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The purpose of this study was to assess the nature of the
lesions in the microcirculation of the dermis of rabbits
induced with lysosomal releasates of human polymor-
phonuclear leukocytes (PMNs). No attempt was made
in the studies presented in this publication to deal with
the offending agent in the releasate. Four parameters of
microvascular injury were quantitated: increase in vas-
cular permeability with 125I-labeled serum albumin,
hemorrhage with 59Fe-labeled erythrocytes, accumula-
tion (aggregation) of platelets with ...In-labeled plate-
lets. In one experiment accumulation of51Cr-PMNs was
investigated. The lysosomal releasate induced a rapid in-
crease in vasopermeability, but both hemorrhage and ex-
udate formation peaked 1 hour after intradermal injec-
tion. Platelet accumulation was also demonstrable in these
lesions, and microthrombosis was a very prominent fea-
ture. The microvascular injury, including microthrom-
bosis, could be elicited also in animals rendered leuko-
penic with nitrogen mustard. Simultaneous injection of
prostaglandin E2 with the releasate enhanced the
microvascular injury. The morphologic changes in the
microcirculation of the rabbit's dermis were assessed in
lesions 5 minutes to 5 hours old. Several changes were
encountered, primarily in the wall of venules and small
veins and to a lesser degree in small arteries and capil-
laries. Ultrastructurally very early lesions (up to 15
minutes) had gaps or spaces in the endothelium, resem-
bling those induced by mediators such as histamine or

bradykinin. Older lesions were different, quite charac-
teristic, and represent the hallmark ofthese lesions. Lysis
and disappearance of vascular basement membrane, of
perivascular collagen, and of the internal elastic lamina
were a frequent finding, best demonstrable when
microthrombi did not abut on vessel walls. Cellular com-
ponents ofvessels (endothelium, pericytes, smooth mus-
cle) showed fragmentation, leading to complete disap-
pearance ofcellular elements. These lesions were usually
walled off by platelet aggregates and fibrin. At times
microthrombi occluded an entire vessel. These changes
were interpreted as hemostasis. The mild accumulation
of PMNs at the site of injury did not contribute sig-
nificantly to the microvascular injury. The findings indi-
cate that the unique changes in the microcirculation, not
described before, may occur quite frequently, when the
microvascular injury is elicited primarily by release of
lysosomal constituents by phagocytic or nonphagocytic
stimuli.
One can conclude that the hallmark of this type of in-

jury is disappearance of basement membrane followed
secondarily by disintegration of the vascular wall, fol-
lowed in turn by hemorrhage and microthrombosis. The
authors also conclude that this is the nature ofmicrovas-
cular injury associated with immune complex-induced
and ofinfective inflammation, associated with phagocy-
tosis and release by PMNs, the most common form of
inflammation. (Am J Pathol 1985, 121:404-417)

MICROVASCULAR injury with increase in vaso-
permeability and hemorrhage is encountered when
polymorphonuclear leukocytes (PMNs) undergo
phagocytosis and release in the course of an acute
inflammatory reaction. This occurs whether the phago-
cytosed material consists of killed microorganisms' or
whether the material per se is inert, such as immune
complexes.2 3 When killed Escherichia coli are depos-

ited in the dermis of decomplemented rabbits, there is
less enhancement of vasopermeability than in normals,
but PMN accumulation and hemorrhage are not
significantly reduced, whereas in leukopenic animals
PMN accumulation and vascular injury are abrogated.4
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Immune complex vasculitis5 and pneumonitis6 are en-

tirely complement- and PMN-dependent; and in a clas-
sic immune-complex-induced inflammation, the Arthus
reaction, both leukopenia and complement depletion
prevent both exudation and hemorrhage.3'7 In all these
experimental models accumulation of PMNs is crucial
and microvascular injury is PMN-mediated, although
in the immune-complex-initiated process PMN ac-

cumulation is mediated entirely by host-derived factors,
whereas in the E coli-induced lesion parasite-derived
factors seem to play a role.
A number of PMN-derived substances could play a

role in microvascular injury. The release of a variety
of proteases, such as collagenase, elastase, cathepsin G,
and other lysosomal proteases, from PMNs is a com-
mon feature of many inflammatory reactions. Although
the mechanism of microvascular injury is not well un-

derstood, there is evidence that in vitro basement mem-
brane can be degraded by PMN lysosomal proteases.8
Release of proteases from inflammatory cells, predom-
inantly PMNs, and tissue injury by these proteases, have
been proposed by a number of investigators (see
reviews7'9"l0). In addition to proteases, oxygen-derived
free radicals and metabolites have gained attention in
PMN-dependent inflammatory reactions (see review9).
These may cause cell injury and may interfere with the
natural inhibitors of PMN-derived proteases.
Enhanced vascular permeability had been observed

with PMN lysosomal releasates or lysates. "4 However,
in these early studies quantitation of a complex inflam-
matory reaction was not possible. In fact, even enhanced
vasopermeability was assessed only semiquantitatively
by measuring the diameter of a blue spot induced by
extravasation of Evans blue. Hemorrhage was observed
but could not be quantitated." We were interested in
the effects of PMN lysosomal releasates on the
microvasculature. In recent years it has become possi-
ble to quantitate in the whole animal a number of
parameters of the inflammatory response, eg, enhanced
vasopermeability,15 accumulation of leukocytes'6 and
platelets,'7 and of microhemorrhage.18 With the cur-

rently available methods it is also possible to assess the
kinetics of inflammatory lesions. We were particularly
interested in enhanced vasopermeability and hemor-
rhage. The latter is particularly characteristic ofPMN-
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mediated vascular injury.7 In the course of the experi-
ments a marked accumulation of platelets was also en-
countered. Another aim was to ascertain the nature of
microvascular injury. Were these the classic gaps be-
tween adjcent endothelial cells which came to be gener-
ally known in the early 1960s as the "histamine" or
"mediator" type? Or were the lesions more complex?
In addition to swelling due to leakage, there was also
grossly visible hemorrhage due to extravasation of
erythrocytes. For assessment of these changes tissue was
examined by light and transmission electron microscopy
and the morphologic observations correlated with the
functional quantitative assays.

Materials and Methods

Preparation of PMN Lysosomal Releasate

The PMNs were isolated from ACD blood obtained
from the Canadian Red Cross, by the method of Hen-
son,19 as described before.20 Briefly, in a typical experi-
ment, we centrifuged approximately 1 liter of human
blood in citric acid, trisodium citrate, dextrose solution
at 500 g for 10 minutes to obtain platelet-rich plasma,
which was discarded. The buffy layer, which contained
most of the mononuclear cells and 25-30% of the
PMNs, was also removed. The packed erythrocytes and
the remaining 70-75% of the PMNs were sedimented
at 1.0 g at room temperature for 30 minutes in 2.5%
gelatin in pyrogen-free buffered saline (pH 7.4). The su-
pernatant, containing over 95% PMNs, was centrifuged
at 400 g for 10 minutes at room temperature. The pellet
was resuspended in 0.84% ammonium chloride (pH 7.4)
and left to stand for 5 minutes at room temperature
so that the erythrocytes could lyse, then centrifuged at
200g for 10 minutes at 4 C. The pellet containing 950/o
PMNs was washed with sterile Tyrode solution, con-
taining 0.1%o gelatin, and resuspended in Tyrode-gelatin.

These cells were then induced to release their
lysosomal contents (PMN-lysosomal releasate) by ex-
posure to bovine serum albumin (BSA)-rabbit anti-BSA
precipitates (final concentration ofPMNs, 108; antibody
protein in precipates, 1.5 mg/ml) in the presence of
cytochalasin B (5.0 jig/ml) at 37 C for 30 minutes. Af-
ter incubation, the PMNs and nonphagocytosed im-
mune precipitates were removed by centrifugation(650g
for 20 minutes).20 The supernatant was injected in-
tradermally. All protein determinations were performed
by the method of Lowry et al.21 The lysosomal releas-
ates had a protein concentration of 3-3.5 mg/ml.

Induction of Lesions

All experiments were performed on randomly bred
female New Zealand albino rabbits (2.5-3.0 kg). The
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hair on the back of the rabbits was removed with elec-
tric clippers, and PMN lysosomal releasate (0.2-0.5 ml)
and appropriate controls were injected intradermally
in duplicate or triplicate. The volume of the controls
in each experiment was the same as that of the releas-
ate. Two controls were used, sterile T'yrode-gelatin and
heat-inactivated lysosomal releasate (boiled for 1 min-
ute). In the quantitative assays the minimal increase in
vasopermeability induced by the heat-inactivated releas-
ate (versus Tyrode-gelatin) was subtracted from the
values given by the untreated lysate, and the latter is
presented as net values.

Measurement of Hemorrhage

Hemorrhage was measured with the aid of 59Fe-
labeled erythrocytes. These cells were prepared in do-
nor rabbits, who were made moderately anemic by the
bleeding of about 20 ml of blood and then the use of
intravenous 59Fe-labeled ferrous citrate, as described be-
fore.18 However, in order to obtain erythrocytes with
a very high specific activity, instead of administering
300 ,uCi of 59Fe-citrate, we gave the donors 500 MCi twice
at 3-day intervals. This protocol raised the specific ac-
tivity of the "9Fe-erythrocytes from 6 x 105 cpm/ml to
10 x 106 cpm/ml of packed erythrocytes. In most ex-
periments 60 x 106 cpm were injected. In all previously
reported studies from this laboratory, hemorrhage was
measured as a cumulative parameter, since the 59Fe-
labeled erythrocytes were administered to the ex-
perimental rabbits at the beginning of the experiments.
In the present studies the 59Fe-erythrocytes were given
as a pulse 15 minutes before the animals were killed.
To study the kinetics of the erythrocyte extravasation

in response to injected lysosomal releasate, we followed
the protocol given in Figure 1.

Measurement of Vascular Permeability

Enhanced vasopermeability was measured by means
of intravenous injection of 20 PCi/kg of I2'I-labeled
human serum albumin,1" which was also administered
with the radiolabeled erythrocytes (Figure 1).

Measurement of Platelet Accumulation

Accumulation (aggregation) of platelets was quan-
titated by administration of "'In-labeled isolated
platelets'7 1 hour before the animals were killed, as
shown in the diagram illustrating the protocol. The
platelets were isolated from 40 ml of blood.

Measurement of Leukocyte Emigration

In a pilot experiment accumulation of 5'Cr-labeled
leukocytes was examined, with the use of the procedure
described by Issekutz and Movat.'6 The radiolabeled
cells were injected 1 hour before the animal was killed.

Conversion of CPM into Volume of Extravasated
Blood and Plasma

A few minutes before the experimental animals were
killed, small aliquots of blood were drawn. To estimate
the quantity of extravasated blood, we counted 59Fe in
whole blood; and to quantitate the volume of extrava-
sated plasma, we measured the 125I in the separated
plasma. After the rabbits were killed the lesions were
punched out and counted as described earlier.1'4 From
the counts per minute per lesion and the counts per min-
ute per microliter of blood or plasma, the volume of
extravasated blood or plasma was calculated.

Preparation of Tissue for Light and Electron
Microscopy

For the preparation of semithin (1-2 ,i) and ultrathin
sections dermal tissue obtained at the end of the ex-
periments was used, as described in the experimental
protocol.

Blocks of skin measuring 10 x 5 x 2mm were placed
into fixative consisting of 0.01 M phosphate-buffered
(pH 7.4) glutaraldehyde (final concentration, 2Gb) and
formaldehyde (final concentration, 10%), as described
before.4 Smaller fragments (1.5-2.0 mm in diameter)
were fixed in 2.0-3.0% glutaraldehyde. One-half of the
small blocks were fixed at 4 C, and the other half at

Ages of Lesac
S hr 4 hr 3 hr

0 1 hr 2 hr

Time of Injecti

Rabbit Sacrificed
ons\

2 hr 1.5 hr 1 hr 45' 30' 15' 0 hr

3 hr 3.5 hr 4 hr T
4.9 hr

otns blood
" 'In-Platelets sample
given i.v.

4.75 hr
59Fe-RBC
'251IHSA given i.v.

Figure 1-Experimental protocol. PMN lysosomal releasate
and appropriate controls were injected intradermally in dupli-
cate or triplicate in the back of rabbits at the times indicated
in the upper half (age of lesions). In the lower half the time of
intravenous injections is illustrated, consisting of "'In-platelets
given 60 minutes and 59Fe-erythrocytes and '251-human serum
albumin given 15 minutes before sacrifice. Immediately before
sacrifice a sample of blood was taken.
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20 C, for 2 hours, followed by overnight fixation at 4 C.
To enhance the penetration of the fixatives, the vials
containing the tissue and fixatives were placed on a
turntable and rotated in an oblique position. The small
fragments were rinsed and kept in buffer for 1 hour and
postfixed for 2 hours in 1.0%O osmium tetroxide in phos-
phate buffer. The large blocks were kept in buffer at 4
C (two changes of 30 minutes each), dehydrated, and
embedded in hydroxyethyl methacrylate; semithin sec-
tions were cut on a du Pont-Sorvall JB-4 microtome.
The dehydrated small blocks were infiltrated and em-
bedded in an epxoy resin consisting of 20 parts Aral-
dite 502, 25 parts Epon 812, and 60 parts dodecyl-
succinic anhydride. The resin was polymerized by 45 C
for 1 day and at 60 C for 4-7 days.

For light microscopy the semithin sections prepared
from the large blocks were stained with buffered (pH
7.0) azure-eosin. The semithin sections of the small
blocks were stained with alkalinized Azure II. Some sec-
tions were first stained with azure-eosin, examined, and
photographed. The coverslips were then allowed to float
off in xylene, and the sections were destained in acid-
alcohol, restained in alkalinized Azure II, reexamined
and when desirable rephotographed. For electron mi-
croscopy the sections were stained with uranyl and lead
salts or with the latter only. They were examined in a
Philips EM-400 transmission electron microscope. In
2 rabbits with dermal lesions of varying ages, Gleptosil
(gleptoferron; Fisons Corp., Ltd., Toronto, Ontario,
Canada) was administered intravenously as an electron-
dense tracer 15 minutes before death. According to the
manufacturer (Fisons, Loughborough, Leics, England)
gleptoferron is a macromolecular complex of (3-ferric
oxyhydroxide and dextran glucoheptonic acid with an
approximate molecular weight of 2 million (average size
of particles, 50 x 20 nm). It is used clinically in ane-
mic piglets. On the basis of the therapeutic dose used

Figure 2-Kinetics of enhanced vascular permeability and
hemorrhage induced in the dermis of rabbits given injections
in duplicate of 1.5 mg (0.5 ml) of PMN lysosomal releasate.
The quantitation of the two parameters measured is described
in Materials and Methods. In this and all other experiments the
radiolabeled serum albumin and erythrocytes were in the
animals' circulation for 15 minutes before sacrifice. The in-
crease in vasopermeability induced by heat-inactivated releas-
ate was minimal and was subtracted from the vasoperme-
ability induced by unheated releasate. The data on hemorrhage
also represent net values.
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in veterinary medicine, 0.2-0.5 ml/kg was administered
intravenously to rabbits without any visible toxic effects.

Results

Increase in Vascular Permeability: Exudation

Intradermal injection of PMN-lysosomal releasate
induced a rapid increase in vascular permeability and
accumulation of plasma and 125I-albumin at the injected
site within minutes (Figure 2). The vessels remained
leaky for several hours, as shown in Figure 2, but the
rate of plasma and 125I-albumin escape was highest dur-
ing the first hour of the experiment. We injected a large
amount of lysate (0.5 ml) in this experiment to obtain
an intense response. When increasing concentrations
of lysosomal lysates were injected, a proportionate in-
crease in the exudation was observed, reflecting a di-
rect relationship between lysosomal contents and the
extent of exudation.

Extravasation of Erythrocytes: Hemorrhage

Unlike the increase in vascular permeability, only a
small amount of hemorrhage was noted in the earliest
lesions, but like exudation, hemorrhage peaked at 1-1.5
hours after injection of the lysosomal releasate, and it
also persisted for several hours (Figure 2). As in the
permeability studies, increasing concentrations of
lysosomal lysate induced a proportionate extravasation
of erythrocytes.

Platelet Accumulation

Platelet accumulation in the affected vessels was first
observed morphologically. Therefore, a quantitative
study with labeled platelets was carried out in 1- and

'a
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Figure 3-Microvascular injury in normal
and leukopenic rabbits. This illustration
shows that there was a slight, but not sig-
nificant, decrease in rabbits rendered leu-
kopenic, when tested for hemorrhage,
increase in vascular permeability, and ac-
cumulation of platelets, when injected in
triplicate 1 hour before sacrifice with 1.5 mg
of lysosomal releasate (0.5 ml).

Vascular Platelet
Permeability Accumulation

2-hour-old lesions. At both times accumulation of "'In
was demonstrable (Figure 3).

Accumulation of Leukocytes

In a pilot experiment PMN lysosomal releasate was
injected (0.5 ml) in duplicate into the dermis of a rab-
bit 1, 2, and 4 hours before sacrifice and 51Cr-labeled
leukocytes were administered intravenously. In addition
to the controls mentioned in Materials and Methods,
this rabbit was given 0.2 ml of 10-5 M formylmethionyl-
leucyl-phenylalanine and zymosan-activated rabbit
plasma (ZAP), as a source of C5a des Arg.22 Compared
with the chemotaxin-induced accumulation of leuko-
cytes at the site of injection, the accumulation induced

by the lysosomal releasate was very small. This was
confirmed morphologically in lesions ranging between
5 minutes and 5 hours. The results are shown in Table
1. Because of the variation in the peak response to
chemotaxins (see Colditz and Movat22 the accumula-
tion of 51Cr-PMNs varied with each agent injected.

Experiments With Leukopenic Rabbits

The vascular injury induced by the PMN lysosomal
releasate lasted for 3-4 hours (Figure 2). Although PMN
accumulation in the lesions was not intense, possible
contribution to microvascular injury by the accumu-
lated cells4 ',3 24 was given consideration. Three rabbits
were rendered leukopenic with one intravenous injec-

Table 1-Accumulation of PMNs Induced by Chemotaxins and PMN Lysosomal Releasate

Time of 5'Cr-leukocytes Accumulation of 51Cr-PMNS
Test substance injected in circulation* (cpm/lesion; mean + SEM)t
FMLP (10-5 M) in 0.2 ml 1-2 hours after injection 2180 ± 165

ZAP (90%) in 0.2 ml 2-3 hours after injection 3628 ± 358

PMN lysosomal releasate 1-2 hours after injection 420 ± 18
(1.5 mg protein) in 0.5 ml

PMN-lysosomal releasate 2-3 hours after injection 403 ± 22
(1.5 mg protein) in 0.5 ml

Heat inactivated PMN 2-3 hours after injection 342 ± 17
lysosomal releasate
(1.5 mg protein) in 0.5 ml

1% gelatin in Tyrode in 0.5 2-3 hours after injection 292 ± 25
ml

* 5'Cr-leukocytes circulated for 1 hour before sacrifice.
t The accumulating leukocytes were identified as over 95% PMNs in histologic sections.
Intradermal injections were timed to achieve exposure of the lesions to the circulating radiolabeled cells at various times for 1 hour, on the basis

of results in Colditz and Movat.22 FMLP, formylmethionyl-leucyl-phenylalanine; ZAP, zymosan-activated plasma.
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Figure 4-Effect of a PMN lysosomal releasate on dermal vessels in the presence or absence of simultaneously injected PGE2 (1.0 ;Ag of PGE2). The
PGE2 was injected intradermally in triplicate with 0.6 mg (0.2 ml) of lysosomal releasate in one-half of the back of rabbits. Into the second half of the
back 2% ethyl alcohol (in which the PGE was dissolved) was injected with the releasate. The three parameters illustrated were quantitated. The rabbits
were killed 1 hour after the intradermal injections. The PGE2 caused a significant increase in the three parameters tested (P < 0.05). In this experiment
the PGE2 injected by itself caused no increase in vasopermeability and hemorrhage, but it induced a minimal accumulation of platelets. PMN + NS,
releasate containing 2% ethanol in normal saline.

tion of nitrogen mustard (Mustargen, Merck Sharpe and
Dohme, Montreal, Quebec, Canada, 1.75 mg/kg) and
the animals were used 72 hours later.25 At this time the
total white blood cell count was less than 109/1
(<1000/,l) of blood, and differential counts showed al-
most no granulocytes; whereas the platelet counts were
reduced by less than 30%7. The results are shown in Fig-
ure 3. The vascular injury induced by the lysosomal
releasate was slightly, but not significantly, diminished
in the leukopenic rabbits (see also Morphologic Ob-
servations).

Effect of PGE2
In previous experiments it was observed that increase

in vascular permeability,26 accumulation of leukocytes,
and hemorrhage" can be enhanced by prostaglandins
of the E class. Triplicate lesions were induced with a
mixture of 1.0 Mg PGE2 (Upjohn, Toronto, Ontario,
Canada) and PMN lysosomal releasate in 3 rabbits on
one half of the back and releasate and 2% alcohol (the
final concentration in the PGE2) on the other half of
the back. The sites injected with the PGE2 containing
releasate demonstrated a significant increase in all three
parameters measured, compared with the controls (Fig-
ure 4). The minimal accumulation of platelets induced
by PGE2 was seen also, but to an even lesser extent,

at sites at which 2%o ethanol in normal saline was
injected.

Morphologic Observations

The most impressive alteration affecting the entire
dermis, when examined grossly and microscopically at

*: . P

_ _ -

Figure 5-Part of a small vein in a 2-hour-old lesion of a leukopenic rab-
bit. The lumen is filled with very densely packed red blood cells. The ar-
rows point to granular masses (platelet aggregates) which abut on the wall
and protrude into the lumen. (Methacrylate-embedded tissue, stained with
Azure II, x 560)
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Figure 6-Electron micrograph of part of a medium-sized venule in a 5-minute-old lesion. Part of the wall is identified as endothelium (END) and as
a periendothelial cell or pericyte (PER). Platelets (PL) and fibrin strands (FIB) abut on the endothelium. Some of the platelets are degranulated. At one of
the arrows a cytoplasmic process of a platelet fills the gap, and at the second arrow fibrin abuts on another gap in the endothelium. (x19,250)

low magnification, was the marked hemorrhage. When
examined in azure-eosin-stained sections, some venules
and small veins were densely packed with what appeared
to be red blood cells, typical of stasis. Small arterial
vessels, as well as some venules and small veins, were

relatively free of erythrocytes. In addition, some ven-
ules and small veins contained a homogeneous pink
mass, lighter than the red blood cells and found mostly
abutting on the endothelium. At times this material filled
the vessels. It resembled plasma, but was denser and
hyalin-like. When the coverslips were demounted, the
sections destained and then restained with alkalinized
azure, most of this substance looked finely granular or

punctate and protruded like polyps into the lumen (Fig-
ure 5). By electron microscopy these masses cor-

responded primarily to platelets. Examining the plate-
let aggregates where they abutted on the endothelium
revealed, in lesions not older than 15 minutes, discon-
tinuities of the endothelium resembling the gaps en-

countered when histamine or bradykinin are injected
intradermally but obscured by platelets and fibrin abut-
ting on the endothelium (Figure 6).

Rendering the rabbits leukopenic did not prevent de-
velopment of the vascular injury with exudation of
plasma, hemorrhage, stasis, and formation of platelet
aggregates (Figure 5). The red blood cells were often

Figures 7 and 8-Electron micrographs of part of a small vein in a 1-hour-old lesion of a leukopenic rabbit. Figure 8 is a higher magnification of the
disrupted wall (arrows) illustrated in Figure 7 and filled with fibrin (FIB), interwoven with extensions of platelets. The vessel is completely occluded by
platelets (PL). Several red blood cells are in the lumen, and those marked (RBC) are in the vessel wall. Cross-sectioned collagen fibrils (COL) are seen
outside the vessel. (Figure 7, x 4125; Figure 8, x 19,250)
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END END
Figure 9-Part of a small vein from a 1-hour-old lesion which contains a thrombus, consisting of platelets (PL) in the center and fibrin (FIB) at the periph-
ery. Between the thrombus and remnants of endothelium (END) there are red blood cells (RBC). No basement membrane can be recognized, and there
is continuity (arrows) between the lumen and perivascular tissue, which is devoid of collagen. (x 4950)

so densely packed that individual corpuscles could
barely be recognized by light microscopy (Figure 5).
Electron microscopy, however, showed much more de-
tail (Figure 6). The vessel illustrated in Figure 5 was com-
pletely occluded by platelets, a few red blood cells, and
some fibrin (Figure 7). Erythrocytes were entrapped in
the lumen, but also in the wall of the small vein, just
outside the endothelium. At higher magnification there
was disruption of the wall, and this was walled off by
fibrin and fragments of platelets (Figure 8).
More severe loss of vessel wall constituents was ob-

served in both normal and leukopenic rabbits. The
changes in the vessel wall were more visible when the
platelet-fibrin thrombi did not abut against the vessel

(Figure 9). In such lesions the endothelium was frag-
mented, leaving spaces between the cytoplasmic frag-
ments (Figure 10). No basement membrane was demon-
strable, and the collagen which normally surrounds the
vessels had almost completely disappeared (Figures 9
and 10). The large thrombi (Figure 9) were made up
in part of swollen, degranulated, and partially frag-
mented or lysed platelets and of fibrin (Figures 11 and
12). These changes at the "blood-tissue barrier" (see
Movat and Fernando44) constitute the hallmark of the
changes observed.
The edema due to exudation was not as readily

demonstrable histologically as the hemorrhage and the
thrombosis. However, when colloidal iron (gleptofer-

Figures 10-12-Higher magnification of vessel illustrated in Figure 9. Figure 10 shows details of the walls of the vein. The endothelium (END) and
pericytes (PER) are fragmented and "float" between the lumen and perivascular tissue. No basement membrane and only a few collagen fibrils (COL)
are seen. Discontinuities in the endothelium are marked by arrows. Figure 11 represents part of the thrombus, consisting of degranulated platelets
(PL) intermingled with fibrin (FIB). Figure 12 illustrates fibrin at higher magnification with typical periodicity ("200 nm). (Figure 10, x 35,000; Figure
11, x23,000; Figure 12, x60,000)

AJP * December 1985



PMN-INDUCED MICROVASCULAR INJURY 413

I 1)

I

cb- w

co

10

L

tivi-

11

12

Vol. 121 * No. 3

-V
...,.

I., "
.,.

L. ..: I



414 MOVAT AND WASI

Figure 13-Disruption of the wall of a small arterial vessel. The disrupted portion is outlined by four arrows. Within this area endothelial (END) and
smooth muscle cells (SM), internal elastica, and basement membrane are missing, and the channel created contains cellular fragments (probably plate-
lets) and fibrin (FIB), which is seen also in the lumen. Protein-rich exudate (EX) is seen perivascularly. (x 12,000)

ron) was administered intravenously, it was present in
the lumens of all vessels. Only an occasional arterial
vessel and some of the capillaries had iron particles be-
yond the endothelial lining, but a considerable amount
had accumulated in venules and small veins outside the
basement membrane. In older lesions it was present in
the fibrin-rich exudate which had accumulated perivas-
cularly and paravascularly.
As indicated, little electron-dense tracer had passed

the endothelium of arterioles and small arteries, but
there were occasional arterial vessels with disrupted
walls containing fragmented platelets, fibrin, and tracer.
The disruption had affected the endothelium, the in-
ternal elastica, the smooth muscle cells of the media,
and the basement membrane surrounding the en-
dothelium and smooth muscle cells (Figure 13).

Discussion

Lysis of basement membrane and cellular changes
of the vessel wall, presumably secondary to those in the
subendothelium and perivascular matrices, constitute
the prime target of PMN lysosomal releasates.

Phagocytic stimuli (such as immune-complex-coated
latex particles) have been reported to induce in PMNs

in vitro primarily an intracellular (into digestive vacu-
oles) release of azurophil and an extracellular release
of specific granule contents.28 Ohlsson and Olsson29
reported that upon incubation with immune complexes
or yeast cells, in the presence of 100/e fresh serum, hu-
man PMNs release 25-30% of both their contents of
elastase (azurophil granules) and collagenase (specific
granules) in addition to other lysosomal enzymes. When
PMNs are subjected to frustrated phagocytosis of unin-
gestable material, all the release is extracellular.19'30
When PMNs, in suspension, are stimulated by phago-
cytosable particles, but phagocytosis is prevented by
cytochalasin B, all the release occurs into the surround-
ing medium, and, furthermore, the release is en-
hanced.203132 Under such conditions exocytosis is
demonstrable.20 A phagocytosis-independent process is
the recently described secretion of gelatinase from
small, morphologically still unidentified storage or-
ganelles, distinct from azurophil and specific granules.33
What happens in vivo is uncertain, but ultrastructural
studies indicate that PMNs can become completely
degranulated.2

In the studies presented in this publication, PMNs
were incubated with immune precipitates in the pres-
ence of cytochalasin B, to achieve maximum enzyme
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release and at the same time specific release or secre-
tion. This material is referred to as "releasate." Such
releasate, as well as a granule lysate of rabbit PMNs,
has been shown to enhance vascular permeability.11"14
A granule lysate of human PMNs induced hemorrhage
when injected intradermally, and lysis of basement
membrane was demonstrated both in vitro and by elec-
tron microscopy.14 This is attributable primarily to
elastase,34 which is the most extensively studied PMN
protease.35 A PMN granule lysate and partially purified
elastase degrade in vivo elastin of the aorta,36 and in
vitro highly purified elastase degrades elastin of lung37
and cartilage proteoglycans.38 The degradation of the
endothelial basement membrane is probably the key fac-
tor leading to the increase in vascular permeability and
hemorrhage. Such degradation by intact PMNs has
been demonstrated recently in vitro.8 In these studies
it was shown that PMNs were able to use oxygen me-
tabolites to potentiate their released elastase to solu-
bilize endothelial basement membrane in the presence
of a-I proteinase inhibitor, the principal inhibitor of
elastase.
When a large number of microorganisms or immune

complexes accumulate in the tissues, numerous PMNs
are chemoattracted and through phagocytosis are stimu-
lated to release their lysosomal contents. This seemingly
cannot be dealt with by the appropriate inhibitors; and,
at least temporarily, the homeostatic balance is lost,
which results in microvascular injury.7'91 0 Only the earli-
est changes induced with a PMN lysosomal releasate
resembled those referred to as the histamine type or
mediator type.39 This corresponds to the "immediate
transient" response in injury induced by heat, the most
common form of microvascular changes studied in the
1960s. This type of alteration is encountered also with
other mediators which are derived from the cells and
fluids of the host (see reviews40'41). It is confined to in-
terendothelial gaps of venules and small veins, with-
out visible endothelial necrosis, alterations in basement
membrane, connective tissue matrixes, and other cel-
lular components of vessels (pericytes and smooth mus-
cle cells).
Whereas histamine and other mediators elicit afunc-

tional response from a cell, without damage, many
inflammatory reactions are the result of direct injury.
Direct microvascular injury is elicited by mechanical,
chemical, and physical stimuli. It is characterized by
a slow repair.39 Based primarily on the type of
vasopermeability induced, a "delayed-prolonged" and
an "immediate sustained" type of leakage have been de-
scribed.42'43 In the latter, such as after heat injury, one
encounters endothelial necrosis and sloughing (see
review40).

With the PMN lysosomal releasate one encounters
very severe injury of the microcirculation. Its hallmarks
are marked enhancement of vasopermeability, hemor-
rhage and microthrombosis, and, ultrastructurally, ly-
sis of the basement membrane and of perivascular con-
nective tissue. It seems reasonable, therefore, to propose
that we have outlined a special kind ofdirect injury of
the microcirculation. The enhanced vasopermeability
developed more rapidly than hemorrhage, but both
peaked in 1-hour-old lesions (gap formation followed
by disruption of the vascular wall). The kinetics of these
changes in the microcirculation could be ascertained
by admnistering the 59Fe-labeled erythrocytes as a 15-
minute pulse, like the I2'1-albumin. Microthrombosis
(platelet accumulation) developed simultaneously.

Vascular injury by aPMN lysosomal lysate has been
observed before. Janoff and Zeligs14 reported a loss of
basement membrane when venules were examined by
electron microscopy and, in vitro, the lysate degraded
isolated basement membrane. The complex vascular
changes reported in the present study were not observed.
Earlier reports describe "plugging" of interendothelial
gaps by individual platelets44 or "covering" of the gaps
by small platelet aggregates.39 The transient platelet ac-
cumulation observed by Issekutz et al25 was believed
to be PMN-mediated, since it did not develop when the
inflammatory stimuli (C5a des Arg, E coli, E coli cul-
ture supernatant, the oligopeptide f-met-leu-phe, or en-
dotoxin) were deposited intradermally into animals
rendered leukopenic. Under these conditions, in the ab-
sence of PMNs, microvascular injury probably did not
occur, and hence "plugging" or "covering" by platelets
was not required. In the experiments reported in this
publication the changes in the microcirculation, includ-
ing thrombosis, were induced by the injection of a
lysosomal releasate and hence could be elicited also in
leukopenic rabbits. The few accumulating PMNs did
not contribute appreciably to the development of these
severe lesions.
One additional observation was made, that PGE2 en-

hanced the parameters of acute inflammation that were
quantitated. PGEs enhance the vascular permeability-
inducing effect of histamine and bradykinin, because,
as measured with radiolabeled microspheres, they en-
hance the blood flow of the microcirculation at the site
of injection.26 This finding was confirmed by using
133Xe-clearance for quantitating blood flow.45 It was fur-
ther demonstrated that the enhanced blood flow in-
duced by PGE2 is associated with enhanced accumula-
tion of leukocytes when zymosan-activated plasma (C5a
des Arg) is deposited into the dermis as a chemotactic
stimulus and that this is followed by enhanced hemor-
rhage.27 Seemingly, because of vasodilatation, opening
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up of more vessels, and enhanced blood flow induced
by the injected PGE2, all changes measurable in the mi-
crocirculation are enhanced.
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