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Nitric Oxide-Releasing Polymers Containing the [N(O)NO]~ Group
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lons of structure X[N(O)NO]~ display broad-spectrum pharmacological activity that correlates
with the rate and extent of their spontaneous, first-order decomposition to nitric oxide when
dissolved. We report incorporation of this functional group into polymeric matrices that can
be used for altering the time course of nitric oxide release and/or targeting it to tissues with
which the polymers are in physical contact. Structural types prepared include those in which
the [N(O)NO]~ group is attached to heteroatoms in low molecular weight species that are
noncovalently distributed throughout the polymeric matrix, in groupings pendant to the polymer
backbone, and in the polymer backbone itself. They range in physical form from films that
can be coated onto other surfaces to microspheres, gels, powders, and moldable resins.
Chemiluminescence measurements confirm that polymers to which the [N(O)NO]~ group is
attached can serve as localized sources of nitric oxide, with one prototype providing sustained
NO release for 5 weeks in pH 7.4 buffer at 37 °C. The latter composition, a cross-linked poly-
(ethylenimine) that had been exposed to NO, inhibited the in vitro proliferation of rat aorta
smooth muscle cells when added as a powder to the culture medium and showed potent
antiplatelet activity when coated on a normally thrombogenic vascular graft situated in an
arteriovenous shunt in a baboon’s circulatory system. The results suggest that polymers
containing the [N(O)NQO]~ functional group may hold considerable promise for a variety of

biomedical applications in which local delivery of NO is desired.

Introduction

Anions of structure 1 display vasorelaxant,’~* anti-
thrombotic,>6 cytostatic,b~8 and genotoxic®10 activity
correlating with their ability to release the multifaceted
bioregulatory agent nitric oxide (NO) in physiological
fluids or culture media. The spontaneous generation
of NO by these diazeniumdiolate anions has proven
advantageous for research applications in which con-
trolled, quantifiable exposure to NO is desired, but
spontaneity of release can be a liability for therapeutic
or medicinal chemistry research applications in which
only one tissue is to be targeted among the many that
could be affected by systemic administration. Addition-
ally, it would be beneficial to have some general means
of programming alterations into the rate of NO genera-
tion from a given compound.

X[N(O)NO]™ (1)

With the aim of modulating the time course of NO
release in a controllable way as well as limiting NO
exposure to selected sites within the body, we have
incorporated the [N(O)NO]~ functional group into a
variety of polymeric matrices. In the present report,
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Figure 1. Generalized polymer types considered in the
present investigation: X = nucleophile residue, N.O,~ = NO-
releasing unit, w = polymer backbone.

we describe the synthesis and physicochemical charac-
teristics of three representative structural types (struc-
tures 2—4 of Figure 1), provide data on their rates of
decomposition and NO release, and illustrate their
pharmacological potential using both an in vitro cy-
tostasis model and a method for studying platelet-
dependent thrombus formation in vivo.

Synthesis of Polymers of Structure Type 2

Many examples of low molecular weight ions contain-
ing the [N(O)NO]~ group have been prepared by react-
ing nucleophiles with NO, as in eq 1211715 Many of
these products have been shown to regenerate NO when
dissolved in aqueous media (eq 2).

X~ +2NO —1 1)
Ht
1—2NO + X~ )

This article not subject to U.S. Copyright. Published 1996 by the American Chemical Society
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Scheme 1

'—O‘—H
HO —

Et,N[N(O)NO]_ Na

0—H
Ho -

1. melt | 2. add 5 (preparation 2a)

HO%OJLH

Polyethylene glycol
n=30-36

1. KOH|3. add 6
2. melt | (preparation 2b)

wn— L)
H | NHz
N= N\
S Nk

Preparations 2a and 2b

To test our hypothesis that incorporation into a solid
matrix might drastically alter the time course of this
NO release, we prepared a blend of compound 5 in poly-
(ethylene glycol). As indicated in Scheme 1, the polymer
was melted and 5, a salt with a 2-min half-life at pH
7.4 and 37 °C,2 was dissolved in the resulting liquid.
The matrix gradually solidified on cooling, producing
preparation 2a. The sample was stored in a clear glass
vial under ordinary laboratory illumination and at
ambient temperature. The strong chromophore at 250
nm seen when aliquots were dissolved in dilute base
was followed in an effort to detect decomposition of 5,
whose extinction coefficient at this wavelength? is 6.5
mM~1 cm~1. No loss of the NO-releasing functional
group could be detected through the entire 7-week
observation period.

Et,N[N(O)NO] Na™ (5)
H,N(CH,);NH, " (CH,),N[N(O)NO] (CH,);NH, (6)
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Preparation 2c

A poly(ethylene glycol) solution of 6 was similarly
prepared, but despite the order of magnitude longer
half-life of this compound relative to 5 in physiological
buffer,? the resulting blend suffered significant decom-
position during the first 2 weeks of storage. This
problem could be overcome by basifying the polymer
before adding zwitterionic 6. When this was done, only
a small decrease (8%) in the 250-nm peak intensity was
seen in aliquots of the basified polymer (sample 2b)
taken over 5 weeks of storage as the solid under ambient
conditions. We speculate that the ammonium centers
present in zwitterionic 6 retain enough protonating
ability to promote acid-catalyzed decomposition of the
[N(O)NO]~ group in the blend, an effect that can be
reversed by forming the potassium salt as in Scheme 1.

These examples illustrate the stabilization that can
be achieved by incorporating the [N(O)NO]~ group into
solids of low hydrogen ion activity. Thus they might
be useful as convenient storage forms for compounds of
structure 1, providing prolonged shelf life even in the
absence of the low-temperature, low-humidity condi-
tions normally recommended for such materials. Be-
cause they dissolve instantly in physiological fluids,
however, preparations 2a,b offer no obvious benefit in
terms of targeted NO delivery.

For this reason, we prepared another example of
structure 2 in which a second zwitterion containing the
[N(O)NO]~ group was noncovalently distributed in a
biodegradable polymer that erodes only slowly in aque-
ous media. Polymer 2c was prepared by melting poly-
(caprolactone) and mixing it thoroughly with 7 (Scheme
2). The material was cast into a disk-shaped mold as
it solidified. Since the heating used in this preparation
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could have induced decomposition of the temperature-
sensitive starting material, we estimated the amount
of intact 7 present in the resulting disks by taking up
an aliquot in dichloromethane and extracting it with 1
M sodium hydroxide. The ultraviolet spectrum of the
agueous phase showed that ca. 50% of the 7 that was
originally added had survived the blending process. To
determine the rate of NO generation from the solid
polymer, an analytical method that did not depend on
dissolution thereof had to be devised.

HaN(CHy)p
N-[N(O)NOJ~ (7,n=2;8,n=3)
HaN*(CHy),”

Estimation of NO Release Rates from an In-
soluble Solid under Physiological Conditions.
Since one of the goals of this research is to provide
localized sources of NO having medicinal value, it is
necessary to verify that insoluble solids such as 2c are
capable of releasing NO under physiological conditions
and, if so, to establish the time course for this action.
The acid treatment/chemiluminescence protocol em-
ployed elsewhere? could be useful as a method of
chemically characterizing freshly synthesized polymers,
but it is not an adequate predictor of the materials’
pharmacological behavior. Acidic conditions not only
greatly accelerate fragmentation of ions 1 to NO, giving
an inappropriately rapid time profile, but they also
catalyze disproportionation of any nitrite ion present as
an autoxidation product of NO, falsely exaggerating the
amount of usable NO when NO,~ (the autoxidation
product of NO in aqueous medial®) is present.

To overcome these drawbacks, the following analytical
method was developed for appropriate characterization
of the NO emanating as such from a solid. Polymer
aliquots were immersed in pH 7.4 buffer at 37 °C in a
vial open to the air. To determine the initial NO
generation rate, the sample was removed from the vial,
rinsed with fresh buffer to dispel nitrite, unreacted 1,
and other unwanted contaminants, and then placed into
yet another aliquot of fresh buffer contained in a reactor
vessel that could be continuously purged with an inert
gas. By sweeping effluent gases with argon into a
chemiluminescence detector, a continuous reading of the
amount of NO produced as a function of time was
obtained. Normally, the NO signal fluctuated widely
when the purging was first begun for a given reading,
but the recorder trace would eventually become rela-
tively steady, producing a reasonably straight line for
the long-lived NO sources. Integration of the resulting
trace over several minutes provided an indication of the
NO release rate during that particular interval. The
process was repeated at various times thereafter to
establish the time course of NO release from the
insoluble solids prepared in this study.

The validity of using this method to establish the NO
generation rate profile for a slow-release preparation
was confirmed by applying it to 7, a zwitterion with a
half-life of 20 h at pH 7.4 and 37 °C, as measured by
following the first-order loss of its chromophore at 250
nm under these conditions.® The compound was sub-
jected to the same procedure as described above except
that it immediately dissolved when placed in the buffer,
forming a homogeneous solution that was swept peri-
odically with inert gas conducted into the chemilumi-
nescence apparatus. Integration of the resulting traces
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Figure 2. Time course of nitric oxide generation from 0.118
umol of 7 dissolved in 2 mL of 0.1 M phosphate buffer at pH
7.4 and 37 °C. Linear regression analysis yielded a slope (—k)
of 4.8 x 1074 min~! and a y-intercept of log(123 pmol/min),
r =0.994. Integration as in ref 17 provided an observed value
of 2.2 mol of NO released/mol of 7 that dissociates.
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Figure 3. Time course of nitric oxide generation from 7
dispersed noncovalently in solid poly(caprolactone) (prepara-
tion 2c) when immersed continuously in 0.1 M phosphate
buffer (pH 7.4) at 37 °C as quantified by chemiluminescence
detection.

as above led to the graph shown in Figure 2. The half-
life obtained from this plot (23 h) closely matched the
spectrophotometrically determined value, and integra-
tion'” indicated that the full theoretical complement of
NO was released, 2 mol/mol of 7 that dissociates, in
agreement with the value obtained for this compound
using the acid pulse technique.'®

To determine the NO release profile of the poly-
(caprolactone)/7 polymer described above, the method
of the two previous paragraphs was applied to sample
2c. Figure 3 shows the rate values thus derived as a
function of the total elapsed time following its immer-
sion in buffer. NO was seen to emerge from this sample
for 1 full week before the chemiluminescence signal
became undetectable. Graphical integration of the data
in Figure 3 indicated that ca. 56 nmol of NO/mg of solid
2c was released during this time. Since 30 nmol of
intact 7 could be recovered unchanged from each mil-
ligram of 2c and each mole of 7 could theoretically have
released 2 mol of NO, we conclude that 56/(2 x 30) =
93% of the available nitric oxide was recovered as such
during the week of immersion in buffer.
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Scheme 3
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8 + BrCN + NaOH

Dextran

1. [HaN(CHg)3aNH
+ BrCN + NaOH |({preparation 3a)

2. Expose to NO

Preparations 3a and 3b (illustrative structural units)

Synthesis of Polymers of Structure Type 3

To demonstrate that the [N(O)NO]~ function could be
covalently attached to the polymer, as in structure 3 of
Figure 1, dipropylenetriamine was grafted onto a polysac-
charide (dextran) using cyanogen bromide as the cou-
pling agent (see Scheme 3). The dextran was cross-
linked during the process through formation of the
potentially biodegradable imidocarbonate linkage in an
oil-in-water microsphere preparative technique. The
polymeric microspheres were exposed to NO to give 3a
as a free-flowing white powder.

NO was also found to emanate from this preparation
when it was wrapped in filter paper and subjected to
the same kinetic procedure as was used for the poly-
(caprolactone)/7 disk described above, but the effect was
very short-lived. In fact, NO was undetectable after
only 6 h in contact with 37 °C buffer. The results are
shown in Figure 4.

Reasoning that a conceptually different procedure for
arriving at such a structure might yield different and
hopefully better results, we reacted dipropylenetriamine
first with NO as in eq 1 to produce the known® NO
prodrug 8 and then grafted the product to the dextran
using the same cyanogen bromide procedure as was
employed for the preparation of 3a. Despite the fact
that the [N(O)NO]~ group’s terminal oxygen is nucleo-
philically reactive'®!® and might have been partially
bound covalently during the grafting and cross-linking
process in a form incapable of regenerating NO, this
sample (3b, see Scheme 3) released more NO for a
longer period when in contact with pH 7.4 buffer than
did 3a.

These results, also shown in Figure 4, show that
covalent attachment of the [N(O)NO]~ group to a
polymer can provide a relatively steady source of NO;
after dropping by 2 orders of magnitude over the first
20 h, the rate of NO generation was essentially constant
for the next 5 days before becoming undetectable.

Because the imidocarbonate linkage of preparations
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Figure 4. Time course of NO release from dextran covalently
bound via a linker moiety to the [N(O)NO]~ group prepared
by (m) grafting dipropylenetriamine to the dextran and then
exposing it to NO (sample 3a) and (O) grafting preformed 8
directly to the dextran (sample 3b).

3 is hydrolytically scissile, these materials might be
expected to release free 8 as well as molecular NO in
vivo; such a circumstance could be of benefit if it is
desired to deliver both NO and an NO donor into the
tissue contacting the solid polymer to provide greater
penetration than the notoriously short in vivo lifetime
of free NO will allow.

Synthesis of Polymers of Structure Type 4

When a localized source of NO alone is desired, the
[N(O)NO]~ function can be attached directly to nucleo-
philic centers in the backbone of a hydrolytically stable,
insoluble polymer from which only free NO could be
released into solution.

To accomplish this, we chose poly(ethylenimine)20.21
as the nucleophile, cross-linked it by reaction with 1,4-
butanediol diglycidyl ether to render it insoluble, and
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(illustrative structural units)

exposed the product to 5 atm of NO (see Scheme 4). The
resulting polymer had a rather rubbery texture, sug-
gesting that it might be useful as a coating for other
materials. To test this possible application, we coated
poly(tetrafluoroethylene) vascular grafts with this ma-
terial by dipping them into the cross-linking solution
of poly(ethylenimine) and 1,4-butanediol diglycidyl ether,
allowed them to dry, and exposed them to NO. When
one of the resulting coated grafts (preparation 4a) was
immersed in buffer, NO was found to be generated at a
relatively constant rate for 5 weeks before exhaustion,
as shown in Figure 5. Since the initial rate of NO
release from this graft was only about 20 pmol/min/mg,
a heavier loading was applied when preparing a second,
larger batch of 4a for biological testing.

A powdered version of this material was prepared by
extensively washing the poly(ethylenimine)/1,4-butane-
diol diglycidyl ether copolymer with ethanol before
exposing it to NO. This preparation (4b) also released
NO when immersed in buffer, as described below.

The results suggested that such polymers might be
suitable as localized NO sources for two of the medicinal
applications we had considered—improving the perfor-
mance of vascular grafts and lowering the risk of
restenosis after angioplasty.

Antithrombotic Activity. Intraluminal thrombus
formation is an important cause of failure in prosthetic
vascular grafts.22-24 Protein absorption onto the graft
surface begins as soon as circulation is established after
surgical implantation, coating the lumen with adhesive
glycoproteins.2* Platelet deposition occurs rapidly within
hours?* and can thwart even short-term applications
requiring only 1—3 weeks of graft patency.?®> For this
reason, it is generally recommended that patients
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Figure 5. Time course of NO release from sample 4a,
prepared by coating a 1,4-butanediol diglycidyl ether/poly-
(ethylenimine) copolymer onto a poly(tetrafluoroethylene)
vascular graft and then exposing it to NO. Rates of NO
generation are plotted as a function of time after immersion
in pH 7.4 phosphate buffer at 37 °C.

receiving such prostheses be given oral aspirin or other
antiplatelet therapy to reduce the chances of potentially
life-threatening graft occlusion.?*

We speculated that coating the graft with a localized
NO source might obviate the need for systemic admin-
istration of anticoagulants. Various NO prodrugs have
been shown to be potent inhibitors of platelet adhesion
and aggregation.2627 To determine the effect of our NO-
releasing polymers on platelet function in vivo, we
exposed the coated poly(tetrafluoroethylene) vascular
grafts (preparation 4a described above) to flowing blood
by inserting them between segments of an artery-to-
vein shunt in baboons.?® The accumulation of blood
platelets was quantified by scintillation camera imaging
of platelets labeled with indium-111. The animals were
not anticoagulated with heparin or given other agents
known to affect platelet function, conditions that lead
to rapid thrombus formation and graft failure in this
model when untreated poly(tetrafluoroethylene) grafts
are employed.?® As shown in Figure 6, the NO-releasing
grafts were substantially less thrombogenic than the
controls, which were identical in construction except
that they were not exposed to NO after being coated
with cross-linked poly(ethylenimine). It would appear
that localized NO generators such as 4a may hold
considerable promise for improving the performance of
prosthetic vascular grafts in the absence of systemic
antiplatelet therapy.

The results further suggest that such materials might
be useful in other vascular surgery applications, e.g.,
for reducing the incidence of restenosis following an-
gioplasty.2® The reactions of blood platelets appear to
promote the development of restenotic lesions.3! By
adhering in large numbers to the vessel wall, platelets
may contribute directly to the lesion mass. In addition,
platelet membrane phospholipids catalyze important
coagulation reactions leading to the local generation of
potent mitogenic as well as prothrombotic activities.32
The ability of platelets to deliver growth factors to
damaged tissues by adhering to them immediately after
angioplasty may initiate and/or enhance the migration
and proliferation of vascular smooth muscle cells as well
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Figure 6. Inhibition of platelet deposition in poly(tetra-
fluoroethylene) vascular grafts coated with cross-linked poly-
(ethylenimine) that was (®) generating NO at a rate estimated
to be 1—-2 nmol/min/mg (preparation 4a) and (O) generating
no NO. Data were collected by quantifying accumulation of
radioactivity in grafts placed in arteriovenous shunts in
baboons whose platelets had been labeled with *'In but who
were not treated with heparin. Data are means &+ SEM (n =
5). The difference between the two curves by repeated mea-
sures ANOVA was significant at the p < 0.05 level. The means
for the 60-min time point were significantly different at the p
< 0.01 level by the Mann—Whitney rank sum test.

as provide a matrix for subsequent cellular ingrowth
and thrombus reorganization. Polymeric films that
shield freshly damaged vascular tissue from platelets
and other blood components for <1 day after balloon
injury have been shown to reduce both thrombosis and
intimal thickening.33

Several groups have demonstrated that NO donor
drugs can impede the growth of vascular smooth muscle
cells in culture,®34736 and it has been reported that both
systemic administration of NO donor molecules3’” and
transfection of the endothelial NO synthase gene into
freshly damaged rat artery3® had similar effects in vivo.
We postulated that the polymeric NO sources described
above might, if applied locally, inhibit the neointimal
lesion formation that can result in restriction of blood
flow.

Inhibition of VVascular Smooth Muscle Cell Pro-
liferation in Vitro. To test this hypothesis, we cul-
tured rat aorta smooth muscle cells and placed them
into close proximity with (but not touching) the NO-
releasing powder 4b. As a control, a material that was
identically prepared except that it was not exposed to
NO was employed. DNA synthesis in these cultures
was shown to be dose-dependently inhibited by 4b but
not by the control relative to that in cells treated with
neither polymer. The results are shown in Figure 7.

To determine the degree to which powdered 4b was
acting as a localized source of molecular NO rather than
of a solubilized, bound form thereof that would generate
NO homogeneously throughout the medium, we per-
formed the following experiment. Aliquots were wrapped
in filter paper, immersed in pH 7.4 phosphate buffer,
and incubated at 37 °C for 1 day to simulate the
conditions that prevailed in the medium at the moment
the tritiated thymidine was added in the cell culture
experiments of Figure 7. Measurement of the NO
generation rate at that point using the chemilumines-
cence method described above revealed that samples
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Figure 7. Inhibition of DNA synthesis in vascular smooth
muscle cells exposed to a cross-linked poly(ethylenimine)
preparation (sample 4b) that was (®) generating NO at a rate
estimated as 25 pmol/min/mg at the moment tritiated thymi-
dine was added and (M) generating no NO. Data are means +
SD (n = 3) relative to growth rates in cells treated with neither
polymer.

that had been rinsed three to five times with fresh buffer
during the 1-day incubation were generating NO at the
rate of 16.8 + 6.0 (mean £ SD, n = 3) pmol/min/mg,
while those that were soaked continuously in the same
buffer solution for the entire observation period released
33.8 £ 11.1 pmol/min/mg at the 1-day time point. These
findings indicate that solid particles unable to escape
the filter paper crypt on rinsing were responsible for
ca. one-half of the observed NO release.

The amount of NO required to induce significant
cytostasis in this experiment was comparable to that
produced by effective concentrations of a soluble NO
donor. The quantity of 4b that inhibited DNA synthesis
by 50% 22 h after immersion was estimated from Figure
7 to be 0.7 mg/mL. Assuming that this amount was
producing 25 pmol/min/mg (the average for all the
measurements of the previous paragraph), the NO
generation rate responsible for 50% inhibition was 0.7
x 25 ~ 18 pmol/min/mL. When a virtually identical
experiment was performed with 7, a soluble compound
containing the [N(O)NO]~ group having a half-life in
pH 7.4 phosphate buffer of 20 h at 37 °C, an I1Csp of 40
1M was observed.® Since the latter value was the initial
concentration giving rise to 50% inhibition at 22 h, ca.
1 half-life later, the actual concentration of 7 at the time
of measurement in the previous work must have been
about 20 M. Multiplying the rate constant (=0.69/t;/2)
by 20 uM and then by 2 (since each mole of 7 that
dissociates produces 2 mol of NO), a 50% effective NO
generation rate of 23 pmol/min/mL for soluble 7 in the
earlier study (compared with 18 pmol/min/mL calcu-
lated above for powdered 4b) is obtained. The fact that
two such physically dissimilar carriers of the [N(O)NO]~
group were so similar in this respect is consistent with
the view that NO release rate is one of the most
important determinants of pharmacological activity in
compounds containing this functional unit.

Significance

The seven preparations introduced here illustrate the
diversity of structural type, chemical behavior, and
physical form that one can achieve by incorporating the
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[N(O)NO]~ group into polymeric matrices. Preparation
2a demonstrates that formulation of an X[N(O)NO]~ ion
as a water-soluble blend in poly(ethylene glycol) can
greatly increase its shelf life under conditions of ambient
temperature and humidity that are otherwise inimical
to its longevity, and 2b emphasizes the importance of
lowering the hydrogen ion activity in prolonging the
useful life of such materials. Preparation 2c shows that
a water-insoluble blend of an X[N(O)NO]~ ion in mold-
able poly(caprolactone) can serve as a reasonably ef-
ficient source of NO for an extended period, roughly one-
half of the theoretical maximum amount of NO being
recovered as such during 1 week of immersion in pH
7.4 phosphate buffer at 37 °C. Preparations 3a,b show
that the X[N(O)NQO]~ unit can be covalently attached
to a polysaccharide by either of two approaches: graft-
ing a polyfunctional nucleophile, X, to the polymer and
then reacting it with NO to form the [N(O)NO]~ group
or grafting the X[N(O)NO]~ moiety directly to the
polymer via a nucleophile residue remote from the
[N(O)NO]~ group in X. Preparation of 4a illustrates
how covalent attachment of the [N(O)NO]~ function to
a nucleophilic center in the backbone of poly(ethylen-
imine) can provide a flexible coating for a clinical poly-
(tetrafluoroethylene) vascular graft that proved sub-
stantially less thrombogenic when inserted into a
baboon’s circulatory system than control grafts that
were identically prepared except that they were never
exposed to (and hence could not release) nitric oxide.
Preparation 4b is structurally similar to 4a but served
as a localized source of NO that was capable of dose—
responsively inhibiting the proliferation of vascular
smooth muscle cells in culture.

Given the remarkable number of physiological pro-
cesses that are mediated by NO, such NO-releasing
polymers would appear to constitute important new
tools in medicinal chemistry research as well as poten-
tially offer improved solutions to a variety of pressing
clinical problems. Of particular interest to us in this
connection is the goal of reducing the risk of restenosis
following angioplasty and other interventional proce-
dures for vascular repair. Our results offer preliminary
evidence that such polymeric sources of NO are capable
of inhibiting two of the most important risk factors in
the development of this debilitating disorder—excessive
proliferation of vascular smooth muscle cells and patho-
genic thrombus formation. Additionally, the data also
suggest that improvements in vascular graft function
may be possible using this technology. Work aimed at
demonstrating the clinical promise of these materials
in in vivo model systems is currently in progress.

Experimental Section

Compound 5 was prepared as previously described,? as were
6, 7, and 8.1 1,4-Butanediol diglycidyl ether, dipropylenetri-
amine, and cyanogen bromide were purchased from Aldrich
Chemical Co. (Milwaukee, WI). Dextran (520 kDa) was
purchased from Sigma Chemical Co., St. Louis, MO. Poly-
(ethylenimine) (25 kDa) was generously provided by BASF
Corp. (Polymin, water-free; Holland, MI). Poly(ethylenimine)
(10 kDa) and poly(caprolactone) (10—20 kDa) were obtained
from Polysciences (Warrington, PA). Poly(ethylene glycol)
(1.3—1.6 kDa) was obtained from Union Carbide Chemicals
(Sentry PEG-1450; New York, NY). Ethanol was purchased
from Quantum Chemical Co. (Cincinnati, OH). Acetonitrile
was anhydrous grade (Aldrich), but all other solvents were
reagent grade. NO was purchased from Matheson Gas
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Products (Twinsburg, OH) and used as received. Elemental
analyses were performed by Atlantic Microlab, Inc. (Norcross,
GA).

Estimation of Physiological NO Regeneration Rates.
Weighed samples of polymer were placed in 0.1 M phosphate
buffer (pH 7.4), and the resulting mixture was allowed to stand
open to the air in a 37 °C water bath, with NO measurements
being conducted intermittently. Polymers that were insoluble
powders, microspheres, etc., were enveloped in a filter paper
crypt before immersion. An individual measurement was
obtained by rinsing the sample with buffer, adding 2 mL of
fresh buffer, closing the system, and purging the buffer with
argon via a fritted glass tube placed at the bottom of the
reactor vessel such that the gaseous effluent was passed into
a Thermal Energy Analyzer Model 502A instrument (Ther-
medics, Inc., Woburn, MA) set to monitor NO content by
chemiluminescence. Bubbling was continued until a steady,
relatively horizontal NO trace was achieved, whereupon the
signal was integrated over a span of several minutes. The
number of integral units was converted to a value for moles
of NO by comparison with integrals obtained for gaseous
standards containing 55.3 ppm of NO in helium (certified
standard obtained from MG Industries, Morrisville, PA). The
rate of NO release over that time increment (calculated by
dividing the integrated signal by the number of minutes the
integration was conducted) was plotted versus the total elapsed
time since the sample was first placed in the buffer bath to
provide the time profile for NO generation from that sample.

Synthesis of Polymers in which Small Molecules
Containing [N(O)NO]~ Groups Are Noncovalently Dis-
persed (2a—c). Poly(ethylene glycol) was the base polymer
for preparations 2a,b. In the former case, 2.5 g of poly-
(ethylene glycol) was heated to 46 °C until completely melted,
whereupon 36 mg of 5 was added. The container was placed
on a vortex mixer until a homogeneous solution was obtained
that gradually solidified upon cooling to room temperature to
produce 2a. No change was seen when the absorbance of
aliquots dissolved in 10 mM sodium hydroxide was measured
periodically over a 7-week observation period on storage at
room temperature in air.

When 6 was similarly mixed with molten poly(ethylene
glycol), substantial decomposition occurred; <40% of 6 re-
mained after 5 weeks. To overcome this decomposition, an
aqueous solution containing 0.11 g of potassium hydroxide and
8.9 g of poly(ethylene glycol) was evaporated to dryness. The
amber residue was melted to ensure homogeneity, and a 1.1-g
portion was mixed with 12 mg of 6. After blending to a
uniform mass, the mixture was allowed to solidify, producing
2b. A decrease of only 8% could be seen in the absorbance at
250 nm of aliquots dissolved in dilute alkali over 5 weeks of
storage at 22 °C in a clear glass vial in contact with air.

Disks of 2c were prepared by heating 10 g of 10—20 kDa
poly(caprolactone) at 60 °C until molten and then mixing it
with 0.1 g of 7. The resulting viscous liquid was poured into
the wells of a 24-well polystyrene plate to a depth of ca. 1 mm.
The wells were broken carefully after cooling to release the
solid disks of 2c. One of the disks was taken up in a 1:1 (v:v)
mixture of dichloromethane with 0.01 M sodium hydroxide.
The clear aqueous layer was saved, and the organic phase was
again extracted with an equal volume of 0.01 M sodium
hydroxide. The absorbance of the combined aqueous extracts
at 250 nm indicated that the disk contained 30 nmol of 7/mg
of solid. Thus, 50% of the 7 added to the polymer in preparing
the disk could be recovered as such from the resulting solid.
Anal. Calcd for poly(caprolactone) containing 1% of 7 by
weight: C, 62; H, 9; N, 0.4. Found: C, 62.57; H, 8.65; N, 0.37.

Synthesis of Polymers Containing Pendant [N(O)NO]~
Groups (3a,b). Dipropylenetriamine was grafted onto dex-
tran using cyanogen bromide to begin the synthesis of 3a as
follows. Nine grams of dextran was dissolved in 0.8 L of water
and basified with 8 mL of 10 M sodium hydroxide. Cyanogen
bromide (8 g) freshly dissolved in 0.1 L of water was added
followed quickly by 31.8 g of dipropylenetriamine. The pH was
adjusted to 10, and the stirring was continued overnight. The
solution was extracted with two 150-mL volumes of dichlo-
romethane and then dialyzed overnight against cold running
water. After adjusting the pH to 7, the solution was lyophi-
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lized to yield 9.2 g of a translucent yellow solid. The success
of grafting was affirmed by titrating the product against 1 M
sodium hydroxide. A 3.6-g aliquot of the grafted dextran was
placed in 15.6 mL of doubly distilled water and treated with
2 mL of 10 M sodium hydroxide. The resulting solution was
poured into 0.3 L of light mineral oil in a Waring blender and
stirred for 2 min. Two grams of cyanogen bromide freshly
dissolved in 16 mL of water was added to the blender. After
stirring for an additional 2 min, the mineral oil was removed
by stirring three times for 30 s each with 300-mL volumes of
petroleum ether and decanting the organic phase after each
addition. The resulting microsphere/water suspension was
dehydrated by adding two 0.5-L volumes of 95% ethanol and
filtering each time. Final dehydration was achieved by wash-
ing the microspheres with 0.5 L of absolute ethanol and
filtering. The microspheres were air-dried under vacuum for
6 h to yield 0.8 g. This material was suspended in 50 mL of
dry acetonitrile and stirred under 5 atm of NO for 48 h,
whereupon the slurry was filtered, washed with 0.2 L of
acetonitrile, and dried to yield a white, free-flowing powder
(sample 3a).

Preparation 3b was begun by dissolving 3.6 g of dextran in
15.6 mL of water and adding 5 mL of 10 M sodium hydroxide.
To this was added 1.5 g of 8. The mixture was poured into
300 mL of light mineral oil and stirred in a Waring blender
for 2 min. Five grams of cyanogen bromide freshly dissolved
in 35 mL of distilled water was added while stirring, which
was continued for 2 min more. The mineral oil was removed
by stirring three times for 30 s each with 300-mL volumes of
petroleum ether and carefully decanting the organic phase
each time. The microsphere/water suspension was mixed with
1 L of 35% ethanol and centrifuged; the collected microspheres
were similarly extracted three more times with 35% ethanol
(1 L each time). When no ultraviolet peak corresponding to
unreacted 8 could be detected in the supernatant, the micro-
spheres were washed with 1 L of absolute ethanol, filtered,
and air-dried on the filter paper under vacuum for 6 h to give
2.7 g of 3b.

Synthesis of Polymers Containing [N(O)NO]~ Groups
Attached to Heteroatoms in the Backbone (4a,b). Vas-
cular grafts (preparations 4a) containing the [N(O)NO]~ group
were prepared as follows. A 250-mL flask equipped with a
magnetic stirring bar and a reflux condenser was charged with
poly(ethylenimine) (10 kDa, 4 g) and 1,4-butanediol diglycidyl
ether (0.4 g, 2.0 mmol) in 40 mL of ethanol and maintained at
80 °C. After 20 min, the viscosity of the solution increased,
and tubular segments of expanded poly(tetrafluoroethylene)
(Gore-Tex, 2.5 cm, 4-mm i.d.; W. L. Gore & Assoc., Flagstaff,
AZ), presoaked in absolute ethanol, were dipped into the
solution for 60 s. After four repetitions of this dipping
procedure, the grafts were placed in an oven at 55 °C for 3 h
to complete the cross-linking. The devices were soaked in
absolute ethanol overnight to remove low molecular weight
leachables, dried in vacuo for 3 h, suspended in acetonitrile,
and exposed to NO for 3 days. As a result of this procedure,
an 80-mg graft segment increased in weight to 97.4 mg; this
piece was used to accumulate the data of Figure 5.

To obtain a sample of 4a providing more rapid initial rates
of NO release for the biological studies, the procedure was
repeated as in the previous paragraph except that the grafts
were dipped only once into a more concentrated solution of
the cross-linking polymer (7 g of poly(ethylenimine) and 0.7
mL of 1,4-butanediol diglycidyl ether in 40 mL of ethanol) and
exposed to NO for 5 days instead of 3 days. In this case, both
ribbed and nonribbed graft segments were used. For the
former, the mean weight of the replicate pieces before coating
was 273 + 13 (SD) mg; dipping increased this value to 307 +
17 mg, and the mean graft weight was 314 £+ 17 mg after
exposure to NO. For the nonribbed graft segments, the
corresponding weights were 137 4+ 1, 183 + 8, and 188 + 10
mg, respectively. These 4a samples were used to collect the
data for Figure 6.

4b was prepared similarly, except that poly(ethylenimine)
of molecular weight 25 kDa was used and the clear, rubbery
material produced on cross-linking was washed with hot
ethanol (50 °C) for 24 h and then with acetonitrile for 24 h to
remove leachable material. The white, tacky polymer thus
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produced was filtered and dried in vacuo for 4 h yielding 3.1
g of cross-linked poly(ethylenimine). Sample 4b was prepared
by suspending the polymer in acetonitrile and treating it with
5 atm of NO three times over 6 days. The product was isolated
by filtration, washed with acetonitrile and then ether, and
dried in vacuo yielding 1.1 g of yellow, powdery 4b. This
sample was used in the cytostasis experiment of Figure 7.

Antiplatet Activity in the Baboon Circulatory System.
Measurements of platelet thrombus accumulation onto vas-
cular grafts were performed as described previously.?® Briefly,
these studies employed five normal male baboons (Papio
cynocephalus) weighing 9—12 kg that had been quarantined
and observed to be disease-free for at least 3 months. All
studies were approved by the Institutional Animal Care and
Use Committee and were in accordance with federal guidelines
(Guide for the Care and Use of Laboratory Animals, NIH
Publication No. 86-23). Each baboon had a chronic exterior-
ized silicone rubber shunt placed between the femoral artery
and vein.?®2 These shunts do not shorten platelet survival
detectably or produce measurable platelet activation.’® To
assess the capacity of the polymer-coated vascular grafts (4a)
to induce thrombus formation, they were inserted into the
shunt system and exposed to non-anticoagulated blood for 1
h. Blood flow was maintained at 100 mL/min by a clamp
placed distal to the test section and measured continuously
using an ultrasonic flowmeter (Model 201; Transonics Systems,
Ithaca, NY).

Autologous baboon platelets were labeled with 1 mCi of
indium-111-oxine as previously described.?® Labeling efficien-
cies averaged >90%. After allowing at least 1 h for the
reinfused cells to distribute within the vasculature, the grafts
were incorporated into the shunt system and exposed to native
blood for 1 h. One control graft and one NO-releasing graft
were evaluated individually in each study animal. The ac-
cumulation of *'In-labeled platelets within each graft was
measured continuously using a gamma scintillation camera
(General Electric 400T; MaxiCamera, Milwaukee, WI). Data
were stored at 5-min intervals and analyzed using a computer-
assisted image processing system interfaced with the camera
(medical data systems A3; Medtronic Inc., Minneapolis, MN).
Since the amount of injected isotope was not a limiting factor,
optimal resolution was achieved by acquiring the low-energy
indium-111 peak (172 keV) with a high-sensitivity collimator.8
Images of the vascular graft and distal expansion segment
were taken in 128 x 128 byte mode using a 15% energy
window and analyzed using 4-cm long (20 pixel) regions of
interest for each graft. The total number of deposited platelets
in each region was calculated by dividing the deposited platelet
radioactivity (cpm) by the whole blood '*'In platelet activity
(counts/min/mL) and multiplying by the circulating platelet
count (platelets/mL), as described.?3°

Measurement of in Vitro Cytostatic Activity. Inhibi-
tion of DNA synthesis was investigated using a procedure
similar to the one previously described.® Briefly, rat aorta
smooth muscle cells (passage 9) were seeded at a concentration
of 4 x 10 cells/well in 24-well trays containing MCDB medium
(MCDB 131 medium complete with trace elements; Sigma
Chemical Co., St. Louis, MO) + 10% fetal bovine serum (FBS)
and allowed to attach at 37 °C in an atmosphere of 5% CO,/
95% O, for 5 h. Serum-containing medium was then removed
and replaced with serum-free medium. Forty-eight hours
later, the serum-free medium was removed and replaced with
MCDB + 10% FBS. Powdered 4b (5.7 mg) was washed with
4 mL of MCDB + 10% FBS, recovered by centrifugation, and
suspended in 0.82 mL of fresh MCDB + 10% FBS. Dilutions
of this stock suspension were prepared in MCDB + 10% FBS
and placed in a Millipore tissue culture insert (Bedford, MA).
The insert, the bottom of which consists of a polycarbonate
filter with 0.45-um pores, was suspended 1 mm above the base
of the tissue culture well; this prohibited direct contact
between the polymer and the cells but presumably permitted
free diffusion of NO from the polymer compartment into the
cell compartment. [*H]Thymidine (1 «Ci) was added 22 h later.
Following a 2-h incubation, the cells were washed twice with
Hank’s balanced salt solution to remove unincorporated [*H]-
thymidine. Cells were then washed four times with ice-cold
10% trichloroacetic acid and lysed with 2% sodium dodecyl



1156 Journal of Medicinal Chemistry, 1996, Vol. 39, No. 5

sulfate in 1 M NaOH. Trichloroacetic acid-precipitable mate-
rial was transferred to scintillation vials, EcoLite cocktail
(ICN, Irvine, CA) was added, and radioactivity was counted
in a Beckman LS-6500 scintillation counter. Controls con-
sisted of cells receiving either no treatment or a cross-linked
poly(ethylenimine) powder identical with 4a except that it had
never been exposed to NO. Data are expressed as percent [*H]-
thymidine incorporation relative to untreated controls.

Acknowledgment. We thank Christine Brinkman
for excellent technical assistance. Research was sup-
ported in part by NIH Grant Numbers CA26731 to the
University of Akron and HL48667 and HL31469 to
Emory University. The content of this publication does
not necessarily reflect the views or policies of the
Department of Health and Human Services, nor does
mention of trade names, commercial products, or orga-
nizations imply endorsement by the U.S. Government.

References

(1) Vanin, A. F.; Vedernikov, Y. I.; Galagan, M. E.; Kubrina, L. N;
Kuzmanis, Y. A.; Kalvin'sh, 1. Y.; Mordvintsev, P. I. Angeli Salt
as a Producer of Nitrogen Oxide in the Animal Organism.
Biochemistry (Transl. Biokhimiya (Moscow)) 1990, 55, 1048—
1052.

(2) Maragos, C. M.; Morley, D.; Wink, D. A.; Dunams, T. M;
Saavedra, J. E.; Hoffman, A.; Bove, A. A,; Isaac, L.; Hrabie, J.
A.; Keefer, L. K. Complexes of eNO with Nucleophiles as Agents
for the Controlled Biological Release of Nitric Oxide. Vasore-
laxant Effects. J. Med. Chem. 1991, 34, 3242—3247.

(3) Morley, D.; Maragos, C. M.; Zhang, X.-Y.; Boignon, M.; Wink,

D. A.; Keefer, L. K. Mechanism of Vascular Relaxation Induced

by the Nitric Oxide (NO)/Nucleophile Complexes, A New Class

of NO-Based Vasodilators. J. Cardiovasc. Pharmacol. 1993, 21,

670—676.

Diodati, J. G.; Quyyumi, A. A.; Keefer, L. K. Complexes of Nitric

Oxide with Nucleophiles as Agents for the Controlled Biological

Release of Nitric Oxide: Hemodynamic Effect in the Rabbit. J.

Cardiovasc. Pharmacol. 1993, 22, 287—292.

(5) Diodati, J. G.; Quyyumi, A. A.; Hussain, N.; Keefer, L. K.
Complexes of Nitric Oxide with Nucleophiles as Agents for the
Controlled Biological Release of Nitric Oxide: Antiplatelet Effect.
Thromb. Haemostasis 1993, 70, 654—658.

(6) Hanson, S. R.; Hutsell, T. C.; Keefer, L. K.; Mooradian, D. L.;
Smith, D. J. Nitric Oxide Donors: A Continuing Opportunity in
Drug Design. Adv. Pharmacol. (San Diego) 1995, 34, 383—398.

(7) Maragos, C. M.; Wang, J. M.; Hrabie, J. A.; Oppenheim, J. J,;
Keefer, L. K. Nitric Oxide/Nucleophile Complexes Inhibit the
in Vitro Proliferation of A375 Melanoma Cells via Nitric Oxide
Release. Cancer Res. 1993, 53, 564—568.

(8) Mooradian, D. L.; Hutsell, T. C.; Keefer, L. K. Nitric Oxide (NO)
Donor Molecules: Effect of NO Release Rate on Vascular Smooth
Muscle Cell Proliferation In Vitro. J. Cardiovasc. Pharmacol.
1995, 25, 674—678.

(9) Wink, D. A.; Kasprzak, K. S.; Maragos, C. M.; Elespuru, R. K;;
Misra, M.; Dunams, T. M.; Cebula, T. A.; Koch, W. H.; Andrews,
A. W.; Allen, J. S.; Keefer, L. K. DNA Deaminating Ability and
Genotoxicity of Nitric Oxide and Its Progenitors. Science (Wash-
ington, D.C.) 1991, 254, 1001—-1003.

(10) Routledge, M. N.; Wink, D. A.; Keefer, L. K.; Dipple, A. DNA
Sequence Changes Induced by Two Nitric Oxide Donor Drugs
in the supF Assay. Chem. Res. Toxicol. 1994, 7, 628—632.

(11) Drago, R. S.; Paulik, F. E. The Reaction of Nitrogen(ll) Oxide
with Diethylamine. J. Am. Chem. Soc. 1960, 82, 96—98.

(12) Drago, R. S.; Karstetter, B. R. The Reaction of Nitrogen(Il) Oxide
with Various Primary and Secondary Amines. J. Am. Chem. Soc.
1961, 83, 1819—-1822.

(13) Longhi, R.; Ragsdale, R. O.; Drago, R. S. Reactions of Nitrogen-
(11) Oxide with Miscellaneous Lewis Bases. Inorg. Chem. 1962,
1, 768—770.

(14) Drago, R. S. Reactions of Nitrogen(ll) Oxide. In Free Radicals
in Inorganic Chemistry; Colburn, C. B., Ed.; Advances in
Chemistry Series No. 36; American Chemical Society: Wash-
ington, DC, 1962; pp 143—149.

(15) Hrabie, J. A.; Klose, J. R.; Wink, D. A.; Keefer, L. K. New Nitric
Oxide-Releasing Zwitterions Derived from Polyamines. J. Org.
Chem. 1993, 58, 1472—1476.

(16) Ignarro, L. J.; Fukuto, J. M.; Griscavage, J. M.; Rogers, N. E;
Byrns, R. E. Oxidation of Nitric Oxide in Aqueous Solution to
Nitrite but not Nitrate: Comparison with Enzymatically Formed
Nitric Oxide from L-Arginine. Proc. Natl. Acad. Sci. U.S.A. 1993,
90, 8103—8107.

4

=

Smith et al.

(17) Keefer, L. K.; Nims, R. W.; Davies, K. M.; Wink, D. A. “NON-
Oates” (1-Substituted Diazen-1-ium-1,2-diolates) as NO Do-
nors: Convenient Nitric Oxide Dosage Forms. Methods Enzymol.
1996, in press.

(18) Longhi, R.; Drago, R. S. Metal-Containing Compounds of the
Anion (C2Hs)2NN,O;". Inorg. Chem. 1963, 2, 85—88.

(19) Saavedra, J. E.; Dunams, T. M.; Flippen-Anderson, J. L.; Keefer,
L. K. Secondary Amine/Nitric Oxide Complex lons, RoN[N(O)-
NO]~. O-Functionalization Chemistry. J. Org. Chem. 1992, 57,
6134—6138.

(20) Park, T. G.; Cohen, S.; Langer, R. Controlled Protein Release
from Polyethyleneimine-Coated Poly(L-Lactic Acid)/Pluronic
Blend Matrices. Pharm. Res. 1992, 9, 37—39.

(21) Boussif, O.; Lezoualc’h, F.; Zanta, M. A.; Mergny, M. D;
Scherman, D.; Demeneix, B.; Behr, J.-P. A Versatile Vector for
Gene and Oligonucleotide Transfer into Cells in Culture and in
Vivo: Polyethylenimine. Proc. Natl. Acad. Sci. U.S.A. 1995, 92,
7297—7301.

(22) Bearn, P. E.; McCollum, C. N.; Marston, A. Prosthetic Graft
Seeding: Breathing New Life into Old Grafts. J. R. Coll.
Surgeons Edinburgh 1994, 39, 1-5.

(23) Vvarty, K.; Allen, K. E.; Bell, P. R. F.,; London, N. J. M.
Infrainguinal Vein Graft Stenosis. Br. J. Surg. 1993, 80, 825—
833.

(24) Rubin, B. G.; Santoro, S. A;; Sicard, G. A. Platelet Interactions
with the Vessel Wall and Prosthetic Grafts. Ann. Vasc. Surg.
1993, 7, 200—207.

(25) Johnson, P. C. Platelet-Mediated Thrombosis in Microvascular
Surgery: New Knowledge and Strategies. Plast. Reconstruct.
Surg. 1990, 86, 359—367.

(26) Mellion, B. T.; Ignarro, L. J.; Ohlstein, E. H.; Pontecorvo, E. G;
Hyman, A. L.; Kadowitz, P. J. Evidence for the Inhibitory Role
of Guanosine 3',5'-Monophosphate in ADP-Induced Human
Platelet Aggregation in the Presence of Nitric Oxide and Related
Vasodilators. Blood 1981, 57, 946—955.

(27) Radomski, M. W.; Moncada, S. Regulation of Vascular Homeo-
stasis by Nitric Oxide. Thromb. Haemostasis 1993, 70, 36—41.

(28) Hanson, S. R.; Kotze, H. F.; Savage, B.; Harker, L. A. Platelet
Interactions with Dacron Vascular Grafts. A Model of Acute
Thrombosis in Baboons. Arteriosclerosis (Dallas) 1985, 5, 595—
603.

(29) Hanson, S. R. Device Thrombosis and Thromboembolism. Car-
diovasc. Pathol. 1993, 2, 157S—165S.

(30) Jackson, C. L. Animal Models of Restenosis. Trends Cardiovasc.
Med. 1994, 4, 122—-130.

(31) Hubbell, J. A.; Langer, R. Tissue Engineering. Chem. Eng. News
1995, 73 (No. 11), 42—54.

(32) Groves, P. H.; Penny, W. J.; Cheadle, H. A.; Lewis, M. J.
Exogenous Nitric Oxide Inhibits in Vivo Platelet Adhesion
Following Balloon Angioplasty. Cardiovasc. Res. 1992, 26, 615—
619.

(33) Hill-West, J. L.; Chowdhury, S. M.; Slepian, M. J.; Hubbell, J.
A. Inhibition of Thrombosis and Intimal Thickening by in Situ
Photopolymerization of Thin Hydrogel Barriers. Proc. Natl.
Acad. Sci. U.S.A. 1994, 91, 5967—5971.

(34) Kariya, K.-i.; Kawahara, Y.; Araki, S.-i.; Fukuzaki, H.; Takai,
Y. Antiproliferative Action of Cyclic GMP-Elevating Vasodilators
in Cultured Rabbit Aortic Smooth Muscle Cells. Atherosclerosis
(Shannon, Irel.) 1989, 80, 143—147.

(35) Garg, U. C.; Hassid, A. Nitric Oxide-generating Vasodilators and
8-Bromo-Cyclic Guanosine Monophosphate Inhibit Mitogenesis
and Proliferation of Cultured Rat Vascular Smooth Muscle Cells.
J. Clin. Invest. 1989, 83, 1774—1777.

(36) Nakaki, T.; Nakayama, M.; Kato, R. Inhibition by Nitric Oxide
and Nitric Oxide-Producing Vasodilators of DNA Synthesis in
Vascular Smooth Muscle Cells. Eur. J. Pharmacol., Mol. Phar-
macol. Sect. 1990, 189, 347—353.

(37) Guo, J.-p.; Milhoan, K. A,; Tuan, R. S.; Lefer, A. M. Beneficial
Effect of SPM-5185, A Cysteine-Containing Nitric Oxide Donor,
in Rat Carotid Artery Intimal Injury. Circ. Res. 1994, 75, 77—
84.

(38) von der Leyen, H. E.; Gibbons, G. H.; Morishita, R.; Lewis, N.
P.; Zhang, L.; Nakajima, M.; Kaneda, Y.; Cooke, J. P.; Dzau, V.
J. Gene Therapy Inhibiting Neointimal Vascular Lesion: In vivo
Transfer of Endothelial Cell Nitric Oxide Synthase Gene. Proc.
Natl. Acad. Sci. U.S.A. 1995, 92, 1137—1141.

(39) Savage, B.; McFadden, P. R.; Hanson, S. R.; Harker, L. A. The
Relation of Platelet Density to Platelet Age: Survival of Low-
and High-Density tIndium-Labeled Platelets in Baboons. Blood
1986, 68, 386—393.

JM950652B



