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te Capillary Thrombosis
as a Cause of Death
in Experimental Anthrax

Frederic G. Dallidorf, MD, Chapel Hill, NC,
and Francis A. Beall, MS, Fcrt Detrick, Frederick, Afd

The lungs of rats, rabbits, and guinea pigs that
died of anthrax septicemia were studied by iight
and electron microscopy. In all three species, she
clinical signs of respiratory failure that occusred
during the terminal phase of the disease wera
associasted with widespread pulmonary capiliary
thrombosis. The thrombi occurred in intact capii-
laries and were composed of plateiets and fibrin,
These resuits age compared with previous ocbser-
vations in ratsggiven anthrax toxin and the sig-
nificance of pifmonary capillery thrombosis as a
factor in the fause of death in anthrax is dis-
cussed.

THE CLINICAL course of fatal anthrax
septicemg in man can be divided into two
phasesd Thé first phase, which apparently
represents the establishment and early dis-
semindtion of the infeciion, lasts three or
four days and is characterized by mild to
moderate fever, malaise, and fatigue. The
second phase, which represents the develop-
ment of overwhelining septicemia and tox-
emiz, appears suddenly during the last day
of life and is characterized by the unexpect-
ed onset of dyspnea, cyanosis, and a rapid,
failing pulse. Death occurs after 12 to 24
hours despite vigorous supportive therapy.
in rabbits,? cattle,® and chimpanzees? the
first phase of anthrax septicemia is not ap-
parent clinically and the earliest sign of in-
fection is often the onset of respiratory fail-
ure with dyspnea and cyanosis.
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Previous work frem owr laboratory
showed that Fiecher 344 rats weare unusual-
ly susceptible to intravenously administered
anthrax toxi» and were killed much faster
by smaller doses of irxin then were guinesa
pigs or mice.® Anthrax foxin in these rats
produces a rapid, predictable, lethal re-
sponse. Pulmonary edema, respiratory diffi-
culty, and cyanosis develop after a period
without signe of illness and the rats die gasp-
ing for air. A sequential light and eletron
raicroscopic study of the lungs of toxin-
treated rats showed that the developing pul-
monary edema causad by the toxin was as-
sociated with a marked elevation of the thin
endothelial cell membranes lining the pwl-
monary capiliaries,® This was followed
shortly by widespread pulmonary capiliary
thrombosis and death. The simiiarity be-
tween the clinical features of terminal an-
thrax in man and experimental animals and
those observed in rats given torin suggested
that a morphologic study of the lungs of an-
imals dying of anthrax might add valuable
information aboutl the cause of death in this
disesase.

Materials and Metheds

¢

Necropsies were performed on all animals’

that aed following infection with the virulent
Vollum strain (VIB) of Bacillus anthracis in
the experiments summarized below.

Rats.~T'wenty-seven male Fischer 344 ratis,?
weighing 200-250 gm, were injected intraperi-
toneally with 5 x 108 spores in 1 ml of distilled
water. Seventeen died from 9 to 65 hours after-
ward, two were sacrificed at 20 hotirs, and eight
survived.

Guinea Pigs—TFifteen male Hartley guinea
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Fig 1.—Routine histologic section of the lung of an
infected rat that wes injected with India ink following
the onset of signs of respiratory failure. All of the
black spots in this photograph reprasent puimonary
capillaries that contain ink particles (methylene blue,
X 80).

pigs, weighing 230-280 gm, were given 5 x 108
spores intraperitoneally and another 15 were
inoculated subcutareously with 200 spores in
0.1 ml distilled water. All of the former group
and 9 of the latter group died in 23 to 100
hours.

Rabbits.—Four male albino rabbits, weighing
1,400-1,800 gm, were inoculated subcutaneously
with 5 x 107 spores and died in 58 to 85 hours.

Kight rats, nine guinea pigs, and one rabbit
were under continuous observation from the
first signs of illness until death. India ink, di-
luted in saline, was administered to some of the
sick animals. At 20 hours after they had been
inoculated with spores, 1 ml of a 1:20 dilution
of ink was injected intravenously into two rats
with signs of respiratory difficulty and into two
rats without signs of iliness. The two sick rats
died 20 minutes later and the two asymptomat-
ic ones were killed at the same time. The same
dose of India ink was administered intracardi-
ally to four sick guinea pigs from 3 to 45 min-
utes before they died. Eighteen minutes before
death, onre rabbit was given 2 ml of a 1:10 dilu-
tion of ink intravenously. These doses of ink
did not cause vascular staining in normal unin-
fected rabbits of similar age and weight. Tis-
sues from ten rats, nine guinea pigs, and two

ralbitls were examined by light and electrcun
microscopy. One of the rabbits was necropsied
within ap hour after death; in esch of the other
animale processing of iissues was begun within
2 minutes after death.

The lungs of all animals were removed im-
mediately after death and ~wwere parfused
through the trachea with an 8% solution of
phosphate-buffered formalin {(pH 7). The lungs
were then submerged in additional 8% buffered
formalin. The entire brain and small pieces of
tissue from the kidneys, spleen, liver, heart,
and skeletal muscle were also fixed in 8%
buffered formalin. When kidney tissue was pre-
pared for electron microscopy, it was cut into
1-mm blocks in a drop of cold 2% osmium te-
troxide in Millonig’s buffer and then placed in
additional fixative for 30 minutes. Formalin-
fixed tissues were cut and processed for routine
histology. In addition small pieces of formalin-
fixed lung tissue were cut inte 1-mm blocks and
placed in 2% osmium tetroxide in Millonig's
huffer for 30 minutes. The small blocks of lung
and kidney tissue were dehydrated and embed-
ded in Epon 812. Ultrathin sections were cut,
using a diamond knife with an ultramicrotome
(Porter-Blum), placed on grids, stained with
urany] acetate, and examined with an electron
microscope (RCA EMU-3G).

@

Results

Terminal Respiratory Failure.—~Following
the inoculation of spores there was a period
during which the animals did not appear to
be sick. The terminal phase of the disease in
ali species began with the sudden onset of
signs of respiratory difficulty. The respira-
tory movements appeared to be labored and
the rabbit and the rats began to breathe
faster. The severity of respiratory distress in-
creased; eventually all animals became cya-
notic and died gasping for air, usually within
an hour after labored respiration was discern-
ible.

Morphologice! Findings.—At necropsy an
enlarged spleen and hyperemic lungs were
observed in ail animals. There was no gross
evidence of pulmonary edems; the lungs col-
lapsed when the chest was opened and were
of normal size. Routine microscopic examin-
ation revealed that the spleens were con-
gested and hemorrhagic, with necrosis at the
centers of the lymph follicles; there was some
evidence of minimal pulmonary edema.
Large numbers of anthrax bacilli were sesn
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Fig 2.—Electron micrograph of a pulmonary capillary from the lung of a rat that died of anthrax.

The wail of the capillary is intact but the lumen is filled with a thrombus composed of an outer
tayer of swollen, degranulated platelets (p) and a central core of dense fibrillar fibrin (f) (uranyl
acetate, X 12,600).

in the blood, the sinusoids of the liver and
spleen, the pulmonary eapiliaries, and the
renal glomeruii of the rabbils and guinea
pigs; only an occasionai bacillus was en-
countered in similar specimens from the rats.
Other observations in the several species are
described below.

Rats.—The peritoneal cavities of the rats
contained 0.5 to 1.0 ml of cloudy fluid and,
in mosi cases, there was a similar velume of
clear fluid in the plewral cavities. In several
rats the chest cavities appeared to be wrusu-
ally moist buf there was no accumulated
fluid.

The lungs and kidneys of the two rals
given India ink during the ferminal phase
of the disease were dark gray. The routine
sections of the lungs of these rats contained
many carbon-gtained capillaries (Fig 1).

Electron microscopic examination of the
pulmonary capillaries revealed that the car-
bon particles were trapped within small cap-
illary thrombi composed of plateiets and
fibrin. Many similar capillary thrombi were
also found in the lungs of rats that had not
been injected with India ink before death
(Fig 2). In addition to the many throm-
bosed capillaries, others were not complete-
ly occluded but contained leucocytes and
strands of dense fibrin (Fig 3).

Most of the glomeruli in the routine sec-
tions of the kidneys from the two rats inject-
ad with India ink during the terminal phase
of the diseage contained deposiis of carbon
particles (Fig 4). Electron micrescopic ex-
arvination of these glomeruli showed that the
carbon was trappad in thrombi composed of
granular material. The glomeruziar capillar-
ies of rats that had noi been injscied with

Arch Path-—Vol 83, Fed i367
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Fig 3.-—Electron micrcgraph of a puimonary capiliary from the lung of a rat that died of anthrax.
it had been injected with India ink after the onset of signs of respiratory failure. The lumen is not
occluded but contains a leucccyte (isu), an erythrocyte (rbc), and several strands of dense fibriliar
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fibrin () with a few electron-dense carbon particles (uranyl acetate, X 12,600).

ink often contained strands of dense fibrillar
fibrin.

The lungs and kidneys of the two rats
that showed no signs of illness at the time
they were injected with India ink were of
normal color and microscopic examination
revealed no evidence of capillary thrombo-
sis.

Guinea Pigs.—From 0.5 to 1.5 ml of clear
pleural fluid was present in about two thirds
of the guinea pigs; the others had no fluid in
the pleural cavities. The site of injection in
the guinea pigs that had been inoculated
subcutaneously was marked by an area of
gelatinous edema. From 1 to 2 ml of cloudy
ascitic fluid was present in the animals that
had been inoculated intraperitonealiy.

The lungs of the sick guinea pigs that had
been given India ink before death were
gray; the kidneys were of normal color.
Routine microscopic examination of the
lungs revealed many carbon-filled capillar-

ies. The number of pulmonary capillaries
containing carbon particles was less than in
the rats but larger vessels were occluded.
These vessels, which appeared to be large
capillaries, were occluded by layered throm-
bi composed of an outer ring of platelets
and a central core of fibrin, platelets, and
carbon particles (Fig 5). Many pulmonary
capillaries were not occluded but were dilat-
ed and contained bacilli and clusters of
granular fibrin.

There was no carbon staining of the glo-
meruli in the guines pigs that were injected
with India ink before death. The renal tu-
bules in all the guinea pigs appeared to be
normal. Although there was ro definite evi-
dence of capillary thrombosis, electron mi-
croscopic examination of the renal glomeru-
li revealed that many capillaries contained
bacilli and coarse, granular material.

Rabbits—The rabbit that was necropsied
within an hour after death had 15 ml of

Arch Path—Vol 83, Feb 1967
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fluid .:: ‘he pleural cavities; no pleural fiuid
was preent in the other rabbit. The lungs
of the latter rabbit, which had been injected
with India ink before death, were gray; the
kidneve were nonmal in color. As in the rais
and guinrea pigs, roeutine microscopic exa ni-
nation showed that many pulmmary capil-
laries contained carbon particles. In this
rabbit, more pulmonary swillaries were oc-
cluded than in the guine: pigs but fewer
than in the rats. The thromii were similar
to those found in the pulmonary capillarvs
of the guinea pigs; similarly, many of the
capillaries that were not occludec¢ contained
clusters of granular fibrin. In some casges the
clumps of granular fibrin had central str.ads
of mature fibrillar .brin (Fig 6).

There was no carbon staining of the renal
glomeruli in the rabbit given India ink be-
fore death. Many of the renal glomeruli in
both rabbits were partially destroyed by
colonies of anthrax bacilli and the convolut-
ed tubules were often lined by degenerating
epithelial cells with eosinophilic cytoplasma
and pyknotic nuclei. The lziter changes are
simzilar to those found by Nordberg? in the
kidneys of rabbits killed by anthrax. The
rabbit kidneys were not examined with the
electron microscope.

In these studies, no alterations were ob-
served in the endothelial cells lining the
pulmonaiy or renal capillaries in any of the
animals. In all cases the cytoplasmic mem-
branes appeared to be intact and the inter-
cellular junctions appeared normal.

Comment

There are several theories concerning the
mechanism of death in anthrax.® The most
widely accepted of these was proposed by
Smith and his associates who studied the
terminal phase of anthrax in guinea pigs in-
iected subcutaneously with spores.®1¢ The
guinea pigs develcped marked subcutaneous
edema and had decreased circulating blood
volume, hemoconcentration, prolonged clot-
ting time, lowered body temperature, de-
creased plasma pH and bicarbonats concen-
tration and evidence of acute renal failure
with oliguria and nitrogen retention. Smith
and his colleagues interpreted these findings
as indicating that anthrax killed guinea pigs

Fig 4.—Routine histologic section of a glomerulus
from the kidney of an infected rat that was injected
with India ink shortly after the development of signs
of respiratory failure. Glomerular capillaries are dis-
tended with matarial containing clusters of ink parti-
cles (hematoxylin and eosin, X 800).

by causing increased vascular permeability
with marked edema, diminished circulating
blood volume, and secondary shock. The im-
pared renal function and degenerative tu-
bular changes described by Ross!! were felt
to represent lower nephron nephrosis result-
ing from secondary shock.

One objection to this theory of the mech-
anism of death in anthrax is that many ani-
mals die of the disease without evidence of
massive edema. For example, if guinea pigs
and rabbits are inoculated with spores in-
traperitoneally there is no subcutaneous
edema and only minimal ascites. Another
objection is that this theory does not ex-
plain adequately the signs of acute respira-
tory failure that are soc prominent in the ter-
minal phase of the disease.

The results of cur morphologic studies of
the lungs of rats dying of anthrax toxins

Arch Path—Vol 83, Feb 1967
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Fig S5.—Elsctron micrograph of a Jarge puimonary capillary from the lung of an infected guinea

pig that had been injected with india ink after the onset of respiratory distress. The nucleus (r) of an
endothelial ceil is seen at the bottom of the photograph. The endothelial cell membrane lining the
ceapiliery is intact but the lumen is occluded by a large thrombus composed of an outer ring of
swollen, degranulated platelets (p) and a central core cf dense fibrin (f), platelets and carbon particles
(c). A cross section of an anthrax bacillus is present (uranyl acetate, X 7,000).

and our present clinical and morphologic
studies of anthrax septicemia in rats, guinea
pigs and rabbits suggest that anthrax toxin
acts directly upon the membranes of the cap-
illary endothelial cells to cause increased
permeability and capillary thrombosis. In
rats, guinea pigs, and rabbits the puimonary
capillary bed is chiefly involved in this
process during anthrax septicemia, and the
appearance of widespread pulmonary capii-
lary thrombosis coincides with the develop-
ment of acute respiratory failure and death.
Similar morphologic changes were also ob-

served in the lungs of monkeys that died of
experimental respiratory anthrax (unpub-
lished work).

Definite evidence of renal glomerular
thrombosis was obtained only with the rat.
When India ink was injected into sick rats
there was staining of the glomerular capil-
laries as well as of the pulmonary capillar-
ies. Electron microscopic photographs of
the glomeruli showed strands of mature
fibrin within the capillary lumen. There was
no carbon staining of the glomeruli in the
rabbit and guinea pigs that were injected

Arch Path—Vol 83, Feb 1967
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Fig 6.—Electron micrograph of a portion of a capillary from th2 lung of a rabbit

that died of

Tln

anthrax. The capillary lumen contains two anthrax bacilli and clusters of granular fibrin (f), one of
which has a central core of dense fibrillar tibvin with prominent cross striations. The capillary wall

appears normal (uranyl acetate, X 51,000).

with India ink during the terminal stage of
anthrax, and electron micrographs of the
glomerular capillaries in guinea pigs showed
only granular material not conclusively iden-
titiable as fibrin. Further investigation is
required to determine whether glomerular
thrombosis preceded the kidney damage re-
ported in these species.?11

One of the interesting aspects of this
study in relation to the basic pathology of
altered capillary function is the lack of
ultrastructural change in the walls of the
pulmonary capillaries. An alteration in capil-
lary endothelial cells was obsarved in Fisch-
er 344 rals given lethal doses of anihrax
toxin.® Associated with the increased vascu-
lar permeability and msssive pulmonary

edema in those rats one might have expect-
ed to find such changes as destruction of en-
dothelial cells or separation of intercellular
junctions.12:13 Instead, the only alteration
was an elevation of the thinnest portion of
the cytoplasmic processes of the endothelial
cells away from the underlying basement
membrane. This change, which probably re-
sults from an accumulation of fluid between
the cell and the basement membrane, occurs
as pulmonary edema develops, and was fol-
lowed terminally by the appearance of wide-
spread pulmonary capillary thrombosis. In
t"1e present study, the animals dying of an-
thrax infection had very little pulmonary
edema and the changes of the endothelial
cell membranes described above were not ob-

Arch Path—Vol 83, Feb 1967
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served. Instead, the signs of respiratory fail-

snénsd o eosadle el daimnnasma ph |
ure were asscciated only with widespread

pulmonary capillary thrombosis. The lay-
ered or ring structure of the capillary throm-
bi suggests that they were formed in situ.
However, there is no apparent morphologi-
gal explanation for the thrombosis because
the involvad capillaries were lined by intact
endothelial cells that appeared normal.
These findings suggest that the increased
capillary permeability and thrombosis
caused by anthrax toxin are the result of
some subtle changes in the physical proper-
ties of the endothelial cell membranes.
The results of our study indicate that pul-
monary capillary thrombosis is the immedi-
ate cause of death in anthrax of rats, rab-
bits, and guinea pigs. The similarity between
the clinical features of terminal anthrax sep-
ticemia in our experimental animals and in
patients! suggests that pulmonary capillary
thrombosis might also be a mechanism of
death in human anthrax. There have been a
few recent reports of fatal anthrax in hu-

mans.!*+17 In some of these reports the cause
of death was felt (v be due o massive hem-
orrhagic mediastinitis which is so often seen
in cases of inhalation anthrax, but in other
reports there was no morphologic explana-
tion for the mechanism of death of these
individuals.18 None of these case reports con-
tain electron miscroscopic studies of human
material but one possible morphologic clue
to the presence of microthrombi in the lungs
of patients dying of anthrax is the occasional
description of numerous dilated pulmonary
capillariesi®¢ and the presence of leuco-
cyte thrombi in small pulmonary blood ves-
sels.1?” Nilated capillaries filled with bacilli
are such a common morphologic feature of
fatal anthrax septicemia that for many
years before the discovery of anthrax toxin®
pathologists believed the mechanical ob-
struction of capillaries by the bacilli was the
mechanism of death in anthrax septice-
mia.18

Mrs. Frances G. Shirey and Mr. Richard W. Hill
provided technical assistance.
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