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Inhalation is the most lethal route of exposure for spores of the 
gram-positive bacterium Bacillus anthracis.36,37 Without aggressive 
prophylaxis or intervention, inhalational anthrax—characterized 
by extensive bacteremia and toxemia—results in high mortality 
rates.4,6,7 In humans, inhalational anthrax initially presents with 
nonspecific to mild influenza-like symptoms (for example, fa-
tigue, myalgia, headache, and nonproductive cough) during a 
prodromal phase culminating with the onset of a severe, acute 
fulminant phase marked by high fever, dyspnea, hypotension, 
shock, and sudden death.18,24,42 Aerosolized B. anthracis is an im-
portant biothreat.36,37 The 1979 anthrax outbreak in Sverdlosk, 
Russia, and the 2001 anthrax attacks in the United States illus-
trated that inhalational anthrax can be rapidly fatal.21,38,43

In the initial stage of B. anthracis infection, the spores germi-
nate into vegetative cells. The capsule and 2 exotoxins, lethal 
toxin and edema toxin, secreted from these bacteria are primarily 
responsible for the symptoms and pathogenesis of anthrax.36,39 
Lethal toxin and edema toxin each possess a unique enzymatic 
active domain—lethal factor and edema factor, respectively—but 
share a nontoxic cell binding domain known as protective antigen 
(PA). After the binding of PA to a cellular receptor, PA mediates 

translocation of lethal and edema factor into the cytosol of host 
cells. Lethal factor, a zinc metalloprotease, inhibits the intracel-
lular mitogen-activated protease signaling pathway, thereby in-
terfering with numerous biological processes and resulting in the 
majority of tissue damage.6,10,28,35,36 Edema factor, a calmodulin-
dependent adenylyl cyclase, elevates levels of the intracellular 
second messenger cAMP and induces edema.3,28,35 Ultimately, 
disease progression leads to vascular injury, with edema, hemor-
rhage, thrombosis, and shock resulting in death.30,36,47 The central 
role of PA in anthrax pathogenesis makes this protein a logical 
target for vaccines and therapeutics6,34 as well as a potential di-
agnostic tool,24,39 although other diagnostic biomarkers may be 
used also.39,41

Gaps in our healthcare system were revealed as a direct conse-
quence of the 2001 anthrax attacks, precipitating renewed interest 
in the development of rapid diagnostic assays and for identifying 
effective therapeutics strategies against symptomatic anthrax in 
nonvaccinated persons.4,6,39 Indeed, rapid diagnosis proved to be 
critical for the successful treatment and survival of victims of the 
2001 attacks.19,39 However, early, accurate diagnosis is complicated 
by nonspecific clinical signs and the lack of a specific biomarker. 
In addition, anthrax traditionally has been diagnosed through 
classic 24-h culture and microscopy techniques, which may delay 
the initiation of treatment in affected persons or fail to distinguish 
who needs treatment in a timely manner. Therefore, reliable, sim-
ple, and fast anthrax diagnosis is needed for successful therapeu-
tic intervention against this highly pathogenic disease.19,38,43,49
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cumbed or were euthanized. Pyrexia was defined as a body tem-
perature above 40 °C for at least 3 sequential time points.1,40,45

Spore preparation. As described previously,39 in a Biologic Safe-
ty Level 3 laboratory, B. anthracis (Ames strain) spores were pro-
duced in flask cultures containing Leighton and Doi medium.27 
After centrifugation, the spore pellet was washed in sterile water 
and purified on gradients of 60% Hypaque-76 (GE Healthcare, 
Piscataway, NJ). Spores were stored in 1% phenol at 4 °C until 
use. Phenol was removed before aerosolization and spores were 
resuspended in sterile water and heat-shocked at 60 °C for 45 
min.

Aerosol exposure. Immediately before challenge, whole-body 
plethysmography (Buxco Research Systems, Wilmington, NC) 
was performed on each rabbit to determine respiratory capacity.26 
Rabbits subsequently were challenged in a head-only chamber for 
approximately 10 min to an aerosol of B. anthracis spores created 
by a 3-jet collision nebulizer (BGI, Waltham, MA) and controlled 
by automated bioaerosol exposure system.16,26 The concentra-
tion of aerosolized B. anthracis in the chamber was determined 
through constant sampling by using an all-glass impinger (Ace 
Glass, Vineland, NJ) containing sterile water. Spore concentration 
was determined by plating on tryptic soy agar (Remel, Lenexa, 
KS). Rabbits were exposed to 150 times the median lethal dose 
(LD50; 1 LD50 = 105,000 cfu) of aerosolized B. anthracis spores, well 
above the aerosol LD99 for B. anthracis in rabbits.50 Aerosols mimic 
the route of infection expected for future bioterrorism attacks6,30,43 
and result in diffuse bronchopneumonia.5,15 Aerosolized B. an-
thracis challenges occurred in a class III biological safety cabinet 
situated within an approved, restricted access Biological Safety 
Level 3 laboratory at the United States Army Medical Research 
Institute of Infectious Disease.

Natural history study. Starting at 9 h after B. anthracis challenge 
and continuing at 3- or 6-h intervals thereafter, blood was col-
lected by means of the vascular access port until either 96 h after 
exposure or the rabbit had succumbed to the disease or became 
moribund and was euthanized. Each blood sample was subdi-
vided for CBC, bacteremia, and antigenemia analysis. Body tem-
perature was monitored continuously and clinical observations 
made until B. anthracis-challenged rabbits succumbed or were 
euthanized.

Clinical observations. After challenge, rabbits were observed 
and scored at least twice daily for changes in appearance (for 
example, coat condition, respiration, and body posture), natu-
ral behavior (for example, mobility, alertness, food intake, and 
vocalization), and provoked behavior (for example, response to 
handling). Each category was ranked on an ascending numerical 
order from 0 (normal) to 2 (listless, abdominal or open mouth 
breathing) for the appearance category; 0 (normal) to 3 (vocaliza-
tion, decreased mobility and alertness) for natural behavior; and 
0 (normal) to 3 (unresponsive when stimulated, weak, precoma-
tose) for provoked behavior category. These categorical scores 
were summed to obtain the total clinical score. When a clinical 
score was 4 to 6, the frequency of daily observations increased 
to carefully monitor disease progression and animal welfare. 
Rabbits meeting the predetermined clinical score of 7 to 8 were 
deemed moribund and euthanized.

CBC. Blood was collected in an EDTA-treated tube and pro-
cessed on an AC-T diff hematology analyzer (Beckman Coulter, 
Fullerton, CA). Differential blood cell counts were done manu-

Well-characterized animal models are essential for the devel-
opment of therapeutics directed against anthrax. Rabbits are 
sensitive to challenge with B. anthracis and, although the disease 
progresses more rapidly in rabbits than in humans, anthrax-in-
duced pathologic changes are similar in both.13,14,28,37 Moreover, 
rabbits are predictive of the outcome of inhalational anthrax in 
nonhuman primates.26,50 Although rabbits are an established an-
imal model for vaccine and postexposure prophylaxis studies 
against inhalational anthrax,13,26 a detailed natural history study 
for New Zealand white rabbits exposed to aerosolized B. anthracis 
is lacking and would be key for successful development of thera-
peutic intervention after the onset of inhalational anthrax.

In the present investigation, we developed and characterized 
a natural history study for New Zealand white rabbits exposed 
to aerosolized B. anthracis to better identify early biomarkers of 
inhalational anthrax. After anthrax spore exposure, rabbits were 
monitored for clinical signs and physiologic endpoints, including 
pyrexia, hematology features, bacteremia, and the presence of PA 
in the blood (that is, antigenemia). Similar to the African green 
monkey model of inhalational anthrax,39 an electrochemilumines-
cence (ECL) immunoassay was used in the present study to deter-
mine antigenemia. Furthermore, intravenous treatment with the 
bactericidal, fluoroquinolone antibiotic levofloxacin significantly 
increased survival in rabbits affected by inhalational anthrax. 
Overall, our results identified antigenemia as a suitable early bio-
marker of infection and superior treatment ‘trigger,’ compared 
with bacteremia and pyrexia, allowing for timely therapeutic in-
tervention against inhalational anthrax.

Materials and Methods
Animals. Bordetella-free SPF male and female New Zealand 

white rabbits (2.2 to 3.5 kg) were acquired from Charles River Lab-
oratories (Pointe-Claire, Quebec, Canada). Animals were housed 
in individual cages and were acclimated to a 12:12-h light:dark 
cycle in a temperature- and humidity-controlled, SPF environ-
ment. Rabbits were maintained according to facility standard op-
erating procedures, with food and water provided ad libitum. All 
rabbits were acclimated to the facility for at least 7 d before surgi-
cal implantation of a venous access port (Solomon Scientific, San 
Antonio, TX) to facilitate frequent phlebotomy sampling. In ad-
dition, rabbits used in the natural history study were implanted 
with a radiotelemetry device (model TA10TA-D70; Data Sciences 
International, St Paul, MN) to measure body temperature. Before 
inclusion in any study, rabbits were allowed to recover from sur-
gery for 1 wk and were determined to be clinically healthy.

Research was conducted in compliance with the Animal Welfare 
Act2 and other applicable federal statutes and regulations related 
to animals and experiments involving animals and conformed to 
the guidelines for humane treatment set by the Guide for the Care 
and Use of Laboratory Animals.20 The United States Army Medical 
Research Institute of Infectious Disease facility is fully AAALAC-
accredited. All research was conducted under approved protocols 
by the Institutional Animal Care and Use Committee at the Unit-
ed States Army Medical Research Institute of Infectious Disease.

Telemetry data analysis. Body temperature was recorded every 
15 min by radiotelemetry (DataQuest A.R.T.3.1 system, Data Sys-
tem International, Overland Park, KS). To establish the tempera-
ture baseline, data were collected at least 24 h before challenge 
with B. anthracis. Data collection continued until the animals suc-



Natural history of inhalational anthrax

463

root transformations prior to analysis. Bacteremia load and ECL 
signal:noise values were correlated by using Spearman rank-or-
der correlation. All other correlations were analyzed by using 
Pearson product-moment correlations. Data for single compari-
son were analyzed by Student t test. Multiple comparisons of ho-
mogeneous data were analyzed by one-way ANOVA, and group 
means were compared by using the Student Newman–Keuls post 
hoc test. Fisher exact tests with step-down Bonferroni adjustment 
for multiple comparisons were used to compare the survival rates 
in the levofloxacin-treated groups with those of the vehicle con-
trol group at day 28. Survival curves between these groups were 
analyzed by log-rank test with the Holm–Sidak method for mul-
tiple comparisons. The criterion for significance was P ≤ 0.05 for 
all comparisons.

Results
Natural history study of rabbits challenged with aerosolized B. 

anthracis. New Zealand white rabbits (male = 6, female = 6) were 
challenged with 150 LD50 B. anthracis (Ames strain) spores. Rab-
bits were exposed to an actual presented dose of 155.6 ± 23.1 LD50, 
ranging from 51.1 to 313.8 LD50 for individual rabbits (Table 1). 
The mean survival time after B. anthracis exposure was 46.9 ± 3.3 
h (range, 29 to 61 h). Postchallenge survival times did not differ 
between male and female rabbits. Moreover, no correlation was 
observed between the presented dose of B. anthracis spores and 
postchallenge survival time.

The resultant pathology for rabbits succumbing to inhalational 
anthrax infection was similar to that described previously.50 All 
rabbits exhibited typical histopathologic lesions associated with 
inhalational anthrax. In particular, lungs, lymph nodes draining 
the lung, and spleen exhibited moderate to severe fibrinous in-
flammation and necrosis. In addition, marked congestion, edema, 
fibrin, and bacilli were present in the lamina propria and submu-
cosa of the trachea.

Development of antigenemia and bacteremia in B. an-
thracis-challenged rabbits. Both antigenemia and bacte-
remia developed before the occurrence of pyrexia and 
inversion of the heterophil:lymphocyte ratio (Table 1 and Figure 
1). Heterophil:lymphocyte inversion is an indicator of infection.46 
The presence of PA in rabbit blood (that is, antigenemia) was de-
tected starting 24.5 ± 1.4 h (range, 15 to 30 h) after B. anthracis 
challenge. PA detection by ECL immunoassay was simple and re-
producible,39 with results obtained within 1 h of blood collection. 
Similar to antigenemia, bacteremia developed between 15 and 30 
h after B. anthracis challenge, for a mean occurrence time of 23.1 ± 
0.2 h. However, bacteremia determination by culture was consid-
erably more time-intensive than was antigenemia detection, with 
bacteremia results obtained within 18 to 24 h of blood collection. 
Qualitative ECL signal:noise values positively correlated with 
bacterial load (r = 0.923, P < 0.0000002). The ECL signal:noise level 
and bacterial load remained elevated until B. anthracis-challenged 
animals succumbed to inhalational anthrax (data not shown). 
Interestingly, neither the development of antigenemia nor bac-
teremia correlated with either the presented dose or postchal-
lenge survival time. Although both antigenemia and bacteremia 
positively correlated with the occurrence of pyrexia (r = 0.757, P 
= 0.0112 and r = 0.806, P = 0.00866, respectively), only bacteremia 
correlated with inversion of the heterophil:lymphocyte ratio (r = 
0.712, P = 0.0315). No sex-associated differences were observed 
in the development of antigenemia or bacteremia after challenge.

ally. CBC analysis included WBC, RBC, heterophils, lymphocytes, 
monocytes, platelets, hematocrit, and hemoglobin.

Bacteremia. Whole-blood samples were collected in Wampole 
isolator microbial tubes (Inverness Medical, Princeton, NJ) and 
cultured on tryptic soy agar. Plates (in duplicate) were incubated 
for 18 to 24 h at 37 °C and evaluated for colonies at 24 h after 
sampling.

Antigenemia. PA was determined qualitatively from whole 
blood by ECL immunoassay (Bioveris M-Series M1M System An-
alyzer; Bioveris, Gaithersburg, MD), as previously described.39 
Three PA-specific monoclonal antibodies were used as a capture-
antibody mix.11,29,39 All samples were analyzed in duplicate. Posi-
tive controls consisted of naïve rabbit whole blood spiked with 
PA (Critical Reagents Program, Aberdeen Proving Grounds Edge-
wood Area, Chesterton, MD), whereas negative matrix controls 
consisted of whole blood only. Samples were considered ECL 
positive, and thereby antigenemic, if the signal:noise ratio was 
≥ 1.2 times the average of the negative matrix controls. The ECL 
limit of detection for PA-spiked whole blood was less than 2 ng/
mL. Antigenemia results by ECL assay were determined within 1 
h of blood collection.

Levofloxacin efficacy. Starting 15 h after challenge with B. an-
thracis and continuing at 3-h intervals thereafter, blood was col-
lected from the vascular access port until rabbits were determined 
to be antigenemic by ECL immunoassay or 30 h after exposure. 
Blood was collected every 24 h thereafter. Blood samples were 
subdivided for antigenemia and bacteremia analysis. After an-
tigenemia determination, B. anthracis-challenged rabbits intra-
venously received either saline vehicle (control) or levofloxacin 
(total daily dose, 12.5 or 25 mg/kg; Ortho Pharmaceutical, Rari-
tan, NJ). Vehicle or levofloxacin was administered twice daily, in 
half-total daily doses at 12-h intervals. Efficacy end-point was 
survival time, defined as the time from B. anthracis challenge to 
28 d after challenge. Clinical observations were made at least 
twice daily until the rabbit succumbed to the disease or was eu-
thanized.

Levofloxacin pharmacokinetics. Sera were collected 5 min after 
levofloxacin treatment (first and third) and just before levofloxa-
cin treatment (second and fourth) from B. anthracis-challenged 
rabbits to determine levofloxacin peak and trough levels, respec-
tively. To facilitate serum sample removal for pharmacokinetic 
analysis from a Biologic Safety Level 3 laboratory, all samples 
were irradiated with 5 × 106 rads in a model 484R 60CO Irradiator 
(JL Shepherd and Associates, San Fernando, CA) to destroy B. 
anthracis spores and then a portion safety tested on tryptic soy 
agar plates. Irradiation did not degrade serum levofloxacin lev-
els (data not shown). Serum levofloxacin levels were analyzed 
quantitatively by HPLC (1200 Series, Waldbronn, Germany). The 
fluorescence excitation and emission wavelengths were 296 and 
498 nm, respectively. Samples were resolved on a phase column 
(4.6 × 150 mm, 3.5 µm; Zorbax Eclipse Plus C18, Agilent Technolo-
gies) equipped with an analytical guard column (4.6 × 12.5 mm, 5 
µm; Zorbax Eclipse Plus C18, Agilent Technologies). The mobile 
phase was an 83:17 (v/v) mixture of 25 mM potassium phosphate 
buffer (with 1% triethyl amine, pH 3.0) and acetonitrile. All stan-
dards and samples were extracted using perchloric acid and then 
further diluted in mobile-phase buffer before HPLC analysis.

Statistical analysis. Sigmaplot, version 11.0 (Systat Software, 
Chicago, IL) was used. Results are expressed as mean ± SEM. 
Data expressed as percentages were subject to arcsine square 
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term reversals in some animals) until rabbits succumbed to inha-
lational anthrax or were euthanized. No correlation was observed 
between either development of pyrexia and the presented dose or 
postchallenge survival time.

Hematology in B. anthracis-challenged rabbits. Lymphocyte lev-
els exceeded that of heterophils before B. anthracis exposure (data 
not shown). After challenge, lymphocyte levels gradually de-
creased and heterophil levels increased. Heterophil:lymphocyte 
inversion (Table 1) for individual B. anthracis-challenged rabbits 
occurred between 18 and 44 h after challenge. The mean time of 
occurrence for heterophil:lymphocyte inversion was 29.9 ± 2.3 h, 
appearing at approximately the same time as pyrexia and con-
sistently after the development of antigenemia and bacteremia 
(Table 1 and Figure 1). No correlation was observed between time 
of heterophil:lymphocyte inversion and the presented dose or 
postchallenge survival time.

No statistically significant differences were observed in WBC, 
RBC, monocytes, hemoglobin, hematocit, or platelet concen-
trations after challenge (data not shown). However, a trend (P 
= 0.077) toward an increase in WBC concentrations started 9 h 
after challenge and remained throughout. WBC levels for some 
individual B. anthracis-challenged rabbits at later time points ex-
ceeded the normal expected WBC range for New Zealand white 
rabbits.17,45 Conversely, a trend (P = 0.085) toward a decrease in 
monocytes was observed by 33 h after challenge. Overall, al-
though occasional individual hematologic parameters were 
outside of the normal hematologic range for rabbits,17,45 the vast 
majority were not.

Therapeutic window for B. anthracis-challenged rabbits. Given 
antigenemia as the biomarker of systemic infection for treatment 
initiation, postantigenemia survival time in B. anthracis-chal-
lenged rabbits was approximately 22.7 ± 3.5 h, ranging from 8 to 
40 h after antigenemia (Table 1 and Figure 2). This result suggests 
a relatively narrow window of opportunity for treatment.

Therapeutic efficacy of intravenous levofloxacin in B. anthracis-
challenged rabbits. To evaluate New Zealand white rabbits as a 
therapeutic model, a levofloxacin efficacy study was conducted 

Clinical observations and pyrexia in B. anthracis-challenged rab-
bits. Clinical observations for B. anthracis-challenged rabbits were 
similar to those reported previously.50 After B. anthracis challenge, 
rabbits appeared clinically normal until shortly before succumb-
ing to inhalational anthrax. At that time, moribund rabbits ap-
peared lethargic and weak and exhibited respiratory distress (as 
characterized by abdominal and open-mouth breathing), some-
times accompanied by convulsions. However, no clear, consistent 
pattern in the overall clinical observations for B. anthracis-chal-
lenged rabbits could be elucidated as a predictor for infection or 
state of pathogenesis (data not shown).

Pyrexia developed in rabbits approximately 29 ± 0.8 h (range, 
25 to 33 h) after B. anthracis challenge, consistently after the ap-
pearance of both antigenemia and bacteremia (Table 1 and Figure 
1). After pyrexia, body temperature decreased (save for short-

Table 1. Disease course for rabbits challenged with aerosolized B. anthracis

After challenge with B. anthracis

Rabbit no. Sex Weight (kg) Dose (LD50) Antigenemia (h) Bacteremia (h) Pyrexia (h)

Inversion of hetero-
phil: lymphocyte 

ratio (h)
Survival after 
challenge (h)

Survival after 
antigenemia (h)

1 M 3.0 183.0 27 27 32.75 33 43 16
2 M 3.0 313.8 21 27 27.75 27 35 14
3 F 3.0 237.7 27 27 30.0 33 37 10
4 F 3.0 51.1 21 21 26.0 27 29 8
5 F 3.0 189.0 21 21 26.25 33 46 25
6 F 3.0 88.5 27 27 30.25 33 35 8
7 M 2.2 70.8 30 27 31.75 44 56 26
8 M 2.4 73.7 30 24 29.0 30 57 27
9 M 3.1 110.0 24 15 25.5 18 46 22
10 F 3.0 171.0 30 30 30.5 21 61 31
11 M 3.0 226.6 15 15 ND ND 57 45
12 F 3.2 151.9 21 ND ND ND 61 40

Mean ± SEM 155.6 ± 23.1 24.5 ± 1.4 23.1 ± 0.2 29.0 ± 0.8 29.9 ± 2.3 46.9 ± 3.3 22.7 ± 3.5

ND, not determined

Figure 1. Representative body temperature time course for a B. anthra-
cis-challenged rabbit. Temperature data were collected by radiotelem-
etry 24 h before B. anthracis challenge and continued until the rabbit suc-
cumbed to inhalational anthrax. Both antigenemia (A) and bacteremia 
(B) preceded the occurrence of pyrexia (P) and heterophil:lymphocyte 
inversion (I). No temperature data were collected during actual aerosol 
challenge with B. anthracis.
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Moreover, cynomolgus macaques were recently used in a raxi-
bacumab (that is, anti-PA) efficacy study against inhalational an-
thrax.34 However because of their greater availability and ease of 
handling, species lower on the phylogenic scale than nonhuman 
primates are better suited for initial therapeutic efficacy stud-
ies.13,26 In the present work, a detailed study of the natural history 
of aerosolized B. anthracis (Ames strain) in New Zealand white 
rabbits was performed to characterize the disease and assess 
early biomarkers of infection. Disease progression studies have 
been conducted previously in rabbits, but those experiments dif-
fer from the present work in that intranasal exposure,24,25 Dutch 
belted dwarf rabbits,25 Vollum strain of B. anthracis,24 and different 
biomarkers were assessed.24,25

In the current study, the mean survival time for rabbits after 
challenge with B. anthracis (Table 1) was 46.9 ± 3.3 h, with the 
resultant pathology in each animal consistent with succumbing 
to inhalational anthrax. Survival time was similar to that in pre-
vious studies in which rabbits were exposed to a lethal dose of 
aerosolized Ames strain B. anthracis spores.34,50 Consistent with 
a previous report by Zaucha and colleages,50 no correlation was 
observed between the presented dose of aerosolized B. anthracis 
spores and postchallenge survival time (Table 1).

Antigenemia and bacteremia development preceded the oc-
currence of pyrexia and heterophil:lymphocyte inversion (Table 
1) in rabbits challenged with aerosolized B. anthracis. Bacteremia 
is considered the ‘gold standard’ for diagnosis of systemic in-
fection. However, recent studies involving inhalational anthrax 
have determined that the detection of PA is a comparable, reliable 
biomarker of systemic infection in rabbits and nonhuman pri-
mates.24,32,34,39 Bacterial load in the present study positively corre-
lated with antigenemia, supporting the premise that antigenemia 
may be used as a surrogate for bacteremia to estimate severity 
of disease.24 Despite the development of bacteremia and anti-
genemia at relatively the same time after B. anthracis challenge, 
antigenemia determination by ECL immunoassay is consider-
ably more rapid (that is, within approximately 1 h) than the tra-
ditional 18- to 24-h culture needed to determine bacteremia. ECL 
immunoassay therefore allows for timely, appropriate therapeutic 
intervention. Hence, antigenemia serves an early biomarker of 
systemic infection.

Rabbits appeared clinically normal until shortly before suc-
cumbing to inhalational anthrax. No clear, consistent pattern in 
the clinical observations arose that could be discerned as an early, 
reliable predictor for the onset of infection or the outcome. Dif-
ficulties in determining predictors based on observations after 
exposure to aerosolized B. anthracis have been noted in New Zea-
land white50 and Dutch-belted dwarf rabbits,25 rhesus macaques, 
and African green monkeys.39,48 Early diagnosis in humans is 
problematic due to the spectrum of nonspecific symptoms dur-
ing the prodromal phase of inhalational anthrax.19

Both pyrexia and modest hematologic changes occurred during 
the course of B. anthracis infection (Table 1). Although develop-
ment of pyrexia was inconsistent in African green monkeys chal-
lenged with aerosolized B. anthracis,39 similar to that observed 
in humans,18,22 pyrexia developed in all infected rabbits (Table 
1 and Figure 1). However, pyrexia was not a suitable trigger for 
treatment initiation, because both antigenemia and bacteremia 
preceded development of pyrexia. In the present study, before 
and shortly after exposure of rabbits to aerosolized B. anthracis, 
lymphocytes predominated over heterophils. Lymphocyte lev-

in rabbits challenged with 150 LD50 of aerosolized B. anthracis 
spores (Table 2). As seen in the natural history study, antigenemia 
and bacteremia occurred at similar times. Antigenemia determi-
nation was the trigger for treatment initiation, and animals were 
confirmed later as bacteremic at time of treatment. Levofloxacin 
was administered intravenously for 5 d at half total-daily dose 
every 12 h to accommodate the higher metabolic rate of rabbits 
compared with humans.23,31 B. anthracis-challenged rabbits treated 
with levofloxacin at either 25 or 12.5 mg/kg had significantly 
(P < 0.001) improved survival (87.5% and 71.4%, respectively) 
compared with that of vehicle-treated rabbits (0%) at study end 
at 28 d after challenge (Figure 3). Survival did not differ between 
the 2 levofloxacin-treated groups throughout the study. Although 
bacterial load was abrogated after the first day of levofloxacin 
treatment, the ECL signal:noise value remained elevated until 
the fourth day of treatment. By the final levofloxacin treatment, 
both bacteremia and antigenemia were absent in B. anthracis-
challenged rabbits that survived to the study endpoint (data not 
shown). The peak levofloxacin level in rabbits given the 25-mg/
kg dose exceeded that in humans given a 500-mg daily dose,23 
whereas the peak level for rabbits that received 12.5 mg/kg was 
equivalent to that in humans. The trough concentration of the 
25-mg/kg dose exceeded the levofloxacin minimal inhibitory 
concentration for the Ames strain of B. anthracis (that is, 0.12 µg/
mL),23 but the 12.5 mg/kg daily dose was below the minimal in-
hibitory concentration (Table 2). All B. anthracis-challenged rabbits 
that succumbed prior to study end exhibited pathology consis-
tent with inhalational anthrax infection.50 However, no significant 
pathological findings were observed in B. anthracis-challenged 
rabbits treated with levofloxacin that survived to the study end.

Discussion
Diverse therapeutic models are crucial for the development of 

successful medical interventions against inhalational anthrax. A 
detailed natural history study of aerosolized B. anthracis (Ames 
strain) exposure in African green monkeys demonstrated the 
suitability of this animal model for therapeutic efficacy studies.39 

Figure 2. Inhalational anthrax progression in rabbits challenged with 
aerosolized B. anthracis spores. The pattern for disease development 
was defined by the appearance of antigenemia and bacteremia, as well 
as rabbits succumbing to disease.
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increased numbers of heterophils (the equivalent to human neu-
trophils) and PA levels.19,21

A relatively narrow therapeutic window of opportunity (that 
is, 22.7 ± 3.5 h; Table 1 and Figure 2) exists between antigenemia 
development and death in rabbits with inhalational anthrax. This 
therapeutic window is generally within the time required for 
bacteremia culture, indicating that most B. anthracis-challenged 
rabbits would have succumbed to the disease before bacteremia-
based treatment would be initiated. Because treatment effective-
ness is based on rapid diagnosis (as with the ECL immunoassay), 
time-intensive or complex diagnostic assays (such as, bacteremia 
culture and PCR analysis of PA levels) may be better suited for 
confirmation of B. anthracis than to indicate treatment initia-
tion.24,30

To verify New Zealand white rabbits as an appropriate ther-
apeutic animal model for aerosolized B. anthracis, antigenemic 
rabbits were treated intravenously with levofloxacin (Table 2). 
All rabbits were confirmed to be bacteremic at the time of initial 
treatment, thereby verifying the therapeutic model. Levofloxacin 
is a fluoroquinolone that has a minimal inhibitory concentration 
similar to that for ciprofloxacin when tested against B. anthracis 
isolates8,23 and has been approved by the US Food and Drug Ad-
ministration for inhalational anthrax postexposure prophylaxis 
in adults.9,12,44 In the present study, intravenous levofloxacin was 
administered at a ‘humanized dose’ (that is, half total-daily dose 
every 12 h) to accommodate the higher metabolic rate of rabbits to 
generate a pharmacokinetic profile similar to that in humans.23,31 
This levofloxacin dosing regimen (25 or 12.5 mg/kg) proved to be 
therapeutically efficacious against aerosolized B. anthracis-chal-
lenged rabbits, eliminating bacterial load after the first treatment 
day. Survival in levofloxacin-treated animals was significantly 
higher throughout the study and at study end than in vehicle-
treated rabbits challenged with B. anthracis (Figure 3). The peak 
for the 25-mg/kg dose proved to be higher than the peak con-
centration for levofloxacin in humans given a 500-mg daily dose 
(11 µg/mL compared with 5.7 µg/mL, respectively). However, 
trough concentrations for the 25-mg/kg dose were greater than 
the minimal inhibitory concentration for levofloxacin (that is, 0.12 
µg/mL) but approximately 3-fold below that in humans given 
a 500-mg daily levofloxacin dose (that is, 0.5 µg/mL).23 When a 
12.5-mg/kg dose of levofloxacin was administered to B. anthra-
cis-challenged rabbits, peak levels were equivalent to that for a 
500-mg daily dose in humans, whereas trough concentration was 
half of the minimal inhibitory concentration for levofloxacin and 

els decreased and heterophil levels increased as the disease pro-
gressed. Heterophil:lymphocyte inversion occurred at 29.9 ± 2.3 
h postchallenge (Table 1), at about the time of development of 
pyrexia. Interestingly, WBC levels did not increase significantly 
during the course of infection, consistent with findings for B. 
anthracis-challenged African green monkeys39 but different from 
those of other inhalational anthrax studies involving cynomolgus 
macaques32 and Dutch belted rabbits.25 Because a trend toward 
an increase in WBC was observed throughout the infection, it 
cannot be excluded that a significant increase occurred between 
analyzed time points. Similar to results from a study with Afri-
can green monkeys,39 no other significant hematologic changes 
in rabbits were apparent after B. anthracis challenge. Early bio-
markers in human cases of inhalational anthrax have not been 
fully discerned as biomarkers and other clinical parameters have 
usually been determined after the onset of symptoms. However, 
as described in the current work, inhalational anthrax in rabbits 
is similar to human cases in that pyrexia develops along with 

Table 2. Levofloxacin efficacy against inhalational anthrax in rabbits

After challenge with B. anthracis

Group ID No. of rabbits LD50 Treatment
Antigenemia 

(h)
Bacteremia 

(h)

First peak 
levofloxacin 

concentration 
(µg/mL)

First trough 
levofloxacin 

concentration 
(µg/mL)

Second peak 
levofloxacin 

concentration 
(µg/mL)

Second 
trough 

levofloxacin 
concentration 

(µg/mL)

% Survival 
28 d after 
challenge

Vehicle 8 (4 male, 
4 female)

143.0 ± 19.3 Saline 23.6 ± 2.1 20.0 ± 2.0 0 0 0 0 0

25-Levo-
floxacin

8 (5 male, 
3 female)

135.5 ± 23.6 Levofloxacin 
(25 mg/kg)

19.1 ± 1.0 20.0 ± 1.2 12.03 ± 1.47 0.17 ± 0.046 10.00 ± 2.21 0.15 ± 0.025 87.5

12.5-Levo-
floxacin

7 (2 male, 
5 female)

101.3 ± 20.9 Levofloxacin 
(12.5 mg/kg)

18.9 ± 1.4 19.1 ± 1.4 ND 0.069 ± 0.018 5.33 ± 1.16 0.079 ± 0.011 71.4

ND, not determined

Figure 3. Percentage survival for B. anthracis-challenged rabbits treated 
with vehicle or levofloxacin. Rabbits were challenged with approxi-
mately 150 LD50 of aerosolized B. anthracis spores. After antigenemia de-
termination, animals were treated with either vehicle or levofloxacin (ei-
ther 25 or 12.5 mg/kg) twice daily, at half total dose, for 5 d and survival 
monitored to the study end at 28 d after challenge. n = 7 or 8 per group 
(see Table 2). *, Significantly (P < 0.05) different from vehicle-treated B. 
anthracis-challenged rabbits.
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approximately 10-fold less than the levofloxacin dose in humans. 
Overall, intravenous levofloxacin administered at the time of anti-
genemia was effective in preventing morbidity and mortality from 
inhalational anthrax in rabbits. Early treatment initiation may be 
essential to therapeutic effectiveness, as decreased survival was 
associated with increasing treatment delay after antigenemia in 
an oral levofloxacin treatment model for aerosolized B. anthracis-
exposed New Zealand white rabbits.33 Further optimization of the 
intravenous levofloxacin dosing regimen, as well as comprehen-
sive pharmacokinetic analysis, are needed to better evaluate the 
therapeutic efficacy of this antimicrobial for its intended use in 
humans as a treatment for inhalational anthrax.

In summary, the present study provides a comprehensive natu-
ral history study of aerosolized Ames strain B. anthracis expo-
sure in New Zealand white rabbits. Antigenemia is a viable, early 
biomarker for systemic B. anthracis infection that can be used as 
a treatment trigger to allow for timely therapeutic intervention 
against this highly pathogenic disease. This study demonstrates 
the potential of New Zealand white rabbits as a therapeutic mod-
el for the testing of pharmaceuticals against inhalational anthrax.
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