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Purpose: A pathologic feature commonly associated with abdominal aortic aneurysms is 
the presence of variably sized and shaped intraluminal thrombus, which may be funda- 
mental to the disease process. However, the precise role of  the intraluminal thrombus in 
the formation, enlargement, and rupture of  abdominal aortic aneurysms is unknown. 
The hypothesis tested in this study was whether there were structural features of  aortic 
thrombi to suggest that it may be involved in the pathogenesis of  abdominal aortic 
aneurysms. We have investigated this hypothesis using a variety of  structural and bio- 
chemical techniques. 
Methods: Tests performed were light, transmission, and scanning electron microscopy; 
fluid permeability measurements; and Western blots. 
Results: Intraluminal thrombus found in abdominal aortic aneurysms is structurally 
complex and is traversed from the luminal to abluminal surface by a continuous network 
of  interconnected canaliculi. Quantitative microscopic analysis of  the thrombus shows 
cellular penetration for at least 1 cm from the luminal surface of the thrombus. Macro- 
molecular penetration may be unrestricted throughout the entire thickness of  the throm- 
bus. Fibrin deposition occurred throughout the thrombus, whereas fibrin degradation 
occurred principally at the abluminal surface. 
Conclusions: These principally structural studies support the hypothesis that the throm- 
bus is a self-sustaining entity that may have significance in the pathophysiologic mecha- 
nism of abdominal aortic aneurysms. (J Vasc Surg 1997;25:916-26.) 

Although an aneurysm can be found in any ar- 
tery, ~ involvement in the aorta, specifically the infra- 
renal aorta, is a major public health problem because 
of  its prevalence and risk. The presence of  an intralu- 
minal thrombus is a common  finding in abdominal 
aortic aneurysms (AAAs) and may potentially play an 
important,  though as yet unknown, role in the pro- 
gression of  the disease. To date most  studies have 
focused on the role of  thrombus in atherosclerosis. 
For example, studies ,of human pathologic materi- 
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al 2q° and experimental studics in animals n-is support 
the hypothesis that thrombosis is not only associated 
with, but actually contributes to, the development of  
atherosderosis. 

A potential role ofintraluminal thrombus in AAA 
may be to occlude the vessel, leading to pressure- 
induced expansion of~the aortic wall, or perhaps 
more significantly, the thrombus may limit or exacer- 
bate molecular or cellular exchange between the 
blood and the intima of  the aneurysmal aortic wall. 6 

Previous work on intraluminal thrombus within 
AAA has focused on aspects other than direct associ- 
ations between the thrombus and the aneurysmal 
disease process. A dynamic imbalance between the 
fibrinolytic and coagulation mechanisms during the 
formation of  thrombus has been described (con- 
sumptive coagulopathy), and bacterial cultures of  the 
thrombus from AAA have been at tempted to deter- 
mine whether this material is a potential source of  
prosthetic graft infection. 16 More recent investiga- 
tions have explored the biomechanical role of  intra- 
mural thrombus 7,17as in relationship to AAA 
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enlargement or rupture. 19,2° However, the fine struc- 
ture and cellular composition ofaneurysm thrombus 
is presently unlmown. Thus it is important to charac- 
terize this thrombic material to elucidate its potential 
role in the pathogenesis of AAA. 

The foci of this study were to determine whether 
cells from the circulating blood are able to penetrate 
to the aortic wall via the thrombus as well as to study 
the potential role of thrombus as a conduit, trans, 
porting macromolecules from the luminal surface of 
the thrombus to the aortic wall. We demonstrate that 
the thrombus within an AAA contains a reticulated 
network of canaliculi. Many of these canaliculi con- 
tain a cellular infiltrate that includes neutrophils, lym- 
phocytes, macrophages, and platelets. Quantitative 
study showed a significant penetration ofmacrophages 
and T-cells up to a centimeter into the depth of the 
thrombus. Furthermore, permeability studies demon- 
strated the potential of the canaliculi within the throm- 
bus to deliver macromolecules from the lumen to the 
aortic wall. High-resolution structural studies also 
showed that many of the normal platelets within the 
thrombus were actively degranulating, which implied 
active clot formation within the thrombus itself. Us- 
ing biochemical techniques, the relative amount of 
fibrin deposition and degradation was measured and 
quantified. These findings suggest that the thrombus 
may be biologically active and not an inert substance 
as has been assumed, and that it may play an impor- 
tant role in modulating the pathogenesis of AAA. 

M_ETHODS 

Source of  tissue specimens and general prepa- 
ration methods. Intraluminal thrombi from 24 pa- 
tients who underwent aortic resection for AAA were 
used in this study. All specimens came from AAA 
patients who were chosen for operation on the basis 
of the clinical judgment of the individual surgeon 
using widely accepted criteria, such as the size of the 
aneurysm (typically >5 centimeters in diameter) and 
the apparent operative risk. Specimens were largely 
taken from corrective AAA operations. Our AAA 
population is predominantly male (3:1), and almost 
all patients are current or past smokers. At the time of 
aneurysm resection, samples were divided immedi- 
ately into three separate pieces with a fresh scalpel 
blade. Portions of each specimen were prepared for 
electron microscopic, histologic, immunocytochem- 
ical, and biochemical analyses as described below. 
Portions of eight additional thrombus specimens 
were used to measure fluid permeability. 

Histologic analysis. For histologic and immu- 
nohistochemical analysis, cam was taken to ensure 

that the specimen spanned the full thickness of the 
thrombus from lumen to aortic wall. The specimen 
was washed in heparinized phosphate buffered saline 
solution (PBS; 10 U/ml),  fixed in cryofix (2% para- 
formaldehyde, 0.01% glutaraldehyde in 0.1 mol /L  
PBS pH 7.4) for 1 hour at room temperature, 
washed in PBS, and cryoprotected in 30% sucrose in 
PBS overnight in the refrigerator. Specimens were 
then quick-frozen with Histo Freeze-2 (Fisher Sci- 
entific, Pittsburgh) and stored at -80 ° C until sec- 
tioned. 

Five-micron cryosections were cut from 2,4 
thrombi, mounted on Superfrost slides (Fisher), and 
kept frozen in the cryostat until use. After removal 
from the cryostat chamber, specimens were allowed 
to air dry. The sections were then hydrated and 
stained with Gill's III hematoxylin for 1 minute. Tile 
sections were washed three times in double-distilled 
H20 (ddH20), placed in Scott's tap water (Fisher, 
Pittsburgh, Pa.) for 15 seconds, washed in ddH20 , 
and stained with eosin for 1 minute 45 seconds. 
Sections were then dehydrated in a graded series of 
alcohol, cleared in xylene, and mounted in Permount 
(Fisher). Observation and image collection was per- 
formed with a Nikon FXA photomicroscope (Nikon, 
Tokyo). 

Measurements of  canalicular areas. To image 
the canalicular areas detected by light and electron 
microscopy, the same hematoxylin and eosin-stained 
sections were used. Random images from each 
thrombus specimen were collected with a Sony CCD 
camera (Sony, Tokyo) attached to a Nikon FXA 
microscope starting at the luminal surface and con- 
tinuing at intervals of 2 mm throughout the entire 
thickness of the thrombus. Three images from three 
different sections of each sample were captured at 
each depth, and the canalicular area was measured 
automatically using a Bioscan Optimas quantitative 
image processing package (Optimas, Seattle). This 
procedure was repeated three separate times, for a 
total of 27 fields for each specimen at each depth. 

Electron microscopic evaluation. To charac- 
terize the cell types that existed within the thrombus, 
qualitative electron microscopic analysis of 17 of the 
24 thrombi was performed. Samples were cut into 3 
ram-thick transthrombus slices and fixed in 2.5% 
glutaraldehyde in PBS overnight. After fixation, the 
samples were cut into small pieces (~1 mm 3) that 
corresponded to various layers within the thrombus, 
post-fixed with 1% osmium tetroxide containing 
0.1% potassium ferricyanide, dehydrated through 
graded alcohol, washed in propylene oxide, and em- 
bedded with epoxy resin. Sections were cut (50 to 60 
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nm) using a Reichert Ultracut E (5) ultramicrotome, 
mounted on 200 mesh grids, double-stained with 2% 
uranyl acetate (7 minutes) and 1% lead titrate (3 
minutes), and examined using a JEOL 100 CX elec- 
tron microscope (JEOL USA, Peabody, Mass.). 

Scanning electron microscopic examination. 
To determine whether the histologically observed 
cavities constituted canaliculi and acted as a potential 
conduit for cellular transmission from the lumen to 
abluminal regions of the thrombus, we used a micro- 
corrosion cast technique in conjunction with scan- 
ning electron microscopic examination in seven of 
the 24 specimens. Thrombi were washed thoroughly 
in PBS and then fixed overnight in 2.5% glutaralde- 
hyde in PBS. Mercox resin and catalyst (Mercox, 
Dianippon Ink and Chemical Co., Tokyo) were 
mixed and introduced into the thrombus specimens 
from luminal to abluminal direction. After the onset 
of polymerization (10 to I5 minutes), the cast was 
further cured by immersion into a 40 ° C water bath 
for 20 minutes. The thrombus tissue was then re- 
moved by alternate rinses in 20% NaOH (percent 
weight in volume) and mili-Q water. Canalicular 
casts were rinsed thoroughly in PBS and dehydrated 
by a graded series of alcohol. The dehydrated casts 
were mounted on aluminum stubs and sputter- 
coated with gold-palladium. Observation was per- 
formed with a JEOL T300 scanning electron micro- 
scope (JEOL USA, Peabody, Mass.). 

Measurement and assessment of  thrombus 
fluid permeability. After removal from the aneu- 
rysm, fresh thrombus was washed in heparinized (10 
U/ml)  PBS for 24 hours and then fixed in 2.5% 
glutaraldehyde for 48 hours. A small disk (20 mm 
diameter and 10 mm height) was cut out of Teflon 
tube (50 mm length) with a sharp edge and prelimi- 
narily covered with epoxy (Hardman Inc., Belleville, 
N.J.). After 2 hours the tube with secured thrombus 
specimen was installed into a hydrostatic system. The 
fluid permeability of each specimen was determined 
by measuring, after a 24 hour period, the amount of 
saline solution with 0.1% Toluidine Blue (Sigma 
Chemical Co., St. Louis) that passed through the 
disk under a constant hydrostatic pressure (100 mm 
Hg) at room temperature. An apparent permeability 
kap p was calculated according to Darcy's law in the 
form: 

4Qh 
kap p - v d 2 &  P 

In this equation Q is the volume flow rate of 
filtered fluid across the thickness h of the Specimen; d 

is the diameter of the disk-shaped specimen; and 
AP = pgH, where 9 is the density of the infused fluid, 
g is the gravitational constant, and His  the height of 
the fluid column above the specimen. Descriptive 
statistics were used to represent the results as a mean 
value with a standard deviation (mean _+ SD). 

Quantitative immunohistochemical analysis 
of  cellular penetration into thrombus. Sections 
were cut and stored from 24 thrombi as described in 
the above section on histology. Slides were placed in 
a moisture chamber and washed three times in PBS 
(5 minutes each), followed by three washes in PBS 
containing 0.5% bovine serum albumin (BSA) and 
0.15% glycine (BSA buffer; 5 minutes each). Nonspe- 
cific activity was blocked with 5% normal goat serum 
in BSA buffer. Subsequently, the sections were incu- 
bated for 2 hours with a monoclonal antibody (i.e., 
rat anti-human CD4, rat anti-human CDS, and flu- 
orescein isothiocyanate rabbit anti-macrophage; Ac- 
curate Chemical, Westbury, N.Y.). After incubation 
the sections were washed three times in BSA buffer 
and twice with PBS buffer and were mounted in 
gelvatol (Monsanto, St. Louis). Control specimens 
were sections incubated with antibodies directly cou- 
pled to other known antigens, as well as unlabeled 
sections. Positive control specimens for CD4 and 
CD8 were lymph node specimens, and positive con- 
trol specimens for the macrophage antibodies were 
human macrophages purified by plastic adherence 
(data not shown). All incubations were performed at 
room temperature within a moist chamber. As in the 
study of canaliculi above, random images were col- 
lected in triplicate at 2 mm intervals throughout the 
depth of the thrombus, and the number of labeled 
cells per field were quantified automatically by com- 
puter. 

Biochemical studies of  fibrinogenesis and fi- 
brinolysis. Of the 24 thrombus specimens , 11 
showed thrombus thickness 6 mm or greater and 
were used for quantitative Western blot analysis. 
Thrombi less than 6 mm thick were rejected because 
it would not be possible to generate measurements of 
relative band intensities within specimens using only 
two samples. Tissue samples were taken at 2 mm 
intervals throughout the thrombus from the luminal 
to the abluminal direction. Each sample was individ- 
ually homogenized in 8 mol /L  urea and immediately 
frozen. This stock was diluted with sodium dodecyl- 
sulfate (SDS) treatment buffer (0.0625 mol /L  tris- 
CI, pH 6.8; 2% SDS; 10% glycerol, 5% 2-mercapto- 
ethanol) and DNAse I, and the total protein 
concentration was quantified via the method of Mi- 
namide and Bamburg. Total protein concentrations 
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were diluted with ddH20  so that each sample had an 
equal final concentration of  total protein. 10 b~l of  
homogenized fluid from each subsection of  a partic- 
ular thrombus were sequentially loaded in adjacent 
lanes of  a 7% SDS-acrylamide-bis gel. The gels were 
run at 80 volts using a Mighty Small II gel electro- 
phoresis unit (Hoefer Pharmacia Biotech Inc., San 
Francisco) and protein transferred to nitrocellulose 
paper (Bio Rad, Hercules, Calif.) using a semidry 
electrophoretic transfer cell (Bio Rad). After transfer, 
the paper was blocked with reconstituted powdered 
milk (5 g /100  ml ddH20  ) for 1 hour, rinsed three 
times in BSA, 5 minutes each, incubated in primary 
antibody (diluted 1:1000 in BSA)for i hour, and 
again rinsed in BSA. To detect positNely staining 
bands, the blots were incubated in alkaline-phospha- 
tase-conjugated secondary antibody and visualized 
using BCIP /NBT color development solution (Bio 
Rad). The intensity of the stained Western blot 
bands were measured automatically using a Bioscan 
Optimas quantitative image processing package, and 
the relative intensities were statistically analyzed as 
described below. 

Statistical analysis. Statistical analysis was per- 
formed to analyze and describe change in the size of  
canaliculi, changes in cellular penetration through- 
out the depth of  the thrombus, and changes in fibrin 
degradation/deposition; specifically, to detect 
changes in these parameters that occurred in relation 
to position within the thrombus (from luminal to 
abluminal surface)'. Thrombi used were of  variable 
thiclmess (2 mm to 14 mm), which caused sampling 
sizes to vary. To unify the data, mean values for the 
27 fields measured at each sample position (intervals 
of  2 m m  starting from the luminal surface and con- 
tinuing throughout the entire thrombus thickness) 
for each specimen were derived. Mean values for 
band intensity, canalicular area, and macrophage 
number at the various depths were calculated and 
compared statistically using a one-way analysis of  
variance in combination with various post-hoe statis- 
tical tests (e.g., Fisher's, Tukey's). Extreme outliers 
were removed from the individual data by taldng the 
upper hinge of  the data + 3x (upper hinge-lower 
hinge). 

To further analyze the data on mean canaliculi 
area, number ofmacrophages, and band intensities, a 
Cochran-Mantel-Haenszel (CMH) correlation sta- 
tistic, with one degree of  freedom, was used. This 
test ranks the obtained values from smallest to largest 
at each depth. The statistic has as its sampling distri- 
bution (SD) all possible combinations of ways to 
rank the various depths for each sample. The ob- 

tained scores are compared with this SD to deter- 
mine the probability that they represent a trend asso- 
ciating rank order with depth. This CMH test 
essentially allows one to look for a correlation while 
accounting for the fact that the thrombi were of  
variable thickness, and hence with different numbers 
of  samples at each level. 

A regression analysis was also carried out to deter- 
mine whether there was a significant linear trend 
relating mean canaliculi area or macrophage number 
over the thrombic depths used in our experiment. 
This type of  analysis does not require normality or 
homogeneity of  variance of  the data and yielded a 
highly significant result. 

RESULTS 

Histologic analysis. Histologic analysis of 
thrombi showed consistent morphologic features. In 
Fig. 1, it can be seen that the thrombus contained 
"cavities" throughout its entire thicl~aless; all panels 
were taken at the same magnification. It is reasonable 
that these "cavities" may represent a network of  
channels or canaliculi running throughout the 
thrombus. Quantitation of  these spaces showed that 
many were less than 5 ~m 2 in area-large enough to 
allow the passage of  macromolecules, but too small 
for cellular passage. On the other hand, a significant 
population sufficiently large to allow cellular passage 
(i.e., cross-sectional area >36 ~m 2) were seen in edl 
thrombi examined. Morphometric analysis of  this 
population of canaliculi showed a significant linear 
trend of  increasing mean area of  the canaliculi from 
the luminal to abluminal surfaces of  the thrombus. 
Table I represent the obtained data. Briefly, all areas 
from each field at a certain depth from all 24 samples 
were combined and the mean area determined. This 
is represented by mean area from combined data 
(MCD) in Table I. Mean and median areas were also 
determined individually for each sample, added to 
means/medians from other samples, and statistically 
analyzed (mean of the means). 

Electron microscopic examination. The cellu- 
lar penetration observed using histologic methods 
was seen to include most circulating cell types, in- 
cluding T-cells, neutrophils, macrophages, platelets, 
and erythrocytes. In Fig. 2, A it would appear that 
the macrophage is physically trapped traversing the 
thrombus. It can be seen that whereas the leading 
edge of  the macrophage is tightly opposed to the 
thrombus, the tailing edge appears to exist within a 
canaliculus that trails behind the macrophage itself. 

Also observed were numerous degranulating 
platelets in the presence of red blood cells and mac- 
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Fig. 1. Hematoxylin and eosin-stained section of a representative thrombus specimen. It 
appears as though thrombus has within its structure spaces that may constitute interconnected 
canaliculi. It also qualitatively appears that areas of observed canaliculi increase with distance 
from luminal aspect ofthrombus. Original magnification, 100×. 

rophages. Although platelets were clearly present, 
their individual profiles were difficult to discern. As is 
typically seen in degranulating events, the alpha 
granules appeared to have been released into the 
newly formed canaliculus. 

I t  is notable that none of  the canaliculi showed 
evidence of  endothelial deposi t ion at any depth 
within the thrombus.  

Resin casts. Fig. 2, C and D shows a typical 
scanning electron micrograph of  a thrombus cast. At 
low power, highly convoluted, anastomosing mor- 
phologic features are seen. At a higher magnification, 
the interconnected reticular pathways penetrating 
the thrombus become more apparent. This tech- 
nique clearly demonstrates that a continuous network 
of  "canaliculi" exist branching out from the lumen of  
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Fig. 2. A, Lipid-filled macrophage is at leading edge of  canaliculus (original magnification, 
2500×).  B, Within the depth of thrombus,  lipid-rich macrophages were abundant. It appears 
that macrophage is phagocytosing a normal mTthrocyte (arrow) (original magnification, 
2500×).  C, Scanning electron micrograph of  Mercoxy resin cast. Before polymerizing, resin 
entered thrombus via gravitational force. C is a low-power micrograph of  a representative 
thrombus specimen. D, Higher-power micrograph from same specimens. It is evident from 
these micrographs that there is a reticular nature to penetrating resin that may represent 
canaliculi that penetrate thrombus. 

T a b l e  1. Mean  area o f  canaliculi  

Depth MCD (btm 2) Rank order of MCD MOM (btm 2) Rank order of MOM 

0 mm 83.07367 1 62.2896 1 
2 mm 92.0737 2 66.2653 2 
4 mm 96.7402 3 81.2244 4 
6 mm 99.3276 4 77.4135 3 
8 mm 139.8443 6 88.6461 5 
10 mm 143.7800 7 102.0400 6 
12 mm 132.6083 5 125.5221 7 
14 mm 211.4782 8 275.8940 8 

MCD, Mean of combined data; MOM, mean of the means. Increase in mean area with depth from luminal surface is apparent on 
examination of the rankings for both MCD and MOM. Larger rank is indicative of larger mean canaliculi area. 

the th rombus  and supports  our  hypothesis that  the 
holes observed histologically are haterconnected, form- 
ing channels that  penetxate th rough  the thrombus.  

P e r m e a b i l i t y  s tud ie s .  The  permeabi l i ty  studies 
r epo r t ed  here demons t r a t e  that  the  t h r o m b u s  is flu- 
id -permeable .  We measured  an apparen t  permeabi l -  
ity o f  0.91 -+ 0 .54 m m 4 / N  • s. In  compar i son ,  the 

permeabi l i ty  o f  porc ine  aort ic  wall has been  r epor t ed  
to  be 7 x 10 -4 m m 4 / N  • s, 21 and that  o f  art icular  
carti lage is 1 × 10 .4 m m 4 / N  " S ,  2 2  bo th  more  than  

three  orders  o f  magn i tude  lower  than  that  measured  
for t h r o m b u s  in this r e p o r t  This  f inding suggests  
that  fluid and smaller molecules  may  pass freely 
t h r o u g h  the t h r o m b u s  via the  canaliculi  ne twork .  
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Fig. 3. Immunohistochemical analysis was used to quantify the number of macrophages 
present at various depths within thrombus. 0 mm refers to luminal surface. This representative 
thrombus specimen shows a thrombic specimen stained with a fluorescent conjugated rat 
antihuman mAb directed against human macrophages and shows general trend that was 
observed. On quantification and statistical analysis (Fig. 4), it was seen that mean and median 
number of macrophages decreased with increasing depth toward luminal surface ofthrombus. 
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Table  II.  Positively stained macrophages at 
various depths 

Depth Mean Median Rank 

0 mm 85.625 84.075 5 
2 mm 36.500 35.087 4 
4 mm 21.267 23.459 3 
6 mm 8.364 5.500 2 
8 mm 3.667 2.582 1 

Mean and median number  of  macrophages decrease from luminal 
to abluminal aspect. 

Cellular pene t ra t ion  into th rombus .  Qualita- 
tively, cells and platelets were evident deep within the 
thrombus. To determine whether these observed 
cells had the potential to translocate to the vessel 
wall, they were quantified with respect to location 
within the thrombus. 

Macrophages.  Fig. 3 shows a typical pattern of  
macrophage penetration into a thick (14 ram) 
thrombus. It can be seen that the penetration of  
macrophages continued for at least 1 cm. Qualita- 
tively, it appears that the number of  penetrating cells 
per field diminishes progressively from luminal to 
abluminal surface. Quantitative analysis reinforced 
this observation. It was found that the number of  
macrophages per field was greatest at the luminal 
surface and that there was a significant continual 
decrease in the number of  penetrating cells with 
increasing thrombus depths over the range/levels 
analyzed. These results are shown in Table II and 
Fig. 4. 

It is important to note that some macrophages 
were still discernible in thrombi at depths greater 
than 1 cm (for example, Fig. 3-at 14 ram). However,  
the number o f  specimens of  this thiclmess were too  
few to allow quantitative analysis up to this depth. 
However, a decreasing trend in cell number moving 
away from the luminal surface was observed (Fig. 4; 
F = 21.195; p < 0.01). This correlation was con- 
firmed and validated using the C M H  statistic (CMH 
value = 35.716; p < 0.001). These values demon- 
strate that a significant inverse relationship exists for 
number of  macrophages and depth; with increasing 
depth there is significantly fewer macrophages. 

T-cells. In Table III it can be seen that at the 
luminal surface and continuing as far as 4 mm into 
the thrombus, the mean and median numbers of  
C D 4 +  cells per field were greater than those of  
CD8 + cells. This tendency shifted at greater depths 
(6 ram), where CD8+  cells were more commonly 
found. This decrease roughly paralleled that seen for 
the macrophages. 

120 
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Fig. 4. Data from all 24 thrombi were combined arid 
mean number of macrophages quantified. A, Histogram 
representing mean number of macrophages present at var- 
ious defined depths within thrombus. Correlation of de- 
creasing number of macrophages with increasing depth 
was observed. B, To determine whether this correlation 
was statistically significant, a statistical regression analysis 
was performed. This statistical test reveals that a significant 
trend does exist; with increasing depth toward abluminal 
aspect of thrombus there are significantly fewer macro- 
phages than are present at luminal surface. 

Quant i ta t ive  biochemistry.  The abundance of  
activated, degranulating platelets within thrombus 
was quantified by measuring the abundance of  a 
platelet surface receptor GpIIbIIIa. This glycopro- 
rein is only present on activated platelets that de- 
granulate and release fibrinogen, hence indicating 
where fibrin deposition is occurring? 3,24 Although 
IIbIIIa may be visualized microscopically, it presents 
an extremely complex form; thus quantitative West- 
ern blots were used. Analysis of  fibrin deposition 
showed the rate of  fibrin deposition to be greatest at 
the lmninal surface and to decrease significantly (p < 
0.01) towards the abluminal aspect. 

To detect fibrin degradation we used a m o n o c l o -  
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0 2 4 0 2 4  0 2 4 4 2 0  

Hg. 5. Sample Western blots show relative amounts of fi- 
brin deposition and degradation at defined depths into 
thrombus. A, Labeling for fibrin degradation products in two 
separate specimens. Samples were taken at 0, 2, and 4 mm 
within the thrombus and gels equivalently loaded. It can be 
seen that band intensity increases as distance increases. This 
indicates that fibrin degradation increases with depth into 
thrombus. This trend is observed in each thrombi examined. 
B, Abundance of GpIIbIIIa, in the same two separate 
thrombi. Abundance decreases with depth into thrombus. 
Numbers above lanes indicate distance, in millimeters, from 
luminal surface of thrombus. Band representing fibrin degra- 
dation is seen at 150 ld), whereas band representing fibrin 
deposition is seen at 133 ld). 

nal antibody, anti-D.Di "2F7," specific to a neo- 
epitope expressed on fibrin after proteolytic cleavage 
by plasmin. Quantitative analysis revealed that the 
band intensity of  fibrin degradation product  in- 
creased significantly (p < 0.01) from the luminal to 
abluminal aspect of  the thrombus (Fig. 5, A). This 
finding implies that more active degradation occurs 
at greater depths, which is generally considered the 
older part of  the thrombus. It  is possible that this 
could represent the consumption of  incorporated 
substances that had initially served to protect the 
thrombus from lysis. This finding further supports 
the hypothesis that macromolecules are able to pen- 
etrate the thrombus even if cells from which they 
originate do not. 

Analysis of  fibrin deposition showed the rate of  
fibrin deposition to be greatest at the luminal surface, 
decreasing significantly (p < 0.01) toward the ablu- 
minal aspect (Fig. 5, B). 

DISCUSSION 

Luminal thrombus is a consistent feature of  
AAAs. 2s Macroscopically, this thrombus may be so 
large that it entirely fills the dilated segment of  the 
aorta (often several centimeters thick). The studies of  
intraaortic thrombus reported here strongly suggest 
that a complex and potentially dynamic environment 
exists within the thrombus. 

Table  I I I .  Mean and median number of  
T-cells at various depths 

Mean Median 

Depth CD4+ CD8+ CD4+ CD8+ 

0 mm 7.5 7.541667 5 1.5 
2 mm 14.45161 11.25 12 6 
4 mm 26.21053 21.7619 25 13 
6 mm 10.8 17.73333 5 12 
8 mm 20.0 27.16667 19 22 
10 mm 10.33333 31.0 10 18 

Mean and median represent combined data of  all 24 thrombi. 
CD4+, Cells that stained positive with a n~Ab to CD4, i.e., 
T-helper cells; CD8+, ceils that stained positive with a mAb to 
CD8, i.e., CD-suppressor cells. 

It has been reported previously that more than 
80% ofintraluminal thrombi have a layered structure 
that probably reflects thrombus material of  differing 
age and indicates an episodic growth by repeated 
mural deposits over a period of  time. 2s However, 
histologic evaluation, electron microscopic examina- 
tion, and scanning electron microscopic examination 
as performed in this study demonstrate a system of  
reticular canaliculi that may act as an alternate deliv- 
ery system for both cells and macromolecules to the 
aneurysmal aortic wall. Our novel study of  the fluid 
permeability of  the thrombus has shown that this 
canalicular system is permeable to fluids, which po- 
tentially allows the passage ofmacromolecules to the 
aortic wall. Biochemical studies reveal that whereas 
fibrin deposition occurs throughout  the thrombus, 
degradation is concentrated toward the abluminal 
regions. The observation that cells penetrate into the 
thrombus and the fact that we see degranulated 
platelets deep within the thrombus complicate a sim- 
ple model that relies entirely on luminal deposition, 
and it is interesting to speculate whether intrathrom- 
bic deposition of  fibrin along canaliculi takes place. 

The consequences of  these observations at both 
the cellular and molecular level may be of  importance 
in the pathogenesis of  AAA. The results of  this study, 
based on immunohistochemical and electron micro- 
scopic techniques, demonstrate degranulating plate- 
lets and inflammatory cells within the thrombus in 
association with and contained within the observed 
canaliculi. Importantly, cellular penetration appears 
to be limited to the first 1 cm of  the thrombus, which 
suggests that although transthrombic passage may 
occur it is limited by the thickaless of  the thrombus. 
On the other hand, our diffusion studies show that 
limited diffusion occurs across extremely thick 
thrombi and that active fibrin degradation may occur 
deep within the thrombus. This differential distribu- 
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tion of  cellular penetration, as well as fibrin deposi- 
t ion/degradation, may explain the increase in cana- 
licular diameter deep within the thrombus. Near the 
surface, deposition of  new thrombus by the penetrat- 
ing platelets will limit the enlargement of  canaliculi. 
However, deep within the thrombus, where no cells 
are found, the thrombus will not  be renewed. At the 
same time, as we demonstrate biochemically, fibrin 
proteolysis continues deep within the thrombus and 
leads to enlargement of  preexisting canaliculi. How- 
ever, from our data it is not  possible to determine 
whether proteolytic enzymes potentially diffuse 
through the thrombus from either or both the lumi- 
nal and abluminal surfaces. 

One possibility that accounts for the presence of  
cells within the thrombus is that they were trapped as 
the thrombus was deposited over time. However, 
because a large proportion of  cells were neither ne- 
crotic or apoptotic, this is intuitively unlikely. This is 
particularly true of  the anucleate platelet, which has 
little capacity for self-maintenance after separation 
from the parental megakaryocytc. Another possible 
explanation is that there is penetration of  the cells 
from either the luminal or abhiminal surface of  the 
thrombus through an interconnected canalicular sys- 
tem. Definitive proof of  this possibility, however, is 
beyond the scope of  this manuscript. Although these 
studies did not  allow a definitive answer as to 
whether the cells observed within thrombi less than 1 
cm thick entered from the luminal or abluminal sur- 
face, the quantitative trend is a decrease in the num- 
ber  of  cells moving abluminally. Furthermore, no 
cells are detected towards the abluminal surface of  
clots thicker than 1 cm. These findings suggest that 
the majority of  cells enter from the luminal surface. 

The existence of  patent channels within the AAA 
thrombus that contain viable cells combined with the 
thrombi's relatively permeable nature further sug- 
gests that intramural thrombus may be biologically 
active and not an inert substance, as has been as- 
sumed. Although the thrombus may be physiologi- 
cally permeable, however, previous data suggest that 
when extremely thick it may limit passage of  nutri- 
ents and oxygen to the aortic wall. 6 The observation 
that macrophages are found in the intramural throm- 
bus suggests that intraluminal thrombus may play an 
active role in the pathogenesis of  AAA. Inflammatory 
cells (macrophages and neutrophils) and cytoldnes 
are known to be present in nonaneurysmal athero- 
sclerotic tissue as well as AAA. 26-2s However, cell 
populations are significantly greater in AAA, which 
suggests an immune-mediated mechanism of  aneu- 
rysm development. 29~38 It is reasonable that the pop- 

ulation of  macrophages within the thrombus may 
contribute to the pathologic mechanism of  AAA by 
chronic cytokine production, which by diffusion will 
pass to the aorta, a,32,3s,39 However, definitive proof 
of  this possibility demands a specific analysis of  the 
cytoldnes released into the aorta by this route, which 
is beyond the scope of  this article. 
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