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The inflammatory response to Escherichia coli was quanti-
tated in the skin of normal rabbits and the kinetics es-
tablished as described previously. Hyperemia, measured
with radiolabeled microspheres; vascular permeability,
estimated with l251-albumin; and leukocyte infiltration,
quantitated with 5'Cr-labeled autologous leukocytes,
reached maximal values 3 hours after the injection of
bacteria and subsided almost completely by 6 hours.
Hemorrhage, measured with homologous 59Fe-erythro-
cytes, continued to increase between 1 and 6 hours after
injection and then reached plateau levels. The lesions
were studied up to 8 hours, since in the previous study
no changes were observed beyond that time. In the
study described in this paper, the host mediation
systems were manipulated in various groups of rabbits
in order to elucidate the mechanisms underlying the
development of the inflammatory reaction. One group
of animals was hyperimmunized with the E coli orga-
nisms, another was partially depleted of hemolytic
complement with cobra venom factor, and yet another
was rendered leukopenic with nitrogen mustard. In hy-
perimmunized animals hyperemia in the dermal le-

sions induced by the microorganisms was significantly
more intense than in normal rabbits. Vascular perme-
ability increase occurred earlier in hyperimmunized
rabbits and at 1 hour was significantly greater than in
normals. Decomplemented rabbits had significantly
less vascular permeability than normal animals, where-
as in leukopenic rabbits no increase in vascular perme-
ability could be elicited. Leukocyte accumulation was
increased over the normal animals in the lesions of hy-
perimmunized rabbits. Hemorrhage was significantly
decreased in leukopenic rabbits. Histologic examina-
tion of the lesions revealed that whereas in normal ani-
mals the infiltrating neutrophils ingested most of the
bacteria and formed definite abscesses by 6-8 hours,
these abscesses were absent in leukopenic animals, and
free-lying bacteria were demonstrable in lesions. Histo-
logically more neutrophils were present in the hyper-
immunized than in the normal rabbits, but this differ-
ence was striking when normal animals were compared
with leukopenic animals, in some of which only very
occasional small accumulations of neutrophils were
present (Am J Pathol 1983; 110:13-29)

THE STUDY of the acute inflammatory reaction in-
duced in the rabbit with Escherichia coli has estab-
lished the kinetics of development of such vascular
and cellular changes as hyperemia, edema (exudate)
formation, and infiltration of neutrophils. I Infection
with gram-negative bacteria has gained in clinical sig-
nificance in recent years.2 They have been shown to
produce vascular injury, demonstrable as an increase
in vascular permeability and hemorrhage. Gram-neg-
ative infection is particularly important because of
the thrombohemorrhagic lesions induced by endo-
toxin, which is part of the bacterial cell wall.3
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14 KOPANIAK AND MOVAT

The involvement of host mediation systems was of
primary interest in this investigation. The neutrophil,
due to its abundance at the inflammatory site,1 ap-
peared to play an important role in mediating the
vascular phenomena and the ensuing vascular and
tissue injury. Consequently, the host humoral sys-
tems known to modulate the activity of the neutro-
phils were manipulated, and eventually the neutro-
phils themselves were depleted, followed by the
quantitation of the dermal lesions induced with E coli.
The kinetics and extent of lesion development in rab-
bits hyperimmunized with the bacteria, depleted of
hemolytic complement, and depleted of leukocytes
were studied and compared with the kinetics and
magnitude of the reaction in normal control rabbits.

Materials and Methods

Inflammatory Lesions

All experiments were performed on randomly bred
female New Zealand albino rabbits (2.5-3.0 kg).
E coli (Strain BAM, Medical Teaching Laboratories,
University of Toronto, Toronto, Ontario) were grown
in minimum nutrient broth, killed with 0.5 7o formal-
dehyde (4 C, overnight), and, following two washes,
suspended in sterile saline at the concentration of
3 x 109 bacteria/ml, as described previously.1 The
hair on the back of rabbits was removed with electric
clippers, and E coli were injected intradermally at 6
x 10" organisms per site in 0.2 ml sterile pyrogen-
free saline. In order to obtain lesions of various ages
at the time of sacrifice, the bacteria were administered
at different times before the killing of the rabbits.
After the rabbits were sacrificed, their dorsal skin
was removed and frozen, and the lesions were punched
out with a cork borer (1.5 cm in diameter). The
punched-out skin disks were deposited in plastic vials
for y-spectrometric estimation of the amount of
radioactivity accumulated in the lesions. Prior to
freezing of the skin, blood was expressed manually
out of the major vessels of the skin in all experi-
ments, except those in which hyperemia was mea-
sured with microspheres. This massaging-out of
blood reduced variation between control skin sites
and decreased the background radioactivity.

Control Skin Sites

Sites checked for hyperemia 45 minutes after the
intradermal injections of saline were found not to be
significantly different from skin sites from animals
that did not receive injections. Similarly, no such dif-
ference was found with respect to increased vascular

permeability, accumulation of leukocytes, or hemor-
rhage in the experiments described in this paper.
Thus, the results shown in the illustrations express
the counts per minute (cpm) in the lesions over nor-
mal skin and normal saline-treated sites (NS).

In some experiments prostaglandin E2 (PGE2) was
used as a positive control for hyperemia, as described
before.4 The PGE2 was obtained from the Upjohn
Co. (Kalamazoo, Mich), and the stock solutions
made up in 95Wo ethanol were diluted before use with
pyrogen-free saline. The rabbits received 1 pg/site 30
minutes before sacrifice.

Bradykinin-treated sites (Sigma Chemical Com-
pany, St. Louis, Mo) served as positive controls for
vascular permeability in some experiments. Fifty
nanograms of bradykinin was injected intradermally
15 minutes before sacrifice.

Measurement of Hyperemia

The radiolabeled microsphere localization method
as described by Hay et a15 was used for quantitation
of hyperemia in the inflammatory sites. 5'Co-, 113Sn-,
or 46Sc-labeled microspheres (10 or 15 p in diameter,
suspended in 107o dextran) obtained from New En-
gland Nuclear (Lachine, Quebec) were used. The
microspheres (approximately 15 .iCi per rabbit) were
injected systemically via a catheter positioned in the
right carotid artery of an anesthesized animal. The
microspheres were infused 2-5 minutes before the
killing of the animals, as was described previously.1
The rabbits were sacrificed with an overdose of sodium
nembutal. The y-spectrometer (Intertechnique Cana-
tech Inc., Toronto, Ontario) setting for 51Co and 46Sc
was 70-400 keV; and for 113Sn, which was measured by
itself, a wide-open window was used. When data for
microsphere trapping were pooled from several ani-
mals within a group, the skin values were expressed
as a ratio of counts per minute per lesion to counts
per minute per control site.

Measurement of Vascular Permeability

The increase of permeability of vessels to fluid and
proteins was measured with the aid of 125I-labeled
human serum albumin (1251-HSA), which was injected
systemically via the carotid catheter or via the mar-
ginal ear vein, 15 minutes prior to sacrifice. Approxi-
mately 40 ,Ci of 1251-HSA was injected per rabbit, as
described before.1 The amount of 1251-HSA leaking
out of blood vessels is directly proportional to the
degree of enhancement in vascular permeability;6
thus, this parameter was quantitated by measurement
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HOST MEDIATION SYSTEMS IN INFLAMMATION 15

of the amount of 125I-radioactivity localized at the in-
flammatory sites. The window setting on the y-spec-
trometer was adjusted to minimize the spill of emis-
sion from other isotopes into the iodine channel.
However, when vascular permeability was measured
with other parameters and 5'Co, 46Sc, 113Sn, 59Fe, or
51Cr were present, any interference from them was
corrected for in the final calculation of results. The
increase in permeability was initially expressed as a
ratio of 1251-counts per minute per lesion to counts
per minute in normal skin. In later experiments
equivalents of microliters of extravasated plasma
were calculated by dividing the 1251-cpm/lesion by the
counts per minute/Ml of plasma obtained after in-
fusion of 1251-HSA.

Measurement of Leukocyte Emigration

The accumulation of leukocytes in the inflamma-
tory sites was measured by the technique of Issekutz
and Movat.7 Thirty milliliters of blood collected
from the central ear artery of rabbits into 0.20/0 ethyl-
ene diaminetetraacetic acid (EDTA) were mixed with
7.5 ml of 1 0o hydroxyethyl cellulose (Polysciences,
Inc., Warrington, Pa) and incubated at 37 C to sedi-
ment the erythrocytes. The leukocyte-rich plasma
(LRP) was repeatedly removed for 30 minutes. The
LRP was spun at 350g for 10 minutes at 4 C. The leu-
kocytes, together with contaminating erythrocytes,
were resuspended in Tyrode's solution free of Ca++
and Mg++ and containing 10%o platelet-free hepar-
inized plasma. One-hundred fifty microcuries of Na2
51CrO4 (New England Nuclear, Lachine, Quebec)
were addd to the cell suspension and incubated for 30
minutes at 37 C. Following the incubation the 51Cr-
leukocytes were washed in Ca++,Mg++-free Tyrode's
solution, centrifuged (350g for 10 minutes at 4 C),
and reinfused into the marginal ear vein of the donor
rabbit 40 minutes before the animal was killed, as de-
scribed previously.1 An aliquot (200 1I) of the labeled
leukocyte suspension was taken before the cells were
infused into the rabbits. The erythrocytes in the ali-
quot were lysed with 0.84Wo NH4C1 in two consecutive
incubations, and the total counts per minute infused
on leukocytes were calculated from the counts per
minute in the aliquot in which the erythrocytes had
been lysed. The number of leukocytes infused was
calculated from another aliquot, which was used for
a hemocytometer count.

The radioactivity was counted on y-spectrometer
window setting of 70-400 keV. The percentage spill
of energy emission from 59Fe into the 5"Cr channel
was subtracted for each sample. Leukocyte migration

studies were never performed together with hyper-
emia measurements, because of technical difficulties.
The accumulation of leukocytes was expressed as a
ratio of 51Cr counts per minute per lesion to counts
per minute per normal skin.

In leukocyte labeling experiments all solutions
were made up in sterile, pyrogen-free water or saline
(Baxter Travenol Laboratories of Canada Ltd., Mal-
ton, Ontario), and all plastic test tubes and pipettes
used were sterile. This minimized the possibility of
contamination with endotoxin.

Measurement of Hemorrhage

Hemorrhage was quantitated with 59Fe-labeled
erythrocytes. In all experiments the erythrocytes were
labeled in vivo in donor rabbits and transfused into
the experimental animals according to the method of
Kopaniak et al.8
The erythrocytes of donor rabbits were labeled by

intravenous injections of 59Fe-ferrous citrate (New
England Nuclear, Lachine, Quebec) previously incu-
bated with 5 ml of autologous serum (at 23 C for 10
minutes). Three to 4 days after labeling, anticoagu-
lated (10 IU heparin/ml) blood containing 6 x 106
cpm of "9Fe (on 500-2000 keV y-spectrometer setting)
was collected from the central ear artery of the donor
rabbit. The 59Fe-erythrocytes were lightly packed
(200g for 10 minutes) and infused into the recipient
rabbit's circulation 24 hours before sacrifice as de-
scribed previously.' The amount of radioactivity per
microliter of circulating blood in the recipient rabbit
was determined, and this allowed conversion of the
counts per minute of 59Fe per lesion into an equiva-
lent number of microliters of extravasated blood.
59Fe was counted with the use of the y-spectrometer
window at 500-2000 keV, because this setting mini-
mized the overlap of energy emission between 51Cr
and 59Fe.

Morphologic Studies

Paraffin sections from tissue samples were prepared
by first fixing the skin in 10o phosphate-buffered
(pH 7.0) formaldehyde, dehydrating the sections,
clearing them, and, following embedding, staining
them with hematoxylin and eosin. For the prepara-
tion of semithin sections, 10 x 5 x 2-mm pieces of
tissue were fixed in pH 7.4 phosphate-buffered glutar-
aldehyde (final concentration 20/o) and formaldehyde
(final concentration 10%o) at 4 C overnight and de-
hydrated (without osmium postfixation) and em-
bedded in hydroxyethyl methacrylate, and 1-2-M sec-
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16 KOPANIAK AND MOVAT

tions were cut on a duPont Sorvall JB-4 microtome
and stained with azure-eosin.9

Determination of Antibody Titer

It was found that approximately 70% of the popu-
lation of rabbits obtained from the breeder had nat-
ural titers of circulating antibody (Ab) to E coli. The
approximation of Ab titer involved the use of an ag-
glutination test. Serial 1:2 dilutions of rabbit's serum
in phosphate-buffered saline (PBS) (50 pl of each)
were made in microtitration plates. To each dilution
50 1l of formaldehyde-killed and washed E coli (3 x
109/ml) were added, and the plates were incubated at
37 C for 60 minutes. The E coli suspension on glass
slides from each well was then examined microscopi-
cally. Freely floating bacteria were taken to indicate
lack of Ab in the serum, whereas agglutination of E
coli was recorded as a positive titer. A number of
wells were examined in order to estimate the titer of
circulating Ab. Only rabbits with negative Ab titers
were used a) in the controls (untreated), b) in the ex-
periments with cobra venom factor (CoF), and c) in
the experiments with leukocyte-depleted rabbits.

Hyperimmunization of Rabbits With E Coli

Rabbits were hyperimmunized with increasing
doses of E coli injected intravenously. The animals
were initially given injections twice every 10 days
with 5 x 108-3 x 109 formaldehyde-killed E coli,
and then live E coli (3 x 109 organisms) were injected
several times at 10-day intervals. A total of 12 im-
munizing injections was made. Titers of induced Ab
to E coli were estimated as described in the previous
section.

Depletion of Hemolytic Complement

The hemolytic complement of rabbit serum was
depleted with cobra venom factor (CoF) using a
modified method of Cochrane et al'0 and Man and
Minta. 11

Naja naja kaouthia, Thailand cobra snake venom
(Sigma Chemical Co., St. Louis, Mo), was fraction-
ated by column chromatography (two steps) to ob-
tain partially purified CoF. Two grams of the lyophil-
ized cobra venom was dissolved in 100 ml of 0.01 M
phosphate buffer (pH 7.5), and the sample was ap-
plied to the column. The conductivity of the applied
sample was the same as the equilibrating buffer of the
QAE-Sephadex. The QAE-Sephadex A-50 column
was run at 4 C with an approximate flow rate of 20
ml/hr. Ten-milliliter fractions were collected (LKB

Ultrarac fraction collector, LKB Produckter, Uppsa-
la, Sweden). After application of the sample the col-
umn was washed with 0.01 M phosphate buffer, fol-
lowed by a linear gradient of 0.01 M phosphate to
0.01 M phosphate with 0.4 M NaCl. A small volume
of 0.01 M phosphate containing first 0.4 M NaCl and
then 0.5 M NaCl followed the gradient. The collected
fractions were tested for decomplementing activity,
and the active ones were concentrated with positive
pressure ultrafiltration with a UM-10 membrane
(Amicon Corporation, Lexington, Mass). The con-
centrated sample was applied to a 2.5 x 100-cm
Pharmacia glass column containing Sephadex G-200
(Pharmacia Fine Chemicals, Uppsala, Sweden) equil-
ibrated with 0.01 M phosphate, 0.4 M NaCl buffer
(pH 7.5). The column was run at 4 C, and the flow
rate was adjusted to approximately 6 ml/hr. The pro-
tein elution profile was determined with the use of a
Zeiss PMQII Spectrophotometer at 280 nm.
The decomplementing activity of the fractions was

determined with the hemolytic assay of Mayer. 12
QAE fractions were tested by incubating 0.1 ml of
the fraction material with 20 1ll of normal human
serum at 37 C for 30 minutes, with shaking. Fol-
lowing this incubation, 0.4 ml of Veronal buffered
saline with Ca+, Mg`+ and 0.05Wo gelatin (VBS++) and
0.5 ml (5 x 108/ml) of sheep red blood cells (EA)
sensitized with hemolysin and suspended in VBS++
were added. Another incubation (60 minutes at 37 C,
with shaking) followed and was stopped with 1.0 ml
of cold veronal buffered saline with no metals, con-
taining 0.01 M EDTA and 0.05% gelatin. The un-
lysed EAs were spun down (1400g for 10 minutes at
4 C). The amount of hemolysis in the supernatant
was measured spectrophotometrically at the wave-
length of 541 nm versus a control which contained no
eluted material and thus measured spontaneous he-
molysis. G-200 fractions were tested by the same
method, but the volume of the G-200 eluate used was
50 pl. The active fractions (ie, those that had de-
stroyed the hemolytic activity of normal human se-
rum) were concentrated with the use of Amicon-posi-
tive pressure ultrafiltration and standardized accord-
ing to the method of Cochrane et al.10 The amount of
CoF in 0.1 ml that reduced by 5007o the hemolytic ac-
tivity of a 1:20 dilution of normal human serum was
defined as 1 unit. The CoF was then aliquoted and
stored at - 70 C until needed.
For decomplementation experiments in vivo, a

total dose of 300 units of CoF per kilogram body
weight of the rabbit was injected intravenously in
four equal doses at 0, 4, 10, and 24 hours. In some
experiments an additional injection of 250 units of
CoF was made at 32-40 hours, and the rabbits were
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HOST MEDIATION SYSTEMS IN INFLAMMATION 17

used for intradermal lesions at 72 hours. The hemo-
lytic activity of rabbit serum was determined before
and during the experiment. The activity was measured
by incubating 0.2 ml serial twofold dilutions of rab-
bit serum with 0.5 ml of EA (5 x 108/ml) in VBS++
for 60 minutes at 37 C and then stopping the reaction
with 1.0 ml VBS-EDTA. The amount of hemolytic
activity of rabbit serum was determined spectro-
photometrically at 541 nm.

Leukocyte Depletion

Rabbit leukocytcs were depleted with nitrogen
mustard (Mustargen Hydrochloride, Merck Frosst
Laboratories, Dorval, Quebec) according to a modi-
fied method of Thomas and Good."3 The rabbits re-
ceived 1.5 mg of nitrogen mustard per kilogram body
weight as an intravenous injection. Benzathine Peni-
cillin G (Penlong XL, Rogar/STB-BTI Products,
London, Ontario) was injected subcutaneously
(150,000 IU) in order to protect the animals against
infection. Forty-eight hours later a second intravenous
injection of 1.0 mg/kg nitrogen mustard was given.
The experiments were performed 24 hours after the
second injection of nitrogen mustard. The total leu-
kocyte count per microliter of blood and a differen-
tial count were made prior to injection of nitrogen
mustard and on the day of the experiment. The num-
ber of the remaining polymorphonuclear leukocytes
per pl of blood was then determined.

Statistical Analysis

The Student t test for small samples was used to
calculate P values.

Results

It was found, in agreement with previously pub-
lished data, I that in E coli-induced lesions, hyperemia,
infiltration of leukocytes, and vascular permeability
occurred in the first 3-4 hours of lesion development
and largely subsided by 6 hours, whereas hemorrhage
usually continued to develop until 6 hours after the
injection of bacteria and then remained at plateau
levels (Figure 1). The changes in hyperemia, leuko-
cyte accumulation, and vascular permeability were

measured as rates, with the appropriate radioactive
tracer injected in the final hour of the experiment.
Hemorrhage, on the other hand, was quantitated as a

cumulative parameter with 59Fe-erythrocytes present
in the circulation throughout the duration of the ex-

periment.
The mediation of the inflammatory changes oc-
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Figure 1-Kinetics of the acute inflammatory reaction to intra-
dermal injections of E coli in a normal rabbit. Four parameters of the
inflammatory response were measured with radioactive tracers. The
figure is representative of an experiment performed in one animal
with data points representing the mean + standard error of five
replicate sites injected at each time point. The hours show the age
of the lesion at the time the rabbit was sacrificed. Control skin sites
are represented as the point at time 0 hours. Hyperemia and leuko-
cyte accumulation are represented as counts per minute of their ap-
propriate isotopes, while vascular permeability and hemorrhage are
expressed as microliters of extravasated plasma and blood, respec-
tively. In this experiment hyperemia, enhanced vascular permeabil-
ity, and leukocyte accumulation (all of which were measured as
rates) reached maximal values in 3-hour-old lesions and subsided by
6 hours. Hemorrhage, which was measured as a cumulative param-
eter, increased rapidly up to 3 hours and was followed by a less
steep rise up to 6 hours. For further details see Tables 1-5.

curring in the E coli lesions was studied in different
groups of rabbits. Since the host mediation systems
were of primary interest, humoral factors of rabbits
known to affect neutrophil function (viz the comple-
ment system and antibodies) were manipulated, and
the development ofE coli lesions in these rabbits was
compared with normal control rabbits. In addition to
the hyperimmunization of the rabbits with E coli and
partial depletion of the hemolytic complement, the
rabbits were also depleted of leukocytes.
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Figure 2-Hyperemia in skin lesions induced with E coli in four dif-
ferent groups of rabbits. Open bars represent normal rabbit controls,
dotted bars the hyperimmunized group of animals, solid bars the de-
complemented rabbits, whereas cross-hatched bars depict leuko-
penic animals. Hyperemia is expressed as fold increase in blood
flow over control skin-ie, as a ratio of the mean of the microsphere-
associated radioactivity of six replicate lesions at each injection
time to the mean of six control skin sites obtained for each rabbit.
The bars represent the mean + standard error of these ratios ob-
tained from several rabbits in each group, at each injection time. The
data are so summarized for reasons of clarity and for observation of
trends in kinetics and extent of hyperemia in the different groups of
rabbits. Maximal hyperemia was reached between 2 and 4 hours in
the different groups, and no significant differences in the extent of
hyperemia were observed between normal, decomplemented, and
leukopenic animals. The hyperimmunized group showed greater
hyperemia than normal rabbits, and the difference was significant at
each time point (P < 0.01).

The rabbits used as normal controls were selected
as having no natural antibody to E coli. In the hyper-
immunized group of rabbits the titers of antibody in
serum ranged between 1:4096 and 1:4194304 (ie, 2-12
and 2-22), but most were around 1:1048576 (2-20). No
difference in the extent of response to E coli was found
in rabbits with different titers, probably because of
the availability of excess antibody. The complement-
depleted animals were used only when the titer of he-
molytic complement at the time of the experiment
was 10%o or less than before treatment with CoF. No
attempt was made to measure the individual compo-
nents of the complement system. The normal number
of white blood cells per microliter of rabbit blood is
5000-13,000, of which 30-500/o are neutrophils. In
nitrogen-mustard-treated rabbits the circulating neu-
trophils were 2400-3800/pl before treatment and
were depleted to 0-60 polymorphonuclear leukocytes
(PMNs)/4l of blood after drug treatment.

Although conditions were kept constant within a
group of rabbits, the rabbits exhibited some biologic
variability in the response, making impossible the use

of mere counts per minute as an expression of the re-
sults. This was the reason for a normalizing factor,
using an internal control for each rabbit, which would
allow the data within a group to be combined and the
trends and differences in the extent of the response
between groups to be compared. Thus, large
numbers of data were summarized for clarity. E coli
lesions for each time point were reproduced five or
six times in one animal. Thus, for six different time
points and control sites, there were 35 to 42 lesions in
a rabbit. (Pilot experiments were performed to as-
certain that deposition of the early lesions and a large
number of these sites did not affect the development
of the inflammatory reaction at any time point.) For
each time point within one rabbit the mean ± standard
error (SEM) of the counts per minute for each pa-
rameter was calculated. The normalizing factor was
used as follows. As described in Materials and Meth-
ods for hyperemia, leukocyte accumulation and vas-
cular permeability the fold increase of the response
over control skin sites was calculated:

z
E
Q

1.)_
0
cn
CD

E
a
0

Age of Lesion (hours)

Figure 3-Accumulation of 5'Cr-labeled leukocytes in E coli lesions
of different ages in three groups of rabbits is represented. The leuko-
cyte accumulation in the lesions is expressed as a ratio of 5'Cr-asso-
ciated radioactivity in lesions to the radioactivity in control skin
sites. The bars represent the mean ± standard error of data ob-
tained from individual rabbits (as explained in Figure 2) and com-
bined to give a "group average." The accumulation of 5'Cr-leuko-
cytes was greater in hyperimmunized animals than in normal ones,
with P < 0.05 (df = 8) at 2 hours. There was no significant difference
in leukocyte accumulation between the normal and the decomple-
mented group. The maximal leukocyte infiltration occurred earlier
(at 2.2 ± 0.2 hours) in hyperimmunized rabbits than it did in normal
rabbits (3.2 ± 0.2 hours). The difference in the time of peak response
is significant (P < 0.01).
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HOST MEDIATION SYSTEMS IN INFLAMMATION 19

cpm/lesion = fold increase
cpm/control site

The mean increases from all the rabbits within a group
were combined for each time point, and the mean +
standard error of the mean (SEM) was calculated.
The bars in Figures 2, 3, and 4 represent such means
of the means ± SEM. In more recent experiments,
vascular permeability in the lesions was expressed as
equivalents of extravasated plasma calculated by use
of the formula:

1251 cpm/lesion
1251 cpm/,ul plasma

Hemorrhage was expressed as microliter equivalents
of extravasated blood, calculated by dividing 59Fe
counts per minute per lesion by 59Fe counts per minute
per microliter of circulating blood.

Table 1 is based on recent studies in which plasma
levels for 125I-albumin were available and shows the
numeric data expressing vascular permeability in
microliters of extravasated plasma and as fold in-
creases over control skin sites. The data are based on
7 normal rabbits and are derived from the same orig-
inal counts per minute of 1251 per lesion in both col-
umns. The only difference between the left and right
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Figure 4-Enhancement in vascular permeability in intradermal le-
sions induced with E coli is compared between the four groups of
rabbits. The vascular permeability is expressed as fold increase over
control skin sites obtained for each experimental animal, as ex-
plained in Figure 2. The bars represent the mean + standard error of
values obtained from several rabbits within one group. Vascular
permeability in hyperimmunized rabbits was greater at 1 hour than
in normal controls, but no significant difference between these two
groups was observed at later times. The decomplemented animals'
vascular permeability was significantly (P< 0.05 to P< 0.02, df =
13) lower than that of normal control rabbits between 2 and 4 hours.
Leukopenic animals showed almost no increase in vascular perme-
ability (lesion to control skin ratio -1) throughout the experiment,
being significantly different at 1-4 hours from normal.

Table 1-Vascular Permeability in Intradermal Lesions
Induced With E coli in 7 Normal Rabbits

Mean ± SEM (% SEM) Mean ± SEM (% SEM)
Hours* (yil plasma) (cpm lesion/cpm NS)

1 6.22 ± 1.49 (24) 2.25 ± 0.29 (13)
2 15.77 ± 5.17 (33) 4.95 ± 0.99 (20)
3 14.85 ± 2.70 (18) 4.92 ± 0.97 (20)
4 11.43 ± 1.39 (12) 3.93 ± 0.96 (24)
6 6.24 ± 0.60 (10) 2.32 ± 0.48(22)
8 6.52 ± 0.83 (13) 2.51 ± 0.56 (22)
NSt 2.82 ± 0.63 (22)

* Age of lesion in hours.
t Normal skin control and normal saline control.
All procedures are described in Materials and Methods.

columns is the units in which increased vascular per-
meability is expressed. Skin sites in which normal
saline was injected or control skin sites showed 2.82
± 0.63-pl equivalents of extravascular plasma (fol-
lowing massaging out of larger blood vessels-see
Materials and Methods). At 2 hours 15.77 ± 5.17 pl
of plasma (ie, approximately 5 times NS levels) were
found in E coli lesions.
Hyperemia was measured in the four groups (Fig.

2), and in all groups the maximal response occurred
between 2 and 4 hours. Depletion of hemolytic com-
plement to less than 100o of the original serum levels
or depletion of leukocytes with nitrogen mustard did
not affect the kinetics or the extent of the hyperemia,
in comparison with normal rabbits. In all these groups
maximal hyperemia reached 4-6 times the blood flow
of control skin. The hyperimmunized group of rabbits
showed greater hyperemia than normal controls, ie,
approximately a 14-fold increase over control skin.
The difference was significant (P < 0.01). Table 2
shows the numeric values on which Figure 2 is based.

Leukocyte accumulation in normal, hyperimmu-
nized, and decomplemented rabbits was measured
(Figure 3). The accumulation of 51Cr-leukocytes was
greater in hyperimmunized animals (133-fold increase
over control skin) than in normal controls (24-fold
increase). The difference was significant (P< 0.05 at 2
hours). The maximal leukocyte infiltration occurred
earlier (2.2 ± 0.2 hours) in the hyperimmunized
group than in normal rabbits (3.2 ± 0.2 hours). The
difference in the time of peak response was significant
(P < 0.01). Decomplemented rabbits showed no sig-
nificant difference in either the kinetics or the magni-
tude of leukocyte accumulation from normal animals
(Table 3).

Figure 4 represents the values of enhanced vascular
permeability as measured in the four experimental
groups of animals. Maximum protein leakage in
2-and 3-hour-old lesions in normal rabbits reached
fivefold increases over control skin sites. The only
significantly different (P < 0.05) permeability be-
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Table 2-Hyperemia in Intradermal Lesions Induced With E coli in Rabbits

Normal rabbits Hyperimmunized rabbits Decomplemented rabbits Leukopenic rabbits
Hours* (n = 6)t (n = 5)t (n = 3)t (n = 6)t

1 1.22 + 0.22 (18) 2.90 ± 0.81 (28) 1.84 ± 0.23(13) 2.85 ± 1.47 (51)
2 3.70 ± 0.52 (14) 8.96 ± 2.19 (24) 4.11 ± 1.58(38) 5.90 ± 2.33(39)
3 4.90 ± 1.00 (20) 14.40 ± 4.12 (29) 3.69 ± 0.72(20) 5.83 ± 1.96(34)
4 4.03 ± 0.88(22) 12.94 + 3.73(29) 6.21 ± 3.17(51) 5.97 ± 2.69(45)
6 2.27 ± 0.52 (23) 8.28 + 2.39(29) 4.40 ± 1.85(42) 3.29 ± 1.10(33)
8 1.99 ± 0.45(22) 5.77 ± 1.58(27) 4.35 ± 2.17 (50) 2.59 ± 0.84 (32)

Age of lesion in hours.
t Mean ± SEM (% SEM), cpm lesion/cpm normal skin control and normal saline control.
All procedures are described in Materials and Methods.

tween normal and hyperimmunized groups occurred
in 1-hour-old lesions, where hyperimmunized rabbits
showed a sixfold increase versus a twofold increase in
normal rabbits (Figure 4 and Table 4). The vascular
hyperpermeability of decomplemented animals was

significantly lower (twofold increase) than that of
normal control rabbits (P < 0.05 to P < 0.02) be-
tween 2 and 4 hours. Leukopenic animals showed al-
most no increase in vascular permeability throughout
the experiment. The lesion to control skin ratio was

close to unity in all E coli sites, except the 8-hour-old
ones, indicating that no enhancement in protein leak-
age occurred. The difference between leukopenic and
normal rabbits was significant at 1-4 hours (P < 0.10
to P < 0.02).
No significant difference was found in the amount

of hemorrhage between the normal, hyperimmunized,
and decomplemented groups of rabbits (Figure 5). All
these groups showed between 1 IAI of blood at 1 hour
and 17 ,ul in 8-hour-old lesions (Table 5). The amount
of erythrocytic extravasation in leukopenic rabbits,
on the other hand, was significantly lower than in
norrmal controls, reaching 4.67 ± 1.52 (SEM) IAl of
blood in 8-hour-old lesions (P values ranged from P
< 0.001 at 3 hours to P < 0.1 at 6 hours. The 8-hour-
old lesion were not significantly different from the
normal lesions). The amount of blood in control skin
sites was the same in all groups (1.30-1.52 IAl).

Histologic examination of the lesions of decomple-
mented rabbits did not reveal any qualitative or

quantitative differences from normal rabbits. There
were more numerous PMNs in the hyperimmunized
than in the normal rabbits, and this difference was
more definite in the older (4-8 hour) lesions (Figures
6 and 7). However, in the leukopenic animals, very
definite differences in the appearance of the E coli le-
sions were observed when their injection sites were

compared with those of normal animals. In the nor-
mal and hyperimmunized rabbits PMN infiltration
was first noticed as focal accumulations, usually
around vessels in 1-hour-old lesions, and did not in-
crease in number beyond 6-hours. By 3 hours a small
number of rod-shaped bacteria were still recogniz-
able with an oil immersion objective (Figure 8). On
the other hand, innumerable rod-shaped bacteria
were lying free in the dermis of leukopenic rabbits
(Figure 9). In 6-hour-old lesions no gross signs of in-
flammation were visible in the leukocyte-depleted
animals, whereas in the normal and hyperimmunized
rabbits there was pronounced swelling and hemor-
rhage. At low magnification a very intense infiltration
of the dermis had taken place, as described above
(Figures 6 and 7), but in nitrogen-mustard-treated
rabbits the field seemed normal at low magnification,
except that there were still clumps of bacteria be-
tween the collagen bundles of the dermis (Figure 10).
At high magnification in 6-hour-old injection sites of
neutrophil-depleted rabbits some of the accumula-
tions of bacteria contained occasional PMNs and
monocyte/macrophages (Figure 11).

Table 3-Leukocyte Infiltration in Intradermal Lesions Induced With E coli in Rabbits

Normal rabbits Hyperimmunized rabbits Decomplemented rabbits
Hours* (n = 5)t (n = 5)t (n = 6)t
1 9.03 + 4.63 (51) 72.26 ± 26.84 (37) 8.29 ± 1.97(24)
2 24.27 ± 11.8(49) 133.58 ± 43.09(32) 19.04 ± 3.79(20)
3 30.41 ± 12.5(41) 103.62 ± 30.50 (29) 20.33 ± 3.95(19)
4 20.51 + 6.52 (32) 73.36 ± 24.48(33) 15.45 + 3.28(21)
6 4.90 + 1.93(39) 19.66 ± 6.88(35) 5.29 ± 1.15 (22)
8 2.78 ± 0.66 (24) 9.34 ± 4.98(53) 3.17 ± 0.69 (22)

Age of lesion in hours.
t Mean ± SEM (% SEM), cpm lesion/cpm normal skin control and normal saline control.
All procedures are described in Materials and Methods.
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Table 4-Vascular Permeability in Intradermal Lesions Induced With E coli in Rabbits

Normal rabbits Hyperimmunized rabbits Decomplemented rabbits Leukopenic rabbits
Hours* (n = 7)t (n = 6)t (n = 8)t (n = 4)t
1 2.25 + 0.29(13) 6.40 ± 1.76(27) 2.04 ± 0.25(12) 1.20 ± 0.12(10)
2 4.95 ± 0.99 (20) 6.64 ± 1.15 (17) 2.61 ± 0.29 (11) 1.24 ± 0.06(5)
3 4.92 ± 0.97 (20) 4.45 ± 0.70 (16) 2.35 ± 0.16(7) 1.16 ± 0.07(6)
4 3.93 ± 0.96 (24) 2.67 ± 0.31 (12) 1.80 ± 0.20 (11) 1.31 ± 0.11 (8)
6 2.32 + 0.48 (21) 1.94 ± 0.22 (11) 1.52 ± 0.13(9) 1.41 ± 0.11 (8)
8 2.51 + 0.56 (22) 2.15 ± 0.26 (12) 1.81 ± 0.08(5) 2.00 ± 0.32 (16)

Age of lesion in hours.
t Mean ± SEM (% SEM), cpm lesion/cpm normal skin control and normal saline control.
All procedures are described in Materials and Methods.

Discussion

The experiments reported in this paper were per-
formed in order to elucidate the mediation systems of
the acute inflammatory response to E coli. It was ob-
served in the course of the study that certain parame-
ters of the inflammatory reaction worked "in concert"
and seemed to be affected one by the other. In partic-
ular, it was noted that manipulation of the host leu-
kocytes resulted in pronounced changes in vascular
permeability and hemorrhage development in E coli-
induced inflammatory lesions. Modifications in the
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st mediation systems were then performed to check
premise that rabbit leukocytes, predominantly

lymorphonuclear, mediate vascular injury, mani-
,ted as an increase in vascular permeability and
morrhage.
[he main events in the acute inflammatory reaction
changes in local blood flow, exudation of plasma

e to an increase in vascular permeability and ac-
mulation of neutrophils, and, in fewer numbers,
nocytes in the inflammatory lesion. In more severe
ury, such as found with the E coli organisms, ex-
vasation of erythrocytes also occurs, resulting in

T

b 8 N.S.

Age of Lesion (hours)
Figure 5-Development of hemorrhage in four groups of rabbits given intradermal injections of E coli is shown. Hemorrhage is expressed as
microliter equivalents of blood per lesion. The bars represent the mean ± standard error of values obtained from several rabbits within a
group. No difference was observed in the extent of hemorrhage between normal, hyperimmunized, and decomplemented groups of rabbits. The
amount of erythrocyte extravasation in leukopenic rabbits was significantly lower than in normal rabbits (P < 0.001 at 3 hours and P < 0.01 at 6
hours with 5 df). There was no difference between groups in the amount of blood contained in control skin sites (NS).
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Table 5-Hemorrhage in Intradermal Lesions Induced With E coli in Rabbits

Normal rabbits Hyperimmunized rabbits Decomplemented rabbits Leukopenic rabbits
Hours* (n = 4)t (n = 6)t (n = 9)t (n = 3)t

1 1.19 ± 0.27 (23) 2.06 + 0.51 (25) 1.44 + 0.21 (14) 1.17 ± 0.30 (26)
2 2.09 + 0.61 (29) 4.75 ± 1.11 (23) 3.04 + 0.45(15) 1.09 ± 0.26 (24)
3 4.79 ± 0.11 (2) 5.67 ± 1.04 (18) 5.48 + 0.93 (17) 1.31 ± 0.38 (29)
4 7.55 ± 1.68 (22) 6.41 ± 1.49 (22) 7.30 ± 1.23 (17) 1.43 ± 0.31 (21)
6 8.28 ± 1.90 (23) 11.03 + 3.00(27) 10.85 + 1.68(16) 2.51 + 0.35 (14)
8 8.86 + 2.44 (27) 17.45 + 7.57 (43) 13.90 ± 2.06(15) 4.67 + 1.52 (33)
NSt 1.35 ± 0.31 (23) 1.37 ± 0.31 (23) 1.52 + 0.20 (13) 1.30 + 0.08 (6)

* Age of lesion in hours.
t Mean ± SEM (% SEM) in microliters of blood.
t Normal skin control and normal saline control.
All procedures are described in Materials and Methods.

local hemorrhage. All these changes were quantitated
with the aid of radioactive tracers, appropriate for
each of the parameters measured.
The studies described in this paper indicate that in

the inflammatory lesions induced in rabbits with E
coli hyperemia, enhanced vascular permeability and
maximal leukocyte accumulation occur almost simul-
taneously. These lesions develop early in the inflam-
matory reaction, becoming measurable (and, in the
case of neutrophils, histologically apparent) within
the first hour after the injection of bacteria. Of these
changes, hyperemia and enhanced vascular perme-

ability are transient, affecting the microvasculature
for several hours without, however, causing extensive
vascular damage, ie, disruption of the vascular wall
and grossly visible hemorrhage. Accumulation of
leukocytes is associated with engulfment of the bac-
teria and degranulation.I The simultaneously occur-

ring increase in vascular permeability seems to depend
primarily on PMN-derived mediators, eg, cationic
proteins, proteolytic enzymes. Hemorrhage, on the
other hand, reaches a peak after the leukocytes have
emigrated and, in fact, at a time when the emigrated
PMNs have reached the end of their life span. At
least in the blood the half-life of a rabbit PMN is
about 3.2-3.8 hours.7 The discrepancy between the
early increase in vessel permeability and leukocyte ac-

cumulation and late hemorrhage is even more evident
in lesions induced with C5a des Arg.2'4l5 There is
good reason to believe that the hemorrhage is due to
a massive release of lysosomal proteases, but no de-
finitive proof is available for this assumption as yet.
Hyperemia in E coli lesions was not affected by de-

pletion of hemolytic complement nor by leukopenia
induced with nitrogen mustard. Hyperimmunization
of the animals, on the other hand, caused a 200%Vo in-
crease in hyperemia over values found in normal rab-

bits. The mediation of hyperemia in the hyperimmu-
nized rabbits is not understood. Studies with E coli
opsonized in vitro injected intradermally into one-half
of the back of rabbits did not produce greater hyper-
emia values than nonopsonized E coli lesions de-
posited into the second half of the backs of the rab-
bits (unpublished data). It is possible that in vitro
opsonization does not reflect all the processes oc-

curring in the hyperimmunized rabbits. The role of
hyperimmunization implies greater availability of an-

tibody and hence complement, acting to attract more
PMNs into the site, and yet the increase in blood flow
is not neutrophil-mediated, since this parameter was

not decreased in leukopenic rabbits. The best candi-
dates for mediation of hyperemia are the vasodilatory
prostaglandins.4 Johnson et all6 detected PGE2 and
PGF2a in the lymph draining E coli-induced lesions.
The levels of PGE2 and PGF2, rose early in the in-
flammatory response, reaching maximal values in the
first 10 hours and then subsiding. Preliminary studies
show that the inflammatory reaction induced in the
rabbit with E coli can be partially inhibited by such
inhibitors of prostaglandin cycloxygenase as ASA or

indomethacin. 17
Accumulation of leukocytes in intradermal E coli

lesions was not significantly decreased in animals de-
pleted of complement with cobra venom factor. The
depletion of hemolytic complement is achieved by in-
travenous (or intraperitoneal) injections of CoF,
which circulates in plasma, with a half-life of 32
hours."0 It is possible that CoF did not deplete C5
levels, and this was not tested; merely CHso titration
was performed. There exists a possibility that com-

plement is present in the circulation in such an excess

that depletion to 10% of the original levels still leaves
enough to mediate the chemotaxis of PMNs. It is also
possible that interstitial cells such as macrophages

Figure 6-Infiltration of the dermis by leukocytes in a 6-hour-old inflammatory lesion elicited in a normal rabbit by injection of formalin-killed
E co/i. At high magnification over 95% of the infiltrating cells were PMN leukocytes (compare with Figures 7 and 10). (Methacrylate-embedded
tissue, 1-, thick section, azure-eosin, x 188) Figure 7-Lesion similar to the one in Figure 6, but elicited in a hyperimmunized rabbit (com-
pare with Figures 6 and 10). (x 188)
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Figure 8-Three-hour-old lesion induced in a normal rabbit. Free rod-shaped bacteria are seen between the PMN leukocytes (arrows). No free-
lying bacteria were seen at high magnification in lesions such as illustrated in Figures 6 and 7 (6 hours). Tissue prepared as in Figure 6. (x 752)
Figure 9-Skin site of a leukopenic rabbit given an injection 3 hours previously of E coli. Numerous free bacteria lie in the dermis, which is not
infiltrated by leukocytes. (Tissue prepared as in Figure 6)
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Figure 10-Skin site of a leukopenic rabbit given an injection 6 hours previously of bacteria. Note the clumps of bacteria (arrows) between
bundles of collagen (compare with Figures 6 and 7). (Tissue prepared as in Figure 6, but stained with Azure II) Figure 11-Skin site of a
leukopenic rabbit given an injection 6 hours previously of E coli. There are small accumulations of PMN leukocytes (arrows), monocytes
(arrowheads), and numerous free-lying bacteria. (Tissue prepared as in Figure 6, x 752)
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produce enough C5 to effect the chemoattraction of
neutrophils into intradermal lesions and that this
component of complement is inaccessible to the cir-
culating CoF-protein complex. Pulmonary adminis-
tration of immune complexes into C5-deficient mice
resulted in either no inflammatory response or mild,
focal neutrophil accumulation. 18
At the same time, normal, C5-sufficient controls

showed generalized pulmonary inflammation with
neutrophil infiltrates, hemorrhage, and edema. The
focal accumulations of neutrophils in C5-deficient
mice were proposed to occur because of production
of C5 by alveolar macrophages.
The attraction of neutrophils into E coli lesions

can probably occur without the participation of en-
dogenous factors. E coli have been shown to produce
both lipid and peptide chemotactic factors. 19-21 These
factors might be present in the formalin-killed bac-
teria and participate in mobilizing the neutrophils
from blood to tissue. It is possible, therefore, that
complement does not play a unique role in mediation
of neutrophil accumulation in E coli lesions. This
premise seems to be confirmed by a study of pyelo-
nephritis induced in rats with E coli following decom-
plementation with CoF.22 The study showed that de-
complementation of the animals did not affect the
rate of sequestration of PMNs into the lesions or the
cellular composition of the infiltrate, although the C3
and CH50 levels were below 2%7o of normal.

In the studies reported here the treatment with CoF
did not always deplete the hemolytic complement of
2% of normal. In compiling the data for this paper
only rabbits whose complement was depleted to 10%7o
or less of the pre-treatment value were used. It might
be mentioned, however, that the amount of accumu-
lation of 51Cr-leukocytes was not different in rabbits
whose complement was depleted to 2%7o versus 50%o
of the original value, suggesting once more that com-
plement is present in large excess. An increase in the
number of circulating neutrophils after CoF treat-
ment was observed in this study, as well as by other
investigators.10.22 The numbers of circulating PMNs
vary between rabbits, and this parameter was not
closely monitored in the decomplemented group of
animals.
The accumulation of leukocytes in hyperimmunized

rabbits occurred earlier and to a greater extent than
in normal animals. In the hyperimmunized group the
mean time (t) of maximal response occurred at 2.2 ±
0.2 hours, whereas in normal animals mean time was
3.2 ± 0.2 hours. The difference in the mean time of
maximal leukocytic infiltration was significant (P <

0.01). This earlier induration and increase in density
was observed grossly by palpation and by transillu-
mination respectively and later confirmed by isotope
counting and histologic examination. It should be
mentioned that comparisons of the extent of response
between groups of rabbits, to be meaningful, should
be made at the time of maximal occurrence of the
parameter (for accumulation of leukocytes, between
1 and 4 hours). At 2 hours after the injection ofE coli
the rate of infiltration of leukocytes into the dermal
lesions is approximately 5 times greater in the hyper-
immunized group than in the normal control group.
This difference is significant (P < 0.05). As observed
visually, the amount of induration and the length of
duration of the reaction was greater in the hyperim-
munized group of animals, as compared with normal
or decomplemented rabbits.

Vascular permeability in E coli lesions occurred
slightly earlier and reached greater values in hyperim-
munized animals versus normal control animals. The
early edema formation was noticeable visually; how-
ever, calculations of the maximal time of response do
not show highly significant differences between the
mean time for hyperimmunized (t = 1.67 ± 0.33
hours) and normal (t- = 2.29 ± 0.18 hours) rabbits
(P< 0.20). The magnitude of protein leakage was sig-
nificantly (P < 0.05) greater in the hyperimmunized
group at 1 hour after injection of bacteria. Decom-
plemented rabbits showed significantly (P< 0.05) less
vascular leakage than normals between 2 and 4
hours, indicating that complement does partially me-
diate vascular permeability in these inflammatory le-
sions. The role of complement probably involves the
generation of anaphylatoxins C3a and C5a, which
cause a direct and histamine-dependent increase in
vascular leakage.23
The protein leakage from vessels in E coli lesions

was almost completely abrogated in leukopenic ani-
mals. All values were significantly different from
those of normal animals. The ratio of vascular per-
meability in lesions to permeability in control sites
was close to 1; ie, no edema formed in the E coli in-
jection sites of leukopenic animals. This result indi-
cates that leukocytes are chiefly responsible for medi-
ation of vascular permeability in E coli-induced
lesions.

Almost absolute neutropenia was achieved in rab-
bits with two spaced injections of nitrogen mustard
(1.5 mg/kg folowed by 1.0 mg/kg, 48 hours later).
Nitrogen mustard depletes the animals of all circulat-
ing leukocytes and not exclusively neutrophils. How-
ever, on the basis of the kinetic and histologic studies
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of E coli lesions, it appears that it is the neutropenia
(rather than the leukopenia) which is responsible for
inhibition of vascular permeability and partial inhibi-
tion of hemorrhage. Issekutz et al24 have found that
although the maximal rate of accumulation of mono-
cytes in E coli lesions occurs between 3 and 4 hours,
more than 9507o of the cells entering a 3-hour-old E
coli lesion are neutrophils (1 x 106 monocytes and 25
x 101 PMNs).' 24 Furthermore, while almost no ac-
cumulation of neutrophils occurs in lesions more
than 4-6 hours old,7 monocytes continue to infiltrate
these lesions for at least another 20 hours, becoming
the histologically predominant cells after 12 hours,
because PMNs start to disintegrate and monocytes
continue to migrate into the lesion.24 Vascular perme-
ability has almost subsided and hemorrhage is almost
fully developed by the time the maximal rate of influx
(but not the absolute predominance) of the mono-
cytes begins. Therefore, it seems likely that the neu-
trophil, which is the predominant cell type, not the
monocyte, mediates the increase in vascular perme-
ability in E coli lesions.

Nitrogen mustard administered systemically might
be suspected of causing generalized vascular unre-
sponsiveness towards vasoactive substances. Brady-
kinin and prostaglandin E2 were injected intrader-
mally into nitrogen-mustard-treated animals, as
described in Materials and Methods, and vascular
permeability and hyperemia were assessed. Brady-
kinin induced a threefold increase in vascular leakage
over control skin sites, while PGE2 caused a tenfold
enhancement of blood flow. These values are the
same as those in normal animals.4 Thus, no unre-
sponsiveness of the vascular bed was observed with
these two vasoactive agents. Wedmore and Williams25
further assessed the effect of nitrogen mustard on the
skin of rabbits by clamping the descending aorta dur-
ing the injection of the drug into the ear veins of rab-
bits. This procedure provided access for the drug to
the skin, but not to the bone marrow of the hind legs
(nitrogen mustard is known to prevent replication of
stem cells in the bone marrow and thus to deplete the
circulating leukocytes). The rabbits so treated re-
sponded normally to the mixture of C5a and PGE2,
thus indicating that suppression of vascular perme-
ability due to these agents in rabbits rendered leuko-
penic with nitrogen mustard was not caused by any
action of the drug on the skin.
The role of the neutrophil in mediating vascular

permeability changes is further confirmed by the
studies of Wedmore and Williams,25 who produced
edema in the skin of rabbits by injecting zymosan-

activated plasma (ZAP). The active principle in ZAP
is C5a des Arg, which has chemotactic but not spas-
mogenic activity.2628 ZAP in combination with
PGE2 caused vascular protein leakage, which did not
occur in leukopenic animals, in keeping with the
earlier described study. 15 Similar increases in vascular
permeability were induced by Wedmore and Wil-
liams25 by injections of other leukotactic substances-
ie, leukotriene B4 or the synthetic oligopeptide f-Met-
Leu-Phe, in combination with PGE2. In these studies
the potentiating action of PGE2 was needed for ef-
fective edema formation to occur. However, accord-
ing to Issekutz et al,14'15 C5a des Arg will induce vas-
cular injury (increase in vascular permeability and
hemorrhage) by itself, and in the presence of exog-
enous PGE there is an increase in the number of in-
filtrating PMNs and hemorrhage.29
The development of hemorrhage was not affected

by hyperimmunization or decomplementation. The
hemorrhage in E coli lesions was significantly reduced
at 3 hours (P < 0.001) and at 6 hours (P < 0.01) in
rabbits depleted of leukocytes. Although the amount
of hemorrhage in 8-hour-old lesions was lower in leu-
kopenic rabbits than in normal control animals, the
difference was not statistically significant. The hem-
orrhage in 8-hour-old lesions in leukopenic rabbits
could be the result of the direct action of endotoxin
released from the E coli. Inactivation of endotoxin
with mild alkali in formalin-killed E coli reduces the
amount of hemorrhage elicited by these bacteria (un-
published observations). The hemorrhage in normal
rabbits is probably mediated primarily by neutrophils,
as evidenced by a decrease in hemorrhage in nitrogen-
mustard-treated rabbits. Issekutz et al14 found that
injections of ZAP caused an infiltration of leukocytes
during the first 4 hours after injection and extravasa-
tion of erythrocytes between 4 hours and 18 hours
after the injection of ZAP. The amount of hemor-
rhage was closely correlated to the number of infil-
trating leukocytes. There was no hemorrhage devel-
opment, nor, as already mentioned, enhancement in
vascular permeability in rabbits depleted of neutro-
phils. When the number of infiltrating PMNs was al-
most doubled, the later developing hemorrhage was
increased about sevenfold.29

The involvement of neutrophils in mediation of
vascular permeability and hemorrhage in E coli le-
sions seems probable in view of the data presented in
this paper and the electron-microscopic observations
of the lesions, in which it was found that neutrophils
phagocytose the injected E coli and in this process de-
granulate.1 The leukopenic animals, in contrast, have
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been demonstrated to retain large accumulations of
bacteria at the site of injection. It is of importance
that in these animals the lack of phagocytosis (result-
ing from lack of neutrophils) is concidental with the
lack of edema formation and diminished erythrocyte
extravasation.
The attempts to elucidate the role of neutrophil ly-

sosomal enzymes in the production of vascular injury
include the recent report by Wasi and Movat,30 who
injected into rabbit skin substances specifically re-
leased by human neutrophils during in vitro phagocy-
tosis. The vascular permeability and hemorrhage
were quantitated with 1251-labeled serum albumin and
59Fe-labeled erythrocytes, respectively. The crude ly-
sosomal "secretion" induced exudation of plasma
and hemorrhage. Partially purified material con-
tained several enzymes. Small doses of it injected in-
tradermally caused only vascular permeability, where-
as larger doses caused permeability and hemorrhage.
Histologic examination demonstrated disruption of
vessel walls and aggregation of platelets in hemor-
rhagic lesions.
Although the evidence pointing to the involvement

of lysosomal contents is circumstantial at best, it is
difficult not to correlate the changes in the PMNs,
such as degranulation in the E coli-induced lesions,
with the vascular injury that occurs once these changes
have taken place. It remains to be ascertained which,
if any, of the constituents of neutrophil granules me-
diate the vascular injury resulting in the increase in
permeability and hemorrhage.
One of the conclusions drawn from the data pre-

sented concerns the sequence of events occurring in
acute inflammation. The view held to date and pro-
posed by Hurley and Spector31 and Hurley32 33 is that
vascular permeability occurred earlier than, and was
dissociated from, the infiltration of neutrophils. The
data presented here show that both the kinetics of de-
velopment and the extent of the response of these two
parameters are closely correlated. Furthermore, com-
plete abrogation of vascular leakage in leukopenic
animals points to mediation of vascular permeability
changes as well as of hemorrhage by the neutrophils.
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