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Bacillus anthracis edema toxin (ET), an adenylyl cy-
clase, is an important virulence factor that contrib-
utes to anthrax disease. The role of ET in anthrax
pathogenesis is, however, poorly understood. Previ-
ous studies using crude toxin preparations associated
ET with subcutaneous edema, and ET-deficient strains
of B. anthracis showed a reduction in virulence. We
report the first comprehensive study of ET-induced
pathology in an animal model. Highly purified ET
caused death in BALB/cJ mice at lower doses and
more rapidly than previously seen with the other
major B. anthracis virulence factor, lethal toxin.
Observations of gross pathology showed intestinal
intralumenal fluid accumulation followed by focal
hemorrhaging of the ileum and adrenal glands. His-
topathological analyses of timed tissue harvests re-
vealed lesions in several tissues including adrenal
glands, lymphoid organs, bone, bone marrow, gastro-
intestinal mucosa, heart, and kidneys. Concomitant
blood chemistry analyses supported the induction of
tissue damage. Several cytokines increased after ET
administration, including granulocyte colony-stimu-
lating factor, eotaxin, keratinocyte-derived cytokine,
MCP-1/JE, interleukin-6, interleukin-10, and interleu-
kin-1�. Physiological measurements also revealed a
concurrent hypotension and bradycardia. These stud-
ies detail the extensive pathological lesions caused by
ET and suggest that it causes death due to multiorgan
failure. (Am J Pathol 2005, 167:1309–1320)

The use of Bacillus anthracis, the causative agent of anthrax
disease, as a bioweapon in October 2001 has led to a

resurgence of scientific inquiry into mechanisms of anthrax
pathogenesis. Greater knowledge of the physiological dam-
age caused by the bacteria will aid in selection of appro-
priate interventions and supportive therapies. B. anthracis is
a gram-positive, spore-forming rod able to resist harsh en-
vironmental conditions while retaining the ability to infect
new hosts when inhaled, ingested, or exposed to breaks in
the skin.1 Inhalational anthrax patients often display fever,
chills, nonproductive cough, and malaise.2–6 Involvement
of the gastrointestinal (GI) tract is indicated by nausea and
vomiting. Although patients often present with normal heart
rate and blood pressure, tachycardia and hypotension fre-
quently develop as the disease progresses. Abnormal
chest X-rays showing mediastinal widening and production
of pleural effusions are a consistent and defining charac-
teristic of inhalational anthrax.2

The bacterium relies on two major virulence factors,
capsule and anthrax toxin, to evade the immune re-
sponse and cause disease. Anthrax toxin is a tripartite
toxin consisting of one receptor binding subunit, protec-
tive antigen (PA), and two catalytic subunits, lethal factor
(LF) and edema factor (EF).7–9 PA recognizes the cellular
receptors capillary morphogenesis gene 2 (CMG2) and
tumor endothelial marker 8 (TEM8) and is processed by
the host protease furin. On formation of a heptamer, PA
binds LF and/or EF. The complex is internalized via re-
ceptor-mediated endocytosis. Once the endosomal com-
partment acidifies, LF or EF is translocated to the cytosol.
LF is a metalloprotease that cleaves members of the
mitogen-activated protein kinase kinase (MAPKK) family
leading to rapid cell lysis in murine macrophages from a
limited number of inbred mouse strains.10–12 EF is an
adenylyl cyclase that converts ATP to cAMP, an impor-
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tant second messenger.13 EF is at least 1000-fold more
active than are host adenylyl cyclases in cAMP
production.14–16

Many aspects of anthrax disease can be attributed to
toxin function.17,18 Lethal toxin (LT), composed of LF and
PA, has been shown to induce vascular collapse and
subsequent hypoxia-mediated toxicity in mice.17 Hypox-
ia-mediated tissue necrosis in spleen, liver, and bone
marrow is accompanied by pleural effusions, a hallmark
of anthrax disease. However, LT toxicity does not ac-
count for other major pathophysiological lesions of an-
thrax disease such as renal dysfunction and hemorrhage
of the GI tract, lymph nodes, or meninges.4,19–22

Pathological lesions resulting from ET-mediated toxicity
have not been well studied. In cultured cell lines, ET has
been shown to increase cAMP concentrations and induce
Chinese hamster ovary cell rounding,13 and to induce anti-
inflammatory cytokines while suppressing lipopolysaccha-
ride-mediated inflammatory cytokine release.23,24 Mutant
strains of B. anthracis lacking the gene for EF are attenuated
in their virulence in a murine model when compared to a
wild-type strain, albeit less so than a similar LF knock-
out.25,26 Early studies of EF activity in vivo relied on toxin
preparations from B. anthracis strains that not only pro-
duced EF but also LF, complicating interpretations of ob-
served effects. Low concentrations of partially purified ET
caused extensive edema in rabbits when injected subcuta-
neously. These ET preparations, however, caused less mu-
rine mortality when compared with a more crude prepara-
tion contaminated with LF.27 More recent in vivo studies
using purified ET have not been reported in any animal
model. This deficiency primarily results from difficulty in
obtaining the larger quantities of purified EF needed to
perform detailed animal studies. Indeed, adenylyl cyclase
toxins from other bacteria that share homology with ET,
such as ExoY from Pseudomonas aeruginosa28 or CyaA
from Bordetella pertussis29 have also been recalcitrant to
large scale purification and have not been systematically
studied in animal models.

Recently, the technical issues regarding EF purifica-
tion have been resolved,30 making possible a detailed
study of ET effects in vivo. Surprisingly, we found that ET
is highly lethal in a murine model at lower doses and more
rapidly than has been shown previously for an equivalent
dose of LT.17,31 Further, ET induced many lesions that
occur in anthrax disease. These lesions are distinct from
those induced by LT intoxication, including lymph node
and focal GI tract hemorrhaging.22,32 Histopathological
analyses revealed diverse tissue damage to several or-
gans including the adrenal gland, which could in turn
explain some of the effects seen in other tissues. We
present here the first report of histopathological and
physiological effects of ET in mice.

Materials and Methods

Toxin

PA was purified from B. anthracis culture supernatants33

and N-terminal His-tagged EF proteins were purified from

Escherichia coli as previously described.30 EF-K346R, a
mutant form of EF with 10,000-fold less catalytic activity,
was made by introducing the indicated amino acid sub-
stitution to the EF expression plasmid using the Quick-
Change site-directed mutagenesis kit from Stratagene
(La Jolla, CA). Assays with the Limulus Amebocyte Ly-
sate 120 test kit (Cambrex, East Rutherford, NJ) showed
the EF preparations contained �10 pg of lipopolysaccha-
ride/�g of EF produced. All toxin preparations were di-
luted in filter-sterilized 1� phosphate-buffered saline
(PBS), frozen, and thawed only once before use. Doses
of toxin refer to the amount of the EF component with PA
added at the same amount (ie, 100 �g of ET is 100 �g of
EF plus 100 �g of PA).

Animals

Female 10- to 12-week-old BALB/cJ mice (The Jackson
Laboratory, Bar Harbor, ME) were injected intravenously
(100 �l) or intraperitoneally (500 �l) with sterile 1� PBS,
EF, or ET. All protocols were approved by the National
Institute of Allergy and Infectious Diseases Animal Care
and Use Committee.

Survival Curves

Groups of three to five animals received intravenous in-
jections of various doses of ET or EF. Animals were
assessed for viability every 4 hours after injection. Dupli-
cate experiments were combined, and survival curves
were compared by the log-rank test.

Histopathology and Serum Chemistry

Groups of mice were intravenously injected with 37.5 �g
of ET (n � 28) and, as controls, either EF alone (n � 4) or
PBS (n � 5). Three ET-injected mice that best repre-
sented the observable physiological status of the group
as a whole and one control animal that received either ET
or PBS, for a combined total of six control animals, were
chosen at 2.5, 12, 24, 36, and 48 hours. Animals were first
bled by cardiac puncture while anesthetized with isoflu-
rane, USP (Forane; Baxter Health Care Corp., Deerfield,
IL), using an EZ-1000 fixed small animal anesthesia sys-
tem (Euthanex Corp/, Palmer, PA). Mice were then imme-
diately euthanized by carbon dioxide inhalation and nec-
ropsied. The following tissues were harvested and fixed
in 10% buffered formalin phosphate (Fisher Scientific,
Inc., Fairlawn, NJ): skin, salivary glands (submandibular,
sublingual, parotid), tongue, pancreas, lymph nodes
(cervical, inguinal, auxiliary, mesenteric), thymus, adre-
nal glands, thyroid glands, pituitary gland, sciatic nerve,
brachial plexus, skeletal muscle, eyes, Harderian glands,
GI tract, liver, spleen, lungs, trachea, esophagus, heart,
kidneys, uterus, ovaries, urinary bladder, brain, stifle joint
with attached distal femur and proximal tibia, nares, skull,
teeth, inner and middle ears, spinal cord, vertebrae, and
dorsal root ganglia. After fixation, tissues were processed
for routine paraffin embedding, sectioned, and stained
with hematoxylin and eosin or Alcian Blue (pH 2.5) (His-
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toserv, Inc., Germantown, MD).34 Serum analyses were
performed within 2 hours of blood collection using the
VetACE clinical chemistry system (Alfa Wassermann,
Inc., West Caldwell, NJ) for albumin, amylase, blood urea
nitrogen, calcium, glucose, inorganic phosphorus, total
protein, alkaline phosphatase, �-glutamyl transferase,
lactate dehydrogenase, alanine aminotransferase, aspar-
tate aminotransferase, and total bilirubin. Hematological
analyses were performed using a Hemavet 1500FS blood
analyzer (CDC Technologies, Oxford, CT). Normal
ranges for serum chemistries and hematological analy-
ses were established previously on the analyzer using
�50 mice. Blood smears were also prepared from ethyl-
enediamine tetraacetic acid-treated blood using a Diff-
spin DS02 (Statspin, Inc., Norwood, MA) and stained with
Three Step stain (Richard-Allan Scientific, Kalamazoo,
MI). A veterinary pathologist certified by the American
College of Veterinary Pathologists (G.F.M.) evaluated the
slides using an Olympus BX41 compound binocular mi-
croscope (Olympus America Inc., Melville, NY). Lesions
were graded as minimal, mild, moderate, or severe.

Cytokine Analysis

Serum cytokine levels were assayed by Bio-Plex Mouse
Cytokine 18-Plex Panel assay (Bio-Rad Laboratories,
Inc., Hercules, CA) or enzyme-linked immunosorbent as-
say (ELISA) (Quantikine; R&D Systems Inc., Minneapolis,
MN). For Bio-Plex assays, three mice at each time point
were injected intravenously with ET (37.5 �g). Control
animals at each time point consisted of three animals
injected with either EF (37.5 �g) or PBS. Mice were
anesthetized with isoflurane and bled by cardiac punc-
ture at 1, 4, 6, 12, 18, 24, 36, and 48 hours after injection.
Collected blood was allowed to clot for 1 to 2 hours and
centrifuged in serum separator tubes (Sarstedt Inc., New-
ton, NC). Sera were frozen, stored at �80°C, and thawed
once to assay according to the manufacturer’s instruc-
tions. Samples from two independent time course exper-
iments were run in duplicate on the Luminex 100 IS
system (Luminex Corp., Austin, TX) by the National Insti-
tute of Allergy and Infectious Diseases Research and
Technology Branch core facility (National Institutes of
Health, Bethesda, MD). For ELISA analyses, six to nine
ET-treated or control animals were bled 1, 6, 12, 18, 24,
30, and 48 hours after intravenous injection and pro-
cessed as previously described. Pools of serum from two
animals were assayed in duplicate for levels of interleukin
(IL)-1�, IL-1�, IL-6, IL-10, MCP-1/JE, eotaxin, keratino-
cyte-derived cytokine (KC), tumor necrosis factor
(TNF)-�, MIP-1�, and granulocyte colony-stimulating fac-
tor (G-CSF) by ELISA using the manufacturer’s protocols
with modification in serum dilutions to ensure measure-
ments were made in the range of the standards.

Telemetry Measurements

Radio frequency devices were implanted for indepen-
dent monitoring of blood pressure or heart rate using
devices from Data Sciences Int. (St. Paul, MN) as de-

scribed.35 Briefly, mice were anesthetized with isoflurane
and either a blood pressure or a heart rate monitor was
implanted. Blood pressure recording devices were im-
planted via a carotid approach into the aorta. Heart rate
monitoring devices were implanted subcutaneously on
the dorsum with the leads in an electrocardiogram lead II
position. Mice were allowed to recover from surgery for
24 hours before exposure to ET. ET (100 �g) was intra-
peritoneally injected and recordings were made. Blood
pressure and heart rate recordings were compared be-
fore and after exposure to ET.

Statistics

Graphs and statistics were generated with GraphPad
PRISM 4.0 software (GraphPad Software, Inc., San Di-
ego, CA).

Results

Effects of ET Dosage on Murine Mortality

An initial examination of ET toxicity in female BALB/cJ
mice was performed with an intravenous injection of 100
�g of ET (100 �g of EF � 100 �g of PA), analogous to a
dose used previously for LT studies (100 �g of LF � 100
�g of PA).17 Within 5 minutes, mice exhibited a languid
behavior with little ambulatory movement and generally
assumed a sprawled prone position. Animals recovered
slightly but remained hunched and became increasingly
lethargic with time. Mortality in all animals occurred within
9 hours (Figure 1 and data not shown). In experiments
using 100 �g of ET to compare routes of inoculation, the
median survival time after intravenous injection (6 hours)
was approximately one third of that after intraperitoneal
injection (21 hours) (Supplemental Figure 1, see http://
ajp.amjpathol.org). Decreasing the ET dose to 50 �g
yielded a longer median survival time for the intravenous
route and complete survival for those inoculated by the
intraperitoneal route.

More extensive dose curves were obtained for
BALB/cJ mice given toxin by the intravenous route (Fig-

Figure 1. ET lethality in BALB/cJ mice. ET-treated female BALB/cJ mice at
doses of 100 �g (n � 5), 50 �g (n � 10), 37.5 �g (n � 7), 25 �g (n � 6),
and 10 �g (n � 6), were compared to animals treated with 100 �g of EF
alone (control). All injections were intravenous in 100-�l volume. All differ-
ences in survival curves when compared against each other were statistically
significant (P � 0.05) by the log-rank test except for the comparison between
the 25 �g of ET dose and 100 �g of EF dose (P � 0.1573).
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ure 1). A dose-dependent response was observed. At 50
and 37.5 �g of toxin, median survival times were 27 and
40 hours, respectively, with mortality occurring in all an-
imals. Only two of six animals receiving 25 �g of ET died,
although all animals exhibited signs of illness. A dose of
10 �g of ET resulted in minimal morbidity and no mortal-
ity. Injection of EF in the absence of PA at doses up to 100
�g did not result in any symptoms, similar to controls
receiving a PBS injection. Previous studies have shown
PA alone to be nontoxic.17

Gross Pathology of ET-Treated Mice

To allow for the development of significant pathological
changes, an intermediate intravenous dose of 37.5 �g of
ET was chosen. Female BALB/cJ mice received ET, PBS,
or EF alone. Animals that received EF were indistinguish-
able from PBS-treated mice and exhibited no gross le-
sions at any time point, indicating that the EF preparation
itself did not cause any abnormal pathologies. The first
gross pathology observed in ET-treated animals was co-
pious fluid accumulation in the lumen of the intestines
(Figure 2). Fluid in the intestinal lumen was present from
the earliest time point of 2.5 hours and was observed as
early as 1 hour in other studies (data not shown). Focal
hemorrhaging into the lumen of the cecum was seen
beginning at 24 hours with hemorrhagic content ob-
served in the intestine and stomach. Hemorrhaging was
also observed by 12 hours in the adrenal glands, often
restricted to the right adrenal gland but occasionally
involving the left adrenal at later time points. This unilat-
eral lesion is similar to posttraumatic adrenal hemorrhage
in which pressure fluctuations due to outflow obstruction
of the draining inferior vena cava by direct compression
or thrombosis more often affects the right adrenal.36 The
marked intestinal dilatation induced by ET may provide
the necessary obstruction of the inferior vena cava lead-
ing to hemorrhage of the right adrenal. Hemorrhaging
into the mesenteric lymph nodes and ovaries was occa-
sionally noted. Pleural effusions associated with anthrax
disease and seen in LT-treated animals were absent.17,21

Histopathology Findings

Widespread histopathological lesions were observed in
disparate organs including the adrenal glands, lymphoid
organs, bone, bone marrow, GI mucosa, heart, kidneys,
reproductive tract mucosa and follicular cells, and sub-
mandibular glands. Unlike B. anthracis infections in hu-
mans or primates,21,22 we observed no lesions of the liver
or brain meninges. No lesions were observed in mice
treated with PBS or EF.

Adrenal Gland

Significant histopathological lesions in the adrenal
gland were first observed at 12 hours after toxin injection.
A diffuse coagulative moderate to severe necrosis of the
corticosteroid-producing zona fasciculata in the adrenal
cortex accompanied by granulocytic infiltrates was ob-
served by 12 hours and became severe by 24 hours
(Figure 3b). The zona glomerulosa and X-zone, a region
unique to mice, were moderately necrotic. The medulla
was minimally affected, if at all. Lesions remained con-
sistent throughout all subsequent time points with no
evidence of regeneration.

Lymphoid Organs

Mild lymphocytolysis, characterized by the presence
of karyorrhetic debris, was present by 12 hours in all
examined lymphoid tissue, including lymph nodes, thy-
mus, spleen, and gut-associated lymphoid tissue (Figure
4). Lymphocytolysis increased by 36 hours to a moderate
to severe level of lymphoid depletion. While lymphocytes
of the thymus underwent lysis (Figure 4b), the underlying
reticular epithelial cells and medulla were unaffected.
The periarteriolar lymphoid sheaths forming the splenic
white pulp (Figure 4d) showed necrotic lesions similar to
those observed in the thymus with more mild effects
occurring in the red pulp. In addition to depletion of more
matured lymphoid cells, progenitor cells of the femoral

Figure 2. ET induces marked intestinal dilatation. Mice were injected intra-
venously with 37.5 �g of EF alone (control) (a) or ET (b) and euthanized 12
hours later by CO2 inhalation and immediately necropsied.

Figure 3. ET causes adrenal gland lesions. Histopathological evaluation of
adrenal glands at 12 hours in EF-treated (control) (a) and ET-treated (b)
animals revealed necrosis and hemorrhage of the zona fasciculata (ZF) of the
adrenal cortex induced by ET. The X-Zone (X) and zona glomerosa (ZG)
were moderately necrotic whereas the medulla (M) was minimally affected
by ET. Original magnifications, �20.
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bone marrow were mildly depleted (Figure 4f) at 24 hours
and moderately depleted at 36 and 48 hours although
few necrotic cells were noted.

Bone

Moderate condensation and fragmentation of nuclei
with accompanying cell loss occurred at 24 hours in
osteoblasts and osteocytes of the metaphyseal trabecu-
lae of the femur and tibia (Figure 5b). Occasional osteo-
blasts in the epiphysis and diaphysis were necrotic, but
the osteocytes in these locations appeared unaffected.

Figure 5. Bone degeneration after ET administration. Histopathological anal-
ysis of femur after intravenous injection with 37.5 �g of EF (control), PBS, or
37.5 �g of ET. a: Growth plate from femur of PBS control (24 hours). b and
c: Loss of osteoblasts and osteocytes of the metaphyseal bone marrow at 24
(b) and 48 (c) hours after ET treatment. Inset: Lacunae containing necrotic
osteocytes (solid arrows). E, epiphysis; GP, growth plate; M, metaphysis.
Original magnifications: �20; �100 (inset).

Figure 4. Histopathological analysis of lymphoid tissues. Mice were injected
intravenously with 37.5 �g of EF alone (control), PBS, or 37.5 �g of ET
before histopathological analysis of lymphoid tissues. a: Thymus from EF-
treated (36 hours) control. b: Nuclear fragmentation of lymphocytes in the
thymus of ET-treated animals (36 hours). c: Red pulp (R) and periarteriolar
lymphoid sheath (P) of spleen of PBS-treated (48 hours) control. d: Necrotic
splenic periarterial lymphoid sheath in ET-treated (48 hours) animals. e:
Bone marrow (B) in PBS-treated (48 hours) control. f: Depletion of hema-
topoietic cells of the bone marrow in ET-treated mice (48 hours). Original
magnifications: �40 (a, b); �20 (c, d); �5 (e, f).
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By 48 hours, there was loss of metaphyseal bone, with
partial discontinuity between the osseous trabeculae and
the differentiating epiphyseal chondrocytes. There was
no evidence of osteoblast regeneration and no increased
osteoclastic activity through 48 hours.

Heart

Mild cardiac lesions were evident at 12 hours in a
multivessel distribution with coronary cardiomyocytes
multifocally separated. At 24 hours, the heart was mod-
erately affected with rare cardiomyocyte degeneration
(Figure 6b) and increased separation of myofibers. The
cardiomyocyte interstitial space was filled with a myxoid
ground substance deposit that stained blue with the pro-
teoglycan Alcian blue stain (Figure 6c). Multifocally ex-
tensive areas of cardiomyocyte necrosis were observed
and interfiber myxoid accumulation increased at 36 and
48 hours. Additionally, by 12 hours platelet/fibrin thrombi
were found within coronary vessels, the ventricular lu-
men, and attached to the endothelium (Figure 6d).

Gastrointestinal Tract

Mild intralumenal hemorrhage of the GI tract and mul-
tifocal necrosis of the stomach (Figure 7a), intestine (Fig-
ure 7b), and cecum mucosa was observed at 12 hours.
Patchy mucosal necrosis of these organs was found in
the mucosal layer and may be due to underlying thrombi
without affecting adjacent crypt cells. Lesions became
severe at 24 hours but returned to a mild to moderate
level at 36 and 48 hours. Deposition of fibrin or platelets
was observed at 12 hours within villar tips of the small
intestine (Figure 7c), presumably within the capillary,
peaking in severity at 36 hours. Surprisingly, the intestinal
wall did not appear edematous despite the marked fluid
accumulation within the lumen of the intestine.

Other Microscopic Observations

Additional organs displayed histopathological lesions af-
ter ET administration (Supplemental Figures 2 to 5, see
http://ajp.amjpathol.org). The kidney was mildly affected

Figure 6. ET-induced cardiac damage. Histopathological analysis of cardiac
tissues after intravenous injection with 37.5 �g of EF, PBS, or 37.5 �g of ET.
a: Cardiomyocytes from PBS-treated (48 hours) control. b: Cardiomyocyte
degeneration in ET-treated mice (arrows, 48 hours). c: Interstitial myxoid
deposits in heart tissue stained with Alcian blue (48 hours). d: Thrombus
formation at 12 hours after ET-treatment (asterisk). Original magnifications:
�40 (a–c); �5 (d).

Figure 7. Fibrin deposition and mucosal degeneration of GI tract caused by
ET. Histopathology of GI tract mucosa after intravenous injection with 37.5
�g of EF, PBS, or 37.5 �g of ET. a: Areas of focal necrosis surrounded by
normal tissue in the stomach mucosa of ET-treated mice (36 hours). b: Focal
necrosis of the intestine 24 hours after ET treatment. c: Fibrin deposition in
the villus tips in ET-treated animals (24 hours; right, arrows) as compared
to normal villi from control animals (24 hours, left). M, mucosal surface; P,
peritoneal cavity. Original magnifications: �5 (a); �10 (b); �20 (c).
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at 12 hours, displaying cytoplasmic vacuolation in scat-
tered cortical tubular epithelial cells with occasional ne-
crotic cells (Supplemental Figure 2, see http://ajp.amj-
pathol.org). Renal lesions became moderate from 24 to
48 hours. Submandibular salivary gland acinar cells were
mildly swollen, with microvesicular vacuolation of the cy-
toplasm by 24 hours (Supplemental Figure 3, see http://
ajp.amjpathol.org). The ovaries displayed increased num-
bers of atretic follicles at 24 hours, and the ovum within
most tertiary follicles appeared mildly to moderately de-
generate from 12 hours onward. Thecal cells within af-
fected tertiary follicles were generally hyperchromatic
and lacked normal cohesiveness (Supplemental Figure
4, see http://ajp.amjpathol.org). By 12 hours, several of
the treated mice and none of the control mice had mini-
mal to moderate uterine epithelial degeneration not ex-
pected at their stage of estrus (Supplemental Figure 5,
see http://ajp.amjpathol.org).

Serum Chemistries in ET-Treated Mice

Analysis of markers for cellular leakage in serum of ET-
inoculated animals indicated widespread tissue damage
(Table 1).37 The cytosolic enzymes alanine aminotrans-
ferase, aspartate aminotransferase, and lactate dehydro-
genase increased by 2.5 hours and remained elevated
above those for control animals through 48 hours, indic-
ative of damage to cell membranes in multiple organs,
including intestine, kidney, and heart.

Several additional markers with aberrant serum levels
provide an initial survey of organ systems that potentially
respond to ET administration. Blood urea nitrogen con-
centration was elevated by 2.5 hours and continued to
increase through 48 hours. Although this may be a result
of renal insufficiency, it could also be due to dehydration,
hemorrhaging, or simply reflective of the increased pro-
tein load due to intestinal dysfunction. Definitive determi-
nation of kidney dysfunction will require testing for other
markers. Inorganic phosphorus was elevated in all mice
from 2.5 hours onward and may be due to release of
intracellular phosphate by cell lysis or renal failure. The

low calcium levels may be in response to the observed
hyperphosphatemia. Total protein serum levels were be-
low reference range from 12 hours onward and could be
the result of congestive heart failure, liver disorders, or
hemorrhaging. An increase in alkaline phosphatase
peaking at 36 hours was potentially indicative of hepatic
biliary obstruction or bone damage. Bilirubin and �-glu-
tamyl transferase levels increased greater than controls
although they remained within normal ranges. Serum glu-
cose levels, which can be influenced by stress, starva-
tion, or glucocorticoid function, were elevated at 2.5
hours but were low at 24 and 36 hours. Serum amylase,
which in the mouse is primarily of salivary gland origin,
was elevated by 12 hours and is likely the result of the
observed perturbation of the acinar cells of the subman-
dibular gland. Significant changes were not seen in al-
bumin, triglycerides, or uric acid levels (data not shown).

Hematology

Hematology analyses (Table 2) revealed a sustained in-
crease of monocytes and neutrophils beginning by 2.5
hours in ET-treated animals that remained elevated
through 48 hours. These results may reflect mobilization
of these cell types from bone marrow or lymphoid organs,
as supported by the observed depletion of pluripotent
stem cells from the bone marrow (Figure 4f). Additionally,
examination of blood smear preparations revealed that
the circulating monocytes were often hypervacuolated
(Supplemental Figure 6, see http://ajp.amjpathol.org). No
other hematological parameters examined exhibited sig-
nificant changes outside of normal ranges.

Serum Cytokine Response in ET-Treated Mice

Edema toxin has been shown to modulate cytokine ex-
pression by inducing IL-6 but not TNF-� in the RAW264.7
macrophage cell line and is able to inhibit lipopolysac-
charide-stimulated TNF-� production.23,24 To determine
whether ET affects the cytokine profile in vivo, female

Table 1. Serum Chemistry

Normal range Controls* ET treated†

2.5 hours 12 hours 24 hours 36 hours 48 hours

ALT (U/L) 13 to 109 50 � 19 205 � 57‡ 213 � 54‡ 144 � 32‡ 229 � 73‡ 98 � 29‡

AST (U/L) 31 to 224 114 � 57 453 � 137‡ 549 � 17‡ 378 � 47‡ 531 � 154‡ 409 � 141‡

LDH (U/L) 54 to 658 295 � 100 1284 � 461‡ 2176 � 263‡ 2057 � 321‡ �3200§ �3200§

BUN (mg/dl) 13 to 37 18 � 1 35 � 3‡ 91 � 2‡ 146 � 55‡ 149 � 56‡ �200§

Bilirubin (mg/dl) 0 to 0.8 0.32 � 0.08 0.43 � 0.06 0.37 � 0.06 0.70 � 0.20‡ 0.83 � 0.21‡ 0.70 � 0.28‡

GGT (U/L) 0 to 37 0 1.0 � 1.0 1.33 � 0.6‡ 19.0 � 5.2‡ 14.0 � 5.6‡ 3.5 � 5.0
Protein, total (g/dl) 4.2 to 5.8 4.5 � 0.2 4.3 � 0.5 3.7 � 0.5‡ 3.6 � 0.3‡ 3.7 � 0.6‡ 3.25 � 0.1‡

ALP (U/L) 6 to 251 213 � 25 190 � 13 192 � 50 270 � 32‡ 307 � 67‡ 317 � 25‡

Phosphorus (mg/dl) 4 to 11 9 � 1 7 � 1 15 � 2‡ 31 � 7‡ 23 � 7‡ 21 � 1‡

Calcium (mg/dl) 7.6 to 9.7 9.1 � 0.2 6.3 � 0.5‡ 8.0 � 0.7‡ 5.7 � 0.9‡ 5.3 � 0.4‡ 4.8 � 0.2‡

Glucose (mg/dl) 115 to 323 229 � 37 348 � 66‡ 135 � 24‡ 64 � 8‡ 75 � 32‡ 112 � 28‡

Amylase (U/L) 509 to 1272 488 � 51 413 � 72 1062 � 391‡ 1943 � 430‡ 2785 � 498‡ 1311 � 425‡

*Average and standard deviation of six animals.
†Average and standard deviation of three animals per time point except at 48 hours (n � 2).
‡Mean significantly different (P � 0.05) by unpaired t-test from control group in this experiment and may fall within the normal range.
§Value was above maximal assay dilution.
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BALB/cJ mice were injected with 37.5 �g of ET, EF, or
PBS and serum was collected at multiple time points.
Initially, sera were analyzed for 18 cytokines using a
multiplex assay, and no appreciable induction of IL-2,
IL-3, IL-4, IL-17, TNF-�, or interferon-� was seen in re-
peated experiments. The remaining cytokines showed
some induction but often to variable levels (data not
shown). Selected cytokines were then assayed by ELISA.
Pooled sera from two to three animals at each time point
were assayed in duplicate for IL-1�, IL-1�, IL-6, IL-10,

eotaxin, G-CSF, MCP-1/JE, KC, MIP-1�, and TNF-� (Fig-
ure 8). Early induction followed by a decline with time in
serum levels was observed for G-CSF, eotaxin, and KC.
The highest ET-induced cytokine, G-CSF, was present in
sera (up to 200 ng/ml) at 4000-fold background (PBS- or
EF-treated) levels. A bimodal response with an initial
spike in cytokine expression followed by a decline before
a second increase in terminally ill animals was observed
in IL-6, MCP-1/JE, and IL-1�. IL-10 showed a modest
increase that stayed elevated throughout all time points.

Table 2. Hematology

Normal range Controls* ET Treated†

2.5 hours 12 hours 24 hours 36 hours 48 hours

Monocytes (K/�L) 0.01 to 0.52 0.09 � 0.12 0.24 � 0.09 0.58 � 0.49 0.71 � 0.55‡ 0.81 � 0.57‡ 1.58 � 1.02‡

Neutrophils (K/�L) 0.001 to 2.52 0.57 � 0.72 1.75 � 0.75 3.44 � 0.73‡ 2.55 � 1.31‡ 3.13 � 0.56‡ 3.51 � 2.65‡

Lymphocyte (K/�L) 0.36 to 4.46 1.53 � 1.02 0.78 � 0.28 1.33 � 0.43 3.09 � 2.67 1.30 � 1.02 1.64 � 1.10
WBC (K/�L) 0.6 to 6.38 2.2 � 1.0 2.8 � 0.9 4.8 � 1.0‡ 6.4 � 1.2‡ 5.3 � 2.1‡ 6.7 � 3.1‡

Platelets (K/�L) 532 to 1300 557 � 261 651 � 102 421 � 10.4 492 � 244 153 � 32‡ 246 � 158
RBC, total (M/�L) 7.7 to 10.1 7.8 � 0.3 8.9 � 0.3‡ 9.0 � 0.8‡ 9.0 � 0.6‡ 8.3 � 0.9 8.7 � 0.4‡

Hematocrit (%) 36.8 to 49.1 40.0 � 2.3 44.2 � 1.8‡ 46.3 � 5.3‡ 45.6 � 3.9‡ 44.0 � 6.2 44.3 � 3.0‡

Hemoglobin (g/dl) 12.3 to 15.6 12.3 � 0.3 14.2 � 0.3‡ 14.5 � 1.3‡ 14.0 � 1.1‡ 12.9 � 1.7 13.3 � 0.5‡

MCV (fl) 43.6 to 53.27 51.0 � 1.1 49.7 � 0.5 51.7 � 3.4 50.8 � 1.3 52.7 � 2.3 50.9 � 1.8

Units: K, thousand cells; M, million cells.
*Average and standard deviation of six animals.
†Average and standard deviation of three animals per time point.
‡Mean significantly different (P � 0.05) by unpaired t-test from control group in this experiment and may fall within the normal range.

Figure 8. ET-induced cytokine response. Measurements of serum cytokine levels after intravenous injection of 37.5 �g of ET or EF (control). Results represent
averages from duplicate measurements done on three pools of sera, each deriving from two mice except for the 48-hour ET-treated animals in which duplicate
measurements were done on sera drawn from three individual animals.
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No appreciable induction was shown for TNF-� (Figure 8)
or MIP-1� (data not shown). The absence of a cytokine
response to injections of EF alone also demonstrated the
negligible contribution any residual lipopolysaccharide
contamination makes in our system.

Blood Pressure/Rate/Electrocardiogram
Telemetry Measurements

Radiofrequency recordings of blood pressure and heart
rate were made after intraperitoneal injection of 100 �g of
ET, a dose expected to produce 50% mortality at 18
hours (Supplemental Figure 1, see http://ajp.amj-
pathol.org). Both hypotension and bradycardia devel-
oped in mice within 1 hour after exposure to ET (Figure
9A). The rapid onset of bradycardia and the absence of
tachycardia are consistent with a primary effect of ET on
the heart. The dominant underlying heart rhythm associ-
ated with ET-induced hypotension and bradycardia re-
mained sinus rhythm with mild widening of the QRS com-
plex. Four hours after ET exposure, atrioventricular heart
block could be seen (Figure 9B). Control animals that
received mutated ET (PA � EF K346R) that has greater
than 1000-fold reduced adenylyl cyclase activity exhib-
ited no drop in arterial blood pressure (Figure 9C).

Discussion

The studies presented here provide the first detailed
analyses of toxicity induced by purified ET in an animal
model. ET rapidly causes death in BALB/cJ mice. Toxin-
treated animals displayed copious intestinal intralumenal
fluid accumulation accompanied by hemorrhage into the
lumen of the GI tract. Histopathological and blood chem-
istry analyses revealed extensive organ damage. Brady-
cardia and vascular collapse, accompanied by necrotic
lesions and thrombi formation in the heart, resulting in
cardiac failure, may represent the final events comprising
ET-mediated death.

A striking observation in these studies was the rapidity
with which ET incapacitates and leads to death of chal-
lenged mice. Within 5 to 20 minutes, depending on the
administered dose, animals exhibited decreased mobility
and increased difficulty in breathing. Mortality resulted as
rapidly as 4 to 5 hours at the highest dose examined. A
comparable molar dose of LT has a median survival time
of 48 to 60 hours with no significant signs of illness
occurring until 12 hours before death.17,31 Thus, the ap-
plication of the descriptive terms “lethal” and “edema”
may understate the full consequences of these toxins in
vivo. The combination of EF and PA may be better de-
scribed in the future as “adenylyl cyclase toxin” to bring
the terminology more in line with its counterparts in other
bacterial species.

The administration of ET to mice resulted in a wide
range of lesions striking disparate organs as might be
expected for a toxin for which its receptors show a wide
tissue distribution and that results in the excessive pro-
duction of the critical second messenger cAMP. General

tissue damage was corroborated by leakage of several
cytosolic enzymes. A study examining clinical features of
human inhalational anthrax3 was remarkably consistent
with serum chemistry trends observed for ET-treated
mice. Most of the inhalational anthrax patients examined
presented with high aspartate aminotransferase, alanine
aminotransferase, and blood urea nitrogen levels, as well
as low albumin and calcium levels. A smaller percentage

Figure 9. Cardiovascular response to ET exposure. A: Mean heart rate (bpm,
open boxes) and arterial blood pressure response (mmHg, filled boxes)
after intraperitoneal ET (100 �g) injection (n � 4). The dashed line repre-
sents the time of injection. Both heart and blood pressure declined simulta-
neously. B: Representative electrocardiogram tracings at baseline and timed
intervals after exposure to ET. QRS widening and heart block can be seen at
4 hours after ET exposure. C: Constant mean arterial blood pressure after
intraperitoneal injection of 100 �g of mutant E346R ET (n � 2, open boxes)
as compared to native ET (n � 4, filled boxes) plotted in A.

Anthrax Edema Toxin Pathology in Mice 1317
AJP November 2005, Vol. 167, No. 5



of patients exhibited high hematocrit or hemoglobin lev-
els and elevated bilirubin levels.

After ET administration, extensive intestinal fluid accu-
mulation was observed in the lumen of the GI tract, rem-
iniscent of the large volumes of watery secretions during
cholera infection resulting from the activation of host ad-
enylyl cyclase activity by cholera toxin.38 Additionally,
necrotic lesions were observed in the GI mucosa, heart,
adrenal glands, bone, kidney, and reproductive organs.
Vacuolization was also a common observation, occurring
in acinar cells of the submandibular gland, renal tubular
epithelial cells, and circulatory monocytes. Notably, overt
hepatic lesions were absent in ET-treated animals, sug-
gesting that low serum protein levels, elevated alkaline
phosphatase, and slight increases in bilirubin and �-glu-
tamyl transferase might result from other causes, possi-
bly hemorrhage or bone necrosis. Other lesions ob-
served during inhalational anthrax disease, such as
pulmonary epithelial cell damage or, more rarely, menin-
geal hemorrhage, are not observed with either purified ET
or LT and may reflect the action of additional virulence
factors or the localized production of toxin at these sites
during infection.

One of the most extensive and consistent necrotic
lesions occurred in the cortex of the adrenal glands,
characterized by hemorrhage and granulocytic infiltrates.
Histopathological analyses of the adrenal medulla, how-
ever, did not reveal pathological lesions. The adrenal
gland has several critical roles in maintaining body ho-
meostasis. The glucocorticoids produced by the zona
fasciculata have diverse functions including regulating
glucose metabolism, cardiovascular function, inflamma-
tory cytokine response, bone resorption/growth, and lym-
phocyte apoptosis.39–42 Mineralcorticoids produced by
the zona glomerulosa have a direct role in cardiac regu-
lation as well as an indirect role through their critical
function in maintaining osmotic homeostasis.43 The ad-
renal medulla synthesizes catecholamines, which play an
important role in the neuronal adrenergic response and
have an effect on cardiac contractile rate and strength.44

Determining which of these regulatory systems is per-
turbed, either by enhancement or loss of function, re-
mains to be elucidated. Likewise, it will be important to
determine whether the adrenal gland itself is a direct
target of ET or whether ET acts further upstream in the
hypothalamic-pituitary-adrenal axis.44,45 Murine sex and
strain differences in adrenal gland architecture and ac-
tivity levels may potentially alter their response to ET.46,47

Lymphocytolysis was a consistent finding in all exam-
ined lymphoid tissue. Depletion of lymphocytes would
impair the host’s abilities to clear the bacterium and may
represent a principal function for ET during the establish-
ment of infection. Depletion of pluripotent stem cells from
the bone marrow without necrotic debris and a corre-
sponding neutrophilia and monocytosis in the blood sug-
gests that cells were matured and mobilized into circu-
lation. A stimulus for this event could be the large
induction of G-CSF, a neutrophil progenitor cell matura-
tion and activation factor, which may be due wholly or in
part to a cAMP-responsive element found in the G-CSF
promoter.48 Recombinant G-CSF has been shown to in-

duce neutrophilia in the blood of mice that likely origi-
nates from bone marrow or tissues.49,50 Additionally,
monocyte and neutrophil migration may be further acted
on by the induction of the chemokines JE/MCP-1 and
KC.51 Consistent with tissue culture studies addressing
ET-mediated cytokine response,23,24 IL-6, but not TNF-�,
was induced. At later time points IL-6, accompanied by
an increase in JE/MCP-1 levels, is induced likely as a
result of IL-1� release, a powerful inducer of these
factors.52

Significant ET-mediated cardiac pathology was ob-
served in these studies. Cardiovascular stress was re-
flected by the interstitial deposition of proteoglycans53 as
well as by thrombi formation within the ventricles and
vessels. Cardiomyocyte degeneration was observed at
later stages, occasionally encompassing broad areas of
the heart. Telemetry measurements reveal bradycardia
and hypotension after ET administration. Interestingly, a
tachycardic response was absent in response to hypo-
tension. Normally, profound hypotension is accompanied
by compensatory tachycardia to maintain cardiac output,
as was observed in anthrax patients.2,3 The absence of
this response combined with evidence of cardiac pathol-
ogy suggests that ET may directly damage cardiomyo-
cytes. As a result, ET-mediated lesions may prevent the
tachycardic response that is expected from increases in
cAMP, as is observed after stimulation of �-adrenergic
receptors by administration of catecholamines or ago-
nists such as isoproterenol.54 More experimentation will
be necessary to explain why ET does not induce a tachy-
cardic response.

Few data are available as to the concentration of an-
thrax toxins in the blood of diseased animals. However,
the similarity of pathological lesions displayed during
inhalational anthrax disease in nonhuman primates and
humans to many of those seen in our ET murine model
demonstrates the usefulness of the reductionist ap-
proach taken here and in our previous studies17 in dis-
tinguishing ET-mediated versus LT-mediated events. Be-
cause the bolus delivery of toxin serves to highlight
potential targets of ET-mediated toxicity, it will be impor-
tant in future studies to also explore continuous delivery
models that may more closely mimic the natural course of
disease.

The ET-mediated pathology we report here contrasts
with that in a recent report in which BALB/c mice exposed
to B. anthracis exhibited little pathology beyond pulmo-
nary and splenic lesions and apparently did not present
with pleural effusions or hemorrhage of the GI tract.55

However, mice, unlike primates, are susceptible to B.
anthracis strains that lack the toxin-encoding pX01 plas-
mid.56 As a result, additional anthrax virulence factors
such as capsule and hemolysins present in the murine
spore model may cause death before toxin-mediated
pathology develops.

These studies describe the widespread tissue destruc-
tion and murine mortality that results from exposure to ET.
Whether the effects described here are principal targets
of ET or secondary to perturbation of other systems re-
mains to be elucidated. The acute damage done to bone,
GI, lymphocytic, and cardiac systems suggests that ET
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causes multiple organ failure in mice resulting in death. A
greater understanding of ET-mediated toxicity will enable
the development of therapies directed at disrupting this
deadly component of anthrax toxin.
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