
of April 10, 2024.
This information is current as

Vitro Model
Coils Studied with a Novel Quantitative in
with Collagen-Impregnated Embolization 
Interaction of Vascular Smooth Muscle Cells

Athanassios Sambanis
Shengelaia, Patrick B. Snowhill, Sandra Miller Waldrop and 
Todd Abruzzo, Harry J. Cloft, Miroslav Marek, George G.

http://www.ajnr.org/content/23/4/674
2002, 23 (4) 674-681AJNR Am J Neuroradiol 

http://www.ajnr.org/cgi/adclick/?ad=57533&adclick=true&url=https%3A%2F%2Flinkprotect.cudasvc.com%2Furl%3Fa%3Dhttps%253a%252f%252fwww.genericcontrastagents.com%252f%253futm_source%253dAmerican_Journal_Neuroradiology%2526utm_medium%253dPDF_Banner%2526utm_c
http://www.ajnr.org/content/23/4/674


Interaction of Vascular Smooth Muscle Cells
with Collagen-Impregnated Embolization Coils
Studied with a Novel Quantitative in Vitro Model

Todd Abruzzo, Harry J. Cloft, Miroslav Marek, George G. Shengelaia, Patrick B. Snowhill,
Sandra Miller Waldrop, and Athanassios Sambanis

BACKGROUND AND PURPOSE: Modifications of aneursym occlusion devices and other biolog-
ically active molecules may reduce the risk of recanalization by promoting vascular cell migration,
adhesion, and proliferation. Our purpose was to apply in vitro methods in the qualitative and
quantitative analysis of vascular smooth muscle cell (VSMC) interactions with collagen-impreg-
nated microcoils.

METHODS: The adhesion of rat aortic VSMCs to collagen fiber bundles (CFBs), nitinol coils, and
collagen-impregnated nitinol coils (CINCs) was examined by using an assay consisting of mono-
pulse exposure to increasing concentrations of rat aortic VSMCs. Exposed devices were washed and
examined by using confocal fluorescence microscopy. Adhesion coefficients, which quantitatively
express the cell-binding quality of a surface, were determined by using a mathematical model for
cell-device interactions.

RESULTS: VSMCs, attached to devices, spread out and extended cytoplasmic projections over the
contact surface. Cell distribution was random on CFBs and within interloop troughs on nitinol coils.
On collagen-impregnated coils, VSMCs were selectively concentrated on the collagen between coil
loops. The average adhesion coefficient was 25.0 for CFBs, 8.5 for CINCs (250-�m pitch), and 6.5
for nitinol coils. Adhesion coefficient differences for the three devices were significant (P � .044).

CONCLUSION: The monopulse exposure assay is a simple and reproducible in vitro test that
provides qualitative information about the morphology and topography of cell-device contacts
and permits quantitative measurement of the intrinsic cell-binding quality of the test device.
VSMCs exposed to collagen-impregnated microcoils selectively attach to collagen. Collagen
enhances the rate of VSMC adhesion to embolic devices, and the degree of enhancement
correlates with the surface area constituted by collagen.

Clinical studies (1, 2) have revealed that the rate of
cerebral aneurysm recurrence after coil embolization
therapy may be as high as 14%. Endovascular fibrosis

may prevent aneurysm recurrence by mechanically
stabilizing the endoluminal coil mass and by perma-
nently obliterating the lumen with a stable connective
tissue matrix that is resistant to recanalization. Em-
bolization coils modified with collagen have been
devised to augment vascular cell adhesion and fibrosis
in embolized aneurysms (3–10). Some (3–7) have
postulated that collagen is an effective substrate for
vascular cell adhesion and that collagen effectively
supports the migration and adhesion of vascular cells.
Initial success with collagen coils has led to efforts to
design a more effective bioactive embolic device by
using novel biomaterials (5–7, 9, 11–14). The number
of biomaterial preparations with theoretical potential
is staggering, and new analytic tools that can provide
rapid and meaningful results are required to narrow
the scope of investigative efforts in this area.

Although long-term animal studies are necessary to
completely elucidate the biological effects and prac-
tical limitations of any biomedical device, efforts to
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further advance the development of bioactive em-
bolics would be facilitated by in vitro tests that rapidly
provide information about cell-device interactions
and that can be used to simultaneously screen large
numbers of potentially useful biomaterials. Adequate
in vitro characterization of cell-device interactions
requires qualitative information about cell-device
contacts and quantitative information about cell ad-
hesion rates. In vitro screening would allow investi-
gators to select a few of the most promising proto-
types for further evaluation in animal models. This
approach reduces the number of animals that would
be sacrificed for in vivo testing, as well as the total
cost of the required investigation, because animal
studies are typically expensive. The following study
was based on a model of in vitro analysis that we
developed for this purpose.

Methods

Collagen Fibers and Collagen Fiber Bundles
Non–cross-linked type I collagen microfibers (40–50-�m

diameter) were prepared from adult rat tail tendons. Collagen
was dissolved by stirring freshly excised rat tail tendons in a
solution of HCl (pH 2) for 10 hours. After centrifugation, the
supernatant was filtered twice through Millipore membranes
(0.65- and 0.45-�m pores), and NaCl was added to a concen-
tration of 0.7 M. Collagen was precipitated at 4°C for 8 hours,
pelleted by means of centrifugation, dissolved in HCl (pH 2),
dialyzed, and pelleted again. The cycle of dissolution, dialysis,
and centrifugation was repeated. The resulting collagen pellet
was redissolved in HCl (pH 2) and sterile filtered. Crude
microfibers were formed, as Kato et al described (15). The
composition of each completed microfiber was more than 90%
type I collagen, and the remaining mass was a mixture of type
II and type III collagen (16).

Collagen fiber bundles (CFBs) were prepared by using a
surgical microscope and sterile technique. In each case, six
collagen microfibers were braided into a tightly packed bundle
with locking microsurgical forceps and fastened at both ends
with 10–0 Prolene sutures. CFBs were stored in sterile vials for
later use in monopulse exposure assays.

Nitinol Coils and Collagen-Impregnated Nitinol Coils

Nitinol embolization coils were fabricated from a wire of
nickel-titanium alloy (56% Ni, 44% Ti) with circular cross-
section measuring 50 �m in diameter (Shape Memory Appli-
cations Inc, Santa Clara, CA). Straight microcoils with a
0.4-mm outer diameter and a helical pitch of 50 and 250 �m
were created by winding nitinol wire on a mandrel and by
means of heat setting at 550°C. In coils with a helical pitch of
50 �m, the loop of one coil turn was in contact with the
subsequent coil loop, without an intervening space. In coils
with a helical pitch of 250 �m, the loop of one coil turn was
separated from the next loop by a distance of 200 �m.

All coils were gas sterilized with ethylene oxide and stored in
sterile vials. Sterile coils were used for monopulse exposure
assays, or they were impregnated with collagen for subsequent
use in monopulse exposure assays.

Collagen-impregnated nitinol coils (CINCs) with a helical
pitch of 250 �m were prepared by using a surgical microscope
and sterile technique. In each case, six collagen microfibers
were braided into a tightly packed bundle and pulled through
the central cavity of a coil with a 10–0 Prolene suture on a
straight needle.

Cell Cultures

Aortic smooth muscle cells from adult rats were isolated and
cultured according to the method of Oakes et al (17). These
cells were cultured in Dulbecco modified Eagle medium sup-
plemented with L-glutamine, penicillin-streptomycin , and 10%
fetal bovine serum. Established cultures were frozen and stored
in liquid nitrogen for as long as 2 years. Subsequently, these
cells were thawed and harvested for use in monopulse exposure
assays after the fifth to eighth passages.

Monopulse Exposure Assays

Specimens of CFBs, nitinol coils, and CINCs with a helical
pitch of 250�m were prepared and cut to a total length of 1.5 mm.
Prior to cutting, devices containing collagen fibers were wet with
serum supplemented media (Dulbecco modified Eagle medium
with 10% fetal bovine serum) to prevent unraveling of the fibers.
Three specimens of each device were individually placed into well
inserts with a semipermeable polycarbonate membrane floor
(Corning Costar Corp, Cambridge, MA). Each insert was 5 mm in
diameter, with a pore size of 0.4 �m and a total capacity of 3 mL.
The nine well inserts containing the specimens (three types of
devices � three specimens of each device) were placed into wells
on a single multiwell plate. Each specimen was immobilized in the
center of its insert by applying 100 �L of serum-supplemented
medium to its surface with a micropipette. A second multiwell
plate was subsequently prepared in duplicate fashion (for trial 2).

Cultures of rat aortic smooth muscle cells were treated with
trypsin, pelleted by means of centrifugation, and washed twice
in serum-supplemented medium. Cell pellets were combined
and suspended in serum-supplemented medium. Serial dilution
was performed with the same medium to yield a series of three
suspensions containing 2.6 � 106, 2.6 � 105, and 2.6 � 104 cells
per milliliter.

Three-milliliter aliquots of each suspension were pipetted
into the individual well inserts that contained each type of
specimen. The wells surrounding the inserts were filled with
serum-supplemented medium. This compartmental arrange-
ment of the cells and media was used to concentrate the cells in
a small volume surrounding the device while maximizing the
gas exchange and total volume of medium available to the cells.
The multiwell plates were placed on a rotoshaker (Barnstead/
Thermolyne Corp, Dubuque, IA) and vigorously agitated for 30
minutes at 37°C. Incubation was continued for another 3.5
hours, without shaking, to extend the total cell-device interac-
tion time to 4 hours, the approximate length of time required
for cells to attach and spread on the surface of static tissue
culture plates in our laboratory. The material in each well
insert was then aspirated, and each of the specimens was
washed three times with 3-mL volumes of serum-supplemented
medium.

The washed specimens were subsequently transferred to
fresh well inserts by using microsurgical forceps. The well
inserts and surrounding wells were filled with serum-supple-
mented medium, and the plates were gently agitated on a
rotoshaker at 37°C for 24 hours.

After 24 hours of incubation, all medium was aspirated from
the well inserts and surrounding wells. Two mL of a live/dead
cell fluorescent stain consisting of calcein AM and ethidium
homodimer-1 (Molecular Probes Inc, Eugene, OR) was added
to each well insert. After the multiwell plates were incubated at
37° C for 45 minutes, specimens were removed from the stain-
ing reagent, washed in phosphate-buffered saline, and trans-
ferred to glass coverslips for further analysis at confocal fluo-
rescence microscopy with an argon laser (Carl Zeiss Inc,
Thornwood, NY). Specimens were scanned to generate a series
of four 6.3-�m-thick image sections. Each image section was a
two-dimensional tangential cross-section of one of the four
surfaces of the specimen: superior, inferior, and two lateral.
The lateral surfaces of each specimen were examined last, after
the specimen was rotated 90°.
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We defined the fractional saturation (FS) as the percentage
of the specimen’s surface area that was covered with viable
cells. For each specimen, the FS was individually determined
for each of its four surfaces by selecting a representative oval
region of interest (ROI) on the corresponding image section.
The ROI of each sample had a 400-�m-long axis, which was
parallel to the long axis of the device, and a 300-�m short axis,
which spanned the device transversely.

The surface area within the selected ROI was determined,
and, by applying a series of masks to the image, the individual
surface areas constituted by live cells and dead cells within the
ROI were determined (Fig 1). Quantitative image analyses and
surface-area determinations were performed with the LSM 510
Image Browser Program (Carl Zeiss Inc). Cells fluorescing red
were counted as being dead, because red-fluorescent ethidium
can penetrate and intercalate into only the nucleic acids of cells
with damaged cytoplasmic membranes (18). Cells fluorescing
green were counted as being viable, because only viable cells
can enzymatically convert the non-fluorescent membrane per-
meant calcein AM to non-permeant green fluorescent calcein
(18). The final FS (FSaverage) of each specimen, used to deter-
mine the adhesion coefficient, was calculated by averaging the
individual FS values determined for each of its four surfaces.

Mathematic Model for Cell-Device Interactions

In the experimental system for the monopulse exposure
assays, the adhesion of the cells to the device surface is a rate
process that depends on the collision frequency between the
cells and the device and on the intrinsic properties of the device
surface that influence cell adhesion. The latter is expressed as
the adhesion coefficient. In such experimental systems, only a
fraction of collisions between the cell and the device surface
result in successful cell adhesion. The adhesion coefficient is a
derived parameter; it is a quantitative measure of the cell-
binding quality of the surface of the test device. This measure
is based on the assumption that all potential cell-binding sites
on the surface of a device are available when cell-device inter-
actions are initiated and that the entire surface of the device
would be covered with cells if the interaction time was extended
to infinity. The adhesion coefficient is proportional to the
fraction of cell-device collisions that result in successful cell
adhesion. The collision frequency between the cells and the
device surface is proportional to the product of the concentra-
tion of available adhesion sites, or [AAS], on the device surface

and the concentration of cells surrounding the device surface,
or [VSMC].

According to our assumptions, cell adhesion to the device
surface can be described by using the following rate expression:
d[OAS]/dt � adhesion coefficient � [AAS] � [VSMC], where
[OAS] is the concentration of occupied adhesion sites on the
device surface, and d[OAS]/dt is its differential with respect to
time, that is, the rate of cell adhesion to the device surface.

If we make the assumption that [VSMC] does not change
substantially over the course of a given experiment, because
[VSMC] is much greater than [AAS], a rearrangement of the
original rate expression reveals that the adhesion coefficient
expresses the rate of cell adhesion per binding site available on
the device surface, as follows: (d[OAS]/dt � [AAS])K � adhe-
sion coefficient.

If [TAS] is the concentration of total adhesion sites on the
device surface that are occupied and available, then [TAS] �
[OAS] � [AAS]. If we substitute for [AAS] in the original rate
expression, we find that d[OAS]/dt � adhesion coefficient
([TAS] – [OAS]) � [VSMC]0, where [VSMC]0 is the initial
concentration of cells at time t � 0. By rearranging this equa-
tion to d[OAS]/([TAS] – [OAS]) � adhesion coefficient
[VSMC]0dt and integrating from t � 0 to t � t and from
[OAS] � 0 to [OAS] � [OAS], we have the expression ln
{([TAS] – [OAS])/[TAS]} � –adhesion coefficient �
[VSMC]0t. This expression can be rearranged to the following:
[OAS] � [TAS] � (1 – e–adhesion coefficient[VSMC]0t). If we define
FS as [OAS]/[TAS], rearrangement and substitution reveals
that FS � 1 – e–adhesion coefficient[VSMC]0t. Further rearrange-
ment demonstrates that ln (1 – FS) � –adhesion coefficient �
[VSMC]0t. Consequently, a plot of ln (1 – FS) versus [VSMC]0t
should yield a straight line with a slope of the negative of the
adhesion coefficient.

The adhesion coefficients for each device were determined
by plotting ln (1 – FS) against [VSMC]0t for each of two
duplicate trials of the monopulse exposure assays. In a single
monopulse exposure assay trial for a given device, three em-
pirically determined FS values corresponded to three values of
[VSMC]0: 2.6 � 106, 2.6 � 105, and 2.6 � 104 cells per milliliter.
A fourth point (0,0) was added to each plot, because the FS and
ln (1 – FS) must be zero when [VSMC]0 � 0. The raw adhesion
coefficient were calculated as the absolute values of the slope
of the best-fit line for each of these plots. Each final adhesion
coefficient was calculated by multiplying the raw adhesion
coefficients by 1010. This manipulation was performed to sim-

FIG 1. Determination of the FS. Images are argon-laser fluorescence confocal micrographs of a CINC with a helical pitch of 250 �m
obtained after monopulse exposure assay with an initial vascular smooth muscle cell (VSMC) concentration of 2.6 � 105 cells per
milliliter (original magnification �40).

A, An oval ROI, represented by the white line, is manually drawn on the device surface to begin the analysis. Wide solid straight arrows
indicate loops of the nitinol coil; curved arrows, collagen fibers; thin solid straight arrow, live cells; open arrow, dead cells.

B, A mask is applied to the image matrix outside the ROI, and the surface area within the ROI is calculated.
C, The live cell surface area within the ROI is calculated by subtracting red fluorescence and masking photon-deficient pixels within

the ROI.
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plify the numeric results. The adhesion coefficients determined
for each of two duplicate trials were averaged to obtain the fi-
nal adhesion coefficient value reported for each type of device.

Statistical Methods

An analysis of variance (ANOVA) was used to
determine the significance of differences in the adhe-
sion coefficient among the three devices studied.

Results

Monopulse Exposure Assays
Examination of the CFBs with fluorescence confo-

cal microscopy after monopulse exposure revealed a
random surface distribution of the VSMCs, at all
VSMC concentrations (Fig 2A). VSMCs that were
attached to collagen fibers spread out over the fiber
surface, with multiple cytoplasmic projections extend-
ing over the surface contours.

In contrast, examination of nitinol coils revealed a
preferential distribution of VSMCs in the troughs
between consecutive coil loops, at all VSMC concen-

trations (Fig 2B). CINCs with a helical pitch of 250
�m were distinctly characterized by a marked concen-
tration of VSMCs on the exposed collagen surfaces
between coil loops (Fig 2C).

For each trial of monopulse exposure assay that we
performed, the FSaverage at a specific VSMC concen-
tration for each device is given in Table 1. The per-
centage standard deviation is reported as an estimate
of the variability between the four sides of each de-
vice. For each VSMC concentration studied, the
mean FS of each device is compared in Figure 3. Each
mean FS value was calculated by averaging the eight
empirically determined FS values from the two inde-
pendent trials of a monopulse exposure assay.

Adhesion Coefficient Determinations
For each device, the adhesions coefficient plots for

the two trials of the monopulse exposure assay are
shown in Figure 4. The final adhesion coefficient
values determined from these trials for each device
are reported in Table 2.

FIG 2. Distribution of VSMCs on the surface of embolic devices. Images are argon-laser fluorescence confocal micrographs of embolic
devices obtained after monopulse exposure assays (original magnification �40). Wide solid straight arrows indicate loops of the nitinol
coil; curved arrows, collagen fibers; thin solid straight arrows, live cells; open arrows, dead cells.

A, CFBs exposed to an initial VSMC concentration of 2.6 � 104 cells per milliliter. VSMCs are spread over the convex surfaces of
individual fibers and within the troughs between fibers.

B, Nitinol coils with a helical pitch of 50 �m exposed to an initial VSMC concentration of 2.6 � 105 cells per milliliter. VSMCs are
preferentially distributed in the troughs between coil loops.

C, CINCs with a helical pitch of 250 �m exposed to an initial VSMC concentration of 2.6 � 105 cells per milliliter. VSMCs are focally
concentrated on the surfaces of collagen fibers between consecutive coil loops.

TABLE 1: FSaverage values at specific VSMC concentrations for each device in each trial of a monopulse exposure assay

Trial CFB Nitinol Coil* CINC†

�106 �105 �104 �106 �105 �104 �106 �105 �104

1
FSaverage 0.84 0.51 0.34 0.29 0.09 0.02 0.38 0.07 0.02
%SD 9.0 15.0 21.0 56.0 45.0 28.0 17.0 66.0 97.0

2
FSaverage 0.83 0.66 0.22 0.43 0.32 0.01 0.60 0.48 0.19
%SD 7.0 12.0 33.0 21.0 7.0 42.0 9.0 11.0 15.0

* Helical pitch, 50 �m.
† Helical pitch, 250 �m.
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Statistics
ANOVA revealed differences in the calculated ad-

hesions coefficients for the three devices studied were
statistically significant (P � .044).

Discussion

Monopulse Exposure Assays Provide
Qualitative and Quantitative Data

In this study, monopulse exposure assays demon-
strated the topographic distribution and morphology
of VSMCs on the surface of collagen-impregnated
microcoils at confocal fluorescence microscopy. On
the basis of a first-order kinetics model, the adhesion
coefficient, which is a quantitative measure of the
cell-binding quality of a surface, was calculated for
each device. The differences in the adhesion coeffi-
cients for a series of three devices, which were char-
acterized by increasing levels of surface modification
with collagen, were statistically significant (P � .044,
ANOVA). This finding indicated that the adhesion
coefficient can be used to distinguish embolic devices
on the basis of their ability to support VSMC attach-
ment.

Quantitative Analysis of Cell Adhesion Rate
versus Number of Cells Attached

In contrast to other quantitative in vitro assays that
are based on a determination of the number of cells,
the monopulse exposure assay described in this report
provides quantitative information about the cell ad-
hesion rate per cell-binding site, with an assumption
that all binding sites on the device surface are poten-
tially available when cell-device interactions are initi-
ated. Because the adhesion coefficient is normalized
to the number of available binding sites, it allows
comparison of devices with different surfaces areas
(ie, different number of total potential cell-binding
sites). Colorimetric tests, such as the microculture
tetrazolium assay (MTA), can be used to determine
the number of cells in vitro (19–22). Such tests, which
rely on the mitochondrial bioreduction of a yellow
tetrazolium salt to a purple formazan, do not provide
morphologic or topographic information about cell-
device contacts, and they do not enable direct deter-
mination of cell adhesion rates that are normalized to
the number of available cell-binding sites on the sur-
face of the test device (19–22). To determine the cell
adhesion rate per cell-binding site, the FS of the
device surface must be know. Although MTAs can be
used to determine the FS, they require an estimate of
the available binding sites on the surface of the test

FIG 3. Mean FS of the device surface with VSMCs. The mean
FS for each of the three devices studied are compared at three
initial VSMC concentrations. The calculated mean FS is pre-
sented in the upper left margin above its corresponding bar. Error
bars indicate a single standard deviation above and below the
mean (n � 8). CINC-250 indicates CINCs with a helical pitch of
250 �m; NiT-50, nitinol coils with a helical pitch of 50 �m.

A, Initial VSMC concentration of 2.6 � 106 cells per milliliter.
B, Initial VSMC concentration of 2.6 � 105 cells per milliliter.
C, Initial VSMC concentration of 2.6 � 104 cells per milliliter.
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device. Such estimates can be empirically determined
only with extended interaction times that are compli-
cated by substantial cell-mediated surface modifica-
tions. Such surface modifications would be expected
to promote additional cell adhesion and proliferation
and to alter the measured adhesion coefficient so that
it no longer reflects the intrinsic properties of the test
device.

Kinetic Model
Monopulse exposure assays performed on CINCs

with a 250-�m pitch revealed that VSMCs were se-
lectively concentrated on exposed collagen surfaces
between coil loops. The findings of these experiments
indicate a definite preference of the VSMCs for col-
lagen fibers instead of nitinol. The results are the
basis of our kinetic model and quantitative analysis.

Because type I collagen fibers are a superior sub-
strate for VSMC adhesion, the rate of adhesion of
VSMCs to a nitinol device is inferred to be positively
correlated with the device surface area constituted by
collagen. If the adhesion coefficient is a true measure
of cell-binding quality, it should also be positively
correlated with the device surface area constituted by
collagen. Results of a comparison of the different
devices supports this relationship: CFB values were
higher than those of CINCs with a 250-�m pitch,
which were higher than those of nitinol coils.

The adhesion of VSMCs to the surface of extracel-
lular matrix proteins, such as collagen, is a highly
specific receptor-ligand interaction mediated by
membrane-associated �1 integrins (23). The initial
cell adhesion to metal-alloy surfaces, such as nitinol,
probably involves nonspecific electrostatic interac-
tions; however, specific integrin-mediated interac-
tions are likely to play an important role as cells begin
to deposit matrix on the metal surface (24). Although
cell adhesion to bioartificial devices, such as collagen-
impregnated coils, may involve a great deal of bio-
chemical complexity, our experimental data conform
well to simplified first-order kinetics. Semilog ADC
plots for the three devices studied provided average
correlation coefficients, in trials 1 and 2, of 0.830 for
CINCs with a helical pitch of 250 �m pitch, 0.832 for
nitinol coils, and 0.841 for CFBs. These results sup-
port the use of first-order kinetics to model cell-
device interactions in monopulse exposure systems
(Fig 4).

FIG 4. Adhesion coefficient plots for two trials of the monopulse
exposure assays are presented for each device. The plot for trial
1 is a cluster of four diamonds, with a solid best-fit line. Each plot
for trial 2 is a cluster of four squares, with a dashed best-fit line.
The equation that represents the best-fit line and the correlation
coefficient for the scatterplot are shown. On each graph, ln (1 –
FSaverage) is plotted against the product of 1) the initial concen-
tration of VSMCs, or [VSMC]i, that was used to conduct the
monopulse exposure assay and 2) the interaction time t of 240
minutes (4 hours).

A, Plots for CFBs.
B, Plots for nitinol coils with a helical pitch of 50 �m.
C, Plots for CINCs with a helical pitch of 250 �m.

TABLE 2: Final adhesion coefficient for each trial of a monopulse
exposure assay

Device

Calculated Adhesion Coefficient

Trial 1 Trial 2 Mean

CFB 30.0 20.0 25.0
Nitinol coil* 5.0 8.0 6.5
CINC† 7.0 10.0 8.5

* Helical pitch, 50 �m.
† Helical pitch, 250 �m.
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Experimental Design
Previous investigators (9) have reported on the

interaction of endothelial cells with embolic devices
in vitro. Although endothelial cells play an important
role in the arterial response to injury and device
implantation, the VSMC is the central mediator of
tissue remodeling and repair in healthy and diseased
arteries, and it is thought to be the principal cell type
that mediates the vascular responses to device im-
plantation (25–31). We used VSMCs to perform our
in vitro studies because the response of VSMCs in
vitro should most closely mimic the arterial response
to device implantation in vivo.

Although platinum microcoils are used almost ex-
clusively in clinical neuroendovascular therapy, we
performed our studies by using nitinol coils, because
the precise control of the helical pitch was an essen-
tial requirement in our experimental design. Unlike
nitinol, platinum does not retain its original shape
and pitch when it is deformed during the relatively
traumatic process of collagen fiber insertion. Nitinol
is a biocompatible alloy with a superelastic shape
memory that has been widely used in the fabrication
of implantable endovascular devices; it enabled us to
easily fashion microhelices with a precisely defined
pitch that remained relatively stable after collagen
fibers were inserted (32–40).

We used type I collagen as the biomaterial modifier
in our study because an abundance of data indicates
that it can be used as a highly effective bioactive
embolic agent (3–10, 41, 42). Compared with other
naturally occurring extracellular matrix proteins, such
as fibronectin and laminin, type I collagen most rap-
idly promotes the adhesion, migration, and growth of
endothelial cells on coated embolic devices (9).

Effects of Device Modification with Collagen
Findings from animal studies (3–6, 8) with vein

pouch aneurysm models suggest that embolic devices
modified with collagen increase endoluminal fibrosis,
and, therefore, they reduce the risk of aneurysm re-
canalization. The biologic phenomena underlying this
effect are likely complex and multifactorial; they may
involve the integrated activity of platelets, endothelial
cells, adventitial fibroblasts, and VSMCs. Previous in
vitro investigations (9) have shown that endothelial
cells grow on stationary embolic devices more rapidly
when the devices are coated with type I collagen. Our
in vitro data show that the modification of devices
with type I collagen enhances the rate of VSMC adhe-
sion to the device and that cell adhesion preferentially
occurs in areas of exposed collagen. These results are
supported by those of other investigators (43, 44) who
have found that soluble, monomeric type I collagen is a
potent VSMC chemotaxin and that fibrillar type I col-
lagen strongly promotes the adhesion of smooth muscle
cells.

Conclusion
The results of this study indicate that the mono-

pulse exposure assay is a valid and reproducible in
vitro method that provides 1) qualitative information
about the morphology and topography of cell-device
contacts and 2) quantitative information about the
rate of vascular cell adhesion per cell-binding site.

Monopulse exposure assays demonstrate that
VSMCs exposed to collagen-impregnated microcoils
selectively attach to collagen microfibers. Quantita-
tive analysis reveals that modification of the micro-
coils with collagen enhances the VSMC adhesion rate
and that the degree of enhancement is positively corre-
lated with the device surface area constituted by col-
lagen. These findings are consistent with previously
published in vitro and in vivo data (3–7, 9, 10, 42).

Device modifications, which enhance the rate of
VSMC adhesion, may increase fibrosis and luminal
obliteration of aneurysms after endovascular therapy.
Therefore, the selection of biomaterials for the mod-
ification of embolic devices can be guided with mono-
pulse exposure assays to allow investigators to rapidly
screen large numbers of biomaterial preparations in
vitro, before they commit to expensive long-term an-
imal studies.

Acknowledgments
We are grateful to Steven Woodard, MS, for his guidance

and support in all aspects of our confocal microscopy work. We
thank Linda Donoff for her assistance in preparation of the
manuscript.

References
1. Byrne J, Sohn M, Molyneux A. Five year experience in using coil

embolization for ruptured intracranial aneurysms: outcomes and
incidence of late rebleeding. J Neurosurg 1999;90:656–653

2. Cognard C, Weill A, Spelle L, et al. Long-term angiographic fol-
low-up of 169 intracranial berry aneurysms occluded with detach-
able coils. Radiology 1999;212:348–356

3. Dawson R, Krisht A, Barrow D, Joseph G, Shengelaia G, Bonner
G. Treatment of experimental aneurysms using collagen-coated
microcoils. Neurosurgery 1995;36:133–140

4. Dawson R, Shengelaia G, Krisht A, Bonner G. Histologic effects of
collagen-filled interlocking detachable coils in the ablation of ex-
perimental aneurysms in swine. AJNR Am J Neuroradiol 1996;17:
853–858

5. Murayama Y, Vinuela F, Suzuki Y, et al. Ion implantation and
protein coating of detachable coils for endovascular treatment of
cerebral aneurysms: concepts and preliminary results in swine
models. Neurosurgery 1997;40:1233–1244

6. Murayama Y, Vinuela F, Suzuki Y, et al. Development of the
biologically active Guglielmi detachable coil for the treatment of
cerebral aneurysms, II: an experimental study in a swine aneurysm
model. AJNR Am J Neuroradiol 1999;20:1992–1999

7. Murayama Y, Suzuki Y, Vinuela F, et al. Development of a biolog-
ically active Guglielmi detachable coil for the treatment of cerebral
aneurysms, I: in vitro study. AJNR Am J Neuroradiol 1999;20:1986–
1991

8. Szikora I, Wakhloo A, Guterman L, et al. Initial experience with
collagen-filled Guglielmi detachable coils for endovascular treat-
ment of experimental aneurysms. AJNR Am J Neuroradiol 1997;18:
667–672

9. Tamatani S, Ozawa T, Minakawa T, Takeuchi S, Koike T, Tanaka
R. Histological interaction of cultured endothelial cells and endo-
vascular embolic materials coated with extracellular matrix. J Neu-
rosurg 1997;86109–112

10. Tamatani S, Ozawa T, Minakawa T, Takeuchi S, Koike T, Tanaka
R. Radiologic and histopathologic evaluation of canine artery oc-

680 ABRUZZO AJNR: 23, April 2002



clusion after collagen-coated platinum microcoil delivery. AJNR
Am J Neuroradiol 1999;20:541–545

11. Desfaits A, Raymond J, Muizelaar J. Growth factors stimulate
neointimal cells in vitro and increase the thickness of the neoin-
tima formed at the neck of porcine aneurysms treated by emboli-
zation. Stroke 2000;31:498–507

12. Kallmes D, Borland K, Cloft H, et al. In vitro proliferation and
adhesion of basic fibroblast growth Factor-producing fibroblasts
on platinum coils. Radiology 1998;206:237–243

13. Kallmes D, Williams A, Cloft H, Lopes M, Hankins G, Helm G.
Platinum coil-mediated implantation of growth factor-secreting
endovascular tissue grafts: an in vivo study. Radiology 1998;207:
519–523

14. Venne D, Raymond J, Allas S, et al. Healing of experimental
aneurysms, II: platelet extracts can increase the thickness of the
neointima at the neck of treated aneurysms. J Neuroradiol 1999;26:
92–100

15. Kato Y, Christiansen DL, Hahn R, Shieh S, Goldstein J, Silver F.
Mechanical properties of collagen fibers: a comparison of recon-
stituted rat tail tendon fibres. Biomaterials 1989;10:38–42

16. Pins G, Chouristiansen D, Patel R, Silver F. Self-assembly of
collagen fibers. Biophys J 1997;73:2164–2172

17. Oakes B, Batty A, Handley C, Sandberg L. The synthesis of elastin,
collagen, and glycosaminoglycans by high density primary cultures
of neonatal rat aortic smooth muscle: an ultrastructural and bio-
chemical study. Eur J Cell Biol 1982;27:34–46

18. Decherchi P, Cochard P, Gauthier P. Dual staining assessment of
Schwann cell viability with in whole peripheral nerves using cal-
cein-AM and ethidium homodimer. J Neurosci Methods 1997;71:
205–213

19. Wan H, Williams R, Doherty P, Williams D. A study of the repro-
ducibility of the MTT test. J Mater Sci Mater Med 1994;5:154–159

20. Hongo T, Fujii Y, Igarashi Y. An in vitro chemosensitivity test for
the screening of anti-cancer drugs in childhood leukemia. Cancer
1990;65:1263–1272

21. Zund G, Ye Q, Hoerstrup S, et al. Tissue engineering in cardio-
vascular surgery: MTT, a rapid and reliable quantitative method to
assess the optimal human cell seeding on polymeric meshes. Eur
J Cardiothorac Surg 1999;15:519–524

22. Mosmann T. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J Im-
munol Methods 1983;65:55–63

23. Clyman R, McDonald K, Kramer R. Integrin receptors on aortic
smooth muscle cells mediate adhesion to fibronectin, laminin, and
collagen. Circ Res 1990;67:945–951

24. Sinha R, Tuan R. Regulation of human osteoblast integrin expres-
sion by orthopedic implant materials. Bone 1996;18:451–457

25. Ghadially F, Walley V. Ultrastructure and architecture of arteries
and veins. In: Silver M, ed. Cardiovascular Pathology. Vol 1. New
York, NY: Churchill Livingstone, 1991:103–129

26. Gotlieb A, Havenith M. Atherosclerosis: lesions and pathogenesis.

In: Silver M, ed. Cardiovascular Pathology. Vol 1. New York, NY:
Churchill Livingstone, 1991:225–265

27. Langille L, Gotlieb A. The structure and function of vascular
smooth muscle. In: Machovich R, ed. Blood Vessel Wall and Throm-
bosis. Vol 1. Boca Raton, Fla: CRC, 1988:141–158

28. Ross R. The pathogenesis of atherosclerosis. N Engl J Med 1986;
314:488–500

29. Davies M, Hagen P. Pathobiology of intimal hyperplasia. Br J Surg
1994;81:1254–1269

30. Machovich R. Biology of endothelial cells. In: Machovich R, ed.
Blood Vessel Wall and Thrombosis. Vol 1. Boca Raton, Fla: CRC,
1988:116–130

31. Shanahan C, Weissberg P. Smooth muscle cell heterogeneity: pat-
terns of gene expression in vascular smooth muscle cells in vitro
and in vivo. Arterioscler Thromb Vasc Biol 1998;18:333–338

32. Winkler W, Slany J. Vena cava filter for prevention of pulmonary
embolism. Vasa 1999;28:250–258

33. Sharafuddin M, Gu X, Urness M, Amplatz K. The nitinol vascular
occlusion plug: Preliminary experimental evaluation in peripheral
veins. J Vasc Intervent Radiol 1999;10:23–28

34. Sharafuddin M, Gu X, Titus J, et al. Experimental evaluation of a
new self-expanding patent ductus-arteriosus occluder in a canine
model. J Vasc Intervent Radiol 1996;7:877–887

35. Sharafuddin M, Gu X, Cervera-Ceballos J, Urness M, Amplatz K.
Repositionable vascular occluder: experimental comparison with
standard Gianturco coils. J Vasc Intervent Radiol 1996;7:695–703

36. Rabkin D, Lang E, Brophy D. Nitinol properties affecting uses in
interventional radiology. J Vasc Intervent Radiol 2000;11:343–350

37. Marks M, Tsai C, Chee H. In vitro evaluation of coils for endovas-
cular therapy. AJNR Am J Neuroradiol 1996;17:29–34

38. Greenfield L, Proctor M. Endovascular methods for caval inter-
ruption. Semin Vasc Surg 1997;10:310–314

39. Fischer G, Kramer H, Stieh J, Harding P, Jung O. Transcatheter
closure of secundum atrial septal defects with the new self-center-
ing Amplatzer septal occluder. Eur Heart J 1999;20:541–549

40. Diethourich E. Endoluminal grafting in the treatment of iliac and
superficial femoral artery disease. Texas Heart Inst J 1997;24:185–
192

41. Derdeyn C, Graves V, Salamat M, Rappe A. Collagen-coated
acrylic microspheres for embolotherapy: in vivo and in vitro char-
acteristics. AJNR Am J Neuroradiol 1997;18:647–653

42. Turjman G, Massoud T, Vinters H, et al. Collagen microbeads:
experimental evaluation of an embolic agent in the rete mirabile of
the swine. AJNR Am J Neuroradiol 1995;16:1031–1036

43. Kato S, Shanley J, Fox J. Serum stimulation, cell-cell interactions,
and extracellular matrix independently influence smooth muscle
cell phenotype in vitro. AJNR Am J Neuroradiol 1996;149:687–697

44. Nelson P, Yamamura S, Kent K. Extracellular matrix proteins are
potent agonists of human smooth muscle cell migration. J Vasc
Surg 1996;24–32

AJNR: 23, April 2002 MONOPULSE EXPOSURE ASSAY 681



In the article Mucosa-Associated Lymphoid Tissue Lymphoma of the Pituitary Gland: MR
Imaging Features, Lee JH, Lee HK, Choi CG, and Huh J; AJNR 23: 838–840, May 2002, an
author’s name was misspelled as Choong Ton Choi. The correct name is Choong Gon Choi.

Interaction of Vascular Smooth Muscle Cells with Collagen-Impregnated Embolization Coils
Studies with a Novel Quantitative in Vitro Model, T Abruzzo, HJ Cloft, M Marek, GG
Shengelaia, PB Snowhill, SM Waldrop and A Sambanis, AJNR 23:674–681. The first sentence
of the ABSTRACT should read as follows, “Modification of aneurysm occlusion devices with
collagen and other biologically active molecules may reduce the risk of lumen recanalization
by promoting vascular cell migration, adhesion and proliferation.”
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