0 mg /cmZ, While in the control,
amount of collagen in the graft wall was 5.5

mg/cm2 and water content was 30.0 mg/cm2
One hour after implantation, both luminal and
outer surfaces of the SC-graft were red, however,
there was no thick thrombus deposition on the
wall. While in the control, luminal surface was
completely covered with thick red, and
irregularly protruding thrombus. At three
weeks after implantation, the SC-grafts were
surrounded with a loose and thin connective
tissue containing adipose tissue like a natural
arterial adventitia tissue. Most areas of luminal
surface at 3 weeks were white without red
thrombus. By means of light microscopy,
endothelial-like cell lining were present at the

white areas throughout the graft surface, not only
near the anastomotic sites, but also at the center
areas of the graft. These cells were stained
positively by PAP method, suggesting they are
endothelial cells. Numerous fibroblasts
wnfiltration with capillary ingrowth from the
adventitia was observed. There were no giant
cells, plasma cells and lymphocytes around the
collagen, suggested no foreign body reaction.

While in the control, outer surface were
surrounded with a granulation tissue, which
formed a tumor of encapsulation around the graft.
Luminal surface of the control graft were covered
with fresh, red and irregular surfaced thromhbus
layer. There were some white areas of
approximately 3 mm from the suture line. The
white areas had endothelial cell lining. Other
areas were covered with fibrin or red thrombus
layer. Most parts of the luminal surface had
cellagen remaining under the thick thrombus.
Around the remaining collagen and inside the
graft wall, multiple macrophages, giant cells and
lymphocytes are present.

DISCUSSION

Amount of collagen enmeshed in the SC-graft
wall was small, however, the prosthesis can retain
a high amount of water inside the graft wall,
resulting in complete sealing. Under wet
condition, carboxyl groups of the succinylated
collagen tend to separate each other due to
repulsion of the same negative charge, which
results in aggressive absorption of water.
Therefore, the graft looked porous under dry
condition, but once it was wet, water permeability
became extremely low.

The control showed non-infectious inflammation
around the graft wall, i.e., foreign body reaction.
Similar phenomena were reported previously.
These side effects of the coated grafts were due to
contaminated collagen, immunogenic reactions
against animal collagen, and toxicity of cross-
linkers such as glutaraldehyde and formaldehyde.
These problems could be overcome by reducing
coating substances, using a clean fabric graft and
adopting thermal cross linking.

CONCLUSION

In this experiment, we sealed a prosthesis with
small amount of clean, negatively charged collagen
and large amount of water instead of sealing with
chemically treated collagen. The heat cross
linking was useful to insolubilize collagen in
alternative to chemical crosslinkers.
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BONE MARROW TRANSPLANTED VASCULAR PROSTHESIS
FOR RAPID ENDOTHELIALIZATION

Tomizawa Y, Noishiki Y, Yamane Y, Okoshi T, Nishida H, Endo M, Koyanagi H
Department of Cardiovascular Surgery, Tokyo Women's Medical College,
Tokyo 162, Japan

Introduction

Complete endothelialization of vascular
prosthescs has been strongly desired for small
diameter vascular prostheses. We found that
there is high possibility of rapid
endothelialization in e-PTFE vascular
prostheses with bone marrow transplantation,
since transplanted marrow cells can
synthesize angiogenic growth factors.
Continuous release of these growth factors
form the transplanted cells may accelerate
neointima formation. With this hypothesis,
we designed an animal experiment in the
current communication,

Materials and Methods

Autologous bone marrow was obtained
from experimental animals and was enmeshed
into an e-PTFE graft (Diameter: 6 mm, length: 6
cm, fibril length: 90 mm) pores. Thirty-four
mongrel dogs, twenty for the BM-grafts, and
fourteen for the control, were used. Under
general anesthesia, a 5 ¢cm segment of the
abdominal aorta was replaced with the
prepared graft. All animal care was in
compliance with the "Guide for the Care and
Use of Laboratory Animals" . All grafts were
retrieved on a predetermined postoperative
day (one t0 192 days) and no animal died
during observation. Those specimens were
microscopically obscerved and
immunohistochemical staining was performed
for the distribution of bFGF.

Results

Macroscopically, the BM-graft lumen
was red with a fibrin layer within 14 days,
turned to glistening dark red around 3 weeks
without thrombus adhesion, became glisting
pink between 2 and 3 months, then finally
became white. In the controls, the graft lumen
was light red with a thin thrombus at 7 days.
A pannus infiltrated over the anastomoses at
23 days. A thrombus remained in the center at
3 months. The graft lumen was white at 6
months.

Microscopically, the BM-graft wall
contained clumps of marrow cells including
marrow stromal cells, polychromatophilic
erythroblasts, myelocytes. Stem cells were not
identified. The graft wall at 3 days was
occupied with erythrocytes and many marrow
cells, which were immunoreactively bFGF
positive. Colonies of endothelial-like cell on
the lumen were Factor VII positive at 7 days
and more than half of the lumen was covered
with endothelial cells at 14 days.

Heterophilic myelocyte in mitoses, colonies of
erythroblasts (erythroblastic islands) were
always noticed with numerous capillaries.
Complete endothelialization on the graft lumen
was observed at 18 days. The number of
erythroblastic islands decreased at 2 months
but heterophilic myelocyte mitoses were still
common at 3 months. They were
immunohistochemically bFGF reactive. A
bone marrow tissue and capillaries in a spongy
bone was observed among PTFE nodes in 2 out
of 6 six-month grafts. No intimal hyperplasia
at distal anastomosis was noticed. In the
controls, calcification without bone marrow
tissue, rare capillary ingrowth and no
hemopoiesis were observed in the graft wall.
Complete endothelialization on the lumen at 6
months but not 3 was noticed.

Discussion

Rapid endothelialization due to
angiogenesis including hemopoictic ability and
the reactivity of basic fibroblst growth factor
was unique in the bone marrow transplanted
vascular prostheses. The evidences of
survived transplanted marrow cells,
continuous exogenous hemopoiesis with growth
factor synthesis up to 6 months, and possible
differentiation into endothelial cells may work
as an autocrine system for endothelialization
of a vascular prosthesis.
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MOLECULAR AND FUNCTIONAL ANALYSES OF THE

GLUTAMATE RECEPTOR CHANNEL SUBUNITS

EXPRESSED IN BACULOVIRUS AND HERPESVIRUS
VECTOR SYSTEMS

S. Kawamoto!, S. Hattori!, K. Xin!, S. Uchino2, J.
Fukushimal, K. Hamajimal, K. Sakimura3, Y.
Noishiki!, S. Ohmo!, M. Mishina4, K. Okudal
(!Yokohama City Univ., 3-9 Fukuura, Kanazawa-ku,
Yokohama, 2Mitsubishi Chemical, Yokohama,
3Niigata Univ., Niigata, 4Tokyo Univ., Tokyo, Japan)
Glutamate receptor (GluR) channels have been shown
to play crucial roles in many central nervous system
functions, including synaptic plasticity, nervous system
development, and neuronal cell death. Excessive
activation of glutamate receptor channels causes
neuronal damage or death, and involves in pathogenesis
of neurological diseases. In order to elucidate the
neurotoxicity mechanism via GluR, which is one of final
goals of our research projects, we have expressed and
characterized AMPA-selective GluR channel o-family
subunits and an NMDA receptor channel {-family

subunit in a baculovirus vector system (1, 2). In the
present study, we newly developed recombinant
baculoviruses of ¢- and &-family subunits. Biochemical
properties, including N -glycosylation and
phosphorylation, and ‘ligand binding properties,
including site-directed mutagenesis studies in the
putative ligand binding region, of the recombinant

baculovirus-expressed GIluR channel subunit proteins,.

have been investigated. Further, we also constructed
defective herpes simplex virus type | (HSV-1) vectors of
GluR channel subunits, and have analysed the molecular
and funectional properties of the recombinant receptors
expressed in Vero and CHO cells. These defective HSV
vectors will be used in in vivo experiments to study the
functional roles of GIluR in excitotoxicity or neuronal
death. (1) J. Neurochem. 64: 1258 (1995) (2) Mol. Brain
Res. 30: 137 (1995) .
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EXPRESSION OF THE NMDA RECEPTOR CHANNEL
SUBUNITS USING A BACULOVIRUS VECTOR AND A
DEFECTIVE HERPES SIMPLEX VIRUS VECTOR
S. Kawamoto!, S. Hattoril, K. Xin!, S. Uchino?, J.
Fukushimal!, K. Hamajima!, K. Sakimura3, S.
Ohnol, M. Mishina*, K. Okudal (! Yokohama City
Univ., Yokohama, Z2Mitsubishi Chemical, Yoko-
hama, 3Nz'[gata Univ., Niigata, 4T0kyo Univ., To-
kyo, Japan: skawamot@med.yokohama-cu.ac.jp)
The {1 subunit is an essential component of NMDA
receptor channels in the central nervous system, and the
e subunits provide the molecular basis of the functional
diversity of the NMDA receptor channels. Using a
baculovirus vector system, the {1 (1) and e family
subunits have - been expressed in Sf21 insect cells and
biochemical properties, including N-glycosylation and
phosphorylation, and ligand-binding properties have
been investigated. Further, we also constructed defective
herpes simplex virus type | (HSV-1) vectors of NMDA
receptor channel ‘subunits.  The subunit c¢DNAs were
inserted downstream of the CMYV promoter in the
amplicon plasmid vector to yield the recombinant HSV-I
vectors. We have analyzed the molecular properties of
the recombinant receptors expressed in Vero cells and
processed in in vivo  experiments.
(1) Kawamoto, S. et al. (1995) Mol. Brain Res. 30: 137
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Back ground Bone marrow transplanted into a synthetic vascular
prosthesis has showed continuous synthesis of angiogenic growth factors
resulting in rapid neointima formation on the prosthesis after implantation. We
expected a similar angiogenic phenomenon to occur if bone marrow was
transplanted into ischemic myocardium.

Methods and results Autologous bone marrow was injected
intramuscularly into ischemic myocardium created in the left ventricle cardiac
wall of dogs. Control operations were performed without bone marrow. On days
3 and 7, marrow cells, their adjacent cells, and their surrounding extrecellular
matrix were immunohistochemically bFGF and VEGF reactive. At three weeks, no
marrow cells could be identified. @Myocytes disappeared but a capillary blood
vessel network remained. With some exceptions, these capillaries did not contain
blood cell components. In the controls, scar tissue with a very small number of
capillaries was formed.

Conclusions Marrow cells survived for a short period of time after
transplantation, and continued synthesis of angiogenic growth factors, which
were effective in protecting endothelial cells from ischemia, but not myocytes.
However, the capillaries without blood cell components suggested that there are
limitations in the various treatments of ischemic myocardium using angiogenic

growth factors alone.

Introduction

Various methods for revascularization of ischemic myocardium have long
been studied!,2,3). How to supply blood to ischemic regions in which coronary
artery bypass grafting and percutaneous coronary artery angioplasty were
unable to function has been intensely discussed®5). Transmyocardial
revascularization by laser was also tried®,7). Recently recombinant angiogenic

growth factors such as the fibroblast growth factor (FGF) family and vascular
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endothelium growth factor (VEGF) were utilized for acceleration of collateral blood
vessel formation in ischemic sites3,9,10),

For the continuous release of natural angiogenic growth factors, we have
developed a bone marrow transplantation method for vascular prosthesesl1).
Marrow cells transplanted into a vascular graft wall continued exogenous
hemopoiesis with growth factor synthesis. In general, endothelialization of
synthetic vascular prostheses is extremely slowl2). Wwith bone marrow
transplantation, however, neointima formation with complete endothelial cell
lining and capillary blood vessel ingrowth in the graft was achieved within a
short period of timell)., We expected a similar continuous expression of
angiogenic growth factors to take place if bone marrow was transplanted into
ischemic myocardium. In order to test this hypothesis, autologous bone marrow

was injected into ischemic myocardium created in the left ventricle wall of dogs.

Materials and methods
Creation of ischemic myocardium

Forty dogs weighing 8 to 18 kg were used. Under general anesthesia, the
chest was entered via a left lateral thoracotomy at the fifth intercostal space. The
pericardium was opened. Appropriate parts of the left descending branch, the
left circumflex branch, and the first diagonal branch of the coronary arteries
were repeatedly clamped and unclamped several times with a bulldog hemostat
while carefully observing the ECG. When a stable condition without arrhythmia
was obtained, the coronary arteries at the sites were ligated with 3-0 polyester
sutures to create ischemic myocardium approximately 3cm square at the apex and
the left ventricle anterior wall.
Bone marrow transplantation

Bone marrow was obtained by needle puncture from a small edge bite with an

osteotribe on the iliac bone of the experimental animals.  Approximately 0.5 ml of
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bone marrow was slowly injected here and there into the ischemic myocardium of
22 animals for uniform scattering of the marrow cells (Fig. 1). As controls 18
animals were left without bone marrow treatment. The chest was closed
temporarily and antibiotics were injected locally. After a predetermined period of
time, the animals were anesthetized again while observing the ECG. The chest
was opened and the heart was exposed for macroscopical observation. The heart
was resected at 3, 7, and 21 days after surgery from 6, 8, and 8 of the tested animals,
and 6, 6, and 6 of the controls, respectively. All animal care was in compliance
with the "Guide for the Care and Use of Laboratory Animals" 13),
Histological examination

The apex of the ischemic area and the normal left ventricle myocardium
without coronary arterial ligation were resected, and fixed with 10% formaldehyde
in PBS. Each specimen was cut into three 5-mm segments, which were embedded
in paraffin. Cross sections were cut and stained with hematoxylin and eosin, the
Mason and May Giemsa method, the peroxidase anti-peroxidase (PAP) method, and
Von Kossa's stain. Immunohistochemical staining for the detection of bFGF and
VEGF was also done after freezing the specimens by means of a cryostat microtome
with anti bFGF and anti VEGF antigens (Daco Co, Glostrup, Denmark) using a
modified method of previously described14).
Numbers of capillary blood vessels

The number of capillaries per 0.1mm?2 (0.5mm by 0.2 mm) in ten fields
randomly chosen from the middle of each specimen was counted on
photomicrographs and averaged. The number of capillaries which contained

blood cell components was also counted in each field.

Results

Ligation of the coronary arteries and injection of bone marrow
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After ligation of the coronary arteries, the color of the apex area of the heart
muscle turned dark red. Muscle movement of the region was reduced. During the
ligating procedure using repeated clamping, the electrocardiogram showed tall,
peaked T waves, followed by symmetrically inverted T waves. After complete
ligation, elevation of ST segments occurred.

Bone marrow was injected without problems. A small amount of bleeding was
seen at the injection point, but it stopped spontaneously. No remarkable changes
in ECG were noticed during the procedure.

At the time of heart explantation on days 3 and 7, the ischemic sites were dark
red without adhesion. After 3 weeks, part of the pericardium or the lung adhered
to the site, which was whitish with slight shrinkage. The movement of the
myocardium was reduced at the site. However, there was no difference in the
degree of color change or myocardial movement between the bone marrow
transplanted hearts and the controls.

Histological studies

In the control group, normal myocardium tissue was present in the unligated
areas. Myocytes have many capillary blood vessels around them. Ordinarily
these capillary blood vessels can not be identified by H.E. staining. But they were
recognized by the presence of erythrocytes as shown in Figs. 1a and 1b. Capillary
blood vessels were tightly compressed by bundles of myocytes, but they contained
numerous erythrocytes inside. Therefore endothelial cells of capillary blood
vessles were not demonstrated, but the presence of the capillary blood vessels was
recognized in these photomicrographs. On day 3, however, myocytes became
atrophied and thin, leaving sufficient room for capillary blood vessels. But the
sections parallel to the muscle bundles could not demonstrate the presence of
capillary blood vessels. Using the PAP method to stain factor eight, capillary
blood vessels could be identified as shown in Fig. 1d. They were among the

atrophied myocyte bundles and were empty of blood cell components. On day 7,
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the size and number of muscle cells decreased and fibroblasts became dominant in
the area. At three weeks, most of the myocytes disappeared. Numerous
fibroblasts with collagenous extracellular matrixes were the major component of
the area (Fig. 1e). A small number of capillary blood vessels were present
containing some blood cell components. Macrophages were present in the scar
tissue and they were bFGF reactive (Fig. 1f). However, VEGF was not detected.

In the bone marrow group 3 days after injection, marrow cells with
numerous peripheral blood cells such as erythrocytes infiltrated the interstices of
muscle bundles. These muscle bundles became atrophied. Capillary blood vessels
were present along the atrophied myocyte bundles. On day 7, numerous
endothelial cells of capillary blood vessels were seen prominantly among the
atrophied myocytes. Marrow cells including megakalyocytes were still alive
among the myocyte bundles (Fig. 2a). Marrow cells, their adjacent cells and
capillary blood vessels in the surrounding loose connective tissue were bFGF
reactive (Fig. 2b). VEGF was also detected at the surrounding loose connective
tissue. Inside the clumps of transplanted marrow cells, many capillary blood
vessels containing erythrocytes were created as shown in Fig. 2c.  On the other
hand, many large capillary blood vessels composed of enlarged endothelial cells
were recognized among the atrophied myocytes, but they had no blood cell
components inside (Fig. 2d). At three weeks, the clumps of marrow cells were no
longer seen. Some capillary blood vessels remained at the sites of the marrow cell
clumps. Most of the atrophied myocytes also disappeared, but some still remained
with fibroblasts in the loose connective tissue, in which capillary blood vessels
were the major component (Fig. 2e). Most of the capillary blood vessels ran in
parallel rows.  Their arrangement was observed in both cross sectional and
parallel sectional views as shown in Figs. 2e and 2f. These capillaries were
stained positively by the PAP method, suggesting that these cells were endothelial

cells, as shown in Fig. 2f These arrangements looked similar to the original
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capillary network of the normal myocardium. Some capillaries had connections
with each other. Their diameter was from S to 10 microns. The spaces between
the capillaries were 10 to 30 microns. With a few exceptions, the capillaries did
not contain blood cell components (Fig. 2f). Therefore, empty capillary blood
vessels were the major component of the area at 3 weeks.
Number of capillary blood vessels

The number of capillaries and those having blood cell components per 0.1
mm?2 in ten fields randomly chosen from the middle of each specimen at 3 weeks
were counted and averaged. The average numbers of capillaries and those with
blood cell components were counted in specimens obtained from the intact, i.e.,
undamaged, areas without coronary artery ligation, the areas of ischemia with
bone marrow transplantation, and the areas of ischemia without bone marrow

transplantation obtained from the control group. The averages were 150 + 1.5 and
120 +.1.5, 120 + 1.5and 20 +.1.5,and 20 +_1.5and 10 + 1.5, respectively. The
number of capillary blood vessels in the ischemic areas with bone marrow
transplantation was significantly (P < .05) higher than in the areas without bone
marrow transplantation, but capillaries containing blood cell components were

rare. These results are shown in figure 3.

Discussion
1, Transplanted marrow cells in the ischemic myocardium

From the results, it was obvious that transplanted bone marrow survived for a
short period of time and synthesized bFGF and VEGF in the ischemic myocardium.
Marrow cells were seen at 1 week, but not at 3 weeks. We did not clarified whether
these marrow cells differentiated into other cells, migrated out from the heart or
died out. We were interested in the differentiation of transplanted marrow cells
into myocytes. If the marrow cells could differentiate into myocardial cells

spontaneously in the environment of ischemic myocardium, they would act as
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myoblasts in the site naturally, since young cells can act and become newly
organized according to the environment. Recently, myocardial cells
immunologically modified by gene technology were transplanted into the heart
myocardium15), but the efficacy of the transplantation has not yet been clarified.
In our experiment, however, we could not find any evidence of the differentiation
of transplanted marrow cells into myocytes.

We expected that the transplanted marrow cells would survive in the ischemic
myocardium like those in vascular prosthesesl 1), because marrow cells are young,
primitive, and have the power to survive even in a poor environment in vivo.

But transplanted bone marrow disappeared within 3 weeks. = We speculated that
during this time they tried to replicate. They would try to make blood cells
because of their natural hemopoiesis.  After these efforts under ischemic
conditions, however, they became dystrophied due to poor nutrition and hypoxia.
During the process, they synthesized large amounts of angiogenic growth factors
such as bFGF and VEGF because of the natural behavior of damaged cells16,17) and
the special properties of bone marrow cells18,19),

2, Vascular network in the ischemic myocardium

Compared with the control groups, bone marrow transplanted ischemic heart
had atrophied myocardium with capillary blood vessels at one week, and numerous
capillary blood vessels network at three weeks. These capillary blood vessels ran
in paralle] similarly to those in the undamaged region. As shown in the Fig 3,
number of the capillaries did not increase with the bone marrow transplantation
compared with that at the undamaged region. Anatomically undamaged
myocardium has a fine capillary network along each myocyte bundleZ0), as shown
in Figs. 1a and 1b. Therefore, the capillary network in the ischemic region with
bone marrow was not a newly developed one, but the original one maintained in
spite of the poor environment. This phenomenon could not be observed in the

control. Therefore, the phenomenon could be caused by the transplanted bone
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marrow, and we speculated that transplanted marrow cells could not prevent
myocardial damage from ischemia, but could rescue endothelial cells from the
ischemic stress.
3, Growth factors from the transplanted bone marrow

We did not identify what kinds of growth factors and cytokins were
synthesized during the time by the bone marrow, because marrow cells can
synthesize many kinds of growth factors and cytokinsszz). At least, bFGF and
VEGF were synthesized in the ischemic area. Numerous capillary blood vessels
observed in the clumps of the transplanted marrow cells may be the result of
direct stimulation of the angiogenic growth factors synthesized from them. bFGF
and VEGF may also affect endothelial cells in the ischemic region. Angiogenic
growth factors have been suggested to be involved in maintenance of vasculature
in tumors and in normal tissue23). VEGF and bFGF are already known to be
effective in facilitating endothelial repair and endothelial cell replicationZ4).
They are also known to work as survival factors during at hypoxic stress in
various tissues such as nerve cells, epithelial cells, and endothelial cells25,26,27),
A recent study suggested that VEGF and bFGF have synergistic effects on the
induction of angiogenesis in vitro and in vivoZ28).  We expected that marrow cells
implanted in an ischemic region would synthesize many kinds of cytokins
including VEGF and bFGF, and that the synergistic effects of them all would aid
angiogenesis at the site. Growth factors such as bFGF and VEGF synthesized by
bone marrow may contribute to endothelial cell survival in the ischemic
myocardium.
4, Growth factors for revascularization

Recently recombinant bFGF has become popular for the acceleration of
capillary ingrowth. A single direct injection of bFGF into an ischemic
myocardium showed effective results experimentally29)- Revascularization by

collateral capillary ingrowth into the ischemic regions requires a certain period
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of time30,31),  Butitis already known that the dosage for effective angiogenesis
of these growth factors is small, and the duration of its efficacy is short.
Continuous release of these factors is essential for the stimulation of endothelial
cells involved in persistent capillary ingrowth32). Therefore, some kind of
continuous supply system or slow release system is needed. Capillary growth into
the heart from the aorta using a growth factor mixed in fibrin for slow release has
been reported33).  Some reports on gene transfer described angiogenesis
resulting in increased number of capillaries34x35r36). Successful intracoronary
gene transfer of bFGF in pig ischemic myocardium is an example of the continuous
release system37). The gene transfer in vivo has, however, unclarified side
effects such as virus infection38:39).  On the other hand, transplanted bone
marrow synthesized growth factors continuously without undesirable side effects
in the current experiments.

S5, Revascularization for ischemic myocardium

Although the myocytes could not be protected from ischemia by the bone
marrow transplantation, we found two characteristic phenomena. The first was
the efficacy of the continuous-synthesizing system of natural angiogenic factors
in protection of the capillary network from ischemia. The second was that the
numerous capillary blood vessels were empty, i.e., they contained no blood cell
components. Ischemic regions of the controls did not show active capillary
ingrowth or bFGF synthesis. These two observations can aid us in developing
future strategies for treatment of ischemic myocardium.

It was surprising that the capillary blood vessel network did not function.
Although we could thus maintain the capillary blood vessel network in the
ischemic region with the help of growth factors, improvement of myocardial
function was not obtained. Even if capillary blood vessels were created,
improvement of the ischemic myocardium would require supplying blood

components to the site by some other method. These observations gave us
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important information for treatment of ischemic myocardium with recombinant
growth factors and gene transfer technologies alone, since they increase demand
for blood supply, but actual blood supply always lags far behind if the ischemic
region is wide. If we could supply blood to the ischemic region using some method
such as Vineberg's operation440) and transmyocardial laser revascularization41),
the empty capillaries could play a role of their own, resulting in improvement of
ischemic myocardium.

Conclusion

Transplanted marrow cells showed synthesis of natural angiogenic growth
factors in the ischemic myocardium. Bone marrow transplantation could not
protect myocardium from ischemia, but was effective in preserving the capillary
blood vessel network. However, it also showed the limitation of treatment of the
ischemic myocardium with angiogenic growth factors alone. Since ectopically
transplanted bone marrow can synthesize natural angiogenic growth factors, the
transplantation method should be applicable not only in the cardiovascular field

but also in various other fields as well.
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Figure Legends

Figure. 1. Photomicrographs of cross sections of the control heart muscle. 1la:

Before ligation of coronary arteries. Section parallel to the row of muscle
bundles. Capillary blood vessels are present among the muscle bundles. They
are recognized by the blood cell components they contain. H.E. X 100. 1b:

Before ligation. Cross section at right angles to the muscle bundles. Capillary
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blood vessels are recognized by the red blood cells inside. H.E. X 100. 1c:

Three days after ligation. Capillary blood vessels are not seen. Interstices of
the muscle bundles have opened due to muscle bundle atrophy. H.E. X 200. 1d:
Cross section of a muscle bundle 7 days after ligation. Empty capillary blood
vessels are recognized by the factor VIII staining. PAP method, X 200. 1le: At 3
weeks, muscle bundles have disappeared. Scar tissue with a few capillary
blood vessels is present. H.E., X 200. f: With bFGF staining, macrophages are

stained brown. bFGF immunohistochemical staining, X 100.

Figure 2. Photomicrographs of bone marrow transplanted heart muscles. a: at 7
days, bone marrow cells are recognized among myocyte bundles.
Megakaryocytes are also seen (arrows). H.E. staining. X 200. b: At 3 days,
there are bone marrow cells in the interstices of muscles and surrounding
cells, and capillary blood vessels are bFGF reactive. bFGF staining, X 200. «¢:
At 7 days, numerous capillary blood vessels have been created in the sites of
bone marrow transplantation. H.E, X 200. d: At 7 days, endothelial cells are
prominently observed in the interstices of muscle cell bundles, H.E., X 200. e:
At 3 weeks, loose connective tissue containing numerous capillary networks is
seen. H.E. staining, X 50. f: High magnification of the area at 3 weeks.

Empty capillary blood vessels are the major components of the tissue. H.E., X

200.

Figure 3 Capillary numbers in the heart muscles of the intact area, the ischemic
area and the bone marrow transplanted area. Average numbers are plotted

and compared with the capillaries containing blood cell components.
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Neointima formation of synthetic fabric vascular prostheses is extremely
delayed. Most of prostheses implanted in humans are not healed for long period of
time after implantation. Our hypothesis of the delayed healing is as follows;
Fabric prostheses are lacking of extracellular matrices (ECM) for adsorption and
release of cytokines such as bFGF and VEGF which play an important role for the
wound healing, i.e., a kind of tissue engineering in vivo. During the prosthesis
implantation, many cells are injured or destroyed by surgical procedure resulting
in cytokine synthesis, but they are washed out. If synthetic prostheses were
given a suitable ECM, natural neointima formation will be expected. In order to
test this hypothesis, a fabric vascular prostheses containing collagen fibers and
chondroitin sulfate was implanted in abdominal aorta of a dog. The prosthesis
adsorbed bFGF naturally. Numerous fibroblasts and macrophages with capillaries
infiltrated into the prosthesis wall resulted in rapid formation of neointima

composed of smooth muscle cell layers and lined with endothelial cells. These
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results indicate that a natural tissue engineering in vivo is realized with the aid of

a suitable ECM.

Various methods have been attempted for the acceleralarion of neointima
formation of vascular prosthesesl-10), but in humans, neointima is only formed
on anastomotic sites and other areas are not healed for long period of time after
implantation11,12), The formed neointima at anastomotic sites is composed of
multilayers of smooth muscle cells lined with a monolayer of endothelial cells and
collagenous tissue with fibroblasts around polyester fibersl3), Therefore, natural
neointima formation throughout the luminal surface is a kind of tissue
engineering in vivol4),

Recently, some experiments with growth factors and gene transfered cells
were used on vascular prosthesesl5). But the procedure was not easy and not yet
established. Endothelial cell seeding methods were also applied for the last two
decades16,17,18),  Complete neointima formation in vitro using three dimentional
cell culture technique was also adopted19). In practice, however, these methods
require specialists, special facilities, special instruments, and certain periods of
time for the prosthesis preparation, and are not available for emergency use.

In a natural tissue injury, however, many cells are damaged or destroyed at
the wound site, resulting in cytokine synthesis20,21,22) sych as basic fibroblast
growth factor (bFGF), vascular endothelium growth factor (VEGF), hepatocyte
growth factor (HGF), and tissue morphogenic factor g (TGF-8) which act important
roles for wound healing. These cytokines are trapped by an extrecellular matrix
(ECM) around the wound and released slowly for the following cell migration23),
Their dosage for wound healing and angiogenesis might be small and the duration
of their efficacy short. Therefore its continuous release from the ECM is essential

for the stimulation of cells involved in rapid and smooth wound healing24,25),
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For the natural tissue engineering on vascular prostheses, principal cells,
cytokines and a suitable ECM are required. However, synthetic prostheses are
lacking of them, especially ECM as an anchring site for cell migration, and as an
adsorption and slow release system for various cytokines. Therefore, these
cytokines are washed out and are not used for the following neointima formation.
In case of vascular surgery, however, major cellular components, i.e., fibroblasts,
smooth muscle cells, and endothelial cells from capillary blood vessles are present
around the prosthesis. Furthermore many cells are injured or damaged by
surgical procedure resulting in cytokine synthesis20,21,22), Therefore, if the
prosthesis were given with a suitable ECM for the tissue engineering, neointima
formation in vivo will be expected naturally.

In order to test this hypothesis, a fabric vascular prosthesis containing
collagen and chondroitin sulfate as majour components of ECM was provided. For
natural introduction of cell migration, they were thermally crosslinked instead of
chemical crosslinking of glutalardehyde and formaldehyde in order to diminish
cytotoxicity of these chemical crosslinkers20), Succinylated collagen was used in
order to make non-thrombogenic property by hydrous luminal surface27,28),
because succinylated collagen fibers tend to separate each other due to repulsion
of the same negative charge in their molecular structure when they are in
wet29,30).  The hydrous condition induced by succinylated collagen in wet
provides a non-thrombogenic property on the luminal surface of vasculaf
prostheses. Succinylated collagen network is also expected as an adequate
framework for host cell migration. Chondroitin sulfate was used in order to
stabilize the cytokines such as bFGF and VEGF. Heparin has the stabilizing
function for these cytokines31) and antithrombogenic property for prevention of
thrombus on the luminal surface, but control of the dosage of heparin is not easy
to prevent excessive bleeding through the suture hole of the prosthesis at

implantation. Mucopolysacchariudes such as chondroitin sulfate has the similar
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function for these cytokines32) and has no warring for the bleeding.
Antithrombogenic property of chondroitin sulfate is not powerful compared with

that of heparin, but was more convenient to use without bleeding problem.

An adsorption experiment using radioisotope-rabeled bFGF showed high
amount of adsorption (14.3 ng/g) of bFGF to the succinylated collagen and
chondroitin sulfate sponge and slow release (53%, 7.7ng/g release for 7 days). A
sponge using heparin instead of chondroitin sulfate as a control showed a similar
result (12.2ng/g adsorption and 65%, 6.9ng/g release). Dacron fibers adsorbed
bFGF, but the amounts of adsorprion and release were small (2.9ng/g adsorption
and 209, 0.58ng/g release).

An in vivo insertion test of the prepared prosthesis using rabbit
subcutaneous layer revealed that the ECM in the prosthesis wall was under way to
be dissolved at 7th day after insertion, and immunohistochemically reactive to
bFGF. Numerous fibroblasts, macrophage infiltration accompanied with many
capillary blood vessels were present around and interstices of ECM. No foreign
body reactions such as giant cell infiltration were present.

The ECM in the prosthesis wall implanted in the abdominal aortic position
were also reactive to bFGF at 7 days. Numerous macrophages, fibroblasts and
many capillary blood vessels were present in the interstices of the ECM. The
prostheses at 3 weeks were completely healed throughout the luminal surface and
the ECM was almost dissolved. The luminal surface was completely lined with
endothelial-like cells, and Multi layers of smooth muscle cells were underneath
them. Capillary ingrowth were remarkable in the prosthesis wall. They created
neointima and neomedia. These findings were equally present not only near the
anastomotic sites, but also at the center areas, far from the suture lines. The
endothelial-like cells were stained with PAP method to confirm the production of

factor VIII, indicating they are endothelial cells. From these findings, it was
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clarified that the prepared prosthesis with the ECM could obtain a naturally tissue-
engineered neointima with the aid of the ECM.

In the stand point of tissue engineering, major disadvantages of synthetic
prostheses compared with natural tissues are lack of cell components, ECM, and
cytokines. Synthetic vascular prostheses are not a suitable site for the tissue
engineering. However, if we could give a desirable ECM into the prosthesis wall
along our hypothesis, cytokines would be adsorbed and cells would be introduced
with the activities of the cytokines as shown in the implantation experiment.
Natural bFGF adsorption in vivo and the rabeled bFGF experiment in vitro gave the
seal to our hypothesis.

Previously we obtained unique neointima formation using bone marrow
transplantation on a synthetic vascular prosthesis33). Clumps of marrow cells
survived inside the prosthesis wall and continued exogenous hemopoiesis for up to
observed 6 months. Transplanted marrow cells and surrounded cells were
immunohistochemically bFGF reactive and numerous capillary blood vessels were
induced into the prosthesis wall. Therefore, the treated prosthesis had cells,
cytokins and a suitable ECM for tissue engineering in vivo. In general,
implantable artificial organs such as vascular prostheses are composed of
biologically inert substances34).  These polymeric scaffolds are not enough to
induce fine natural cell activities.  Multiple trees and shrubs on a mountain can
keep and release water continuously resulting in contribution for natural plant
growth and animal lives without flood when raining. Multiple complecated
substances or absorbents in soil can adsorbe and release small amount of
agricaltural chemicals for long period of time and contribute plant growth
without envilonmental pollution. In like manner, as a scaffold for cell migration
and a cytokine control system, the ECM is very important for in vivo tissue

engineering.
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Until now, several kinds of vascualr prostheses coated with collagen and
gelatine have been developed35:36,37), They are useful in clinic without bleeding
problem, since the collagen was used for a sealant of porous fabric striucture.
Most of collagen was crosslinked by chemical crosslinkers, such as glutaraldehyde
and formaldehyde, which are cytotoxic38). Some of collagen coated prostheses
were pointed out to have endotoxin in the coating substances3?). These coated
prostheses are not designed for cytokine adsorption and release. However, if they
are modified for this purpose, they will be completely regenerated into full of
tenderness prostheses and will contribute for surgeries of poor risk patients such
as aged or nutritious disorder patients and infants. (One experiment using cell
culture technology was reported related to ECM with successful neointima
formation. The aother did not described cytokine adsorption, but the prostheses
should be re-examined for the detection of cytokines such as bFGF and VEGF.)

In conclusion, we obtained natural tissue engineered neointima using an
ECM within short period of time after prosthesis implantation. we recognized how
important the ECM was in this field. The basic idea described in this paper will be
applicable not only in the field of vascular prostheses, but also in all surgical
treatments in general.

Methods

Fiber collagen was obtained from a cow Achilles tendon. Succinylation of
the collagen fibers was performed by adding 2% succinic anhydride in acetone to
collagen suspension at pH 9.0. Succinylated collagen was precipitated at pH 4.2
and purified by reprecipitation. Approximately 0.5 % of the succinylated collage
suspension with 0.5 % chondroitin sulfate at pH 7.4 was obtained and enmeshed
into a Dacron fabric vascular prosthesis (MICRON, InterVascular Co. Ltd.,
Clearwater, FL, U.S.A.). Teflon mandrill was inserted into the prosthesis and it was
freeze-dried. Then it was thermally crosslinked at 130°C for 7 to 10 hours under

negative pressure. It was rinsed to remove uncrosslinked substances and then
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lyophilized and EOG sterilized. As a control, a collagen impregnated prosthesis
with heparin was prepared. As an another control, a plain Dacron fabric
prosthesis was adopted. For an in vitro experiment, Rl raveled bFGF solution was
prepared and these specimens were dipped for one hour. Then they were rinsed
in distilled water and immersed in high amount of daily renewed saline solution
for 10 days. The amount of adsorbed bFGF and the releasing behavior was
measured. As a subcutaneous experiment, four each specimens were inserted
aseptically in the subcutaneous layer of four rabbits. At 7 days, they were
removed and examined macroscopically and microscopically. The prepared
prostheses with the controls were implanted into the abdominal aortae of 35 dogs,
20 for the prepared prosthesis, and 15 for the controls. Animals were anesthetized
with an initial dose of 40 mg of Kitamin hydrochloride (Sankyo Pharmacy Co. Ltd.,
Osaka, Japan) intramuscularly and 8 ml of pentobarbital (2.5% solution)
intravenously. Supplemental doses were given when required. The dogs were
intubated and supported with a respirator at 20 respirations per minute and with a
tidal volume of 150 ml of 20 % of oxygen. A 5-cm segment of the abdominal aorta
was replaced with the grafts. All animal care was in compliance with Principles
of Laboratory Animal Care, formulated by the National Society for Medical
Research, and the Guide for the Care and Use of Laboratory Animals. All grafts
were retrieved on a predetermined postoperative day (1 to 192 days) and no
animal died during observation. For microscopy, the specimens were stained with
hematoxylin and eosin (H & E), the Masson and May Giemsa method, the
peroxidase-antiperoxidase (PAP) method and Von Kossa's stain.
Immunohistochemical staining was performed for the distribution of bFGF along a

method previously descrived40),
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18 days (Fig. 2b) and was maintained for the entire six-month ob-
servation period. The number of erythroblastic islands decreased
at two months, but heterophilic myelocyte mitoses were still com-
mon at three months (Fig. 2c). These cells with the surrounding
cells and capillary blood vessels were immunohistochemically
bFGF reactive. Bone marrow tissue and capillaries in spongy bone
were observed among PTFE filaments in two out of seven six-
month grafts (Fig. 2d). No intimal hyperplasia at the distal
anastomosis was seen. In the controls, endothelial cells were pre-
sent at the anastomotic sites of the grafts for more than 25 days.
Complete endothelialization of the lumen occurred in three out of
seven grafts at six months, but three were occluded and one was
still covered with a fresh thrombus. No hemopoiesis was seen.
Calcification without bone marrow tissue and occasional capiilary
growth were observed in the graft wall.

In the BM grafts, as shown in Fig. 2b, exogenic hemopoiesis
was remarkable. bFGF was always detected in capillary blood ves-
sels, marrow cells and cells adjacent to the hemopoiesis. Thus
during the hemopoiesis, these cells continuously synthesized cy-
tokines such as bFGF, which has strong angiogenic properties*™,
contributing to capillary growth™ in the BM grafts. Marrow cells
need nutrition for their survival, raw materials for producing
blood cells and routes for shipping out their products, namely,
blood cells. As a result, capillary growth was required. The lumen
of the BM graft appeared red or pink because of numerous capil-
lary blood vessels, with red cells both outside and inside the BM
graft wall. These three items, hemopoiesis, bFGF and capillary
growth, appeared to interrelate in the BM graft.

Some endothelial cells on the lumen may have originated
from marrow tissue, because endothelialization began even be-
fore capillaries reached the graft lumen (Fig. 2b). Bone marrow
contains some mature endothelial cells and many immature
cells that can differentiate to many kinds of mesenchymal cells
including endothelial cells. Bone marrow tissue also contains
stromal cells, fibroblasts, endothelial cells and adipocytes, and
these cells can proliferate and act as feeders. Cell transplantation
with feeder cells has been used effectively to accelerate a skin
healing process”. The endothelialization was complete at three
weeks without intimal hyperplasia. Growth factors were released
during hemopoiesis. The dosage of bFGF for angiogenesis might
be small and the duration of its efficacy short, but its continuous
release is essential for the stimulation of cells involved in rapid
neointima formation.

From this evidence, the reasons for success with the BM graft
are considered to be as follows. Marrow cells contain various
kinds of young and primitive cells. Mixed cells can grow in vivo
easily without mutual suppression. Cells must be in clumps to
survive. For example, in cancer, there must be a clump of more
than 50 cells to form a new metastasis colony. Mixture of differ-
ent kinds of cells can work together as feeder cells to each other.
Differentiation of marrow cells and synthesis of endothelial
growth factors may also accelerate endothelialization, but the
most important factor would be the combination of all of the fol-
lowing that play a role during the creation of a new vascular wall,
that is, proliferating and differentiating young cells, continuous
synthesis of growth factors, cooperation of different kinds of cells
and the environment of the vascular wall, such as easy penetra-
tion of nutrition, oxygen tension and tensile stress. The BM graft
appears to be an organism-controlled autocrine artificial organ.

Methods
Approximately 0.5 ml of autologous bone marrow was obtained
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from the iliac bone of dogs and infiltrated into e-PTFE graft material
(diameter, 6 mm; length, 6 cm; fibril length, 90 pm; Baxter
Healthcare). ePTFE grafts commonly used in human vascular pros-
theses have numerous slitlike fissures that make the graft flexible.
These fissures are approximately 30 um in size and are thus too small
and complicatedly ramified to trap the bone marrow tissue inside
the graft wall. In the current experiment, we used an expanded
ePTFE with 90-um fissures that pass through the graft wall without
ramification. Forty-four mongrel dogs were used, 24 for the BM
grafts and 20 for control grafts. The dogs were anesthetized with an
initial dose of 40 mg of ketamin hydrochloride (Sankyo Pharmacy
Co. Ltd., Osaka, Japan) intramuscularly and 8 ml of pentobarbital
(2.5% solution) intravenously. Supplemental doses were given when
required. The dogs were intubated and supported with a respirator
at 20 respirations per minute and with a tidal volume of 150 ml of
20% of oxygen. A 5-cm segment of the abdominal aorta was re-
placed with the graft. All animal care was in compliance with
Principles of Laboratory Animal Care, formulated by the National
Society for Medical Research, and the Guide for the Care and Use of
Laboratory Animals™. All grafts were retrieved on a predetermined
postoperative day (1 to 192 days) and no animal died during obser-
vation. For microscopy, the specimens were stained with
hematoxylin and eosin (H&E), the Masson and May Giemsa
method, the peroxidase-antiperoxidase (PAP) method and Von
Kossa’s stain. Immunohistochemical staining was performed for the
distribution of bFGF (ref. 21).

The number of capillaries per mm? (2 mm by 0.5 mm) in six fields
randomly chosen from the middle of each graft wall was counted on
3-week, 3-month and 6-month explants. The average number of cap-
illaries was calculated for each implant duration as shown in Fig. 3.
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Development of a Growable Vascular Graft

YASUHARU NOISHIKI, YOSHIHISA YAMANE, MASAYASU FURUSE, AND TERUO MIYATA

A vascular graft that can grow with the growth of its recipi-
ent was developed. The graft implanted in the thoracic de-
scending aorta grew slowly to the expected size within a
year after implantation in puppies. Human saphenous vein
was used as the substrate material. It was dipped into dis-
tilled water and sonicated, resulting in cell destruction, and
followed by cross-linking with a polyepoxy compound to
give both controlled biodegradability, hydrophilicity, and
antithrombogenic properties. Four millimeter inner diame-
ter (ID) grafts, enveloped with polyester mesh tubes of 10
mm ID, were implanted in 11 puppies. The diameter of the
grafts grew to 9.5 mm from their original 4 mm. After 1
year, the grait walls that were reinforced with polyester
mesh were covered with endothelial cells. The following
requirements were provided in a growable graft: 1) an-
tithrombogenicity in a small caliber graft; 2) ability to grow
as well as to terminate growth. The polyester mesh tube,
which was larger than the graft, caused arrest of growth at
the expected diameter, whereas the growth rate was con-
trolled by the degree of graft cross-linking. With this
method, any size graft can be made by changing the size of
the original graft and the polyester mesh tube around it.
ASAIO Transactions 1988; 34: 308-313.

Recently, cardiovascular surgery has been performed
safely in infants, with the use of numerous artificial organs
such as heart valves and blood vessel prostheses. Most of
them work very well, but some display problems. In the case
of heart valves made of biologic materials, dysfunction re-
sulting from degenerative changes such as calcification have
been reported, whereas with vascular prostheses, small di-
ameter grafts easily occlude after implantation, making an-
tithrombogenic treatment necessary. The side effects of an-
ticoagulation cause other problems, and, even if the graft
remains patent, it does not grow as the patient grows, re-
quiring patients to have reoperation to expand the site after
a certain period of time."? These repeat procedures are
usually very troublesome because of adhesions from the
primary surgery, and patients sometimes become poor risks
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because of bleeding during preparation of the site. To over-
come these difficulties, a small diameter vascular graft that
has the potential for growth as the child grows has been
needed for a long time. In this communication, a '‘grow-
able” vascular graft is described and its growth confirmed in
an animal study.

Materials and Methods

Preparation of the Growable Graft

Human saphenous veins were obtained aseptically at the
time of resection of varicose veins of the lower extremities.
A segment of vein with an internal diameter (ID) of 4 mm
and without deformity was selected. It was immersed in
distilled water for 1 hr to swell the cells inside by osmotic
pressure and was then sonicated at 28 kc for 20 sec in order
to cause cell destruction. Cell debris was then removed by
washing with distilled water. In this way, a natural tissue
tube composed of collagen and elastic lamina was obtained.

The graft was inflated with air to a pressure of 30 to 40
mmHg and was treated with a 2% polyethylene glycol dig-
lycidyl ether (PEGDGE) solution in 5% ethanol, 0.1 wt%
catalyst 2,4,6,-tris(dymethylaminomethyl)phenol (TDAMP),
and 0.007 wt% accelerator salicylic acid at pH 10.0 for 5 hr
to cross-link the graft wall. [t was then washed with distilled
water.

The graft was then preserved and sterilized in a 70% eth-
ano! solution.

Before implantation, the graft was soaked and washed
several times in physiologic saline solution to completely
remove the ethanol.

A highly porous fabric vascular prosthesis made of ultra-
fine polyester fiber (water porosity: 3,650 ml/cm? 120
mmHg, H,0O) with a 10 mm internal diameter was provided
to envelop the graft for reinforcement (Figure 1).

Determination of Reacted e-NH,; Groups of the Graft with
PEGDCE

The degree of the reacted -NH, groups of the graft with
the hydrophilic cross-linking reagent was measured by a
modification of the method of Kakade and Liener.?

Implantation of the Graft

Eleven puppies weighing 3.5 to 7.0 kg (average weight 5.2
kg) were used in this study. The left pleural cavity was en-
tered through an incision in the sixth intercostal space with
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Rapid endothehalization of vascular prostheses by

seeding autologous venous tissue fragments

A method was developed to obtain rapid endothelialization of a fabric vascular prosthesis by seeding
autologous venous tissue fragments into its wall. In an animal study, complete endothelialization was
observed in the entire inmer surface of the prosthesis within 2 weeks after implantation. A piece of
peripheral vein was minced with scissors and then stirred into saline to create a tissue suspension. This
suspension was enmeshed into the wall of a highly porous fabric vascular prosthesis by repeated
pressurized injections with a syringe. The prostheses (7 mm inside diameter and 5.7 cm in length),
seeded with tissue fragments, were implanted into the descending thoracic aorta of 25 dogs, and they
were removed from 1 hour to 2 months after implantation. Twenty-five prostheses, preclotted with
fresh blood, were used as control prostheses. In the seeded graft, a thin fibrin layer covered the inner
surface just after implantation, but countless numbers of endothelial cells migrated from the fragments
and came up to the luminal surface like multiple “mushrooms™ under the fibrin layer. Smooth muscle
cells made multiple layers underneath the endothelial cell layer. The healing proceeded equally at every
part. By this active migration and proliferation, the inner surface was completely healed within 2

weeks. (J THORAC CARDIOVASC SURG 1992;104:770-8)
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Endothelial cell lining of vascular grafts is considered
important for the antithrombogenicity of vascular pros-
theses. Endothelial cell seeding on grafts has been used to
achieve this goal.-> However, these attempts have not
been successful thus far because, after implantation, the
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seeded cells are washed off from the surface by the
bloodstream.® Improving cell adherence to the graft sur-
face by using more hydrophilic material* or coating with
fibronectin, for example,> ¢ has not overcome this prob-
lem because local inflammatory reaction with leukocytes’
causes desquamation of the endothelial cells.® Since we
observed that seeding of smooth muscle cells enh»~+
endothelialization of vascular grafts,” we anticipatc. fat
physiologic cell interaction may be needed to consolidate
an endothelial lining, Toimprove the anchoring effect and
survival rate of the seeded cells, we have developed a
method to impregnate tissue fragments into a fabric
prosthesis.'? In the present study we present a modifica-
tion of the original method, which allows seeding of
homogenated vein tissue in porous prostheses.

Materials and methods

Preparation of the graft. A canine left jugular vein about 8
cm in length and weighing approximately 0.2 gm was resected
and minced with scissors and then stirred into 20 ml of physi-
ologic saline solution to create a venous tissue fragment suspen-
sion. This suspension was sieved through the wall of a highly
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reaction in the tissue fragments). The next group, 11 ani-
mals, were killed from 8 to 31 days after grafting each at
8, 10, and 14 days and two at 21 days, respectively (to
observe the healing process of the neointima). The next
group, four animals, were killed at 1 month (actually, two
animals each at 28 and 31 days to observe the absorption
of the original tissue fragments). The last animal was
killed at 61 days to observe degenerative changes of the
neointima.

In the control graft, 6 animals died becausc of the
bleeding. The surviving 19 animals were divided into four
groups. The first eight were killed from 1 hour to 7 days
after grafting (one animal per day to observe the bleed-
ing from the graft wall). The next five animals were killed
at 10, 14, 16, 18, and 21 days after grafting so that the
initial healing process of the neointima could be observed.
The next four animals were killed at 25, 38, 39, and 46
dar  fter grafting to observe the healing process of the
neointima. The last two animals were killed at 56 and 63
days, respectively, so that we could observe degenerative
changes of the neointima.

Macroscopic appearance. In the control grafts, the
initial red thrombus seen after | hour changed into a
white, nonshining layer within 3 days. This white inner
surface remained unchanged after 7 days; at the tenth
day, however, many thick (1 to 3 mm), red thrombi
appeared over the entirc inner surface. They increased in
size gradually, During 14 to 21 days after implantation,
they fused into a large, red, thick thrombotic area. By the
twenty-fifth day most of the inner surface except the
anastomotic lines, was covered with a thick layer of red
thrombus (Fig. 2, E). On the thirty-eighth day the layer
of red thrombus had decreased in size, thickness, and
redness and changed into a white, nonshining area that
increased in size. At the sixty-third day, the red, throm-
botic area was limited only on the center area of the graft
(Fi )F ). Other arcas turned white but were shiny only
within 1 cm from the anastomotic lines.

In the seeded grafts the following macroscopic differ-
ences compared with the control grafts were noticed. The
initial red thrombus seen after | hour was more obvious
(Fig. 2, A), but this changed with time. On the second day,
predominantly white, nonshining multiple spots, 1 to 3
mm in size, were spread over the prosthetic surface, with
areas of fresh red thrombus in between. These white spots
were thinner than the surrounding red, thrombotic areas
(Fig. 2, B). On the fifth day these white spots increased
in size and number. At the seventh day the red, throm-
botic areas decreased in size and thickness and turned into
pink granulation-like tissue. On the tenth day the white
multiple spots {used into a confluent, smooth area cover-
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ing the entire inner surface. On the fourteenth day the
white, shiny areas had spread and completely covered the
luminal surface (Fig. 2, C). No further macroscopic
changes were observed during a 2-month observation
period (Fig. 2, D). Macroscopic examination of the kid-
neys resected from all the animals implanted with the
seeded grafts and the control grafts showed no fresh,
trapped microemboli in their cut surfaces.

Light microscopic appearance. The control grafts
showed blood coagulum filling all the pores because of the
preclotting procedure. The inner surface was also com-
pletely covered with a fresh, thin blood coagulum. On the
second and third days this layer became thinner, and
blood cell components, such as erythrocytes, disappeared
from the layer. Occasionally the layer was composed of
dense fibrin network. Some leukocytes were noticed in the
fibrin layer at the outside of the graft fabrics. On the fifth
day some transparent areas were noticed inside the fibrin
network. In these areas some erythrocytes were noticed.
On the seventh day numerous fibroblasts were observed
at the adventitial side of the graft. On the tenthdaya great
number of fibroblasts proliferated at the adventitial side;
however, few were observed in the fibrin layer on the
luminal side of the fabric. On the fourteenth day endo-
thelial cells from the host aortic wall surface had started
to creep over the fibrin layer at the anastomotic sites.

By the sixteenth day smooth muscle cells followed
underneath the endothelial cells. With migration of the
smooth muscle cells, the fibrin layer disappeared. On the
cighteenth day the neointimal formation of endothelial
cell lining with multilayer formation of smooth muscle
cells extended about 2 mm from the anastomotic lines.
The migration of smooth muscle cells from the anasto-
mosis was always preceded by the endothelial cells, but
the areas away from the anastomotic lines remained cov-
ered with a fibrin layer without fibroblast migration. In
the fibrin layer fresh blood infiltration and clotting
formation were observed. Consequently, multiple thick
thrombus formations on the fibrin layer made a rough,
protruded polypoid surface. On the eighteenth day some
of the newly formed thrombus layers became thick. From
3 weeks to 2 months after implantation, new thrombus
formations were observed in the center arca of the graft.
With time the fresh thrombus formation decreased, and
a remaining thin fibrin layer became dominant. On the
sixty-third day most of the inner surface was covered with
this thin fibrin layer without endothelialization. In the
center areas fresh, thick spots of thrombus remained on
the surface (Fig. 3, H). At the anastomoses, neointimal
formation with endothelial cell lining was observed, but
this was limited to about 5 to 8 mm from the suture lines.
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In the seeded grafts, the sieving resulted predominant-
ly in accumulation of tissue fragments at the luminal sur-
face and in pores of the interstices of the fabric (Fig. 3,
A), but also some small tissue fragments could be seen in
the pores at the outer surface of the graft. After implan-
tation, fresh thrombus formed over the inner surface,
making a smooth layer at the inner surface, incorporat-
ing the tissue fragments. On the third day the fibrin layer
became thin, with some of the tissue fragments facing
directly to the lumen. Erythrocytes in the fibrin layer dis-
appeared, and some leukocytes infiltrated from the out-
side. From the tissue fragments, obvious migration into
the fibrin layer of numerous fibroblasts, smooth muscle
cells, and endothelium-like cells was noticed. Some of
them reached the luminal surface. On the fourth day
some areas were lined with the endothelium-like cells
(Fig. 3, O). After the lining, no platelet or fibrin adhered
to )urface. In deep areas of the fibrin layer, endothe-
lium-like cells migrated and proliferated actively and
formed many capillary-like structures without blood
components. Some of them were coming up toward the
lumninal surface (Fig. 3, 4 and B). Colonies of these cells
were observed sporadically on the luminal fibrin layer.
Cell segmentation of them was frequently noticed.

On the fifth day numerous smooth muscle cells prolif-
erated in the fibrin layer, Fibrin was nolonger seen around
the cells, which indicated fibrinolysis. On the sixth day
most of the fibrin fayer was occupied with these prolifer-
ating cells and endothelial cells spread over the luminal
surface. Smooth muscle cells followed the endothelium-
like cells and made multiple layers underneath the endo-
thelium-like cell layer. By the seventh to eighth days most
of the luminal fibrin layer was covered with endothelium-
like cells (Fig. 3, D). Original tissue fragments were still
observed in the fabric, but cell components were no long-
er noticed inside the fragments. The active cell migration
frc e tissue fragments resulted in a residual noncellu-
lar matrix that decreased with time. By the tenth day
there was almost no fibrin in the neointima of the grafts.
On the fourteenth day, many vasa vasorum were noticed
opening to the luminal surface (Fig. 3, E). Endothelium-
like cells lined the entire luminal surface and the surface
underneath multiple-layered smooth muscle cells. Fibro-
blasts with collagen fibrils formed the outer layer of the
neoarterial wall of the graft. The formation of a neoint-
ima was virtually completed at 2 weeks. Staining by PAP
method showed that these endothelium-like cells con-
tained factor VIII (Fig. 3, ), suggesting that they were
cndothelial cells. The original tissue fragments were still
noticed in the graft at the twenty-first day, but they had
almost disappeared in the specimens at the twenty-eighth
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and thirty-first days and were no longer observed by the
sixty-first day. The neointima was completely healed and
showed no changes. There were no degenerative changes,
and no calcifications were present in the neointima (Fig.
3, F).

Scanning electron microscopic appearance. In the
control grafts endothelial cells migrated only from the
anastomotic sites after more than 2 weeks. Far from the
anastomotic sites, the surface was covered with fresh
thrombus or with a fibrin layer. In the seeded grafts, on
the first day, the inner surface of the grafts showed a fibrin
network with erythrocytes and platelets. However, some
cell components were already seen on the surface on the
third day. On the fourth day numerous flat cells were
noticed on the luminal surface (Fig. 4, 4). They made
their colonies on the fibrin layer. On the colony surlace,
neither platelet adhesion nor fibrin precipitation was
observed. On the fifth and sixth days many small colonies
of these flat cells connected to each other were noticed
over the entire graft surface. On the seventh day contin-
uous endothelium-like cell creepings were noticed from
the fibrin layer. On the eighth day these “mushroom-like
sproutings” were observed all over the inner surface (Fig.
4, B). Continuous endothelium-like cell creepings were
also noticed from the fibrin layer (Fig. 4, C). Large, con-
fluent colonies of these cells were also noticed sporadical-
ly. On the tenth day most of the inner surface was covered
with a continuous layer of endothelium-like cells. On the
fourteenth day the inner surface was completely lined
with endothelium-like cells. They showed the typical
cobblestone morphology without adherence of platelets
(Fig. 4, D). During the observation period of up to 61
days, there was no thrombus formation on the endothe-
lialized surface of the grafts.

Discussion

Advantages of the method. By this method we could
obtain a rapid and reliable endothelialization of the
neointima. The method was simple and easy to do, and it
can be made available in any operating room without
special techniques, instruments, or facilities. Another
advantage of this method was that the prostheses with
tissue fragments sieved in the pores prevented bleeding
during and after the operation. As indicated in the con-
trol experiment, fatal bleeding developed in some of the
highly porous vascular prostheses as a result of fibrinol-
ysis after implantation. The hemostatic capacity might be
due to the presence in the tissue fragments of high
amounts of collagen fibrils, which cause platelet aggrega-
tions. Consequently there was no bleeding at the anasto-
motic sites. However, this increased thrombogenicity has
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lem we had developed a new technique with tissue frag-
ment seeding with intraluminal suction.'” In the current
experiment we sieved the tissue fragments from the lumi-
nal side to the outside by injecting the lissue suspension.
The tissue fragments were located at the luminal side of
the graft. Therefore the “mushroomlike sproutings”
could be noticed in this experiment all over the inner sur-
face at an early stage after implantation. Successful
transplantation of autologous tissue fragments has
already been used in orthopedic and plastic surgery.
Osteoblasts migrate rapidly from the cut edges of trans-
planted bone fragments and regenerate new bone struc-
ture, and epidermal cells from skin fragments quickly
regenerate new skin.'® ! Multiple tiny fragments are
composed of a large area of cut edges from which cells can
migrate and will proliferate quickly under physiologic
conditions.
tionship of endothelial cells with smooth mus-
cle cells and fibroblasts. In this experiment three kinds
of cells (fibroblasts, smooth muscle cells, and endothelial
cells) migrated and proliferated from the fragments at the
same time. This is a unique phenomenon that is not
observed in cell culture; when fibroblasts and endothelial
cells are cultured in a Petri dish, endothelial cells are sup-
pressed and fibroblasts are proliferated to form a conflu-
ent layer. In this in vivo experiment, however, we noticed
that these cells migrated and proliferated in conjunction.
Endothelial cells rose to the inner surface of the graft to
face the bloodstream. Accordingly, smooth muscle cells
made multiple layers underneath the endothelial cells,
and fibroblasts crawled down under the smooth muscle
cell layer around the Dacron fibers. This phenomenon
suggested that growth of these cells was controlled by
nature and their interactions in a physiologic environ-
ment. On the other hand, the interaction of endothelial
with smooth muscle cells might be of crucial importance.
In  )case of an artificial skin graft, the new skin could
not be produced with cultured epidermal cells alone.
However, with cultured fibroblasts underneath the epi-
dermal cell layer, a skin-equivalent graft was produced.?
Fibroblasts are considered to participate as feeder cells
for the epidermal cells. Fibroblasts do not suppress the
epidermal cell growth in vivo. Combination use of dif-
ferent cell types was important for organ reconstruc-
tion. We already found that seeding of smooth muscle
cells enhanced endothelialization of vascular grafts. In
this experiment endothelial cells and smooth muscle
cells appeared to have a relationship like that of the
epidermal celis and the fibroblasts in the artificial skin
graft.
In conclusion, seeding of tissue fragments of venous
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tissue within a fabric porous vascular prosthesis was
introduced to obtain rapid arterialization. Within 14
days complete endothelialization of the entire vascular
surface occurred. This autologous tissue fragment trans-
plantation method will be applicable not only in the field
of vascular grafts but also in many hybrid artificial
organs.
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Development of a Small Caliber Vascular Graft by a New
Crosslinking Method Incorporating Slow Heparin Release
Collagen and Natural Tissue Compliance

Y. NoisHiKi,* T. Miyata,t AND K. KoDairat

There is a great demand for a usable small caliber vascular
graft, but no satisfactory graft for long-term use has as yet
been developed. Numerous pilot studies have been per-
formed, but in only a few grafts made of either synthetic
polymers such as segmented polyurethane, or biological
materials, has some improvement been seen. It is, however,
very difficult to give permanent antithrombogenic and com-
pliant properties to graft materials. For example, any pros-
thetic surface, which has excellent antithrombogenicity in
an artificial heart circumstance, becomes covered with bio-
logical substances such as plasma proteins when used in a
vascular substitute. Because of this response, good initial
results in vascular grafts are often short-lived. In order to
solve this problem, we have previously developed a new
heparinized vascular graft made of hydrophilic polyurethane.’
Our current interests, however, have been focused on a
graft made of biological material. To adapt biological materials
for medical use, one needs to perform some modification,
except when the tissues are autologous. Until now, only
glutaraldehyde (GA) has been used for this purpose, but GA
treatment completely changes the native properties of the
materials. The heparinized canine carotid artery graft we
recently developed was treated with GA, yet showed ex-
cellent antithrombogenicity. Despite this, we were dissatis-
fied with the graft because of its poor compliance. Because
of this, a new cross-linking method for biological materials
was developed, and the previously reported carotid artery
graft was made soft and pliable by use of polyepoxy com-
pounds. Consequently, the graft had both antithromboge-
nicity from slow heparin release, and natural tissue com-
pliance.

Materials and Methods
Crosslinking Reagent Used
The new crosslinking reagents currently available are Pol-

yepoxy Compounds (PC) such as Polyethylene Glycol
Diglycidyl Ether, Glycerol Polyglycidyl Ether, Polyglycerol
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Polyglycidyl Ether, and Sorbitol Polyglycidyl Ether (Nagase
Chemical, Ltd). In this study, Polyglycerol Polyglycidyl Ether
(PGPGE) was used. lts representative molecular structures
are illustrated in Figure 1. The crosslinking reaction can be
performed at room temperature; specimens crosslinked with
PGPGE become hydrophilic.

Basic Graft Material

Fresh carotid artery with an ID of 2.5 to 3.0 mm was ob-
tained from a dog. It was soaked in distilled water for 1 hr
and sonicated at 28 kc for 20 sec to cause cell destruction.
Cell debris was then removed by washing with distilled water.
In this way a natural tissue tube composed of collagen and
elastic lamina was obtained.

Heparinization Method

1) A 2% protamine sulphate solution at pH 5.9 was poured
into the natural tissue tube graft lumen, and the graft was
inflated with air at a pressure of 80 to 100 mmHg for 30
minutes to force the protamine into the graft wall.

2) After inflation the graft was treated with a 5% PGPGE
solution in 50% ethanol and 0.1 M Na,CO, at pH 10.0 for
5 hr to crosslink the tissues and covalently immobilize prot-
amine impregnated into the wall. The graft was then washed
with distilled water.

3) The graft was soaked in a 1% heparin solution at pH
7.0 for 5 hr at 45°C and repeatedly washed with distilled
water.

4) The graft was then preserved and sterilized in a 70%
ethanol solution (Figure 2a).

The Control Graft

For the control experiment, unheparinized grafts treated
with either GA and PGPGE were prepared. A carotid artery
obtained from a dog was crosslinked with 1% GA solution,
inflated at 80 to 100 mmHg air pressure for 5 hr after soni-
cation to remove endothelial cells, and used for mechanical
property measurements and animal study. The PGPGE
treated control was prepared by the method described in Il
(heparinization method) without using protamine and hep-
arin. This control was used for mechanical property mea-
surements. The eNH, group of the graft collagen that reacted
with the reagents was analyzed by the TNBS method.?
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the heparin is slowly released following implantation. This
slow release of heparin can prevent fibrin formation on the
graft surface. As the heparin is gradually absorbed, the graft
becomes naturally antithrombogenic because endothelial
cells advantageously cover the graft surface. Consequently,
the graft can remain permanently antithrombogenic by en-
dothelialization. Animal experiments reveal that this method
produced antithrombogenicity in small caliber artery grafts.
In previous preparation of this heparinized graft, the prot-
amine impregnated into the graft wall was crosslinked with
GA under condition of graft inflation, and although the graft
showed no thrombus formation on its surface following im-
plantation, the graft became less pliable and yellow with time.
These changes occurred because when the graft was treated
with GA to crosslink the protamine to its wall, it also cross-
linked the protamine to the collagen molecules inside the
graft wall. While GA crosslinking makes the materials less
biodegradable, insoluble, and less antigenic, it makes the
materials less flexible. Recently, other adverse effects of GA
treatment have been reported.

To overcome these difficulties, a new crosslinking method
was introduced. A remarkable difference between materials
treated with GA and PC is their color; GA treatment makes
the materials yellow, but PC makes them white. There is also
a remarkable difference in their softness and elasticity, which
are reflected in their mechanical properties. In the long-term
animal experiment the grafts treated with PC kept their elas-
ticity. This natural compliance during implantation seems to
be very important in obtaining permanent patency of small
caliber vascular grafts. One of the characteristics of PC treat-
ment is the hydrophilic property imparted to the material
which is important for affinity with host tissue, and makes
the graft more nonthrombogenic.

The strength of the graft treated with PC is also important
since despite its softness, it has sufficient strength to withstand
mechanical stress, as supported by an examination of its me-
chanical properties and the animal studies done. The absence
of aneurysmal dilatation in any graft following long-term im-
plantation indicates the stability of the graft in vivo and the
finding of no foreign body reaction around the graft wall also
indicates that this crosslinking method is quite safe for im-
plantable biological materials. Reconstruction of an arterial
wall with the graft was most successful, with fibroblasts in-
filtrating the graft wall, but no migration of smooth-muscle-
like cells as are seen on fabric vascular prostheses occurred.
We observed the healing process of the implanted vascular
graft and learned that the smooth muscle cells which infiltrate

the neointima of the graft surface and arranged parallel to
the direction of the tensile stress placed upon the graft wall.®
If tensile stress is not present, smooth muscle cells seldom
appear. The appearance of such cells in the graft treated
with PC suggests that there is enough compliance of the graft
to induce the migration of these cells during implantation.

Infection was the most likely cause of graft occlusion in
this study since only one graft became occluded if no infec-
tion process was present. In this case, the anastomotic area
had scar tissue around the graft, suggesting the presence of
microinflammation around the anastomotic line. Therefore,
if infection can be eliminated, graft patency rate will be very
high.

From these results, we concluded that the combination of
antithrombogenicity and compliance in these grafts were the
major reasons for its success as a small caliber vascular graft,
applicable to A-C bypass or vascular surgery of the leg below
the knee.
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Acceleration of neointima formation in vascular

prostheses by transplantation of autologous venous

tissue fragments
Application to small-diameter grafts

We have previously demonstrated rapid and complete endothelialization in synthetic fabric vascular
prostheses that have been pretreated with autologous venous tissue fragments. However, significant
thrombogenicity has becn a major problem when this method has been applied to small-diameter
grafts. By masking the positively charged collagen fibrils in the tissue fragments with negatively
charged heparin, we were able to overcome this problem. A canine jugular vein was resected, minced
Yo tissue fragments, and suspended. This mixture was sieved through the wall of a highly porous
vascular prosthesis with a water porosity value of 4,000 ml/cm? per minute by pressurized injection,
which caused the tissue fragments to be trapped in the graft wall. Tissue-fragmented grafts (7 mm
inside diameter, 5.7 cm long) were implanted into the thoracic aorta of 35 dogs. In addition, tissue-
fragmented grafts of small diameter (4 mm inside diameter, 3.5 cm long) were pretreated with heparin
and implanted into the carotid arteries of 16 dogs (32 grafts). Preclotted grafts without tissue
fragmentation were implanted into the thoracic aorta (25 dogs) and carotid arteries (6 dogs, 12 grafts)
as controls. Grafts were explanted from 1 to 495 days after implantation. New arterial wall formation
was complete throughout the tissue-fragmented grafts within 2 weeks; however, in the control grafts,
neointima formation was limited to the anastomotic sites even after 2 months. Twenty small-caliber
tissue-fragmented grafts that were pretreated with heparin in the carotid position were patent, but all
the control grafts were occluded within 1 week. These results demonstrate that neointima formation
can be enhanced in synthetic fabric prostheses; furthermore, long-term patency of vascular grafts of
small caliber is possible in dogs with this tissue-fragmentation technique. (J THORAC CARDIOVASC SURG
1993;105:796-804)
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During the state of protracted healing of the vascular
wall, endothelialization of vascular prostheses is extreme-
ly delayed.! Transplantation of autologous tissue frag-
ments to delayed healing areas may accelerate the heal-
ing process, as does transplantation of autologous skin
fragments for protracted skin ulcers” or bone fragment
transplantation for intractable bone fractures.® Endothe-
lial cell aging may play an important role in this process.
In vitro, endothelial cell experiments have demonstrated
that cell division is limited to 70 cycles*®; therefore, new
endothelial cell resources are required for complete
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Table L. Postoperative day of descending aortic
explantation
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Table IL. Postoperative day of carotid artery
explantation

Control TF graft Control TFH graft
Animal Postop Animal Postop. Animal Postop. Animal Postop.
No. day No. day No. day No. day
1 1 I 1 1 1 1 1
2 1 2 1 2 | 2 1
3 3 3 3 3 1 3 14
4 3 4 3 4 7 4 14
5 7 S 4 5 7 5 14
6 7 6 S 6 7 6 30
7 10 7 6 7 30
8 10 8 7 8 30
9 14 9 7 9 34
10 14 10 7 10 42
11 18 11 8 11 42
12 21 12 9 12 42
13 25 13 10 13 62
14 35 14 10 14 65
15 38 15 10 15 67
16 39 16 14 16 400
17 46 17 14 , ) - - -
18 56 18 15 TFH, Tissue-fragmented (graft) with heparin.
19 63 19 20
20 90 20 21
21 98 21 21 C e s o
2 140 2 58 thrombogenicity is due to positively charged collagen
23 217 23 30 fibrils at the edges of the tissue fragments. We have
24 734 24 30 therefore developed a method to reduce this thromboge-
25 739 25 50 nicity by ionically bonding heparin with the collagen
;E’, 2? fibrils.!2 This article reports the application of this tech-
>8 6 nique in small-diameter grafts and the healing process of
29 62 TF grafts that are implanted in the descending thoracic
30 79 aorta and the carotid artery of a canine model.
31 167
32 167 Materials and methods
gi ;;; Preparation of the TF graft. A canine left jugular vein_ and
15 495 its surrounding connective tissue (10 cm length; 2 gm weight)

TF, Tissue-fragmented.

endothelialization of graft surfaces that are distant from
anastomotic sites. In addition, endothelial cell prolifera-
tion has been shown to improve with a base of feeder cells,
including smooth muscle cells and fibroblasts.”® On the
basis of these findings, we transplanted venous tissue
fragments that contained both endothelial cells and feed-
er cells onto a fabric vascular prosthesis to enhance heal-
ing based on these findings.

In preliminary studies, we observed rapid endothelial-
ization of tissue-fragmented grafts (TF grafts) implant-
ed into the descending aortic position,>!! but thromboge-
nicity became a problem when we implanted these grafts
into arteries of small diameter. We believe the increased

was resected and minced with scissors into tiny (less than 0.2
mm) tissue fragments, then stirred into 20 ml of normal salin
solution containing 10,000 international units (TU) penicillin.
The resulting venous tissue fragment suspension was injected
with pressure into a highly porous fabric Dacron vascular pros-
thesis (Microknit), Golaski Laboratories Inc., Philadelphia,
Pa.) with a water porosity value of 4,000 ml/cm” per minute at
120 mm Hg inside diameter (ID) of 7 mm as previously
described.'! After several pressurized injections, the fragments
were trapped in the prosthesis wall, creating a TF graft. This
graft was then implanted into the animal from which the jug-
ular vein was resected. The 7 mm ID control graft was a fabric
vascular prosthesis (Microknit), preclotted with fresh blood by
means of the four-stage Sauvage preclotting technique.'?
Preparation of the graft for an artery of small diameter.
The tissue suspension used for the small-caliber grafts was pro-
duced by the addition of minced canine jugular vein with con-
nective tissue to 20 ml of normal saline solution that contained
1,000 IU heparin and 10,000 U penicillin. To create the tissue-
fragmented, heparinized graft (TFH graft), a 4 mm ID
Microknit fabric prosthesis was first invaginated, enveloped by
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Development of a Soft, Pliable, Slow Heparin
Release Venous Graft

YASUHARU NOISHIKL* YOSHIHISA YAMANE,T TERUO MIYATA, T TAKAFUMI OKOSHIL§ AND YASUKO TOMIZAWAS

To prevent their collapse, a certain amount of stiffness is
generally required for prosthetic venous grafts, so EPTFE
grafts have been used. However, the native vein is pliable
without any stiffness. We developed a soft and pliable graft
that can maintain patency of the lumen because of its com-
pliance. Fresh porcine ureter was incubated in a ficin solu-
tion to remove cell components and noncollagenous pro-
teins. One percent protamine sulfate solution was injected
into the ureter lumen to impregnate the inner surface. The

From the *Division of Surgery, Department of Rehabilitation
Medicine, Medical School, Okayama University, Misasa, Japan.
tSmall Animal Clinical Research Center, Kurayoshi, Japan. $1Koken
Bioscience Institute, Tokyo, Japan. §The Department of Cardiovas-
cular Surgery, The Heart Institute of Japan, Tokyo Women’s Medi-
cal College, Tokyo, Japan.

Reprint requests: Yasuharu Noishiki, MD, PhD, Division of Sur-
gery, Department of Rehabilitation Medicine, Medical School,
Okayama University, Misasa, Tottori 682-02, Japan.

216

ureter was then crosslinked with a 1% glutaraldehyde so-
lution, dipped into a 1% heparin solution for 5 hours, and
rinsed with distilled water. This pracedure made the ureter
very soft and pliable, and also conferred antithromboge-
nicity to the graft by heparinization. The grafts were im-
planted into the posterior vena cavae of 20 dogs and were
removed from 1 to 878 days after implantation. Eighteen
grafts were patent, but two grafts were occluded at the
anastomotic site at 218 and 107 days, respectively. As a
control experiment, nonheparinized grafts were implanted
into 15 dogs; all were occluded with fresh thrombi. All the
patent grafts kept their original elasticity, which allowed
them to heave in unison with the heartbeat, and were simi-
lar in appearance to the native vena cava. Heparinization
was effective in preventing thrombus formation. These re-
sults indicate that this type of graft is an ideal prosthesis as a
venous graft, having physiologic properties such as compli-
ance and antithrombogenicity. ASAIO Transactions 1990;
36: M343-M346.
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Another advantage of the graft was compliance. Exceptin
cases in which scarring had formed at the anastomotic sites,
the grafts maintained their patency without any structural
stiffness. Although the negative pressure of the pleural cav-
ity might help the grafts to keep their patency, the elasticity
of the grafts could have aided in maintaining their physio-
logic function since it allowed them to heave in unison with
‘he heartbeat. The graft maintained its softness over a long
period of time, but further experiments would be required
to explain the specific mechanism responsible for this find-
ing. One weakness of the graft was that it was not resistant to
the constriction caused by scarring at the anastomotic sites.
Therefore, the sources of scar formation, such as local in-
fection and hematoma, should be eliminated.

in conclusion, the grafts kept their patency during the
slow release of heparin the early post implant stage, and
because of partial endothelialization over the long-term.

NOISHIKI ET Al.

Natural physiologic properties, such as compliance, may
have helped in maintaining the patency of these venous
grafts.
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9. A small-caliber vascular graft for aortocoronary artery graft with
temporarily artificial and permanently natural antithrombogenicity and

natural vessel compliance

Yasuharu Noishikil, Teruo Miyata?, Chisato Nojiri3, and Hitoshi Koyanagi?3

Summary. A small-caliber vascular graft was developed and
evaluated as a carotid artery replacement and aortocoro-
nary artery graft in animal experiments. Canine carotid
arteries were obtained, soaked in distilled water, and then
sonicated bring about cell destruction. In this way, a natural
tissue tube composed of collagen and elastic laminae was
obtained. The tube with a protamine sulfate solution in-
side was cross-linked with polyepoxy compounds, which
made the graft white, hydrophilic, soft, and pliable. The
graft was dipped into a heparin solution, which allowed
heparin to bind ionically. Eighty grafts (3 mm inner diam-
eter, 6 cm in length) were implanted in the carotid arteries
of 40 dogs and resected 1-389 days after implantation.
Three grafts were occluded by graft infection and 77 were
patent (96% patency). Sixteen control grafts, in which the
tissue tube was cross-linked with glutaraldehyde but was not
heparinized, were implanted in eight dogs. All of them were
occluded within 1 week. Aortocoronary bypass grafting was
also performed using the heparinized graft in eight dogs for
periods up to 4 months. All the grafts were confirmed to be
patent by autopsy or graft angiography. Measurement of the
heparin content revealed that about 90% of it was released
within 1 month. After the release of heparin, the surface of
the graft was completely covered with endothelial cells. The
graft wall kept its soft and pliable properties even after the
long-term implantation. These results indicate that the anti-
thrombogenicity produced by the combination of the slow
release of heparin and endothelialization, together with the
natural vessel compliance in the graft, were the major
reasons for its success as a small-caliber graft.

Key words: Smali-caliber vascular graft—Polyepoxy com-
pounds — Heparinization — Endothelialization — Aorto-
coronary bypass grafting
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Recently, large-caliber vascular grafts have shown
satisfactory clinical results. However, middle-sized
grafts have some problems and no satisfactory small
grafts for long-term use have as yet been developed.
For small-caliber vascular grafts less than 5 mm, both
the antithrombogenic and compliant properties are
essential to the long-term patency. Numerous pilot
studies have been performed, but in only a few grafts
made of either synthetic polymers, such as segmented
polyurethane, or biological materials has some im-
provement been seen. It is, however, very difficult
to give permanent antithrombogenic and compliant
properties to graft materials. For example, prosthetic
surfaces, which seem to have excellent antithrom-
bogenicity in an artificial heart application, become
covered with biological substances such as plasma
proteins when used as vascular substitutes. Because
of this response, good initial results in vascular grafts
are often short-lived. To solve this problem, we de-
veloped a new heparinized vascular graft made of a
hydrophilic polyurethane [1] and discussed its advan-
tages and disadvantages. Our current interests have
been focused on a graft made of biological material.
In general, biological materials have an affinity to
the host tissue. To adapt the biological materials for
medical use, one needs to perform some modification,
except when the tissues are used autologously. Until
now, only glutaraldehyde (GA) has been used for this
purpose, but GA treatment completely changes the
native properties of the material. A heparinized
canine carotid artery graft [2] was treated with GA,
yet showed excellent antithrombogenicity. Despite
this, we were dissatisfied with the graft because of its
poor compliance. Because of this, a new cross-linking
method for biological materials was developed, and
the previously reported carotid artery graft was made
soft and pliable by the use of polyepoxy compounds.
Consequently, the graft had both antithrombogenicity
from slow heparin release and natural vessel com-
pliance. The graft was evaluated as a carotid artery
replacement and a coronary bypass graft in ex-
perimental animals.
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Materials and methods
Cross-linking reagent used

The cross-linking reagents used were polyepoxy com-
pounds (PC), such as polyethylene glycol diglycidyl
ether, glycerol polyglycidyl ether, polyglycerol poly-
glycidyl ether, and sorbitol polyglycidyl ether (Nagase
Chemical, Ltd., Osaka, Japan). In this study, poly-
glycerol polyglycidyl either (PGPGE) was used. Its
molecular structure and cross-linking reaction with
collagen molecules are illustrated in Fig. 9.1. The
cross-linking reaction can be performed at room
temperature, and the specimens cross-linked with PCs
become hydrophilic.

Basic material of graft

A fresh carotid artery with an inner diameter of 2.5~
3.0 mm was obtained from dogs. The artery was
soaked in distilled water for 1 h and sonicated at
28 kilocycles for 20 s to produce cell destruction. Cell
debris was then removed by washing with distilled
water. In this way, a natural tissue tube composed of
collagen and elastic laminae was obtained.

Heparinization method

A 2% protamine sulfate solution at pH 5.9 was
poured into the natural tissue tube graft lumen, and
the graft was inflated with air at a pressure of 80-100
mmHg for 30 min to force the protamine into the
graft wall.

The graft inflated with air pressure was treated with
a 5% PC solution in 50% ethanol and 0.1 M Na,CO,
at pH 10.0 for 5 h to cross-link the tissue and covalent-
ly immobilize protamine impregnated into the wall.
The graft was then washed with distilled water.

The graft was soaked in a 1% heparin solution at
pH 7.0 for 5 h at 45°C and repeatedly washed with
distilled water.

The graft was then preserved and sterilized in a
70% ethanol solution (Fig. 9.2a).

Control graft

For the control experiment, nonheparinized grafts
treated with either GA or PC were prepared. Carotid
arteries obtained from dogs were cross-linked with
1% GA solution, inflated at 80-100 mmHg air pres-
sure for 5 h after sonication to remove the cell com-
ponents and used for mechanical property measure-
ments and animal studies. The PC-treated control was
prepared by the method described in the preceding
section without using protamine or heparin. This con-
trol was used for mechanical property measurements.

Y. Noishiki, et al.
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Fig. 9.1. Molecular structure of polyethyleneglycol di-
glycidyl ether (PC) and cross-linking reaction of PC with
£-NH2 groups of collagen molecules

The number of e-NH, groups of the collagen mole-
cules in each graft which had reacted with the reagent
was analyzed using the trinitro-benzene sulfonic acid
(TNBS) methd [3].

Mechanical properties

Strength

Fresh canine GA cross-linked, PC cross-linked, PC
cross-linked, and heparinized carotid arteries were
used. Cylindrical specimens were fixed longitudinally
and tensile strength measurements were performed.
The elongation and tensile strength were measured on
each specimen.

Stiffness and elastic behavior

Each cylindrically shaped specimen was placed in an
evaluation system developed by Hayashi et al. [4].
The relation between the intraluminal pressure and
external radius of each specimen was plotted as the
logarithm of pressure ratio versus distension ratio.

In vivo experiments

Two kinds of in vivo experiments were peformed
using the prepared graft.

Carotid artery replacement

Fifty-six mongrel dogs weighing 8-12 kg were used for
the experiment. About 6 cm of both carotid arteries
was harvested and a 6-cm long by 2.5- to 3.0-mm
internal diameter segment of heparinized graft was
implanted end to end. Penicillin (500 mg) was given,
but no anticoagulants were used at any time. Eighty
heparinized grafts were implanted, as well as 16 GA-
treated control grafts. The experimental animals had
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Fig. 9.10. Amount of heparin remaining in the
grafts as a function of implantation time
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endothelialization. Animal experiments reveal that
this method produces stable antithrombogenicity in
small-caliber arterial grafts. In previous preparations
of this heparinized graft, the protamine impregnated
into the graft wall was cross-linked with GA under
conditions of graft inflation, and although the graft
showed no thrombus formation on its surface follow-
ing implantation, the graft became less pliable and
yellow with time. These changes occurred because
when the graft was treated with GA to cross-link the
protamine to its wall, it also cross-linked the pro-
tamine to the collagen molecules inside the graft wall.
While GA cross-linking makes the materials less
biodegradable, insoluble, and less antigenic, it makes
the materials less flexible. Recently, other adverse
effects of GA treatment have been reported.
To overcome these difficulties, a new cross-linking
method was introduced. A remarkable difference in
appearance between materials treated with GA and
PC is their color: GA treatment makes the materials
yellow, but PC makes them white. There are also re-

) markable differences in their softness and elasticity.
In long-term animal experiments, the grafts treated
with PC maintained their elasticity. This natural com-
pliance during implantation seems to be very impor-
tant in obtaining permanent patency of small-caliber
vascular grafts. Another characteristic of the PC treat-
ment is the hydrophilic property imparted to the
material, which is important for its affinity with the
host tissue and makes the graft more nonthrom-
bogenic.

The strength of the graft treated with PC is also
noteworthy because despite its softness it has suf-
ficient strength to withstand mechanical stresses
associated with vascular graft applications. The ab-
sence of aneurysmal dilatation in any graft following
long-term implantation indicates the stability of the
graft in vivo. The finding of no foreign body reaction

’/

,--
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around the graft wall also indicates that this cross-
linking method is quite safe for implant applications.
Reconstruction of an arterial wall with the graft was
most successful with smooth muscle-like cells infiltrat-
ing the graft wall. We observed the healing process
of the implanted vascular graft and noted that the
smooth muscle cells infiltrated the neointima of the
graft and were arranged parallel to the direction of the
tensile stress placed upon the graft wall [8]. If the ten-
sile stress is not present, smooth muscle cells seldom
appear. The appearance of such cells in the graft
treated with PC suggested that there is enough com-
pliance of the graft to induce the migration of these
cells. In the case of GA-treated grafts, the environ-
mental condition in the graft wall is considered to be
insufficient for the infiltration of the smooth muscle-
like cells. The grafts cross-linked with GA become
yellowish and lose their elastic characteristics. By con-
trast, PC cross-linked grafts maintain their natural
vessel compliance and are stronger than the original
vessels, thus providing excellent suturability and com-
pliance match. Futhermore, the PC cross-linked grafts
are hydrophilic because of hydroxyls in the molecular
structure (Fig. 1), while the GA cross-linked grafts are
hydrophobic. In this respect, the PC cross-linked graft
has superior antithrombogenic characteristics because
the high hydrophilicity may give the material anti-
thrombogenicity [9]. Mori et al. [9] clarified that
materials which were given hyperhydrophilic prop-
erties with polyethylene glycol became antithrom-
bogenic. Our graft cross-linked with PC, which con-
tains polyethyleneglycol in its molecular structure, has
high hydrophilic properties. It has another merit with
regard to antithrombogenicity in that it became weak-
ly negatively charged after the cross-linking. This was
because e-NH, groups in the collagen molecules were
used for the cross-linking, and these increased the car-
boxy groups relatively. The weak charge in negativity
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contributes to the antithrombogenicity of the mate-
rials because of the prevention of platelet aggregation
on the negatively charged surface. A basic study we
made on a graft cross-linked with PC without hepar-
inization showed antithrombogenicity on the surface.
This experiment will be reported in the near future.
Therefore, in terms of antithrombogenicity, as well as
compliance match, PC cross-linked grafts are superior
to GA cross-linked grafts when applied as small-
caliber vascular substitutes.

Aortocoronary bypass grafting with this graft re-
sulted in 100% patency, although the graft was handi-
capped with a low-flow rate and flow turbulence
induced by the side-to-end anastomosis. By com-
parison, in carotid replacements, the flow rate was
higher and the anastomosis was end-to-end.

It has been reported that the patency rate of human
aortocoronary saphenous vein bypass grafts dropped
dramatically during the 1st year. In 30% of cases,
occlusion occurred within the 1st month because of
mural thrombosis overlying areas without an endothe-
lial cell lining, which were damaged by intraoperative
manipulation and distension pressures above 100
mmHg [10, 11}. Furthermore, late graft failure related
to progressive intimal hyperplasia of the vein wall may
be due to the organization of early intimal thrombi
after the initial endothelial damage [12]. Therefore,
the anticoagulant or antiplatelet therapy is usually
instituted after aortocoronary bypass grafting [13].
However, bleeding complications are not rare and
sometimes they are fatal. The present graft has the
advantage that no anticoagulation or antiplatelet ther-
apy is necessary after the operation. From the results
of aortocoronary bypass grafting to the right coronary
artery, in which flow within the graft was very low be-
cause of the hypoplastic right coronary artery of dogs,
it appears that the graft can be applied to a coronary
artery having poor run-off.

Endothelialization was delayed because heparin
inhibits cell adhesion and fibrin deposition on the
luminal surface. However, in these preliminary ani-
mal experiments, the PC cross-linked heparinized
grafts showed excellent patency, suggesting that the
graft will be a potentially promising graft applicable
to aortocoronary bypass or vascular surgery below the
knee.

Infection was the most likely cause of graft occlu-
sion in this study because only one graft became
occluded in the absence of infection. In this case, the
anastomotic area had a scar around the graft, suggest-
ing the presence of microinflammation around the
anastomotic line. Therefore, if infection can be elimi-
nated, the graft patency rate should be very high.

From these results, we can conclude that the com-
bination of short-term antithrombogenicity of slowly
released heparin followed by the more permanent
antithrombogenicity of endothelialization, together

with the natural tissue compliance of these grafts,
were the major reasons for their success as small-
caliber vascular grafts.
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Long-term Evaluation of a Growable Graft

YASUHARU NOISHIKI, YOSHIHISA YAMANE,* AND TERUO MIYATAT

The safety of a vascular graft that can grow with the growth
of its recipients was evaluated during long-term implanta-
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tion in experimental animals. An acellular matrix made of
human saphenous vein was cross-linked with a polyepoxy
compound to give controlled biodegradability, hydrophilic-
ity, and antithrombogenic properties. Four millimeter in-
ternal diameter (ID) grafts, enveloped with a polyester
mesh tube of 10 mm ID were implanted in 15 puppies. The
diameter of the graft grew to 9.5 mm after 1 year from the
original 4 mm, and remained stable for 2 years and 7
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hydrophilic reagent, which is less toxic than glutaralde-
hyde.® Moreover, grafts was moderately cross-linked, be-
cause the molecular weight of the cross-linking reagent was
larger than that of glutaraldehyde, producing a lower cross-
linking rate. Results of this experiment showed that numer-
ous fibroblasts infiltrated the graft wall, indicating that the
graft had high affinity for host cells. Migrating fibroblasts
generally, produce collagenase, which digests old collagen
fibers; highly cross-linked collagen fibers may not be di-
gested, while moderately cross-linked ones are digested
slowly. Our previous study revealed the cross-linking rate of
the collagen e-amino groups in the graft to be about 78%."
Therefore, collagenase prodw Dy the fibroblasts migrat-
ing inside the graft matrix may gradually digest the original
collagen. Along with this digestion, fibroblasts make a new
collagen matrix, under the tensile stress provided by the
blood pressure during reconstruction. With the combined
effects of destruction, reconstruction and tensile stress, the
graft will grow slowly.

Safety of the Graft

A growable graft has to be provided with some important
properties, such as the ability to terminate growth at a pre-
determined size. Our previous experiment showed excel-
lent graft growth and arrest at the expected size. However,
the graft must have an even more important property, be-
cause it is made of a biologic material, and will be implanted
in infants. In general, biologic implantable materials, such as
heart valves® possess the serious problem of degenerative
changes, i.e., calcification, when they are used in babies. In
this experiment, the original vein graft was absorbed, and
_the newly formed neointima was constructed with host cells
&s a completely autologous organ, resulting in no calcifica-
tion in the graft wall.

Polyester fibers” used for reinforcement have proved to
be a reliable material for implantable artificial organs. There-
fore, growable grafts can permanently maintain their final
size because of the reinforcing polyester mesh. As to im-
munogenicity of the graft, we clarified that cross-linking by
hydrophilic reagents made the materials less antigenic, just
as are those treated by glutaraldehyde. For these reasons,
there should be no major problems in using these grafts for
clinical purposes.
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Evaluation of a New Vascular Graft Prosthesis
Fabricated from Ultrafine Polyester Fiber

Y. NoisHikl, K. WATANABE, M. OKAMOTO, Y. KIKUCHI, AND Y. MORI

The major important properties of vascular grafts are com-
pliance, suturability, and healing.

A high-porosity graft that is loosely woven or knitted sat-
isfies the above described properties' but has the problem
of severe blood leakage through its wall, especially during
the administration of anticoagulants.” For this reason, the
high-porosity graft is not acceptable as a graft for the thoracic
aorta or as a composite graft with a heart valve. Lately, low-
porosity grafts have become widely used for these purposes.
In the low-porosity grafts developed so far, however, there
are problems such as difficulty in anastomosis because the
surgical needle cannot penetrate the rigid, tightly woven, or
knitted structure. Another serious problem with low-porosity
grafts is delayed and uneven endothelialization, because its
dense texture does not provide enough sites at which this
can occur. In order to eliminate these drawbacks, we have
developed a new low-porosity graft (SS-G) using ultrafine
polyester fibers (UFPF) with a diameter of 3 um or less.

In this study, we report the preparation, mechanical prop-
erties, and animal implantation testing of the SS-G.

Materials and Methods
Preparation of the 55-G

The SS-G was prepared by the following processes: 1) Tube
formation: UFPF (thickness: about 3 um) and ordinary poly-
ester fibers (OPF) {thickness: about 16 um) were used as the
front and back yarns in the weft backed woven method. The
preparation and fabrication of UFPF have been reported in
detail elsewhere.? 2) Napping of the UFPF: The front surface
of the tube was napped by a nap-raising machine. 3) Ravel-
proofing: The front surface of the tube was treated by a water
jet machine. 4) Exchange of the front (outer) and back {(inner)
surfaces: The tube was turned inside out and crimped. After
these procedures, the SS-G has an inner surface composed
of napped UFPF.
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Measurements of Physical Properties

Compression behavior of the grafts was measured both in
a tube configuration and as fabric using a RHEOROBBOT
(Kyowa Company, Ltd.).

Water permeability was measured by standard methods,’
and resistance to raveling was examined by cutting the end
of the grafts on the bias.

In Vivo Experiments

Forty-five healthy mongrel dogs of both sexes, weighing
8 to 12 kg, were used as test animals. The S5-Gs (8 mm in
inside diameter and 5.7 cm in length) were implanted in the
thoracic descending aorta of 30 dogs for up to 375 days. As
controls, Cooley Veri-Soft grafts {Cooley graft, Meadox; in-
dicated water permeability, less than 130 ml/min/cm?) were
implanted in the remaining 15 dogs in the same manner.

All specimens excised were submitted to light and scanning
electron microscopy.

The specimens for light microscopy were fixed with 1%
glutaraldehyde in 0.2 M phosphate buffer, pH 7.4, and
embedded in a hydrophilic resin (JB-4, Polyscience, Inc.).
The cross sections were examined with hematoxylin and
eosin stain, as well as Weigert's elastic fiber stain. Specimens
for scanning electron microscopic observation were fixed
with 1% glutaraldehyde in 0.2 M phosphate buffer, pH 7.4,
and stained with a 1% OsO, solution. Specimens were de-
hydrated in a graded series of ethanols and in amylacetate,
then critical-point dried with carbon dioxide and spattered
with gold palladium. The examination was performed with
a JSM-50A scanning electron microscope (JEOL, accelerating
voltage: 15 kV).

Results
Preparation of the Grafts

SEM observations of the cross-sectional and the inner sur-
faces of the $S-G and Cooley graft are shown in Figures 1A
and B, respectively. It should be noted that the difference
in fiber diameter between UFPF and OPF is very large. In
the S$-G, the napped and entangled UFPF's were seen on
the inner surface, while in cross section, the tightly woven
and entangled UFPF and OPF for reinforcement on the outer
side were observed. The cut end shows no raveling. On the
other hand, the Cooley graft was constituted of tightly woven

23%
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to cause much speedier healing of the high-porosity graft.
The color change in the initial clot layer from red to white
at 3 days after implantation of the SS-G in Figures 4A and B,
which indicates the change of the clot to a fibrin layer, took
place as promptly in the high-porosity graft, but in the SS-G
the initial clot formation remained in the brushed layer, and
no further growth was noticed. Consequently, the clot layer
of the SS-G was very thin (10 to 100 gm). In the Cooley graft,
however, the color change from red to white was significantly
delayed, and overgrowth of the initial clot always occurred.
These findings suggest that the extremely pliable UFPF on
the inner surface of the SS-G effectively prevents overgrowth
of the initial clot, leading to rapid endothelialization. How-
ever, the mechanism has not as yet been clarified.

In the Cooley grafts, endothelialization took place only in
the vicinity of the anastomotic line but did not move to the
central area, even after long-term implantation (360 days),
as shown in Figure 5F, while in the SS-Gs endothelialization
was noticed in the middle part of the grafts early on (42
days), as shown in Figures 6A and B. In low-porosity grafts
like these, the tightly woven structure is said to prevent the
formation and extension of colonies of endothelial cells, de-
rived from the capillaries, infiltrating from the outside of the
graft. Therefore, we suspect that the early central endothe-
lialization of 55-Gs occurs as follows: At the anastomotic re-
gion, the endothelial cells actively proliferate and, carried by
the blood flow,® adhere to the middle surface of the S5-G,
because the thin and even fibrin layer formed on its surface
provides good scaffolding. This colony formation significantly
accelerates the healing process of the $5-G.

Another conspicuous characteristic of the SS-G is shown
in Figure 54, in which numerous fibroblasts can be seen
infiltrating into the fibrin layer over the brushed UFPF, some-
thing not seen without UFPF. This finding suggests that UFPF
provides a suitable microenvironment for the infiltration and
proliferation of these cells, which accompany capillary for-
mation on the graft surface, leading to induction of endo-
thelial cell colonies. The reddish surface at 7 to 35 days (Fig-
ure 4C) shows this capillary formation. In addition, it seems
that formation of a neointima, i.e., infiltration and proliferation
of fibroblasts and other cells, significantly accelerates the
proliferation of endothelial cells by releasing cell growth fac-
tors. On the other hand, in conventional low-porosity grafts,
such healing was markedly delayed, even after long-term

implantation, as shown in Figures 5F and F. This poor healing
is considered to be caused by overgrowth of the initial clot,
delayed change to a thin fibrin layer, and no infiltration and
no proliferation of cells on the inside surface of the graft. It
is therefore concluded that the extremely fine fiber used in
the SS-G improves the softness, pliability and the healing
seen in conventional low-porosity grafts. Furthermore, as
shown in Figure 5D, vasa vasorum was clearly seen in the
neointima of the 5S-G surface implanted for 375 days. Such
formation is thought to prevent degenerative changes such
as calcification, hyalinization, and arteriosclerosis and leads,
as well, to long-term stabilization of the neointima.?? It seems
clear, therefore, that the healing process strongly depends
on the thickness of the fiber. Studies on the correlation be-
tween the cross-sectional shape of the fiber and the healing
process are in progress.

These findings suggest that fine fibers, which provide a
suede-like fabric, are a promising material applicable to not
only vascular grafts, but to a variety of artificial organs as
well.
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Discussion

Dr. ButT: Let me just ask you what suture material you
used for sewing these grafts?

DRr. NoisHIkI: Usually we use 5-0 Tevdek.

DR. NGHIem: Could you comment about the compliance,

the elasticity of this graft as compared to other vascular
prostheses?

Dr. NoisHiki: The graft is very compiiant as compared to
the Cooley graft, it is about eight times softer and expandable.

The participants in the discussion are identified as fol-
lows: Khalid M. R. Butt, MD, State University of New
York, Downstate Medical, Brooklyn, New York, and Dai
M. Nghiem, MD, The University of lowa Hospitals and
Clinics, lowa City, lowa.
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INTRODUCTION

There are several kinds of vascular graft prostheses, such as fabric Dacron
prostheses, biological grafts, EPTFE grafts, cell seeding grafts, chemically treated
commnective tissue tube grafts, etc. They have been used safely in clinic, although with
advantages and disadvantages. The biggest disadvantages are the poor healing ability
of the neointima and lack of antithrombogenicity. Therefore, they cannot be used as
venous and small diameter arterial grafts. For example, fabric Dacron prostheses have
no natural antithrombogenicity. The surface is covered with fresh thrombi for a long
period of time after implantation. Endothelialization of the grafts is limited to areas
near the anastomotic sites. Conversely, EPTFE grafts have been expected to prevent
thrombus formation. The grafts are hydrophobic and have less adhesive property.

ey can prevent the hydrophilic substances, but, hydrophobic substances can adhere
to it followed by thrombi. Biological grafts are also not antithrombogenic and have
a thrombus layer on the lumenal surface. If these grafts have an excellent healing
ability of the neointima, they can maintain their patency for long periods of time with
a powerful anticoagulant therapy just after implantation.

To accelerate the endothelialization, or to maintain the antithrombogenicity of
the grafts before the endothelialization, we developed our own methods which showed
satisfactory results in animal studies. In this communication, four types of vascular
prostheses will be displayed. One is a heparinized hydrophilic polymer graft which has
an antithrombogenic property®. The graft showed problems in long-term
implantation. Other three are new types of grafts, i.e., a temporally antithrombogenic
biological graft which can be reconstructed by host cells®, a fabric prostheses
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transplanted with autologous tissue fragments®, and a fabric prosthesis fabricated with
ultrafine polyester fibers®.

VASCULAR PROSTHESIS MADE OF
AN ANTITHROMBOGENIC POLYMER

We have developed a heparinized hydrophilic polymer utilizing an ionically-bound
heparin in order to render excellent antithrombogenicity for a long period®. This
material has been successfully applied to medical devices, such as catheters, drainage
tubes, ascites tubes and chambers of blood pumps®. As previously reported, its
thromboresistance is caused by the continuous release of a certain amount of heparin
from the surface into the blood stream. In this experiment we have applied this
heparinized polymer to vascular prostheses by making it porous in order to render
pliability and ease of suturing.

Materials and methods

Preparation of heparinized hydrophilic polyurethane (H-USD): The cationic
hydrophilic polyurethane (USD) was synthesized by blending N,N-dimethylacetamide
(DMAC) solutions of segmented polyurethane (Lyra T-127, DuPont, polymer
concentration: 14 wt%) and DMAC solution of a cationic copolymer (SD*) was
synthesized by radical copolymerization of methoxypolyethyleneglycol methacrylate
(SM) of 60 wt% and N,N-dimethylaminoethyl methacrylate (DAEM) of 40 wt% in
DMAC at 45°C for 30 hours using azodimethylvaleronitrile as an initiator and
subsequently by quarternizing dimethylaminoethyl groups at 55°C for two hours using
ethylbromide. Heparinization was achieved by ionically binding heparin to the
quarternized nitrogen groups of USD polymer after fabrication.

Preparation of the vascular prosthesis: The cylindrical glass mandrils, ranging
from 3 to 8 mm in diameter, were dipped into the DAMC solution of USD polymer
(polymer concentration: 1 wt%), dried under varying conditions and subsequently
dipped into the N,N-dimethylformamide (DMF) solution of the segmented
polyurethane (polymer concentration: 10 wt%). For the purpose of reinforcement,
polyester mesh of fiber was incorporated in the coating layer of the segmented
polyurethane. Without drying the coated segmented polyurethane layer, the mandril
was immediately soaked in distilled water to precipitate the polymer by substitution
of water for the solvents (DMF and DMAC) involved in the polymer matrix. Then
the polymer coating layer was slipped over the mandril and soaked in distilled water
at room temperature for one day in order to extract the residual solvents and
unreacted monomers. Heparinization of the USD coating layer was carried out in 3
wt% sodium heparin aqueous solution at 60°C for two days. The average heparin
concentration in the H-USD layer measured by electron probe x-ray microanalyzer
(EMX) was 15 wt%.

In vivo experiments: Seventy-three healthy mongrel dogs of both sexes weighing
6 to 12 kg were used as the test animals. Forty prostheses were implanted in the
aortas of 40 dogs. A 5.5 cm segment of the thoracic aorta was resected and replaced
by the prosthesis (8 mm in internal diameter and 5.7 cm in length). The implantation
periods ranged from one to 575 days.

Twenty-eight prostheses were implanted in both the external iliac arteries of 14
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dogs. The segments of both the external iliac arteries (3 to 5 cm long) were excised
and replaced by the prostheses (3 mm in internal diameter and 4 to 7 cm in length).
The implantation periods ranged from one to 98 days.

Nineteen prostheses were implanted in the inferior vena cavae of 19 dogs. A 2
cm segment of the inferior vena cava was resected and replaced by the prosthesis (8
mm in internal diameter and one to 3 mm in length). The implantation periods
ranged from one to 309 days. In all experiments, antibiotics were used at the time of
operation, but no anticoagulants were used at any time.

Angiographical examination: In the thoracic descending aorta and the inferior
vena cava, the occlusion of the implanted prosthesis was confirmed by death of the
animal. In the external iliac artery, however, the occlusion of the implanted prosthesis
did not cause death, so that translumbar aortographic studies were performed in the
animals with the prostheses implanted for more than one month in order to assess the
patency.

Observations: The specimens for light microscopy were fixed with 10%
formaldehyde aqueous solution and then embedded in paraffin and examined using
Weigert elastic fiber stain, as well as hematoxylin and eosin. The specimens for
Jcanning electron microscopy were fixed with 2.5% glutaraldehyde in phosphate
buffered saline solution (PBS) and stained with 1.09% osmium tetroxide aqueous
solution at 4°C. The fixed specimens were dehydrated in a graded series of
ethylalcohol and in amyl acetate, then critical-point dried with carbon dioxide, and
coated with gold palladium. The examination was performed with a JSM-S0A
scanning electron microscope. The specimens for transmission electron microscopy
were dehydrated in a graded series of ethyalcohol and propylene oxide and then
embedded in epoxy resin (Epon 812). Ultrathin sections were cut and stained with
uranyl acetate and lead citrate. These stained sections were examined with a JSM-
100C electron microscope.

Results

All the prostheses implanted in the thoracic descending aorta were patent at the
time of removal. The average implantation period was 146 days. Twenty-one
prostheses out of those implanted in the external iliac arteries were patent and the
residual seven prostheses were occluded. The patency rate and the average
implantation period were 75% and 33 days respectively. In 19 prostheses implanted
in the inferior vena cavae, 14 prostheses were patent and five prostheses were
Jccluded. The patency rate and the average implantation period were 74% and 56
days, respectively.

Autopsy findings demonstrated that the occlusion of three prostheses implanted
in the external iliac arteries for 28, 60 and 98 days was caused by pannus formation
in the anastomotic lines. In addition, in the prostheses implanted in the inferior vena
cavae for 23, 72 and 111 days, the occlusion was caused by the similar pannus
formation. The occlusion was observed at the early stage (5 to 7 day-implantation)
in the external iliac arteries; in the inferior vena cavae failure was due to thrombi
formed in the anastomotic lines by technical failure.

One translumbar aortographic observation of a prostheses implanted in both
external iliac arteries for 98 days, indicated that the right prosthesis was occluded and
the left prosthesis was patent. At the distal area of the anastomotic site a small
pannus was noticed in the photography.
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Antithrombogenic polymer prevents not only the thrombus deposition but also pannus
adhesion. The graft cannot control the pannus growth. Therefore, small diameter
graft and venous graft will be occluded easily with the pannus growth,

TEMPORAILLY ANTITHROMBOGENIC BIOLOGICAL GRAFT WHICH CAN
BE RECONSTRUCTED BY HOST CELLS

Biological materials have unique, fine structural and mechanical properties which
cannot be simulated by any current technologies. For example, arteries have ideal
hemodynamic shaped ramifications. Inside the arteries, they have uniquely and fine
structures specially suitable for cell inhabitation. They also have suitable mechanical
properties to accept and to pass the pulsatile blood pressure and flow. If we could use
these special properties and structures for biomedical materials, we could make
excellent artificial organs. One of the problems is antigenicity except for those of
autologous origin. Biodegradability of the materials is also one of the problems. To
reduce the biodegradability and antigenicity of the materials, chemical modifications

glutaraldehyde, dialdehyde starch, formaldehyde, and hexamethylene diisocianate
have been used; however, these treatments make the materials hydrophobic and stiff.
Glutaraldehyde is the most frequently used treatment, but it has cytotoxicity and
prevents cell infiltration inside the graft wall. To overcome these problems, we
introduced a new crosslinking reagent®. Another technology we have developed is the
heparinization of biological materials®®. Collagen is one of the major components of
the biological materials. It has unique properties for the host cells migration and
proliferation, and also for platelets adhesion and accumulation®™. Therefore, this
biological material is thrombogenic if used for cardiovascular artificial organs. To
reduce the thrombogenicity, we developed a heparinization method. With the
combined use of heparinization and the crosslinking method, a small diameter
biological graft was developed.

Materials and Methods

Cross-linking reagent used: The cross-linking reagents used were polyepoxy
compounds (PC), such as polyethylene glycol diglycidyl ether, glycerol polyglycidyl
ether, polyglycerol polyglycidyl ether, and sorbitol polyglycidyl ether (Nagase Chemical,
T.td., Osaka, Japan). In this study, polyglycerol polyglycidyl ether (PGPGE) was used.

s molecular structure and cross-linking reaction with collagen molecules are
illustrated in Fig. 3. The cross-linking reaction can be performed at room
temperature, and the specimens cross-linked with PCs become hydrophilic.

Preparation of the graft: A fresh carotid artery with an inner diameter of 2.5 to
3.0 mm was obtained from dogs. The artery was soaked in distilled water for one
hour and submitted to ultrasonic waves of 28 kilocycles for 20 seconds to produce cell
destruction. Cell debris was then removed by washing with distilled water. In this
way, a natural tissue tube composed of collagen and elastic laminae was obtained. A
2% protamine sulfate solution at pH 5.9 was poured into the natural tissue tube graft
lumen, and the graft was inflated with air at a pressure of 80 to 100 mmHg for 30 min
to force the protamine into the graft wall. The graft inflated with air pressure was
treated with a 5% PC solution in 50% ethanol and 0.1 M Na,CO, at pH 10.0 for five
hours to cross-link the tissue and covalently immobilize protamine impregnated into
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Results

Mechanical properties of the graft: Using the method of Hayashi et al,,
quantitative comprehensive wall stiffness of each specimen was calculated. From these
results, the vascular compliance of each specimen at 90 mmHg was also calculated.
The strength and elongation of each specimen was measured. The compliance of
native, GA treated and PC treated artery were 2.33, 0.80, 1.70 percent radial change
per mmHg x 1073, respectively. Elongation rates were 11.6, 57, 127 %, respectively.
Tensile strengths were 207, 127, and 199 g/mm? respectively.

Animal experiment: Heparinized grafts were white, pliable, and more elastic
than the yellowish controls. The inner surfaces of both grafts were shiny and smooth,
but the heparinized grafts were easier to suture and match to the host arterial wall.
There was no blood leakage through the grafts wall on implantation, and no kinking
occurred even when the grafts were bent.

Implanted grafts: All the grafts were patent at the time of the angiographic
examination. The inner surface of the grafts was smooth throughout its length, and
no stenosis or aneurysmal dilatation was observed in any of the grafts. At the graft
\;xplantation, the dogs were anesthetized with intravenous sodium pentobarbital, and
heparin 2 mg/kg was given intravenously to prevent clot formation. In the heparinized
graft, 79 were patent and three were occluded. In one dog, killed at 172 days after
implantation, a graft implanted in the right carotid artery was patent, but the graft in
the left artery was occluded. The occluded graft was soft and white, but anastomotic
lines were hard. An angiographic examination of the dogs performed at 40 days after
implantation, however, showed both grafts to be patent. Consequently, it was
considered that the graft occluded a certain period of time after the angiogram. In
another dog, killed at 11 days, the cervical wound was infected and the grafts
implanted in both carotid arteries were occluded. As these were the only grafts
occluded, the patency rate of the heparinized graft was 96%. All the patent grafts
were still as soft and pliable as the native artery. Within 100 days after implantation,
the inner surfaces were completely free from thrombus deposit. The surfaces were as
shiny, white, smooth, and glistening as those of the host arterial intima. In the case
of those grafts that remained in place for more than 100 days, slightly yellowish and
semitransparent small spots were sporadically observed on the surface.

The control grafts were occluded within one week after implantation, and they
were very hard and dark brown in color.

Scanning electron microscopic observations: Scanning electron microscopy (SEM)
Rvealed the inner surface of the heparinized grafts before implantation not to be
smooth,but to have a naked elastic lamina with many holes and wrinkles on the
surface. No endothelial cells were seen. After implantation,the surface was covered
with a layer of protein that was so thin that the structure of the elastic lamina could
be observed throughout it. On the surface of the grafts removed at less than 100 days,
there was neither fibrin deposition nor platelet aggregates, and the surfaces were
rough due to the wrinkles in the elastic lamina. At the anastomotic line, pannus was
first observed at 37 days and was noticed at each anastomotic line in all the grafts left
in place for more than 37 days. The size of the pannus was not longer than 1 mm
beyond the anastomotic line. The pannus was completely covered with endothelial
cells and adhered on the graft surface. After 106 days, there were small fibrin
deposits on the graft surface at the lines formed by the elastic lamina. Endothelial
cells were not observed on the inner surface of the center areas of any grafts after
periods as long as 172 days. However, in the cases of the grafts which remained in
situ for 389 and 429 days, the whole entire surfaces were covered with endothelial cells.
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Microscopic observations: Microscopic observations confirmed that there was
neither thrombus nor fibrin deposit on any graft before 81 days. The luminal surface
was composed of the internal elastic membrane, with no endothelial cells on the
surface. At the early stage, there was no foreign body reaction such as giant cell
infiltration on the outer surface of the graft. A small number of plasma cells were
observed a short period of time after implantation. At the anastomotic line of the
grafts implanted for more than 37 days, there were small panni covered with
endothelial cells seen by SEM to be adherent to the graft surface. The size of the
pannus grew with time. At more than 30 days, some macrophages were noticed in the
inter elastic luminal spaces near the luminal surface. Before implantation, these
spaces were occupied by disrupted smooth muscles cells, collagen, and elastic fibrils.
After implantation, macrophages gradually phagocytized the smooth muscle cells.
After more than two months, spaces containing only collagen and elastic fibrils were
observed. After more than six months, smooth muscle-like cells infiltrated these
spaces from the adventitial sides (Fig. 4). In the wall of long-term grafts, cells filled
spaces completely. In 75% of the spaces near the luminal surface, these elongated
cells were arranged circumferentially. The rest were oriented longitudinally. After
389 days, the central part of the inner surface was covered with endothelial cells,
which impinged directly on the surface of the elastic lamina. The structure of the
graft following long-term implantation closely resembled that of the native arterial
wall, and near the anastomotic line at 389 days a thick layer of pannus with an
endothelial cell lining covered the surface. The pannus adhered on the graft surface.
The thickness of the pannus was about 30 pm. There was no foreign body reaction
in the long-term specimens and no degenerative changes such as hyalinization,
calcification, or arteriosclerosis.

Concentration of heparin in graft: Before and after the implantation, the total
amount of heparin in the graft was measured. The results indicated that the amount
before implantation was about 7.0 units/cm?, but in specimens in place for more than
80 days, there was no heparin in the graft wall. This was confirmed for grafts in place
for 106, 153, 172 and 389 days.

Discussion

Antithrombogenicity and compliance are both important factors in small-caliber
vascular grafts. ~We previously developed a method that would afford
antithrombogenic properties to collagenous biomaterials, such as vascular grafts made
from carotid arteries® and ureters®™. This method was very effective in preventing
thrombus formation for both small caliber arteries and large vein vascular grafts. The
mechanism is as follows. Heparin is bound ionically to protamine that has been
previously covalently linked to the materials, so that the heparin is slowly released
following implantation. This slow release of heparin can prevent fibrin formation on
the graft surface. As the heparin is gradually desorbed, the graft becomes naturally
antithrombogenic because endothelial cells begin to cover the graft surface.
Consequently, the graft can remain permanently antithrombogenic by
endothelialization. Animal experiments revealed that this method produces stable
antithrombogenicity in small-caliber arterial grafts. In previous preparations of this
heparinized graft, the protamine impregnated into the graft wall was cross-linked with
GA under conditions of graft inflation, and although the graft showed no thrombus
formation on its surface following implantation, the graft became less pliable and
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yellow with time. These changes occurred because when the graft was treated with
GA to cross-link the protamine to its wall, it also cross-linked the protamine to the
collagen molecules inside the graft wall. While GA cross-linking makes the materials
less biodegradable, insoluble, and less antigenic, it makes the materials less flexible.
Recently, other adverse effects of GA treatment have been reported.

To overcome these difficulties, a new cross-linking method was introduced. A
marked difference in appearance between materials treated with GA and PC is their
color: GA treatment makes the materials yellow, but PC makes them white. There
are also marked differences in their softness and elasticity. In long-term animal
experiments, those treated with PC maintained their elasticity. This natural
compliance during implantation seems to be very important in obtaining permanent
patency of small-caliber vascular grafts. Another characteristics of the PC treatment
is the hydrophilic property imparted to the material, which is important for its affinity
with the host tissue and makes the graft more nonthrombogenic.

Reconstruction of an arterial wall with the graft was most successful with smooth
muscle-like cells infiltrating the graft wall. We observed the healing process of an
implanted fabric Dacron vascular prosthesis and note that the smooth muscle cells
infiltrated the neointima of the graft and were arranged parallel to the direction of the
tensile stress upon the graft wall®, If the tensile stress is not present, smooth muscle
cells seldom appear. The appearance of such cells in the graft treated with PC
suggested that there is enough compliance of the graft to induce the migration of these
cells. In case of GA-treated grafts, the environmental condition in the graft wall is
considered to be insufficient for the infiltration of the smooth muscle-like cells. The
grafts cross-linked with GA become yellowish and lose their elastic characteristics. By
contrast, PC cross-linked grafts maintain their natural vessel compliance and are
stronger than the original vessel, thus providing excellent suturability and compliance
match. Furthermore, the PC cross-linked grafts are hydrophilic because of hydroxyls
in the molecular structure, while the GA cross-linked grafts are hydrophobic. In this
report, the PC cross-linked graft has superior antithrombogenic characteristics because
the high hydrophilicity may give the material antithrombogenicity®. It has another
merit with regard to antithrombogenicity in that it becomes weak-negatively charged
after the cross-linking. This was because e-NH, groups in the collagen molecules were
used for the cross-linking, and these increased the carboxyl groups relatively. The
weak charge in negativity contributes to the antithrombogenicity of the materials
because of the prevention of platelet aggregation on the negatively charged surface.

From these results, we can conclude that the combination of short-term
antithrombogenicity of slow released heparin followed by the permanent
antithrombogenicity of endothelialization, together with the natural tissue compliance
of these grafts, were the major reasons for their success as small caliber vascular
grafts.

A FABRIC VASCULAR PROSTHESIS TRANSPLANTED
WITH VENOUS TISSUE FRAGMENTS

Endothelialization of vascular grafts in human is extremely delayed’®. Most of
the grafts implanted are not endothelialized, and are covered with fresh thrombi for
a long time after implantation except for those areas near anastomotic sites.
Endothelial cell seeding methods have been attempted for the past decade®™. Some
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of them have produced satisfactory experimental results, but they remain unavailable
for general use, as they require special cell culture techniques and facilities. They are
also not available for emergency use, since the cell culture requires an extended
period of time. Recently, we developed a new method to seed tissue fragments which
contained endothelial cells, smooth muscle cells and fibroblasts™®. This mixed cells
seeding was very effective in making a new arterial wall in vivo. With this method,
we made a fabric vascular prosthesis transplanted with autologous venous tissue
fragments into the wall.

Materials and methods

Preparation of the graft: A highly porous fabric vascular prosthesis (Microknit,
Golaski Laboratories, Inc., Philadelphia, PA; Water porosity: 4,000 ml) was used as
the framework of the graft. The prosthesis was connected with a syringe through a
three way stopcock, and was enveloped by a transparent bag connected to the three
way stopcock through a tube. A piece of peripheral vein weighing about 0.3 g was
obtained, cut into tiny fragments, and stirred into 20 ml of saline, thereby creating a
tissue suspension. This suspension was sieved through the wall of the prosthesis by
strong injection with a syringe. The residual suspension that passed through the
prosthetic wall was suctioned again through the connective tube. The prosthesis was
then implanted as a vascular graft into the same dog from which the vein used had
been resected.

Implantation of the prostheses: Forty adult mongrel dogs, weighing 8-12 kg were
used. The seeded grafts, 7 mm ID and 5.7 cm in length, were implanted into the
descending aortae of 25 dogs. Fifteen preclotted prostheses (Microknit) were also
implanted as controls.

Graft harvesting: Implanted grafts were harvested at from 1 to 61 days after
implantation. Before harvesting, sodium heparin (100 IU/kg) was intravenously
administrated to prevent clotting. After removing the prostheses, the kidneys of each
animal were resected and examined for fresh, trapped microemboli.

Histologic examination: The specimens were fixed with 1% glutaraldehyde in
phosphate buffer, pH 7.4, and embedded in hydrophilic resin (JB-4, Polyscience Inc.,
Warrington, PA). Sections were stained with hematoxylin and eosin, PAP method, and
Van Kossa stains.

Results

Implantation of the graft: Grafts seeded with tissue fragments were soft and
pliable (Fig. 5), and there were no bleeding complications postoperatively, while in the
control grafts, problems occurred after surgery. Three of 15 control animals (20%)
bled into the pleural cavity and died within 24 hours after implantation.

Graft harvesting: Both the seeded and control grafts were patent at the time of
harvesting, In the tissue fragments graft, fresh red thrombi adhered to the luminal
surface just after implantation. The next day, the luminal surface became white with
small spotted thrombi. On the third to fifth day, the luminal surface became whiter,
and at 14 days, the surface was completely white, without any thrombus. No
macroscopic changes were observed up to the two months observation period. In the
control graft, the luminal surface was covered with fresh thrombi, except at
anastomotic sites, at two weeks after implantation. After two months, the center area
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In this experiment, three kinds of cells - fibroblasts, smooth muscle cells, and
endothelial cells - migrated and proliferated at the same time from the fragments.
This is a very unique phenomenon, that is not observed previously in cell culture.
‘When fibroblasts and endothelial cells are culture in a petri dish, endothelial cells are
suppressed and fibroblasts proliferated to form a confluent layer. However, in this in
vivo experiment, we noticed the three cells migrated and proliferated together.
Endothelial cells produced capillaries, and rose to the inner surface of the graft to
face the blood stream. Accordingly, smooth muscle cells made a multilayer beneath
the endothelial cells, and fibroblasts crawled down under the smooth muscle cells layer
around the polyester fibers. This phenomenon suggests that growth of these cells was
controlled by their physiological environment.

Mixed cell culture of different types have been reported to behave uniquely. For
example, in the case of an experiment of a skin equivalent substitute?, epidermal cells
cannot make a satisfactory membrane by themselves. Fibroblasts are necessary as a
feeder cells underneath the epidermal cells. In case of the neointima, endothelial cells
cannot produce a stable neointima by themselves. With the smooth muscle cells or
fibroblasts underneath, endothelial cells can maintain a more stable condition. Also,
smooth muscle cells and fibroblasts cannot maintain stability without the protection
of the endothelial cells.

These results in this experiment show the efficacy of transplantation of venous
tissue fragments into vascular prostheses, and the possibility of overcoming delayed
neointimal healing in humans.

FABRIC PROSTHESIS WITH HIGH CELL AFFINITY
FABRICATED WITH ULTRAFINE POLYESTER FIBERS

After the detailed animal and clinical experiments of Wesolowski, a highly porous
fabric vascular prosthesis is recommended because of the high healing ability of the
neointima®®, For this purpose, many preclotting methods have been developed to
seal the highly porous grafts before implantation®®. In clinic situations however, such
a highly porous graft cannot be used due to bleeding through the graft wall®. Even
after a perfect seal using these reliable preclotting techniques, the grafts have the
possibility of bleeding due to the fibrinolysis. In the clinic, middle or low porous
fabric grafts have been used to prevent postoperative bleeding. But these grafts show
little endothelialization. Special methods such as an immobilization of growth factors
have been tried, without success. For these reasons, a fabric vascular prosthesis with
the high healing capability of the neointima has been desired. Recently we developed
a new graft fabricated from ultrafine polyester fibers. Our animal experiment
revealed that fibroblasts adhere onto the ultrafine polyester fibers very avidly. We
believe that these phenomena are from the basic affinity of the cells to the graft, i.e.,
the cells want to adhere to the sharp edge or fine fibers. We term this behavior
"contact guidance." The vascular prosthesis fabricated from ultrafine polyester fibers
can accumulate many host cells, which will require their nutrition. Therefore after
migration and proliferation of these cells, capillary blood vessels will follow, resulting
in a natural angiogenicity. Using the behavior of these cells, we developed a special
vascular prosthesis.

Materials and methods

Preparation of the graft: The graft was prepared by the following procedures:
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1) Tube formation: Ultrafine polyester fibers (UFPF), thickness: about 3 pm and
ordinary polyester fibers (OFP), thickness: about 16 pm were used as the front and
back yarn in the weft-backed woven method. The preparation and fabrication of
UFPF have been reported in detail elsewhere®™. Napping of the UFPF: The front
surface of the tube was napped by a nap-raising machine. 3) Ravel proofing: The
front surface of the tube was treated by a water jet machine. 4) Exchanges of the
front (outer) and back (inner) surfaces: The tube was turned inside out and crimped.
After these procedures, the graft has an inner surface composed of napped UFPF.
In vivo experiments: Forty-five healthy mongrel dogs of both sexes, weighing 8
to 12 kg were used as test animals. The grafts (8 mm in internal diameter, and 5.7
cm in length) were implanted in the thoracic descending aortae of 30 dogs for up to
375 days. As controls, Cooley Veri-Soft grafts (Cooley graft, Meadox Inc., indicated
water porosity: less than 130 ml) were implanted in the remaining 15 dogs in the
same manner. All specimens excised were submitted to light and scanning electron
microscopy. The specimens for light microscopy were fixed with 1% glutaraldehyde
in 0.2 M phosphate buffer, pH 7.4, and embedded in a hydrophilic resin (JB-4,
folyscience, Inc.). The cross sections were examined with hematoxylin and eosin stain,
s well as Weigert’s elastic fiber stain. Specimens for scanning electron microscopic
observation were fixed with 1% glutaraldehyde in 0.2 M phosphate buffer, pH 7.4, and
stained with a 1% OsO, solution. Specimens were dehydrated in a graded series of
ethanols and in amilacetate, then critical point dried with carbon dioxide and spattered
with gold palladium. The examination was performed with a JSM-50-A scanning
electron microscope (JEOL, accerelating voltage:15kV).

Results

Preparation of the graft: SEM observations of the cross-sectional and the inner
surfaces of the graft and control Cooley graft are shown in Fig. 7a and 7b, respectively.
It should be noted that the difference in fiber diameter between UFPF and OPF is
very large. In the graft, the napped and entangled UFPF's were seen on the inner
surface, while in cross section, the tightly woven and entangled UFPF and OFP for
reinforcement on the outer side were observed. The cut edge shows no raveling. On
the other hand, the Cooley graft was constituted of tightly woven plain OPF alone,
without napped fibers which ravels easily. Water permeabilitys of the graft and
Cooley graft were 92.6 and 134 ml/min./cm?, respectively.

In vivo experiment: Because the graft was soft and pliable, fitting and suturing
)t to the aortic wall became significantly easier. Although no preclotting was
performed, blood leakage through the wall of the graft was minimal because of the
dense structure. Blood infiltrated no further than into the whole cloth, which turned
reddish but did not leak. On the other hand, the rigidity of the control graft caused
difficulties in fitting and suturing and, in several cases, the surgical needle became
bent. All the grafts were patent at the time of harvesting. The following healing
processes were macroscopically noted in the graft. The red color was seen two hours
after implantation, but the surface turned white in three days. during a period of
seven to 37 days after implantation, the suture turned gradually reddish again,
followed by a final change to yellow. After 42 days of implantation, white, glistening
areas developed as in growths of the host vessel at both ends of the graft, and
occasionally similar areas were noticed more centrally, These areas gradually grew
to cover the whole of the surface in three months. The surface remained white and
glistening for a long period of time, In the control grafts, however, severe clotting
occurred immediately after implantation. At the anastomotic sites, healing of the
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Discussion

Ultrafine polyester fibers (UFPF, about 3 pm in thickness) are used for making

the suede-like fabric "Ultrasuede” (U.S.A)), "Alcantare” (Europe), "Ecsaine" (Japan)
produced by Toray Industries, Inc. The fabric is brushed to provide a velvetlike feel
to the surface. Accordingly, the vascular grafts fabricated from such very fine fibers
are soft and pliable, regardless of their dense textures, and have a low porosity.
Permeability of the grafts (water permeability: about 93 ml) is much lower than that
of conventional high-porosity grafts (water permeability: 1,200 to 2,00 ml) made from
ordinary polyester fibers (OPF, about 16 pm in thickness). Therefore, the grafts are
expected to solve some of the problems found with implantation of conventional low-
porosity grafts. For example: 1) Difficulty in fitting and suturing to an aorta which is
stiffened due to arteriosclerosis and calcification, which can lead to severe bleeding
at the anastomotic line. 2) Low-porosity grafts which ravel easily at their cut ends
because of their plain woven structure and can be brushed to prevent raveling as a
result of its fiber entanglement created thickness. 3) Formation and stabilization, or
he healing process is significantly delayed compared with that of high-porosity grafts
ecause the tightly woven structure reduces the number of interstices among the
fibers, which play an important role as scaffording for cell adhesion and infiltration.

The most important property of a vascular graft is rapid and uniform
vascularization, which closely correlates with initial clot formation, and subsequent
adhesion and infiltration by endothelial and other cells. In the high-porosity grafts,
the quick change of initial clot to a fibrin layer occurs by the elution of erythrocytes.
This rapid shift is considered to cause much speedier healing of the high-porosity graft.
The color change in the initial clot layer from red to white at three days after
implantation of the graft, which indicated the change of the clot to a fibrin layer, took
place as promptly as in the high-porosity graft, but in the graft the initial clot
formation remained in the brush layer, and no further growth was noticed.
Consequently, the clot layer of the graft was very thin (10 to 100 pm). In the control
graft, however, the color change from red to white was significantly delayed, and
overgrowth of the initial clot always occurred. These findings suggest that the
extremely pliable UFPF on the inner surface of the graft effectively prevents
overgrowth of the initial clot, leading to rapid endothelialization. However, the
mechanism has not as yet been clarified. In the control grafts, endothelialization took
place only in the vicinity of the anastomotic line but did not move to the central area,
):en after long-term implantation, while in the grafts endothelialization was noticed

the middle part of the grafts early on (42 days).

A conspicuous characteristic of the graft is shown in Fig. 8a, in which numerous
fibroblasts can be seen infiltrating into the fibrin layer over the brushed UFPF,
something not seen without UFPF. This finding suggests that UFPF provides a
suitable microenvironment for the infiltration and proliferation of these cells, which
accompany capillary formation on the graft surface, leading to induction of endothelial
cell colonies. The reddish surface at 7 to 35 days shows this capillary formation. In
addition, it seems that formation of a neointima, i.e., infiltration and proliferation of
fibroblasts and other cells, significantly accelerate the proliferation of endothelial cells
by releasing cell growth factors. On the other hand, in conventional low-porosity
grafts, such healing was markedly delayed, even after long-term implantation. It is
therefore concluded that the extremely fine fiber used in the graft improves the
softness, pliability and the healing seen in conventional low-porosity grafts.
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Furthermore, vasa vasorum was clearly seen in the neointima of the graft surface
implanted for 375 days. Such formation is thought to prevent degenerative changes
such as calcification, hyalinization, and arteriosclerosis and leads, as well, to long-term
stabilization of the neointima. It seems clear, therefore, that the healing process
strongly depends on the thickness of the fiber. Studies on the correlation between the
cross-sectional shape of the fiber and the healing process are in progress.

These findings suggest that fine fibers, which provide a suede-like fabric, are a
promising material applicable to not only vascular grafts, but to a variety of artificial
organs as well.

SUMMARY

Four kinds of vascular graft prostheses were demonstrated in this communication.
One is a graft with an artificial antithrombogenic property. The other three have a
common concept, i.e., natural antithrombogenicity of endothelialization on their
luminal surfaces. For a small diameter vascular graft, antithroambogenicity is
essentially required. During the past two decades, antithrombogenic synthetic polymer
prostheses like a heparinized polymer graft displayed above have been studied. Some
of them showed marked ability to prevent platelets adhesion and fibrin deposit,
however, the properties were not long-term. The polymer materials were covered with
some blood components, such as proteins or cells. The materials were attacked by
these cells and enzymes. It has been very difficult to maintain the initial property
against the blood stream, because most of the materials cannot face the blood stream
directly after implantation. After the covering with such substances, the materials
have to act as the matrix for cell migration and proliferation, however, many of the
antithrombogenic polymer materials were not designed for this purpose and the cells
cannot obtain a stable anchoring on the surface. The floating pannus observed in the
antithrombogenic graft will be developed in this way.

Except as vascular prostheses for temporary use, most of the prostheses have to
be implanted for a very long-term, sometimes, more than 30 years. In the
implantatipn period, the initial stage just after implantation is very short. Therefore,
the vascular prostheses have to be designed to have a stable condition for the long-
term. To maintain the antithrombogenicity of vascular prostheses, it will be very
difficult with the properties of the synthetic polymer materials. Permanent
antithrombogenicity of endothelial cells is the best and natural method for this
purpose.

In this communication, three grafts were demonstrated to have stability of
neointima, which were covered with endothelial cells. Artificial antithroambogenicity
have to be effective within only very short period of time after implantation.
Heparinization in the biological materials is one example of a temporally used
antithrombogenicity. After the release of heparin, the graft has to provide the best
condition in structural and mechanical properties for cell migration and proliferation.
EPTFE graft is one of the samples with its incomplete structure. It had been believed
to have an antithrombogenic property on the luminal surface. PTFE is a very
hydrophobic material with poorly adhesive properties. Expanding gives it a flexible
property and microporous structure, which was expected to contribute the cell
anchoring. Ideally, antithrombogenic properties will prevent the cell adhesion, while
microporous structure will help the cell adhesion.
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Ultrafine polyester fibers accelerate the cell migration and proliferation, resulting
in a rapid neointima formation with endothelial cell lining. The biological graft
crosslinked with polyepoxy compounds can give a natural anchoring site for cell
habitation. The tissue fragments transplantation technology will contribute to rapid
neointima formation on the prosthesis. These technologies will be useful for the
development of vascular prostheses in future.

CONCLUSION

There are two concepts of the design of vascular prostheses with respect to
antithrombogenicity. One is artificial and another is natural. Our experimental data
showed that the former is suitable for the short-term use and the latter is for
permanent use. Some temporary antithrombogenicity will be helpful for the very short
period of time after implantation to maintain early stage patency before
endothelialization, however, basic structure of the vascular prostheses have to be
’}lesigned as a best matrix for the host cell migration and proliferations.
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Natural Antithrombogenic Surface Created In Vivo for an Artificial Heart
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Summary. Thromboses and embolisms arising from the
prosthesis surface are among the most significant problems
in artificial hearts. Although antithrombogenic polymer
materials have been developed to prevent thrombus forma-
tion, they have problems in long-term applications. While
the natural antithrombogenicity of endothelial cells is reli-
able, development of the cell lining requires long periods
after implantation. To overcome this problem, we devel-
oped a method to obtain rapid endothelialization by seeding
autologous venous tissue fragments. The rate of endothe-
lialization and the antithrombogenicity were evaluated in
a small-diameter vascular graft treated by this method.
A canine jugular vein was minced and suspended with
heparin. This was sieved through the wall of a fabric
prosthesis by pressurized injection, causing tissue fragments
to be trapped in the graft wall. Twenty out of 32 grafts were
patent up to 400 days, while all 12 control fabric grafts
with preclotting were occluded. The luminal surface at 1h
showed no thrombus deposition. At 1 month, complete
endothelialization was noted. There were no degenerative
changes in any neointimae of the explanted grafts. These
results indicated that heparin reduces the thrombogenicity
of collagen by electrostatic binding during endothelializa-
tion, and that a natural antithrombogenic surface can be
obtained by this method within a short period.

Key words: Antithrombogenicity — Endothelialization —
Neointima — Small-diameter vascular prosthesis — Tissue
fragment transplantation

Introduction

The luminal surface of the artificial heart faces the
blood-stream, and it thus requires antithrombogenic
properties to prevent thrombus formation on the
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surface. For this purpose, some synthetic polymers
with antithrombogenic properties, such as segmented
polyurethanes [1-3], rigid titanium [4], and biological
materials like gelatin [5] have been adopted. While
they showed adequate results over short periods,
some problems still remain for long-term application.
After long periods, the surfaces of these polymers are
covered with certain host substances, such as serum
proteins [6], and they cannot, therefore, function
in their original state, since they cannot directly
face the bloodstream. i.e., they are in a situation
which will not allow them to display their original
antithrombogenic properties by direct contact with
the bloodstream.

There is another way of obtaining antithrombo-
genic properties, i.e., via the natural antithrombo-
genicity of the endothelial cell lining [7]. Here we
introduce our new method of acquiring natural anti-
thrombogenicity on a fabric prostheses within a short
period after implantation.

Materials and Methods

To evaluate the antithrombogenicity of the material
treated by our new method, we adopted a test system
involving small-diameter vascular graft implantation
in the carotid arteries of dogs. Small-diameter vascular
prostheses require perfect antithrombogenicity to
maintain their patency over long periods.

Fabric Vascular Prosthesis Adopted with the New
Method

For this evaluation, we made a small-diameter vascular
prosthesis transplanted with autologous tissue frag-
ments, in accordance with a method described
previously [8,9]. A highly porous Dacron fabric
prosthesis (Microknit; Golaski, Philadelphia, Pa.;
water porosity, 4000 ml/cm? per min at 120mmHg)
was used as the framework of the graft.

A canine left jugular vein with its surrounding
connective tissue (10-cm-long; 2-gm weight) was
resected and minced with scissors into tiny (less than
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the graft acquired the natural and permanent anti-
thrombogenicity of endothelial cells.

One application of our new method has already
been reported to be successful, in a pilot study with
an artificial heart {19]. In that study, the luminal
surface with tissuc fragments seeded in the artificial
heart showed a uniform smooth surface with complete
endothelialization. As shown in this experiment and
in the results for the artificial heart, our new method
could be applicable not only to coating technology for
the artificial heart, but also in many artificial organs
which face the bloodstream for long periods.
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A method to accelerate the endothelialization of vascular
prostheses by seeding venous tissue fragments was devel-
oped. A piece of peripheral vein was obtained, chopped
into small fragments, and stirred into 20 ml of saline, mak-
ing a tissue suspension. This suspension was sieved through
the wall of a highly porous vascular prosthesis (water po-
rosity: 3,600-4,000). The prostheses, (7 mm ID and 5.7 cm
in length) seeded with tissue fragments, were implanted
into the thoracic descending aortae of 20 dogs, and were
removed from 1 to 371 days after implantation. Ten pros-
theses, preclotted with fresh blood, were used as controls.
In the seeded grafts, an infinite number of endothelial cells
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migrated and proliferated from the fragments. These had
produced numerous capillaries by 5 days after implantation
that had reached and opened onto the luminal surface of
the prosthesis. From these openings, numerous endothelial
cells spread out and formed colonies. With the increase in
the size of the colonies, the inner surface was completely
endothelialized within 5 weeks. This quick neointimal for-
mation by seeding venous tissue fragments might be appli-
cable to several artificial organs. ASAIO Transactions 1990;
36: M346-M348.

/A\ntithrombogenic vascular prostheses will not become
covered with thrombus or neointima.' After implantation of
thrombogenic vascular prostheses, such as fabric Dacron
grafts, their inner surfaces will be covered with a thin
thrombus layer. Following this, fibroblasts and smooth mus-
cle cells migrate inside, and endothelial cells cover the inner
surface, forming a permanent and natural antithrombogenic
surface.®® This neointima formation is observed in animal
experiments, but in humans endothelialization is delayed
with the surface remaining thrombogenic long after implan-
tation.> To overcome this problem, we evaluated a method
to accelerate endothelialization by transplantation of
venous tissue fragments into a fabric vascular graft wall,
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were soft and pliable. Consequently, fitting and suturing to
the aortic wall was very easy, and almost no leakage of
blood was noticed at the suture lines. After implantation,
there was no sign of separation of the seeded tissue frag-
ments from the graft wall.

Resected Specimens From Animals

Both the seeded and control grafts were patent at the time
of harvesting. There were no differences in gross appear-
ance of the outer surfaces; however, significant differences
were seen on the inner surfaces of the grafts left in place for
more than 5 days. Just after implantation, the inner surfaces
of the grafts were covered with a fresh thrombus layer, and
colored red. By the next day, the redness was reduced, and
on the third day, the color of the inner surface turned white.
Inner surfaces of the seeded grafts thereafter remained
white and smooth, and subsequently became shiny. There
were no degencrative changes in the long-term specimens.
In contrast, the inner surfaces of the control grafts at 7 days
had numerous micropolypoid, rough areas, which became
thick and red colored. At 10 days, these areas increased
their size and thickness, and after 20 days, they showed a
red confluent granulation-like tissue covered with fresh
thrombus. Only the anastomotic sites remained white.
These white areas gradually spread out from the anasto-
motic line, with a 52 day specimen revealing a 7 by 2 mm
white area from the proximal and distal anastomotic lines,
respectively; at 122 days, they were about 2.5 and 2 cm,
respectively, but the middle of the graft still showed granu-
lation-like tissue with fresh thrombus.

Microscopic Fxaminations

By means of light microscopy, the graft wall showed many
fragments from the venous tissue seeding. After 3 days, nu-
merous fibroblasts migrated from the fragments, and after 5
days endothelial cells migrated and proliferated inside the
graft wall, forming capillaries that became confluent. There
were no erythrocytes in these capillaries. At 7 days, some
reached the inner surface and opened to the lumen of the
graft, producing colonies of endothelial cells on the surface.
These capillaries contained erythrocytes. After 14 days,
much of the inner surfaces were covered with a layer of
endothelial cells, and at 35 days, this layer was complete.
Many smooth muscle cells were noticed under the endothe-
lial cells, producing a multilayer. Fibrablasts located under
the smooth muscle cell layer surrounded the palyester
fibers with collagen fibrils. Neointima formation was already
completed in this 5 week specimen. Upon long-term obser-
vation, there were no degenerative changes, such as ulcer-
ation or calcification, on the neointimae. In contrast, in the
control grafts, endothelial cells were noticed only at the
anastomotic sites at 14 days, where endothelialization
began. In the 54 day specimen, only areas near the anasto-
moses were endothelialized, and at 122 days, a fresh
thrombus adhered to the center area of the graft, without
any endothelialization.
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