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It is well recognized that thrombosis in
small blood vessels plays a significant . role
in the development of inflammatory states
(1-4). The adherence of the thrombus to the
vessel wall involves platelet aggregation,
among other things, and the sticking of
formed elements such as white cells and
platelets(4) to each other and to the endo-
thelial cell.

Recently developed laser systems(5-10)
now permit a unique approach to the study
of thrombosis and thromboembolism, en-
abling the investigator to analyze, iz vivo, in
a highly reproducible way, the formation,
propagation and dissolution of microthrombi
(10,11). In contrast to virtually all previ-
ously used experimental models, it is possible
with a laser instrument to produce micro-
thrombi in single vessels. One can arrange
the experimental system in such a way as to
exclude, apparently, extravascular factors
which may influence the development of such
thrombi. Under these circumstances, discrete
intravascular injuries yield white cell and
platelet adherence to the endothelial walls of
small blood vessels. Such capillary prepara-
tions as mesenteries(10) permit short-term
observations of such lesions but the rabbit
ear chamber, equipped with a transparent
coverslip, is an ideal preparation for long-
term study of laser injury and the resolution
of the lesion(11). Lesions can be observed
for minutes, hours, days or weeks with the
coverslip of the chamber protecting the capil-
lary bed from extraneous stimuli, yet allow-
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ing a constant evaluation of the status of the
injury -site.

This communication deals with the mor-
phology of a lesion produced by a laser beam
in an ear chamber under circumstances where
the injury to the blood vessel was of a suffi-
ciently limited nature to permit recovery.
Future communications will deal with the
dynamic aspects of this system.

Materials and methods. Rabbits used were
2 kg male English half-lops, obtained from
Bar F Rabbitry, Fullerton, Md. Ear cham-
bers were similar in design to those described
by Sanders et al(12) and Grant et al(13)
except for certain modifications in coverslip
support. The principle of the chamber was
essentially that of Sandison(14). Connective
tissue in the ear chamber is made up of sub-
cutaneous areolar tissue and is 30 to 50 u in
thickness. The laser system used was a Ruby
Minilaser 103, purchased from TRG, Inc.,
Melville, N. Y., adapted for use with a Leitz
Ortholux microscope. The laser beam was
projected by the use of a prism through the
X 50 objective of the microscope to the tar-
get vessel. After preliminary testing of the
system by production of more than 100 le-
sions, it was determined that a satisfactory
injury in a venule could be achieved by set-
ting the Variac on the power supply at in-
tensities from 15C to 200 joules input. Un-
der conditions of the experiment, the diam-
eter of the lesion produced immediately after
the stimulus iz vivo was approximately 5 to
20 u, which correlated well with diameters of
color alterations produced by this laser beam
on glass slides coated with a green dye.

Ten minutes before application of the laser
beam to the ear chamber vessel, the rabbit
received 5 cc of Pelikan ink in gelatin, pre-
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FIG 1a. Photograph of a venule with a laser lesion in vivo, showing carbon sticking at
3 hr. Note blackening of lesion, rather well defined endothelial borders, clear extravascular
tissue and blood flow proximal and distal to the lesion. CT = carbon thrombus; BF = blood
flow; EB — endothelial border; et — extravuscular tissue. X 210.

FIG. 1 b. Microphotograph of the thrombus shown in 1a. This picture is a cross-section
of thrombus, cut in 3 , sections after fixation of the tissue. Bridging of vascular lumen has
resulted in partial ocelusion of the vessel. Carbon apparently is deposited on entire endo-
thelial surface but the vessel (as indicated in 1a, an in wvivo photograph) is not totally oe-
cluded. H & E X 21,

FIG. 1c. A similar 3-hr lesion. The overall form is a eribriform mass bulging in lumen.
Entrapped in thrombus are white blood cells. There is some artifactual separation of endo-
thelium and basement membrane. Carbon is seen deposited on the white blood cell and
amolrphous material of thrombus, endothelial cells, basement membrane and pericytes. H & E
X 105.

FIG. 1d. High-power microphotograph of lesion illustrated in 1e. Arrows point to white
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pared according to the formula of Biozzi(15).

Observations were made in vivo virtually
continuously for periods up to one hour and
at 15-minute intervals thereafter in the three-
hour experiment. All animals were placed in
the supine position during the experiment,
and were conditioned to this position, making
anesthesia unnecessary.

At the conclusion of in vivo observations,
the chamber tissue was fixed and stained ac-
cording to the following procedure. After re-
moval of the protective coverslip of the ear
chamber, fixative was applied throughout the
remaining maneuvers. The chamber tissue
and surrounding cartilage were cut from the
rabbit’s ear and placed in a Petri dish con-
taining fixative. Under a dissecting micro-
scope and using a razor blade, the tissue was
freed from cartilage and then one edge (that
closest to the lesion) was squared by a single
cut approximately 0.5 mm distal to the le-
sion. The tissue was carefully pinned to a
small square of rough cardboard using de-

hubbed 30-gauge needles and fixed for one

hour.

The fixative used throughout the experi-
ment was reagent grade 109 formaldehyde,
phosphate buffered to pH 7.2, containing
7.5% sucrose. Following fixation, the tissue
was dehydrated by hand passage through
alcohols at 20-minute intervals. Incubation
in paraffin for 18 hours was followed by
blocking the tissue in standard paraffin boats
utilizing fine-tipped jeweler’s forceps to in-
sure placing the flat edge against the base of
the boat. Sections were cut at 3 p on a stand-
ard microtome, the blade of which had been
sharpened immediately prior to use.

The stains utilized included H & E, PAS,
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PTAH, Alcian Blue and a standard basement
membrane silver stain(16).

Tissue for histologic sections was obtained
at 3 hours and at 24 hours.

Observations. 1) In vivo observations. Un-
der the conditions of the experiment, no le-
sion was discernible with the laser beam if
the animal did not receive carbon prior to
the stimulus, although it was possible, with
higher intensities of stimulus, to achieve a
thrombus without use of carbon. With the
injection of carbon, there was a darken-
ing: of the animal’'s blood in the ear
chamber but no sticking of carbon to
endothelial surfaces, nor was there any
stigmata of inflammation caused by the in-
jection of carbon. The phenomenon noted by
Stehbens and Florey(17)-—the clumping of
carbon in masses of white cells and platelets
—was not apparent in these preparations ex-
cept at the specific site of injury. The micro-
scope ocular was closed during the pulsing
of the laser stimulus so that laser energy
would be confined to the target. Immediately
(within a second or two) after the laser
stimulus, the ocular system was opened and
a lesion in the target venule was apparent.
This lesion consisted of a small (5 p) clump
of red cells, surrounded by white cells and
platelets which were stuck at the injury site.
At this time, no leakage of carbon was noted,
no white cells had emigrated into the extra-
vascular spaces and there were no perivascu-
lar morphological alterations. Over the next
3 hours, the thrombus enlarged by addition
of white cells and platelets but not by addi-
tion of red cells. Intermittently the thrombus
grew to a maximum size of 40 to 50 g,
achieved at approximately 3 hours (Fig. 1 a).

cells caught up in amorphous material in lumen of vessel. EC — endothelial eells, It would
appear that there has been phagocytosis of the carbon by both white blood cells and endo-
thelial cells. H & E X 315,

FIG. 1le. Photograph of a venule with a laser lesion, in vivo, taken at 5 hr with a less
heavy deposit of carbon than shown in Fig. 1a. Arrows point to white blood cells which have
affixed themselves to the injury site. The shutter.on the camera was set at 1/5 see. This
caused the red cell flow (at top left and top right of photograph) to appear as a blur but the
white cells appear to be in focus because they were relatively stationary. EB — endothelial bor-
der; CT — carbon thrombus. X 210,

FIG. 1£f. Photograph of the same venule taken at 5 days showing a disappearance of the
carbon from injury site. Endothelial border on the left is the same as endothelial border in
1 e although the photograph covers more of the extravascular tissue in order to show 2 extra-
vascular elumps of carbon, both of them apparently cell-bound. One of these is to right of
marker ‘‘EB,’’ the other in lower right-hand corner. The carbon thrombus is deliberately
out of foeus in order to focus on the extravascular clumps. BF — blood flow; CT — carbon
thrombus; EB — endothelial border. X 280.
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The intermittency of growth was the result
of occasional breaking off of clumps of white
blood cells and platelets which were carried
off in the direction of blood flow. During the
3-hour period there was a progressive darken-
ing by carbon of the injury site, reaching a
point at 3 hours where the thrombus was ho-
mogeneously jet black. At this time the cel-
lular components of the thrombus were ob-
scured. Although the growth of the thrombus
interfered with blood flow, there was no total
shutdown of flow at any time. Over the next
21 hours, a typical course of resolution was
noted in all animals studied. There was a
progressive diminution of carbon adherence
and in the size of the thrombus, and a pro-
gressive increase in the volume of blood flow
past the site of the lesion. At 24 hours, the
typical lesion consisted of a small aggregate
of carbon and amorphous material. Carbon
marking of endothelium could not be seen
under highest powers of the light microscope,
including oil immersion magnifications of ap-
proximately 1000 X.

During this 24-hour period, the endothelial
wall seemed to remain intact, there was no
escape of red cells at any time, and there was
no obvious emigration of white cells, but
rarely there were small clumps of carbon seen
extravascularly, apparently within macro-
phages. In a preparation followed for 5 days,
carbon extravasation was also rare; indeed,
in the perivascular area there were only 2
small clumps of carbon noted, both of these
seeming to be cell-bound, perhaps in macro-
phages (Fig. 1 e, 1 f). The bulk of the car-
bon apparently had been washed away by
blood flow and the remaining deposit at the
injury site seemed to be rather discretely
marginated, presumably held by the base-
ment membrane.

2) Histological observations. The term
“upper endothelial surface” used below refers
to that surface of the vessel closest to the
microscope objective during laser exposure.
The appearance of the chamber tissue in histo-
logic section is that of a delicate, collagenous
membrane containing vascular channels. The

connective tissue matrix is composed of unidi-

rectional collagen bundles with minimal cellu-
larity. Occasional fibroblasts are present and
extremely rare mononuclear cells are also

LASER-INDUCED THROMBOSIS

seen. The vascular spaces are simple in form,
composed mainly of tubes lined with endo-
thelium with an extremely thin basement
membrane, visualized in silver stains. Around
the larger vessels, there is a suggestion of
condensation of collagen. Pericytes are rare
and only detected about the largest vessels.
Occasional lymph channels adjacent to the
major vessels are identifiable by their thin-
walled structure, moderate lumen size, lack
of basement membrane and lack of erythro-
cytes.

Neither at 3 hours nor at 24 hours was
there a perivascular inflammatory response
in the area of the damaged vessel. At most,
rare mononuclear cells were noted outside of
the pericytes at 24 hours, and these occa-
sionally contained carbon particles. No free
carbon was seen beyond the basement mem-
brane at any time and the source of these
macrophages and their carbon content was
not obvious. At 24 hours there could be seen
a granular quality to the collagen above and
below the affected vessel.

The thrombi were entirely within the endo-
thelial tube. At their most central portion,
they occasionally bridged the entire lumen
but did not totally occlude it. Serial sections
of the entire thrombus were utilized routinely
and demonstrated an overall spindle form.
The propagated edges were usually adherent
to the upper endothelial surface. The total
length of the lesions as determined by serial
sections ranged from 40 to 60 p.

At 3 hours, the thrombus consisted of a
cribriform mass of white blood cells, platelets,
amorphous material, occasional red blood
cells and masses of carbon (Fig. 1 b, 1 ¢).
The carbon was entrapped within the throm-
bus and was also distributed across the sur-
faces of the thrombus and its component
cells. The endothelial cells could be identified
and appeared swollen. Carbon was apparent
as both a surface deposit and also seemed to
be phagocytized by the endothelial cells (Fig.
1 d). No intervening material could be iden-
tified between the carbon and those endo-
thelial cells upon which it was deposited. The
propagated margins of the thrombus were
composed of masses of carbon in an amor-
phous matrix adherent to an apparently nor-
mal endothelium,
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There was an artificial separation of the
thrombotic mass from the underlying base-
ment membrane in some sections. The base-
ment membrane, however, appeared to be in-
tact. At 24 hours, carbon was deposited along
the basement membrane underlying the
thrombus and there was also a suggestion of
some carbon present in the pericytes at the
same location. »

By 24 hours, the lesions assumed a more
compact form, with elimination of the cellu-
lar elements. The residual thrombus was com-
posed of aggregates of carbon particles and
amorphous material adherent to the upper
endothelial surface. Occasional channels con-
taining red blood cells, which were rare at 3
hours, coursed through the thrombus at 24
hours. At 3 hours the amorphous material
was faintly PAS positive and there was a
suggestion of a faint purple coloration of the
same material with PTAH.

Discussion. The laser (light amplification
by stimulated emission of radiation) is an
artificial light source capable of a narrow fo-
cal diameter which produces a localized ther-
mal effect upon absorption by -an appropriate
target(5,8). This dependence upon absorp-
tion for the generation of heat and local
effect was demonstrated by the failure to
produce a lesion of any sort under the condi-
tions of this experiment when the laser beam
was applied to the ear chamber of animals
which had not received carbon. It is appar-
ent, therefore, that the carbon in the blood
stream acted as a site for heat generation,
presumably causing a microburn on the lumi-
nal side of the vessel wall. It is possible,
however, to achieve such lesions without the
use of carbon or dyes; one then loses a
marker for the lesion and runs the risk of
damaging extravascular tissue.

In addition, it is possible that the local
generation of heat, occurring in a microsec-
ond, fused components of the blood to the
endothelium, resulting in the microthrombus
which is noted to be present instantaneously
after the laser beam application. That the
effect is entirely intraluminal is indicated by
the findings that (1) there is no extravasa-
tion of blood, white cells or carbon and (2)
that there appears to be no visual discon-
tinuity of the vessel wall. It is intraluminal
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in the sense that the lesion is confined to the
inside of the vessel, that is on the luminal
surface of the endothelium and does not ap-
pear to extend extravascularly. Because the
thrombus does not move, it must have a ves-
sel wall attachment; otherwise the pressure
of blood flow would cause it to move down-
stream. In addition, there is no evidence of
a perivascular- inflammatory response, but it
should be noted that the histological sections
raise the possibility of collagenous degener-
ation near the site of the lesion. Whether
this is an artifact of the tissue processing
under these conditions, and therefore a spuri-
ous finding, or a true lesion will be discussed
in a report of the electron microscopic as-
pects of this study.

The enlargement of the thrombus results
from the adherence of white blood cells and
platelets to the original microthrombus. The
nature of this adhesiveness—either the origi-
nal sticking to the endothelium or the growth
of the thrombus—is not understood. All ef-
forts to define the character of an imagined
“glue” which causes intravascular sticking
have failed to yield an agreed upon mecha-
nism(11). It would appear that stickiness
can be imparted either by injured endotheli-
um, or injured white cells or platelets or per-
haps by some component of the blood which
is altered in inflammatory states. There is no
evidence from these experiments to suggest
that “glue” exists between the thrombus or
its carbon coating, and the endothelial cell,
but is unlikely that the magnifications used
in these preparations would reveal such mate-
rial, assuming that it is in fact present.

The question of why white cells stick to
the endothelial wall in a wide variety of in-
flammatory states and red cells do not stick
under the same circumstances, as in the re-
actions reported here, has long intrigued in-
vestigators(11). Bangham ef a/ opened an
experimental approach to this problem with
the suggestion that the differential adhesive
properties of blood cells might be attributed
to the presence on their surfaces of different
ionic species, yielding an hypothesis that
could account for differences in cellular ad-
herence to endothelial walls(18).

The fact that carbon is necessary for the
evolution of the lesion indicates that the de-
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velopment of the thrombus is directly and
specifically related to the presence of carbon
in the blood stream. This could place the
origin of such thrombi in a narrow category
of experimental irrelevancies, unrelated to
biological phenomena. But, as has been
pointed out(11), laser lesions are produced
not only with carbon, but with Alcian Blue,
a mucopolysaccharide dye, and Evans Blue,
a dye unrelated either to carbon or Alcian
Blue in chemical structure or physiological
characteristics (19). A preferred hypothesis is
that any material which can absorb the en-
ergy of laser will transmit a heat injury intra-
vascularly. The significant point appears to
be that the arrangement of the system in
such a way as to achieve a lesion with a dye
or a colloidal material, and the failure to do
so without such material, provides something
of a guarantee that the injury will, in fact,
occur on the luminal side of the endothelial
wall. This indicates that the extravascular
tissue, including collagen and its cellular com-
ponents, and the basement membrane are
transparent to the laser beam. The laser in-
jury in ear chamber tissue thus becomes a
unique tool for studying the pathogenesis of
intravascular pathology, for the system elimi-
nates extravascular factors which often in-
trude on intravascular inflammatory reactions
because of the relative diffuseness of many
experimental stimuli. It is perhaps significant
that there was no emigration of white cells,
or a very limited emigration, despite the fla-
grant intravascular pathology and there was
very little carbon “leaking.” It may not be
unreasonable to assume that the pathogenesis
of “leaks”(20-22) are related as much, or
more to extravascular factors, such as chemi-
cal mediators, as to endothelial injury per se.
These experiments raise this issue; they do
not settle it.

Even more complex, perhaps, is the nature
of the resolution of the lesion. There comes
a time when carbon sticking abates, within
hours as these experiments were performed.
The diminution of carbon sticking might be
explainable in part on the grounds that the
lesion is no longer exposed to carbon due to
its clearance from the blood stream. In one
preparation followed for 8 days, a gradual
disappearance of the carbon at the site of the
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lesion was noted (Fig. 1 e, 1 f) with an un-
covering of what appeared to be normal en-
dothelium, that is, a return to the status of
the chamber vessel before injury. It would
appear that the carbon disappeared under the
“erosion” of the forces of blood flow. But
whereas carbon may diminish in the blood
stream to be sequestered in the liver and
spleen, neither white blood cells nor platelets
diminish in a comparable way—indeed, pre-
sumably they do not diminish at all—and the -
lesion’s exposure to these elements is un-
changed as long as there is vessel flow. This
would suggest that there is another factor at
work in the blood stream, a factor relating
to the alterations of cell surfaces in such a
way as to convert injured surfaces from
sticky to non-sticky states. Such a factor has
long been sought(11). Again, these experi-
ments raise the point but, at a morphological
level, do not define it.

A provocative finding was the observation,
in fixed sections, of apparent phagocytosis by
endothelium of carbon particles at 24 hours.
This adds more evidence to a long-standing
argument as to whether endothelium has
phagocytic properties for macromolecules(23,
24). Although under the magnifications of
the material presented here, the issue cannot
be settled, it would appear that carbon par-
ticles are phagocytized by endothelium in this
type of heat injury. A recent discussion of
the problem by Cotran(25) indicates that
certain specific circumstances (e.g., “over-
loading” of the animal with colloidal carbon)
led to phagocytosis by non-reticulo-endo-
thelial vascular endothelium.

Summary. 1. A small injury has been cre-
ated with a laser beam in a venule of a rabbit
ear chamber. The injury is caused by the
absorption of light by carbon particles in-
jected into the blood stream of the rabbit and
the subsequent generation of heat. 2. This
injury results in formation of a thrombus in
the vessel without apparent intervention of
perivascular, or extravascular, factors, 3. The
thrombus grows by the adhérence of white
cells and platelets to the lesion over a period
of hours. 4. Resolution of the lesion results
from a failure of further sticking of these
elements, suggesting the existence in the
blood stream of some ‘“‘anti-sticking” mecha-
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nism, possibly in conjunction with the nor-
mal “erosive” properties of red blood cell
flow. 5. The morphologic characteristics of
the injury iz vivo, and by histologic section-
ing have been described. 6. There is evidence
that the endothelial cytoplasm may have
phagocytic properties under the conditions
of the experiments described here.
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Beta-glucuronidase activity has been found
to be increased in human atherosclerotic ar-
teries by Dyrbye and Kirk(1l) who studied
intima-media portions of the aorta and coro-
nary arteries, and also by Branwood and
Carr(2) who assayed the intimas of coronary

* Supported in part by a grant from Am. Heart
Assn.

arteries. In cholesterol-induced atherosclero-
sis in the rabbit, Mrhova et a/(3) observed
that the enzyme activity was also increased
in whole aortic extracts. On the other hand,
Kayahan(4) reported decreased values for
beta-glucuronidase activity in the intima of
human, atherosclerotic aortas.

Kayahan noted briefly(4) a high value for



