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The Pathology of Experimental Anthrax in Rabbits
Exposed by Inhalation and Subcutaneous Inoculation

Gary M. Zaucha, DVM; M. Louise M. Pitt, PhD; James Estep, PhD; Bruce E. lvins, PhD; Arthur M. Friedlander, MD

® Objective.—Although rhesus monkeys are considered to
be an appropriate model for inhalational anthrax in hu-
mans, an alternative for vaccine and therapeutic efficacy
studies is desirable. This study characterized the pathology
of lethal anthrax in rabbits challenged by subcutaneous in-
oculation and aerosol exposure.

Materials and Methods.—New Zealand white rabbits
were exposed by subcutaneous inoculation or aerosol to
lethal doses of Bacillus anthracis spores.

Results.—The pathology of anthrax in rabbits exposed by
either route was similar, with principal findings occurring
in the spleen, lymph nodes, lungs, gastrointestinal tract,
and adrenal glands. The cardinal changes were hemor-
rhage, edema, and necrosis, with bacilli and limited leu-
kocytic infiltration. Features that depended on the route of
exposure included mediastinitis in aerosol-exposed rabbits,
a primary dermal lesion after subcutaneous inoculation,
and differences in the pattern of lymph node involvement.
Lesions observed in rabbits were comparable to those of

nthrax, caused by the gram-positive, spore-forming
bacterium Bacillus anthracis, is primarily a disease of
domestic herbivores, but it also occurs in humans as an
infrequent zoonosis, typically acquired from contact with
contaminated wool, hides, or meat. The three major forms
of the human disease—cutaneous, inhalational, and gas-
trointestinal—reflect the route of entry of spores, which
can occur through intradermal inoculation, inhalation, or
ingestion, respectively.’ Each form of the disease can prog-
ress to fatal systemic anthrax.
B. anthracis has long been recognized as a potential bi-
ological warfare or terrorist threat agent, and recent events
in the Persian Gulf have further emphasized the need to
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inhalational anthrax in humans and rhesus monkeys. Note-
worthy differences included the lack of leukocytic infiltra-
tion in brain and meningeal lesions, the relatively mild me-
diastinal lesions, and a lower incidence of anthrax-related
pneumonia in rabbits compared with humans. These dif-
ferences may be attributed to the greater susceptibility of
rabbits to anthrax. Increased susceptibility is associated
with both reduced leukocytic response to the bacilli and a
more rapid progression to death, which further limits de-
velopment of leukocytic infiltrates in response to the basic
lesions of hemorrhage and necrosis. Primary pneumonic
foci of inhalational anthrax, which may be influenced by
preexisting pulmonary lesions in humans, were not ob-
served in our rabbits, which were free of preexisting pul-
monary disease.

Conclusion.—Anthrax in rabbits may provide a useful
model for evaluating prophylaxis and therapy against in-
halational anthrax in humans.

(Arch Pathol Lab Med. 1998;122:982-992)

develop adequate countermeasures against inhalational
anthrax as a weapon of mass destruction.?* Depending on
both proximity to an effective delivery system and envi-
ronmental factors affecting dispersal of the spores, the po-
tential exists for high-dose inhalational exposure under
such a scenario. During the past several years, consider-
able research has been devoted to the development of pre-
exposure and postexposure anthrax prophylaxis by ex-
perimental human anthrax vaccines and antibiotic regi-
mens."*+"! The majority of these efforts use rhesus mon-
keys or guinea pigs as the animal models of choice for
efficacy studies. In addition, the Food and Drug Admin-
istration (FDA) requires the guinea pig potency test before
release of each lot of the human anthrax vaccine adsorbed
currently licensed for use in the United States (21 CFR
620.23). As animal models, however, rhesus monkeys and
guinea pigs have a number of disadvantages. Although
rhesus monkeys are considered to be an appropriate mod-
el for inhalational anthrax in humans,>'* nonhuman pri-
mate use is beset by practical considerations, including the
monetary investment in individual animals, intensive hus-
bandry requirements, and safety issues incident to han-
dling of the animals. Recent studies indicate that guinea
pigs are not an accurate predictor of vaccine efficacy in
nonhuman primates.**5-*¢ Guinea pigs, in contrast to rhe-
sus monkeys, are difficult to protect by immunization
with anthrax vaccine adsorbed, and they exhibit consid-
erable variation in survival after subsequent challenge by
virulent strains of B. anthracis. An alternative is needed for
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efficacy studies against inhalational anthrax. Since inhal-
ational anthrax in humans is virtually 100% fatal and
treatment is rarely successful, an animal model that is
highly sensitive to lethal infection was deemed most ap-
propriate.

Initial studies were conducted to define the subcuta-
neous and aerosol median lethal doses (LD,,) for B. an-
thracis spores of the Ames strain in rabbits. Subsequent
studies were performed to determine the efficacy of an-
thrax vaccine adsorbed and alternative vaccine candidates
against anthrax induced in rabbits by inhalation or sub-
cutaneous exposure. Preliminary data suggest that rabbits
are similar to nonhuman primates in their ability to be
protected by the current FDA-licensed human vacdne.
Near-100% protection against lethal aerosol challenge was
achieved with use of an abbreviated vaccination schedule
in both species (M.L.M.P, unpublished data, 1996). Given
preliminary evidence that the human anthrax vaccine ap-
pears to be efficacious against inhalational anthrax in rab-
bits, and in the interest of validating efficacy trials con-
ducted in rabbits, we sought to determine how well the
disease pattern in the animal model, as reflected by the
terminal pathology, approximates the disease in humans.
In this article, we describe the terminal pathology of lethal
experimental anthrax developed in rabbits used in LD,
and preliminary vaccine efficacy studies, and we compare
these findings to those for inhalational anthrax in humans.

MATERIALS AND METHODS
Animals

Necropsy specimens were obtained from lethally infected,
nonvaccinated, male and female New Zealand white rabbits
(Oryctolagus cuniculus) that had died after subcutaneous inocu-
lation with (19 rabbits) or aerosol exposure to (22 rabbits) B. an-
thracis spores of the Ames strain (Table 1). Animals were ob-
served for survival at least twice daily during the daylight phase
of the photoperiod, for 21 to 28 days after exposure. Rabbits were
identified by cage card and/or by subcutaneously implanted mi-
crochips and were housed individually in stainless steel rabbit
cages in a facility fully accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care International.
Rabbits were fed once daily with commercial rabbit chow. Tap
water was provided ad libitum.

Spore Preparation

The virulent Ames strain of B. anthracis was obtained from the
US Department of Agriculture, Ames, Ia. It was grown in Leigh-
ton-Doi medium, and spores were harvested and washed in ster-
ile distilled water as described elsewhere.* The spores were pu-
rified by centrifugation through 58% Renografin-76, washed
again, resuspended in 1% phenol, and stored at 4°C.

For subcutaneous inoculation, spores were suspended in sterile
water for injection and then heat shocked at 60°C for 45 minutes.
Appropriate dilutions were prepared, to achieve the desired dose
of spores in a final volume of 0.5 mL/dose. Spore dilutions were
held on ice until administered. Actual spore counts in the inoc-
ulum were verified by quantitative bacterial culture. Rabbits were
inoculated with 0.5 mL of the material (dose range, 43 to 1.56 X
10" colony-forming units (CFU); subcutaneous LD,, = 1.56 X 10°
CFU; subcutaneous lethal dose,, (LD,,) = 2.83 X 10¢ CFU) in the
dorsal interscapular region.

For aerosol exposure, spores were suspended to appropriate
starting concentrations in sterile water for injection, and were
then heat shocked at 60°C for 45 minutes. Eight-milliliter aliquots
of appropriate dilutions of spores were used for aerosol exposure,
with a 3-jet Collison nebulizer with a head-only box and muzzle-
only exposure used as described elsewhere."'*> The concentra-
tion of spores in the aerosol (sampled in water in an all-glass
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Table 1. Anthrax in Rabbits: Exposure and Survival
Animal Dose Dose Day of
Number Sex Crup {xtD,)t Roulet Death
1 M 43 0.03 S 3
2 M 43 0.03 S 4
3 M 4300 276 N 3
4 M 4300 2.76 s 3
5 M 4300 276 S 3
6 F 4300 2.76 S 4
7 Mo 16 050 10.29 N 3
8 F 14050 10.29 S 3
9 F 16 050 10.29 M 3
10 F 33250 2131 & 2
! F 33250 31 S 2
12 F 156 000 100.00 5 2
13 F 156 000 100.00 5 2
14 F 156 000 100.00 S 3
N F 156 000 100.00 S 3
1 hS) 156 000 100.00 S 3
17 F 156 000 100.00 $ 3
14 F 136 Q00 100.00 S 3
19 ™M 136 000 100.00 S 3
20 ™M 83 400 1.52 A 3
N F 83 400 1.52 A 3
2 M 107 000 1.95 A 2
23 M 114 000 2.07 A 2
2: M 466 000 8.47 A 2
25 F 560 000 9.09 A 3
26 F 605 D00 11.02 A 3
27 ¥ 694 (300 12.62 A 2
28 I3 740 L0G 13.45 A 3
24 F G274 000 15.89 A 2
30 F 586 00O 1611 A 2
31 F 920 0D 16.73 A 3
32 M 4 540 000 43.24 A 3
33 M 6340000 60.38 A 2
34 M & 430 00D 60.95 A 2
35 M 6 660 00D $53.43 A 2
36 M 7 060 000 67.24 A 3
37 M 7 400 000 70.48 A 2
38 M 8 060 000 76076 A 2
39 M & 460 000 80.57 A 2
40 M 8 660 000 82.48 A 2
41 M 10 300 000 5810 A 2

* CFU indicates colony-forming units. .
t LD, indicates median Jethal dose.
$ $ indicales subcutaneous; A, aerosol.

impinger) and the aerosol-inhaled dose were determined as de-
scribed elsewhere.''s The aerosol-inhaled dose ranged from
8.34 X 10* to 1.03 X 107 CFU B. anthracis (aerosol LD, = 1.05 X
10° CFU; aerosol LDy, = 1.36 x 10¢ CFU).

Necropsy

A complete necropsy was performed on each animal included
in the pathology study. Gross findings were recorded, and the
incidence of each finding was tabulated. Representative tissue
specimens were selected and immersion-fixed in 10% neutral buf-
fered formalin. Immediately before immersion fixation, lungs
were inflated with 10% neutral buffered formalin.

Histopathology

Formalin-fixed tissue specimens were processed and embed-
ded in paraffin (TissuePrep, Fisher Scientific, Fair Lawn, NJ) ac-
cording to established procedures.'® Histology sections were cut
at 5 to 6 pm and stained with Harris” hematoxylin-eosin. Selected
tissues were stained with Gram and Giemsa stains. Histopatho-
logic findings were determined by routine light microscopy. Each
finding, such as edema, hemorrhage, necrosis, and inflammation,
was graded individually on a severity scale of 1 (minimal} to 5
(severe) on the basis of estimates of distribution and extent of
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Table 2. Anthrax in Rabbits: Incidence ‘of Principal
Gross Pathalogic Findings by Route of Exposure
Organ and Subcutaneous Aerosol
Finding(s)* (= 19) (n = 22)

Lymph nodes

Mandibular, HEM 0 13

Axillary, HEM 3 1

Inguinal, HEM {) 3
Splenomegaly 19 18
Sacculus retundus, FEAM I 5
Cecal appendix, HEM ] 5
Lung, congestion

L1 ] 9

HEM 4 2
Adrenal, HEM 8 12
Ovary, HEM din = 11 2in=8
Stormach, HEM, ED 2 5
Skin, inoculation site

EDY 19 NA

FHEM 17
Ventral cervical ED 3 4
Axillary D 5 0
Epistaxis 3 10

* HEM indicates hemaorhage: ED, edema.

involvement within examined sections. The incidence of involve-
ment for each organ or tissue was determined as the number of
animals that had one or more of the principal histologic findings
attributable to anthrax in that tissue. The severity index was cal-
culated as the sum of severity scores for individual findings in
an organ, divided by the number of animals in which that organ
was examined histologically.

RESULTS
Clinical Observations

Rabbits included in the pathology study died 2 to 4 days
after exposure to B. anthracis spores, with mean survival
times of 2.9 days and 2.4 days for subcutaneously inocu-
lated and aerosol-exposed rabbits, respectively. Although
there was a trend for decreased survival time with increas-
ing dose, the effect was minimal (Table 1). Fulminant dis-
ease appeared to be an all-or-none response, and no pro-
tracted illness was observed, regardless of the dose. Clin-
ical signs were not generally apparent until within 24
hours of death, at which time rabbits became progressive-
ly lethargic and weak. Several rabbits, later found to have
brain or meningeal lesions, exhibited brief periods of ex-
citation and hyperactivity within hours or minutes before
death.

Gross Pathologic Findings

In general, gross findings were similar, regardless of the
route of infection, The most significant alterations oc-
curred in the lymph nodes, spleens, lungs, adrenal glands,
and gastrointestinal tracts of both groups of rabbits (Table
2). Hemorrhage and edema were the most prevalent
changes within affected tissues. The most readily appar-
ent differences between the two groups occurred in the
pattern of lymph node involvement, in alterations at the
dorsal scapular site of subcutaneous inoculation, and in
changes at the axillary region of subcutaneously inoculat-
ed rabbits.

In subcutaneously inoculated rabbits, axillary lymph
node involvement predominated, whereas mandibular
lymph node involvement was most apparent in aerosol-
exposed rabbits. Affected lymph nodes varied from mild-
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ly reddened to frankly hemorrhagic. Mediastinal nodes
were obscured by adipose tissue and generally were not
examined grossly. In the majority of rabbits, the spleen
was dark red, was congested, was enlarged up to three
times normal size, and had rounded edges. Petechiae and
ecchymoses were commonly visible through the serosal
surface of the sacculus rotundus and cecal appendix in
both groups, with increased frequency among subcuta-
neously inoculated rabbits. Hemorrhage, also commonly
observed in the adrenal glands and ovaries of rabbits in
both groups, occurred less frequently in the Peyer’s patch-
es of the ileum, lungs, and meninges of the brain. The
lungs of approximately 40% of rabbits in each group ex-
hibited a lobular pattern of dark red mottling due to con-
gestion and edema throughout all lung lobes. Hydrotho-
rax and mediastinal hemorrhage were observed in only 2
and 1 of 22 aerosol-exposed rabbits, respectively, and were
absent in subcutaneously inoculated rabbits. In all sub-
cutaneously inoculated rabbits, the site of inoculation was
thickened by dermal and subcutaneous edema, commonly
accompanied by hemorrhage. Edema was frequently evi-
dent in the axillae of subcutaneously inoculated rabbits,
as a gelatinous thickening of subcutaneous tissues. Edema
of the ventral cervical to submandibular region was ob-
served in fewer than 20% of the animals in both groups.
In a small number of rabbits from each group, the mucosal
surface of the stomach was mildly thickened by scattered
foci of edema, up to 1 cm in diameter, with central hem-
orrhage. Multifocal petechiae occurred in the renal cortex
of 1 aerosol-exposed rabbit. In addition to the changes
noted above, all rabbits exhibited congestion of multiple
organs.

Histopathologic Findings

A summary of incidence and relative severity of the
principal histopathologic findings is presented in Table 3.
After subcutaneous inoculation with or aerosol exposure
to B. anthracis spores, the most consistent histopathologic
findings occurred in lymphoid tissues, including the
lymph nodes, spleen, and gut-associated lymphoid tissues
of the sacculus rotundus and cecal appendix.

Lymph node lesions generally presented as hemorrhag-
ic lymphadenitis (Figures 1 and 2). The principal morpho-
logic features were lymphoid necrosis and depletion, ba-
cilli within sinuses and depleted cortical and paracortical
areas, hemorrhage, fibrinoid necrosis of vessels, edema,
and variable infiltration by heterophils. In more-severely
affected lymph nodes, the normal architecture was nearly
obliterated by necrosis and hemorrhage. Although the
morphologic characteristics of lymph node lesions were
essentially the same in both groups of rabbits, the pattern
of lymph node involvement and the relative severity of
lesions depended on the route of exposure. Mediastinal
nodes were the most frequently affected Jymph nodes in
both groups of rabbits; however, the mean lesion severity
was greater for aerosol-exposed rabbits. Axillary node in-
volvement occurred with greater incidence and severity
among subcutaneously inoculated rabbits, whereas sub-
mandibular node involvement was more prominent
among those exposed by aerosol. Mesenteric node involve-
ment was similar between the two groups.

Acute fibrinous splenitis, seen in all rabbits, was char-
acterized by numerous heterophils, extremely large num-
bers of bacilli, and fibrin deposition throughout the red
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Table 3. Anthrax in Rabbits: Principal Histopathologic Findings by Route of Exposure
Subcutaneoust Aerosols
Organ and Finding(s)~ IN Sl IN Si
Lymph nodes
Mediastinal, NEC, INF, HEM 17418 8.09
Mandgibular, NEC, INF, HEM 10/15 3.18
Mesenteric. NEC, INF, HEM /13 2.82
Axiflary, NEC, INF, HEM 14718 1.05
Inguinal, NE F, HEAM Hhi18 0.42
Spleen, NEC, INF, HEM 19/19 7.93
Saccutus motundus, NEC, HEM 14/19 1.54
Cecal appendix, NEC, HEM 1318 1.76
Peyer’s patches, NEC, HEM 6712 .23
Trawmus, NEC : 5719 0.27
Lung, ED, ALV, INF 187149 5.36
Mediastioum, INMF, HEM 01149 0.95
Adrenal, HEM 1819 2.27
Kidnay, wibular NEC, HEM 16719 0.95
Ovary, HEM 410 1.62
_ 4719 0.56
Bra eninges, HEM 519 (.45
Bone marrow, INF 13/19 .64
Cireulatory CON, LEUK, FIB, BAC 1914 NG
inoculation site, INF, €D, HEM SRR :

* NEC indlicates necrosis; INF, inflampntion; HEM, hemorrhage; ED, edema; ALY, alveolar flooding, CON, congestion; LEUK, leukocytosis; FIB,

fibrin; and BAC, bacillemia.

tIN indicates incidence (namber of rabbits with one or more of the findings listed for an organ, divided by the number of rabbis in which the
organ was examined histologicallyy; $1, severity index {sum of the lesion severity scores, divided by ni; NG, not graded; and NA, not applicable.

pulp; necrosis and depletion of the white pulp; multifocal
hemorrhage; and diffuse congestion (Figure 3).

Lesions within other lymphoid tissues were comparable
between the two groups, although a slight reduction in
incidence and severity of changes in the sacculus rotundus
and cecal appendix occurred after aerosol exposure.
Changes in lymphoid follicles of the sacculus rotundus
and cecal appendix (Figure 4) were similar to those oc-
curring in lymph nodes. Peyer’s patches of the ileum were
also similarly affected, although with decreased incidence
and severity. Changes in the thymus were relatively mild
and included small scattered foci of lymphoid necrosis
and depletion, with badilli, edema, and minimal to mild
hemorrhage. Necrosis of bronchus-associated lymphoid
tissue occurred in 1 rabbit in each group.

We observed significant pulmonary changes in both
groups of rabbits, and—with the exceptions of interstitial
pneumonia in 2 of 22 aerosol-exposed rabbits and pleu-
ritis in 1 of 19 subcutaneously inoculated rabbits—these
changes were the same between the two groups. Typically,
there was distention of alveolar capillaries by congestion
and large numbers of bacilli, large masses of bacilli en-
meshed in fibrin within larger pulmonary vessels, inter-
stitial edema, flooding of alveolar spaces by eosinophilic
edema fluid, and minimal to mild perivascular and peri-
bronchiolar infiltrates of heterophils (Figure 5). Pulmonary
hemorrhage was confirmed histologically in 1 aerosol-ex-
posed rabbit but was not found in any subcutaneously
inoculated rabbits. Acute interstitial pneumonia occurred
in 2 of the 22 aerosol-exposed rabbits but in none of the
subcutaneously inoculated rabbits. In the rabbits with
pneumnonia, alveolar septa were mildly thickened by in-
filtrates of heterophils, in addition to the typical pulmo-
nary changes noted above. Acute pleuritis, observed in
only 1 subcutaneously inoculated rabbit, was character-
ized by mild expansion of the visceral pleura by infiltrates
of heterophils, bacilli, and edema.
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Acute mediastinitis was observed occasionally in aero-
sol-exposed rabbits and, when present, was always accom-
panied by severe changes within associated mediastinal
lymph nodes (Figure 6). In the most severely affected an-
imals, there was infiltration of mediastinal connective tis-
sues by moderate numbers of heterophils, with hemor-
rthage, fibrin, edema, and bacilli. We occasionally noted
edema, hemorrhage, and bacilli within tissues immediate-
ly surrounding affected lymph nodes of subcutaneously
inoculated rabbits, but changes limited to the lymph node
capsule without extension into surrounding fibroadipose
tissue, as was seen in aerosol-expused rabbits, were not
considered sufficient to warrant a diagnosis of mediasti-
nitis.

Hemorrhage occurred in multiple tissues, in addition to
thosc described above, in both groups of rabbits. Hemor-
rhages were not accompanied by hemosiderosis or inflam-
mation, although fibrinoid vascular necrosis was occasion-
ally present. The adrenal cortex, renal cortical tubules
and/or glomeruli, ovaries, and subcutaneous inoculation
site were frequently affected. Within the kidneys, glomer-
ular capillaries were often distended by masses of bacilli.
Multifocal hemorrhages into uriniferous spaces appeared
to have drained into associated renal tubules, which con-
tained blood and small numbers of bacilli and were lined
by degencrate to necrotic cpithclial cells (Figurc 7). Spo-
radic hemorrhagic foci were present in numerous other
tissues, including the neuropil, meninges, and ventricles
of the brain (Figure 8); superficial gastric mucosa; ocular
structures (ciliary body, iris, and optic nerve); and myo-
cardium.

Within the femoral bone marrow, there were small fod
of depletion of hematopoietic elements with infiltration by
low numbers of heterophils and aggregates of bacilli (Fig-
ure 9). In addition to the rabbits with myelitis, 1 rabbit in
each group exhibited aggregates of bacilli in the marrow,
without an apparent leukocytic response.
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by large numbers of heterophils, numerous bacilli, marked
expansion of the dermis and panniculus by edema, mul-
tifocal hemorrhage and necrosis, occasional fibrinoid ne-
crosis of the vasculature, and rare thrombosis. Epidermal
vesiculation, ulceration, and eschar formation characteris-
tic of cutaneous anthrax in humans were not observed.

COMMENT

Similarities in the pathology of inhalational anthrax in
rabbits, humans, and rhesus monkeys were readily ap-
parent. Subcutaneous exposure of rabbits also resulted in
rapidly fatal septicemic disease, rather than the character-
istic skin lesions and low mortality typical of cutaneous
anthrax in humans. In rabbits exposed by either route, the
most pathologically significant and consistent findings oc-
curred in the spleen, lymph nodes, lungs, gastrointestinal
tract, and adrenal glands. Additional lesions occurred in
the mediastinum (aerosol exposure only), brain, bone
marrow, kidney, thymus, heart, and ovaries. Lesions were
necrotizing and hemorrhagic, generally accompanied by
little local leukocytic response. The lesions of inhalational
anthrax in humans are also characterized as hemorrhagic
to necrohemorrhagic, with little cellular inflammatory re-
sponse.””® The spleen, lymph nodes, mediastinum, lungs,
gastrointestinal tract, and brain are principal sites of in-
volvement.!*'¢-2 Rhesus monkeys inoculated intradermal-
ly or exposed to aerosolized spores of B. anthracis also
develop necrotizing and hemorrhagic lesions similar to
those seen in our rabbits.122-2

With few exceptions, the pathology of lethal infection
by the Ames strain of B. anthracis in rabbits was the same
whether animals were exposed subcutaneously or by
aerosol. Except for the presence of a primary dermal lesion
after subcutaneous inoculation and the lack of a corre-
sponding primary pneumonic focus after aerosol expo-
sure, the pathogenesis of anthrax induced by either route
appears similar. Ross® demonstrated that after inhalation-
al exposure, spores are taken up by alveolar macrophages
for transport, by way of lymphatics, to intrathoracic lymph
nodes. Infection begins with proliferation of the organisms
in the lymph nodes rather than as a primary focus in the
lungs, thus explaining the rarity of pneumonia after aero-
sol exposure. Studies by Lincoln et al' further demonstrat-
ed the role of lymphatics and intrathoracic lymph nodes
in the establishment of systemic inhalational anthrax. The
appearance of organisms in the lymphatics draining the
lungs and the establishment of infection in the intrathor-
acic lymph nodes always precedes the development of ba-
cillemia after aerosol exposure. As the phagocytic capacity
of the lymph node is overwhelmed, vegetative organisms
pass through efferent lymphatics, infect successive nodes,
and ultimately enter the blood stream through the thoracic
duct. Lincoln et al’' demonstrated a similar sequence of
events in the establishment of systemic anthrax induced
by intradermal inoculation. Regional lymph nodes drain-
ing the site of inoculation are infected initially. Shortly
before the onset of bacillemia, organisms can be cultured
from thoracic lymph, and, ultimately, they enter the blood
stream through the thoracic duct. Once bacillemia is es-
tablished, the pathogenesis is the same, regardless of the
route of initial exposure.

Major differences between anthrax induced by the two
routes of exposure, in rabbits, were the pattern of lymph
node involvement, the development of mediastinitis exclu-
sively in aerosol-exposed rabbits, and the dermal lesion
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seen after subcutaneous inoculation. Similarly, Gleiser et
al® reported that the basic nature of the lesions of inhal-
ational anthrax was no different from that seen after in-
tradermal inoculation in rhesus monkeys, although lesion
distribution exhibited several distinguishing features.
Aerosol-exposed monkeys exhibited a high incidence of
mediastinitis accompanied by a high incidence of hemor-
rhagic meningitis, hemorrhagic pulmonary lesions, and
intrathoracic lymphadenopathy. Fritz et al'? reported a
high incidence of mesenteric as well as tracheobronchial
lymph node involvement in inhalational anthrax in rhesus
monkeys. Intrathoracic lymphadenitis and mediastinitis
are considered hallmarks of inhalational anthrax in hu-
mans and are believed to represent the primary focus of
infection.'>71*22 A low incidence of mesenteric node in-
volvement was also reported in humans with inhalational
anthrax.’* In contrast to the findings for inhalational an-
thrax, Berdjis et al* described a low incidence of medi-
astinitis and hemorrhagic meningitis, with cellulitis at the
inoculation site, and primarily axillary lymph node in-
volvement in monkeys inoculated intradermally in the
forearm.

Differences in the pattern of regional lymph node in-
volvement reflect normal lymphatic drainage from the
subcutaneous or pulmonary site of exposure. In contrast
to findings in humans and rhesus monkeys, however, we
obscrved significant mediastinal lymph node involvement
in rabbits, regardless of the route of exposure. A possible
explanation lics in the fact that the mediastinal lymph
nodes in various species can receive afferent lymphatics
from muscles of the dorsal thoracic wall and scapula,
which was the site of inoculation in our rabbits, in addi-
tion to efferent lymphatics originating from the intercostal,
tracheobronchial, and bronchopulmonary nodes.*-%
Greater lesion severity with extension into mediastinal tis-
sues of aerosol-exposed rabbits can be attributed to earlier,
more direct involvement of intrathoracic nodes during the
course of aerosol infection. The greater incidence and se-
verity of axillary node involvement among subcutaneous-
ly inoculated rabbits may be similarly regarded as a con-
sequence of lymphatic drainage from the site of inocula-
tion, resulting in early involvement of the axillary nodes.
The increased incidence and severity of submandibular
node involvement occurring in aerosol-exposed rabbits
may be the consequence of either direct oropharyngeal
deposition or mucociliary clearance of a portion of the
aerosol from distal respiratory tissues.

The mediastinal lesions we observed in aerosol-exposed
rabbits were similar, although less severe than those de-
scribed in humans. The decreased incidence and severity
of the lesions in rabbits were most likely due to the rapid
progression of systemic changes, resulting in relatively
short survival times compared to survival times for hu-
mans or monkeys. In aerosol-exposed rabbits, the mean
survival time was 2.4 days after exposure, with only a
minimal effect of decreasing dose on prolonging survival.
Specific dates of exposure are rarely known for human
cases, but estimates for 41 cases from the Sverdlovsk out-
break place mean survival time at 18.5 days after expo-
sure.!* The clinical course of infection was also moditied
through extensive medical intervention in those cases. A
more protracted course of clinical disease would allow
greater opportunity for extension of the primary focus of
infection from the intrathoracic nodes into adjacent me-
diastinal tissues.
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The effect of prolonging the time course of infection on
the severity of mediastinal lesions was demonstrated ex-
perimentally in rhesus monkeys. Gleiser et al*® found that
mediastinal edema and some hemorrhage were frequent
findings in aerosol-exposed monkeys, but massive 1\em-
orrhagic mediastinitis was limited to (1) an animal that
died 11 days after exposure to a low aerosol dose and (2)
those animals in which the course of the disease was pro-
longed through the use of antibiotics. In some monkeys
that died within 2 to 5 days after exposure to high doses
of aerosolized spores, mediastinitis was not seen and in-
trathoracic lymph node involvement was the only gross
finding.

It is noteworthy that 2 of 10 animals in the intradermal
study by Berdjis et al?®® developed mediastinitis. Although
the distribution of lymph node involvement was not pre-
sented in detail, beyond citing axillary nodes as a specific
site, the development of mediastinitis in these monkeys
suggests that mediastinal node involvement may occur af-
ter intradermal and aerosol exposure in rhesus monkeys,
as occurred in our rabbits. In the study of inhalational
anthrax in rhesus monkeys, by Gleiser et al,? mediastinitis
was interpreted to be an extension of lesions originating
in the mediastinal lymph nodes. Mediastinal lesions were
most intense around intrathoracic nodes, which were fre-
quently necrotic and hemorrhagic; and, as indicated above,
some monkeys dying rapidly after exposure to high doses
of aerosolized spores developed intrathoracic lymph node
involvement without mediastinitis. In a more recent study
of inhalational anthrax in rhesus monkeys with a mean
survival time of 5.5 days after exposure, Fritz et al'? ob-
served a gross incidence of thoracic node involvement in
46% and mediastinitis in only 30% of monkeys at necrop-
sy. Such findings suggest that intrathoracic lymph node
involvement precedes the development of mediastinitis
and that mediastinitis is the result of direct extension of
lesions from the lymph nodes into adjacent tissues. A sim-
ilar pathogenesis for mediastinal lesions may be involved
in the Berdjis study® of anthrax in monkeys exposed by
intradermal inoculation. The mediastinitis of inhalational
anthrax in humans is also described as having a perinodal
distribution and was interpreted to have arisen as an ex-
tension of primary lymph node lesions. Mediastinal
lymph node involvement would be expected to occur ear-
ly in the course of the disease after aerosol exposure, This
could account for the greater severity of mediastinal node
lesions we observed in our aerosol-exposed rabbits, in ad-
dition to providing increased opportunity for extension
into surrounding mediastinal tissues.

The lesions we observed in the gastrointestinal tract
were comparable among rabbits exposed by aerosol and
subcutaneous inoculation. Gut-associated lymphoid tis-
sues of the sacculus rotundus, cecal appendix, and ileum
were primarily affected. We also noted sporadic foci of
hemorrhage with bacilli and edema in the stomach, small
intestine, colon, and esophagus. In humans, inhalational
anthrax is also associated with gastrointestinal hemor-
rhage, necrosis, and edema involving the stomach, small
intestine, and colon.!8-2033.3% However, Abramova et al'? not-
ed that, among the Sverdlovsk cases, the intestinal lesions
did not involve Peyer’s patches. In contrast, other investi-
gators reported that intestinal lesions in humans with in-
halational anthrax were sometimes the result of bacilli
multiplying in the gut-associated lymphoid tissues.”

One might attribute the presence of lesions in the gas-
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trointestinal mucosa, gut-associated lymphoid tissues, and
mesenteric lymph nodes, after aerosol exposure, to pri-
mary gastrointestinal anthrax. It is known that 65% to 70%
of inhaled B. anthracis spores are ultimately coughed up,
are swallowed, and pass into the stomach within a few
hours of exposure® However, the presence of identical
gastrointestinal findings in subcutaneously inoculated
rabbits, where ingestion of spores is unlikely, suggests that
these lesions occur secondary to lymphatic or hematoge-
nous dissemination of the bacilli. Gastrointestinal lesions
were typically accompanied by distension of associated
blood vessels by numerous badilli, also consistent with he-
matogenous origin. Investigators who examined cases
from the Sverdlovsk outbreak believed that the gastroin-
testinal lesions were mainly, or possibly wholly, of he-
matogenous origin, and they emphasized that, in 90% of
all human anthrax cases involving gastrointestinal lesions,
the enteric pathology occurs secondary to hematogenous
dissemination from a cutaneous or respiratory site of ex-
posure.” Similarly, hematogenous dissemination was con-
sidered to be the most likely origin for gastrointestinal
lesions in aerosol-exposed rhesus monkeys.1? A study by
Lincoln et al*' showed that rhesus monkeys are extremely
resistant to gastrointestinal exposure to B. anthracis, pro-
viding additional evidence that the gastrointestinal lesions
were not likely due to primary infection by ingestion.
Pulmonary lesions were observed in nearly all rabbits,
regardless of the route of exposure. An interesting finding
among the aerosol-exposed rabbits was the occurrence of
2 cases of acute interstitial pneumonia. Whether the pneu-
monia represented primary pneumonic anthrax or devel-
oped secondary to bacillemia could not be determined de-
finitively. However, the interstitial pattern was most con-
sistent with secondary hematogenous origin, as opposed
to bacterial pneumonia of inhalational origin, which typ-
ically presents as a bronchopneumonia.®’ Fritz et al* re-
ported anthrax-related pneumonia in 2 of 13 rhesus mon-
keys and interstitial pneumonia in a third monkey after
exposure to aerosolized spores. The two cases of anthrax-
related pneumonia were thought to be secondary to bacilli
occluding and disrupting alveolar septal capillaries. The
single case of interstitial pneumonia was thought to rep-
resent an early event in the development of anthrax-relat-
ed pneumcnia. The presence of pneumonitis in 3 of 10
intradermally inoculated monkeys studied by Berdjis et
al* also supports a hematogenous route as a viable patho-
genesis for the development of pneumonic anthrax. A sim-
ilar pathogenesis appears likely for the development of
preumonia in our rabbits, and it may account for many
of the pneumonias cited in cases of anthrax in humans.
There is evidence suggesting that the greater incidence
of pneumonia among humans with inhalational anthrax
might be influenced by the presence of preexisting pul-
monary lesions. Case reports made beforc the Sverdlovsk
outbreak of 1979 suggest that primary pneumonic anthrax
did not occur in the absence of preexisting pulmonary
disease.32%42 In the Sverdlovsk outbreak, however, large-
focal hemorrhagic and necrotizing pneumonia interpreted
as primary bronchopneumonia was reported for 11 of 42
cases.””1%3 The incidence of preexisting pulmonary lesions
was not specifically addressed in reports of the Sverdlovsk
cases. However, epidemiologic data reported by Meselson
et al¥ suggest that a significant segment of the affected
population engaged in activities associated with impaired
pulmonary function that may have rendered them at in-

Experimental Anthrax in Rabbits—Zaucha et al

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




ok <

JEL . . ER & . o3 et bt b e o 3er -

Lited eahbic. There is severe necrosis and depletion of individval vmphoid follicles, with
h #

Figure 4. Cecal appendix of a subcutaneausly inoc
sim#ar to dindings illustritéd in hepph nodes (Fgure 1, B thematoxylineosin, otiginal

hemorchage. Numerous bacill] infiltraie depleied fou,
magnitication X13.2).

ere bagiflemia evident in
nal magnification X 132

sy inpctdated rabhit, A, Note flaoding of alvenlar spaces with edema Fuid and B, ses
ates de, preumanic toch are not apparent thematoxylin-eosin, o

Figure 3. Lung of a subcutand
alveolsr sepipl capillaries. Cellulor inflammuziory infiit
(AL and Giemsa, onginal magniiication X264 (B},

ifocal hemorrhage, edama, and necrosis extending inle mediastinal fibvoatfipose

grification X26.41.

sxpesed abbin, Note mult
ematoxylin-gosing original mag

i mediasinal derph noide §

Figure b, Mediastinum of an avro
tissup adjacent o & necrohemorrhag

Figure 7. Kidney of a subcutianeously inocidated rabbit, Nete hemomhage within the ariniferous space and fumina of associated comwluied
tubules, Affected whules are lined by degenerate to nacrolic epithelium. Glomerufar capilfaries are distended by aggrogates of bactlli thematoxylin:
cosin, ongmal magnification X 132).

Figure 8. Cerobral contex of a subcutaneously inpculated sabbit. Note hemurrhagic meninges and nevropil and the absence of any apparent
cellulyy inflammatory infiliraies thematosvlin-ecsin, Griginal magnification X26.44,

Experimental Anthrax in Rabbits—Zaucha et al 989

Arch Pathol Lab Med—Vol 122, November 1998

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




‘uoissiwiad noyum pangiyold uoionpoudad sayund “Jaumo JuBLAdoo sy jo uoissiwiad yim peonpoiday

|B 13 BYINEZ—SNGQGRY Ul XEIYIUY [EIUSWILSAXT

-up ‘sases uewny ur pajou Apuanbary poys yirm juagsis
-uod saduew s13ojoydiop - suewny ut y3ny aq o) parapis
-Uuo> OS[e SI BIWR[[IDEG [EUTLUIa} JO [9A3] BY], (;'SI5LD Uew
-ny 10y papiodar usaq sey PIYs Y[ € s S15034005na]
's150)oo3nap dydosayay [edyduad pue ‘sueSio aidy
-nut Jo uonsa8uos ‘unqy jo saederSSe remoseaenur ‘enu
-a[[peq Juapiaa A[reotSoroisty e padoppasp syqqer MV
g SUBWUNY UT UIS
3SOU UeY) ISUIUI SSI I SUOHERLYUL IBJN[|ID Y} pue
‘SNOJEWIaPa SIOW S UOISI[ J) ‘S}iqqel UJ "sueuny ur Xeny
-Ue SNOJUEIND pue SHAGel Ul XeIyjue JO UoTSaf [BULIdP 31
U33M]3q PAID UIaq os[e aarY asuodsal onA>oyna] ed0] Ul
SIDURIAJJI(] "AUIMS pue S0p JUBISISIT JIOW Y} pue Jiqqel
spqudadsns arow 3y uaamiaq ‘xenfyue 03 Ajiqudadsns
ut ajerpawdiul aq 0y Jeadde suewny ‘amsodxs [osoroe
e safuewp orournsud jo siseq ay) uQ 'dofasp jou
PIP 95EISIp DIWRISAS pue ‘pajddjul joU nq ‘9ALIEI 1oM
sapou ydwA| owerowpenur se ‘sanssy Areuownd ungiim
paurejuod Apuaredde aram DRy 4 sarenyur Liojew
-wegul Ienyad asudul yum suoisd] Areuowpnd or8eya
-I0WaY ul pajNsal ‘XeIyjue o} Juelsisar AY3n parpis
-U0d> Y10q ‘AUIMS pue s30p JO 2INSOdXa [0SOIY 4y XRI)
-Ue 0} JUR)SISAI SISOY Ul UI3S UOTDEaI AIojeururefyul

9661 J2QW3INON ‘ZZ1 [OA—P3W Qe [oyied Y1y 066

ISUINUT dI0UI A} 0) ISeIU0D Ul ‘asuodsar prrw e Suidopaa
-ap sisoy aqudansns A3y yim ‘Amiqudassns jsoy aan
-e[21 0 paje[al aq Aeur asuodsar ondooynal jo 93133p ay
ey 35388ns sowads 3150 Jo KJlIeA B UI SAPIYS XeIPUY
-Apiqudaosns jsoy aanE[RI St suewmy ur Jey} Yyum pared
-WO) S}qqeI Ul SHIUNSEIpaw pue eruownaud jo asuspbul
MO[ a3 padudNpjul aney ABUI jeyj 103oej [eUOHIPPE UY
“{ealqino
3SAO[P42AG Y3 Ul PAQLIDSAP SOY) JurjqUuasal Doy Juow
-naud >18el1IOWAYOIdaU [E3A3I O} PI[IE] OS[e uSALIRg
pue 1aupng £q S)Iqqel Ul SAIPN)S Ial[Ied pue ‘Suoisa] Areu
-ournd 3unsixaard juesyrudis Jo 291y $11qqeI UT PaWIO]
-1ad ‘satpnys anQ samwr Sun) jo 331y sAayuowr Jo sat
-pMys J3je[ Ul PIAIISAO JOU 1M SUOISI[ JB[IWIS 7. SIOPAY)
-up g Aq sanpou i uny Suysixaszd jo uonddyuLddns
yasaidar 03 pasareq spionpuoiq Surzyoau jo juswdo
-[2A3p 3Y) PaquIdSap sAB{uUow sSNSayl Ul XeIyjue [euoye|
-eyur jo suonednsaau ey (psyrodar gg jo z) | 19pPm,,
SeM EAIGINO Y} JO Jwm Ay} Je papajje asoy jo uoned
-n220 pajaodas A[UOW WO JSOW Y3 ‘UOHIPPE U] "SiHOWS
KAB3Y 0} 3)RI2POW JT9M 9,09 1By} PIIEDIPUT Sa[eL UT Sased
pale[nge} GG JO €€ UO I[qe|TeAr UOHRLILION] "XENUE JO DO0f
suownaud Arewnid jo jusiudoassp a1 10§ YSU Paseard

SHOIMUNL PUE gl PUBPR Y pviupe saAoiul oyt o sapag Ag porpdss
[redew JEnS0 WSOS-URAXQIRUAY} UHIRIBHD i UCHBNISR fouuopids jo aouasqy agr joN
1 NGaEr pEEioou SNOSUBINIGNS ¥ (¢ aNs UolRrIeu] C1L a4

KNP uO;ir:‘Jg!u??x»‘tzi ,‘5!;/;27?_{114 OSWRHEY ] B
200 SoplEy WIPROD UL H GER Lot
N TSISOMIOU U BSeyROEy RSN At papudixg Apaysew st sIwap @

(T vonapudew pewBun eswen) vonImew o SEUIS SNOUA

wt snopun§ JpYUOREN SNOINUDU PUD PRUSIHIPG SUWDAND 2L JON HIGR) pARRIOU! A[SROBURIEIGNS € 10 2OMALE ARUDWInY 01 2ndHY
vrp ] se vosEgIUSEW [PUTNG 00U ROTABH) 1200 PELAW pue satdomnuid oo

S Ay UORERUUE IR UGS INOIOAGIRINSL JO& uONSIdap 5 BINGL NGRS PRIRINIGL ASHOdULIINS © $0 MOLBW auor [Riowy 6 andiy

s 3% e e Y
7w . -

PRI

SR 11
A




clude congestion of muitiple organs, stasis of erythrocytes
in venules and capillaries, and pulmonary edema.’” The
congestion suggests terminal hypotensive shock, consis-
tent with cytokine-induced pathophysiologic events cur-
rently believed to contribute to the pathogenesis of an-
thrax. At high doses, anthrax lethal toxin is lytic to mac-
rophages®; however, at sublytic doses, the toxin induces
macrophages to express interleukin 1 and tumor necrosis
factor.®® At high levels, interleukin 1 and tumor necrosis
factor can mediate a cascade of physiologic events culmi-
nating in fatal shock,®* similar to that seen at the ter-
minal stage of systemic anthrax. Intravascular aggregates
of fibrin may be due to rapid postmortem clot formation
peculiar to anthrax infection and the extreme bacillemia,
or they may occur secondary to toxin- or cytokine-induced
endothelial alterations favoring a procoagulant state3>%
Bacterial thrombi and leukocytosis are also observed in
anthrax in rhesus monkeys exposed intradermally or by
aerosol. 3%

Hemorrhages involving multiple tissues were common
among both groups of rabbits and have been described
for anthrax in humans2233%% and rhesus monkeys*2’ as
well. In the majority of affected tissues in rabbits, the hem-
orrhage was accompanied by large numbers of badilli. In
the adrenal glands, however, few bacilli were apparent
histologically. Hemorrhage in the adrenal glands varied
from minimal to complete obliteration of the cortex and
may have been a manifestation of Waterhouse-Friderich-
sen syndrome. Renal hemorrhages in our rabbits were ac-
companied by changes that have not been described for
anthrax in humans or in nonhuman primates. The ap-
pearance of the lesion suggests that hemorrhage occurred
through disruption of glomerular capillaries, with subse-
quent drainage from the uriniferous space into associated
convoluted tubules. This resulted in tubular degeneration
and necrosis, possibly hemoglobinuric nephrosis. In our
study, the renal lesion was minimal to mild in severity,
with only low numbers of widely scattered nephrons in-
volved. Significant renal lesions were not a feature of an-
thrax in intradermally-exposed rhesus monkeys, whereas
renal tubular degeneration and tubular casts were report-
ed for inhalational anthrax in that species.? Significant re-
nal pathology does not appear to be a feature of inhala-
tional anthrax in humans, although there is a limited ac-
count of tubular degeneration and necrosis.”

Hemorrhagic meningitis with intense neutrophilic inflam-
matory infiltrates is frequently associated with inhalational
anthrax in humans and nonhuman primates.»¥%»% i
was also reported to occur in 1 of 10 rhesus monkeys ex-
posed intradermally.®® However, of the 21 cases of meningeal
anthrax observed in the Sverdlovsk outbreak, 8 were de-
scribed as a serous leptomeningitis characterized primarily
by edema of the pia mater, with only insignificant infiltration
by erythrocytes, mononuclear cells, and neutrophils.® A low
incidence of hemorrhage with bacilli occurred in the brain
and meninges of subcutaneously inoculated and aerosol-ex-
pused rabbits. The lesion in rabbits differed from that seen
most often in humans or in nonhuman primates in that it
was devoid of any accompanying leukocytic infiltrate. The
degree of leukocytic response may have been influenced by
relative host susceptibility, as we have suggested for the me-
diastinal, pulmonary, and dermal lesions. In addition, our
rabbits were infected with the Ames strain of B. anthracis,
whereas most earlier studies were of anthrax in nonhuman
primates infected with the Vollum-189 or Vollum 1B strains.
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Finally, and perhaps most importantly, the rapid progression
of fatal systemic changes in rabbits may have limited the
opportunity for development of the leukocytic response. In
this regard, rhesus monkeys with meningeal anthrax that die
soon after exposure have a significantly lower cellular in-
flammatory response in the central nervous system than do
those with longer survival times (GM.Z, unpublished data,
1997).

Our results indicate that rabbits are extremely sensitive
to lethal infection by B. anthracis, as evidenced by the ful-
minant nature of the disease and disseminated pathologic
findings. The rapidly fatal course of anthrax induced by
high-dose aerosol or subcutaneous exposure in rabbits
could be considered disadvantageous in that products ef-
ficacious against the more protracted human illness might
go unrecognized in such an animal model. However, in-
halational anthrax in humans is essentially 100% fatal if
left untreated, and inhaled doses in biological warfare or
terrorist scenarios might well exceed those of historical
occupational exposures. It would be prudent to err on the
side of safety by demonstrating efficacy in such a sensitive
model.

CONCLUSION

The principal lesions of anthrax were similar in rabbits
after subcutaneous injection or aerosol exposure. Major
differences were the pattern of lymph node involvement,
the presence of mediastinitis exclusively in aerosol-ex-
posed rabbits, and dermal lesions in subcutaneously in-
oculated rabbits. Although the disease is characterized by
a more rapid progression in rabbits, the end-stage pa-
thology of anthrax in the rabbit model appears remark-
ably similar to that of inhalational anthrax in humans, and
it supports the use of rabbits as an appropriate animal
model. Furthermore, the more fulminant nature of the dis-
ease in rabbits could be considered advantageous in that
it provides a rigorous test of candidate products, useful in
the development of vaccines and therapeutic regimens
against inhalational anthrax in humans.
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