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Summary

Skin window procedures in humans have shown rapid accumulation of neutrophils
into the exuded fluids above abraded skin. The present study was undertaken to
determine if similar epicutaneous neutrophil accumulation might explain the extreme
resistance of HRS/J mice, both hairless (hr/hr) and haired (hr/+), to experimental
cutaneous Bacillus anthracis Sterne infections on abraded skin. In this study, very
early (6 h) biopsies demonstrated a lack of bacilli in skin from the HRS/] hr/hr
mice, indicating that the organisms never did invade in these animals as opposed to
early skin entry and then efficient clearance by host responses in the tissues. Touch
preparations of either the inoculation filter or the skin surface revealed more inflam-
matory cells, fewer bacilli, and a higher percentage of cell-associated bacilli in the
HRS/J hr/hr mice than in comparator strains. In the HRS/J mice, cyclophosphamide
treatment or separation of inoculated spores from the inflammatory infiltrates by a
second filter below both produced marked increases in the number of bacilli
observed. Examination of inoculation filter specimens demonstrated ingestion of
spores and bacilli by neutrophils inside the filter at 6 h after inoculation. These find-
ings suggest that an early and vigorous inflammatory cell infiltrate in HRS/J mice
attacks the inoculated organisms above the skin surface and does not allow them to
invade the tissues below.
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The present study was undertaken to investigate how the
skin acts to prevent invasion by microbial pathogens, partic-
ularly Bacillus anthracis. Defenses of the skin against micro-
bial invaders are complex, but they would appear to begin
with effective physical barriers. The stratum corneum at the
skin’s outer surface is an insoluble layer composed of lipids
and a variety of proteins that include the keratins, a group
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of mechanically hard and chemically unreactive proteins that
protect animals and allow them to live in dry environments
(Kimyai-Asadi ef al. 2003; Tsuruta et al. 2002). For most
organisms, the stratum corneum barrier must be injured in
some way before they can effectively enter the skin;
examples of cutaneous damage that appear necessary to
permit infection include tape stripping or skin incision for
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Staphylococcus aureus (Akiyama et al. 2002; Kugelberg
et al. 2005), microinjection for Hemopbhilus ducreyi (Spinola
et al. 1994, 1996), and skin abrasion for Bacillus anthracis
(Dixon et al. 1999; Hahn et al. 2005). Bacillus anthracis dif-
fers from most other bacterial pathogens of the skin in that
its pathogenicity requires germination of spores, which are
the infecting microbial form for this organism (Hanna &
Ireland 1999). Studies showing differences in spore germina-
tion between rats vs. mice have indicated that reduced ger-
mination in rat tissues may be a reason for the relative
resistance of this species (Hachisuka 1969).

In addition to protecting against infection, the stratum
corneum also helps to maintain water homeostasis for
the body (Tsuruta et al. 2002). Mild damage to this
layer produces a serous exudate that contains a host
inflammatory response consisting primarily of neutrophils
(Wandall 1980; Yee et al. 1994; Koivuranta-Vaara 1985).
For most cutaneous infections, it is not clear if these cells
are directly involved in host defense, or are merely a
reflection of an inflammatory response within the dam-
aged skin where the host is directly attacking the invad-
ing microorganisms. In the former case, the neutrophilic
infiltrates might represent a component of the skin’s bar-
rier function. We have developed a model system in mice
using experimental inoculations of B. anthracis (Sterne)
spores onto intact or abraded skin to investigate cutane-
ous defenses against this organism (Hahn er al. 20035).
Recent work in this system has demonstrated that HRS/]
mice, either hairless (hr/hr mutants) or haired (hr/+ het-
erozygotes), are particularly resistant to these inoculations
and that this resistance appears to be related to an
enhanced inflammatory response in the skin rather than
to the abnormal hair follicles in the hr/hr mutant
animals (Bischof et al. 2007a).

The previous studies in our experimental infection model
demonstrated that the HRS/J hr/hr hairless mice had
extremely few B. anthracis bacilli found histologically in
the inoculated skin at 24 h as compared with mouse
strains such as Balb/c that are known from other studies
to be resistant to this organism. The present work was
undertaken to determine why the host defense was so
effective in these highly resistant animals, in particular to
answer the following questions: (a) Are bacilli that invade
the inoculated skin of HRS/J hr/hr mice killed and
degraded rapidly in the tissues, resulting in a lack of
organisms seen at later times (24 h)? (b) Are the spores
unable to germinate into bacilli in this mouse strain? (c)
Does the epicutaneous inflammatory response attack the
organisms above the skin surface such that they never
enter the skin at all?
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Methods

Organism

The Sterne strain of B. anthracis was obtained from the Col-
orado Serum Company (Denver, CO, USA) and cultured on
brain heart infusion agar plates. Bacillus anthracis Sterne is
a toxigenic non-encapsulated strain that is non-infectious in
humans, but retains significant pathogenicity for certain
inbred strains of mice (Hahn et al. 2005; Welkos & Fried-
lander 1988). Sporulation was induced by keeping the plates
at room temperature for 4-7 days after confluent growth at
37 °C. Then the organisms were removed from the plates,
washed with distilled water and treated by heating to 60 °C
for 30 min to kill remaining vegetative forms. The prepara-
tions were then layered onto 58% renographin (Bracco
Diagnostics, Princeton, NJ, USA), centrifuged at 3000 g for
30 min to remove remaining vegetative forms, and washed
three times in saline. The spores were quantitated by both
microscopic counts and colony counts. Spores were stored in
saline with 10% glycerin at —20 °C.

Animals

The mouse strains that were used in these studies were
HRS/J (hairless homozygous hr/hr and haired heterozygous
hr/+), Balb/c, C57BL/6 or DBA/2. Previous studies have
shown DBA/2 mice to be sensitive, Balb/c to be resistant,
and C57BL/6 mice to be relatively resistant to B. anthracis
infection (Welkos et al. 1986). The HRS/] mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME, USA),
and the other strains from Charles Rivers Laboratories (Wil-
mington, MA, USA); they were either male or female, and
8-14 weeks old. The mice were housed in a separate BSL 2
section of the Veterinary Medical Unit at the Milwaukee VA
Medical Center.

Epicutaneous inoculations

On the day prior to the inoculations, the animals were care-
fully shaved over their flanks with an electric razor; the sites
were examined for cutaneous defects the following day and
only animals with clear skin were used. The sites to be inoc-
ulated were first washed with 10% povidone iodine solution
and then with alcohol. The epidermis was prepared for epi-
cutaneous inoculation under anaesthesia by scraping with a
surgical scalpel blade until a non-bloody glistening skin layer
resulted, representing damage to the stratum corneum water
barrier. An inoculum of 107 B. anthracis spores was added
in 0.025 ml of saline to 4 mm filter paper discs (GB002,
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Schleicher & Schuell, Keene, NH, USA) placed onto an
abraded area on the left flank of the animal, with a similar
quantity of saline alone added to the disc on the opposite
side. Both sites were covered with a 1.0 cm” piece of plastic
sheet (Handi-Wrap, Dow Chemical Co., Indianapolis, IN,
USA), which was then taped with Transpore tape and over-
wrapped with Nexcare waterproof tape (both from 3M, St
Paul, MN, USA). In some cases, a 1.2 cm piece of 0.45 pm
filter (Millipore, Bedford, MA, USA) was put on top of the
abraded skin before placement of the 4 mm spore-containing
filter above it to separate the spore inoculum from the host’s
phagocytic cells entering the inoculation site from below.
Some mice were treated with cyclophosphamide (150 mg/kg
of the drug intraperitoneally 3 days before and 100 mg/kg
1 day before the inoculations) to render them leucopenic, as
previously described (Sohnle & Hahn 1989). The animal
studies were approved by the appropriate institutional
review committees.

Monitoring of infections

After 6 or 24 h, the occlusive dressings were removed and
filter touch preparations made by touching a glass slide
with the skin side (underside) of the 4 mm filter disc; skin
surface touch preparations were also made by touching a
glass slide to the inoculated, abraded skin surface. The
slides were then stained with the LeucoStat method
(Fisher, Inc., Hanover Park, IL, USA). In other cases, the
animals were killed at 6 h after removal of the dressings
and skin samples taken for routine histology as discussed
below.

Histology

Skin from inoculated areas was taken for histology with par-
affin sections being prepared and stained with tissue gram
stains. Each of 20 fields on each section was examined in a
blind fashion for presence of organisms. In addition, the out-
let of each hair follicle infundibulum seen on the entire sec-
tion was examined for the presence of vegetative bacilli,
with the data expressed as percent of hair follicle outlets
infected.

Examination of touch preparations

After staining, the slides for the filter touch preparations
were examined at 400x by light microscopy using a 20 x 20
square ocular micrometer to enumerate vegetative bacilli,
host inflammatory cells and the percentage of host cell-asso-
ciated bacilli. The latter represent the number of bacilli in

contact with host cells divided by the total of bacilli
counted. A total of 10 random fields was examined for each
slide. Each bacillus in a chain was counted as a single organ-
ism. The data were expressed as total numbers of bacilli per
mm?, total numbers of host cells per mm?, and percent of
bacilli associated with host cells. Slides for the skin surface
touch preparations were examined similarly, except that
host cells and cell-associated bacilli were not enumerated
because the host cells were sometimes clumped in these
preparations.

Preparations of the inoculation filter

The filter onto which spores were placed during an HRS/J
hr/hr mouse inoculation was removed at 6 h, fixed in 2%
glutaraldehyde, post-fixed in 1% osmium, dehydrated with a
series of graded alcohols, and then imbedded into epon.
Thick sections were prepared for light microscopy and
stained with toluidine blue. Thin sections were prepared for
electron microscopy and stained with uranyl acetate and
lead citrate. The thin sections were examined with a Hitachi
H-600 transmission electron microscope at 75 kV.

Statistics

Bacilli seen on 6 h skin biopsy specimens were expressed
as the number of fields or sections with bacilli over the
total number examined. Hair follicles were examined for
infection and the data expressed as the number of follicles
with bacilli present per number examined or mean = SE of
the percent of follicles infected. Numbers of bacilli or host
inflammatory cells seen on either filter touch preparations
or skin surface touch preparations were expressed as
mean = SE of each per mm?. Cell-associated bacilli seen on
filter touch preparations were expressed as a percentage.
Comparisons between these values were made using the
non-parametric Kruskal-Wallis test and Dunn’s multiple
comparison test, with significance taken as P < 0.05. The
GRAPHPAD PRISM 4.0c statistical package was used to make
these determinations.

Results

Presence of B. anthracis bacilli on skin biopsies

Studies were done on inoculated skin taken at an early time
point (6 h after inoculation) to determine if organisms might
be invading early into the skin of HRS/] mice, only to be
killed and degraded by inflammatory cells such that they
would not be seen at a later time point such as 24 h.

© 2008 The Authors

Journal compilation © 2008 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 89, 180-187



Table 1 Enumeration of Bacillus anthracis organisms in skin
biopsies at 6 h after epicutaneous inoculation of spores onto

abraded skin

Fields with organisms

Sections with organisms

No. of No. of
Mouse strain positive/counted positive/total
Organisms in skin
HRS/J hr/hr 2/120 176
C57BL/6 38/120 6/6
C57BL/6-CY*  72/120 6/6
Balb/c 527120 6/6

Mouse strain

No. of infected/total

counted

Mean % = SE

Organisms in hair follicle outlets

HRS/J hr/hr 0/139 0.0 = 0.0
CS7BL/6 43/125 347 5.2
C57BL/6-CY 42/81 53.2+8.6
Balb/c 307105 29.5 £ 10.8

Data from 20 fields per section, or percent of hair follicle infected
over total on the section. Results are from six mice per point tested
in three experiments.

Note that at 6 h inoculated skin from HRS/J hr/hr mice generally
did not show organisms in skin or hair follicle outlets (P < 0.05 for
percent infected hair follicles for HRS/J hr/hr mice as compared
with C57BL/6 mice by the Kruskal-Wallis test and Dunn’s multiple
comparison test).

*CY, cyclophosphamide treated.

Figure 1. Bacillus anthracis organisms at

6 h after inoculation of spores onto
abraded skin of mice. Photomicrographs
were taken of touch preparations from the
undersides of filters onto which the spores
were inoculated. (a) Inflammatory cells and
cell-associated bacilli in a non-leucopenic
HRS/J hr/hr mouse. (b) Bacilli with fewer
inflammatory cells in a non-leucopenic
C57BL/6 mouse. (c) Bacilli without inflam-
matory cells in a leucopenic HRS/J hr/hr
mouse. (d) Bacilli without inflammatory
cells in a sample from a non-leucopenic
HRS/J hr/hr mouse inoculated over a
second (0.45 um) filter separating the
organisms from the skin below (LeukoStat
stains with photomicrographs taken at an
original magnification of 1000x).
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However, very few B. anthracis bacilli were found early in
the HRS/J hr/hr mice, as compared to samples from resis-
tant Balb/c and relatively resistant C57BL/6 mice (Table 1).
In fact, only 2 of 120 total fields and 0 of 139 hair follicle
outlets in HRS/J hr/hr mice were found to contain bacilli,
as compared to much higher percentages in the other strains.
On the two sections with bacilli in the HRS/J hr/hr mice,
the organisms were found right at the skin surface. There-
fore, it did not appear as if the organisms ever did enter the
skin of these mice.

Enumeration of organisms and host cells in touch
preparations

Slides made from the undersides of the filters onto which
spores were placed during the inoculation process were
examined to determine events occurring above the surface
of the inoculated skin. Upon viewing the filter touch prepa-
rations in HRS/] hr/hr mice, large numbers of host inflam-
matory cells and significant percentages of cell-associated
bacilli were found (Figure 1a) as compared to similar prep-
from C57Bl/6 mice 1b).
numerical values for HRS/J hr/hr mice to those from the

arations (Figure Comparing
C57BL/6 animals, numbers of bacilli were lower and host
cells were higher (Table 2).
found to be higher in the HRS/J mice on filter touch prep-

arations from 24 h, reaching 67.6% in these animals. At

Cell-associated bacilli were

this time, ratios of bacilli to host cells in non-leucopenic
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Table2 Accumulation of Bacillus anthracis bacilli and inflammatory cells in epicutaneous exudates after inoculation of spores onto
abraded skin

Bacilli/mm? SSTP* Bacilli/mm? FTP Cells/mm? FTP C-A Bacilli FTP

At 6 h
HRS/J hr/hr 16.0 = 3.8 (8) 177.9 = 61.4 (8) 234.2 = 87.3 (8) 46.2 = 10.2 (8)
HRS/J hr/+ 30.0 = 14.6 (4) 206.0 = 47.3 (4) 42.2 +15.3 (4) 19.3 = 4.8 (4)
HRS/J hr/hr-CY' 3518.4 = 1023.9 (6) 226.5 = 110.7 (4) 8.5=7.1(4) 6.9 + 6.9 (4)
C57BL/6 407.1 = 98.2 (11) 865.9 = 245.5 (11) 16.9 = 5.5 (11) 7.6 = 2.5 (11)
C57BL/6-CY 2696.6 = 947.6 (4) 849. 9 + 185.8 (9) 5.3+1.7(9) 1.6 = 0.8 (9)
DBA/2 1308.2 = 193.5 (6) 219.3 = 129.6 (6) 3.3 4.9 (6) 4.1 = 6.6 (6)
Balb/c 500.8 = 203.5 (12) 719.9 = 179.8 (13) 37.6 = 8.4 (13) 6.5+ 1.3 (13)
Balb/c-CY NT? 1358.4 =+ 326.2 (3) 19.7 = 9.4 (3) 3.4+ 1.6 (3)

At 24 h (n)
HRS/J hr/hr NT 118.9 = 43.9 (4) 513.3 = 143.3 (4) 67.6 = 5.9 (4)
HRS/J F on FT NT 5613.5 = 832.5 (6) 0.3 0.3 (6) -
CS57BL/6 NT 1628.4 = 598.4 (8) 72.0 = 24.5 (8) 22.6 = 8.1 (8)

*SSTP or FIP means values for B. anthracis bacilli/mm? in skin surface touch preparations (SSTP), or for bacilli/mm?, host cells/mm?, or
cell-associated bacilli (C-A Bacilli) in filter touch preparations (FTP), with numbers of animals given in parentheses. FTP were made from the
underside of the filter discs onto which spores were placed during inoculation onto abraded skin; SSTP were made by touching a slide onto
the inoculated abraded skin after removal of the dressings. Data represent mean = SE.

fCY, cyclophosphamide treated.

INT, not tested.

F on F = Bacilli/mm? or host cells/mm? in filter touch preparations made from the top filter placed over a larger 0.45 um underlying filter
on the skin surface; the data are combined from studies in two HRS/J hr/hr and four HRS/J hr/+ mice.

Note that for 6 h values as compared to C57BL/6 mice, HRS/] hr/hr mice show fewer bacilli in SSTPs (P < 0.05) and fewer host cells in
FTPs (P < 0.05); for comparison, host cells numbers in saline-inoculated abraded skin were 19.7 = 5.9 per mm? in HRS/J hr/hr vs.
4.3 + 1.8 per mm? in C56BL/6 mice. Cyclophosphamide treatment of HRS/J hr/hr mice increased bacilli numbers in SSTPs (P < 0.001) and
decreased host cell numbers in FTPs (P < 0.01). Cell-associated bacilli were found to be higher on 24 h FTPs in HRS/J hr/hr mice compared
with C57BL/6 mice (P < 0.02). F on F preparations for HRS/J mice revealed markedly increased bacilli and reduced cells at 24 h compared
with standard FTPs for these animals (P < 0.01 for both). Statistical comparisons were made using the non-parametric Kruskal-Wallis test

and Dunn’s multiple comparison test.

HRS/] hr/hr mice were approximately 1 organism for 4
host inflammatory cells, compared to approximately 23
organisms per host cell at 24 h in C57BL/6 animals.
Values for bacilli and host cells in the more resistant
Balb/c mice and for the heterozygous HRS/] hr/+ mice
were generally in-between those for the HRS/J hr/hr and
C57BL/6 animals. It should also be noted that host cells
were enumerated in the 6 h filter touch preparations of
abraded skin inoculated with saline only and found to
show 19.7 + 5.9 cells/mm?® in HRS/J] hr/hr mice and
4.2 = 1.8 cells in C57BL/6 mice (six of each were tested).
These numbers are much reduced from the host cells
counted in B. anthracis inoculated skin (234.2 = 87.3 host
cells in HRS/J hr/hr and 16.9 = 5.5 in C57BL/6 mice).
Treatment with cyclophosphamide reversed the findings in
the HRS/J hr/hr mice, with fewer host inflammatory cells
being seen on the samples (Figure 1c¢). Numerical values in
the leucopenic HRS/J hr/hr mice demonstrated marked
change, with increased numbers of bacilli seen on the skin

surface touch preparations and reduced numbers of host
cells seen on the filter touch preparations (Table 2).

Results after inoculation above a second filter

One possibility to explain the relative lack of bacilli in
HRS/J hr/hr mice is that the spores may not germinate or
the vegetative bacilli may not proliferate in the epicutaneous
fluids of this strain. Therefore, some inoculations were per-
formed with the inoculation filter separated from the
abraded skin below by a larger (1.2 cm) 0.45 pm filter
underneath. Examination of inoculation filter (the top filter)
touch preparations from HRS/J hr/hr mice handled in this
way did indeed show numerous bacilli at 24 h after inocula-
tion (Figure 1d). Many of these organisms were seen to be
in chains, indicating proliferation from the initial germinated
spore. Such inoculations were carried out in 2 HRS/J hr/hr
and 4 HRS/J hr/+ mice; values for bacilli found per mm?
on preparations from the undersides of the top filter were as
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Figure 2. Bacillus anthracis organisms at 6 h after inoculation
of spores onto abraded skin of an HRS/J hr/hr mouse. Photo-
micrograph was taken of an epon section made from the filter
onto which the spores were placed during inoculation. Note
that many of the spores and bacilli within the inoculation filter
itself have been ingested by inflammatory cells (Toluidine blue
stain with photomicrograph taken at an original magnification
of 1000x).

¥

Figure 3. Bacillus anthracis organisms at 6 h after inoculation
of spores onto abraded skin of an HRS/J hr/hr mouse. Electron
micrograph was taken of an epon section made from the filter
onto which the spores were placed during inoculation. Note
that ungerminated spores (arrowhead) and vegetative bacilli
(arrow) have been ingested by a neutrophil (original
magnification of 8000x).
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follows: 6114 and 4363 in the hr/hr animals, and 2516,
6386, 5360 and 8669 in the hr/+ ones. Therefore, the
organisms do germinate and proliferate readily in the epicu-
taneous fluid exudates of the HRS/] mice when inflamma-
tory cells are excluded.

Examination of the inoculation filter

Light microscopy of epon sections made from the 6 h inocu-
lation filter on an HRS/J hr/hr mouse demonstrated that
host inflammatory cells, mostly neutrophils, had infiltrated
into the filter and contacted the B. anthracis spores and
bacilli there (Figure 2). Inflammatory cells that had con-
tacted or ingested the organisms were readily seen within
the filter interstices. Electron microscopy of a like prepara-
tion demonstrated that internalization of ungerminated
spores and vegetative bacilli had occurred (Figure 3). There-
fore, it would appear that the inflammatory infiltrate of the
HRS/J hr/hr mouse strain is very active in these inocula-
tions and is capable of attacking the organisms in regions
above the surface of the abraded skin.

Discussion

Previous studies using the present B. anthracis Sterne epicu-
taneous inoculation system demonstrated that mice of the
HRS/J strain, either hairless hr/hr mutants or haired hetero-
zygote hr/+ animals, were markedly resistant to the
expected cutaneous infections and that this resistance
appeared to be related to an enhanced inflammatory
response rather than to the deformed hair follicles and lack
of hair shafts in the hr/hr mice. The present experiments
were undertaken to explain why the inoculated skin of the
HRS/] mice showed minimal numbers of B. anthracis
bacilli, whereas many more organisms were found in similar
preparations from other mouse strains. One possibility is
that the organisms in HRS/J hr/hr mice had already invaded
the skin surface, but had been attacked and cleared by the
time (24 h after inoculation) that the tissues were examined
in the previous work (Bischof et al. 2007a). However, the
6 h time points of the present study again demonstrated an
almost complete lack of organisms in the inoculated skin of
HRS/] hr/hr mice as compared to samples from other
mouse strains, suggesting that cutaneous invasion never does
occur in the HRS/J mice. Specimens from an above-surface
site, consisting of touch preparations from the undersides of
the inoculation filters or skin surface touch preparations,
demonstrated reduced numbers of bacilli, more cells, and
more cell-associated bacilli in the HRS/J hr/hr mice than in
comparator mice.

Journal compilation © 2008 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 89, 180-187



186 B. L. Hahn et al.

Cyclophosphamide treatment of the HRS/] hr/hr mice
caused significant changes, including a decrease in host cells
seen on the filter touch preparations and an increase in the
numbers of bacilli seen on the skin surface touch prepara-
tions in the treated animals. In the previous study, cyclo-
phosphamide treatment of the HRS/J hr/hr mice markedly
increased tissue invasion observed on histological sections at
24 h after inoculation. As an alternative to induction of leu-
copenia in the present study, inoculations were performed
over a second filter to separate the organisms from the
inflammatory infiltrate of the HRS/J hr/hr mice; under these
conditions, the spores were found to readily germinate and
to produce significant numbers of vegetative bacilli. Thus,
exclusion of inflammatory cells from the skin surface sites
(by either induction of leucopenia or by use of a second
filter) appears to markedly increase organism growth at this
superficial site. Furthermore, inflammatory cells (predomi-
nantly neutrophils) were found to migrate into the inocula-
tion filter at 6 h after inoculation in the HRS/] hr/hr mice
and to attack spores and bacilli at that site. Therefore,
several lines of evidence from the present study suggest that
an early and vigorous inflammatory cell infiltrate in HRS/J
mice is capable of preventing the inoculated organisms from
invading the abraded skin under the inoculation site. The
result may be to reduce the effective inoculum of viable
organisms to a number below that needed to produce a
sustained cutaneous infection in the animals.

These findings suggest neutrophil clearance of B. anthracis
organisms in HRS/] mouse epicutaneous fluids at inocula-
tion sites on abraded skin. When skin is abraded, as is read-
ily evident from skin window studies in humans, there is a
brisk exudation of host inflammatory cells that are primarily
neutrophils (Wandall 1980; Yee et al. 1994; Koivuranta-Va-
ara 1985). We have previously found a similar exudation of
inflammatory cells, predominantly neutrophils, in the
abraded skin of mouse strains such as C57BL/6, DBA/2,
and HRS/J hr/hr (Bischof et al. 2007a). Also, neutrophils
from humans and mice have been found to be capable of
killing B. anthracis spores and/or bacilli in vitro (Welkos
et al. 1989; Mayer-Scholl et al. 2005); in fact, in one study
encapsulated bacilli of the B. anthracis Vollum strain were
phagocytosed and killed efficiently by human neutrophils
through a mechanism dependent upon o-defensins (Mayer-
Scholl et al. 2005). On the other hand, studies using specific
neutrophil and macrophage depletion in mice have demon-
strated that neutrophils appear to be unimportant in the
defense against experimental B. anthracis Ames infections
produced using intraperitoneal and inhalational inoculations
(Cote et al. 2006). However, these inoculation routes would
be expected to place the spores in contact initially with

macrophages, rather than neutrophils. As discussed above,
the latter appear to be the predominant inflammatory cells
in early epicutaneous fluids generated by skin abrasion; these
cells may be more important at this superficial cutaneous site
than at deeper locations. Therefore, the neutrophils found in
cutaneous exudate fluids, such as those seen in skin window
studies, may actually have a direct antimicrobial function
rather than merely reflecting the host’s ability to mount an
inflammatory response. They may constitute part of the
skin’s barrier function against infection.

The findings of the present study may also relate to cuta-
neous infections of abraded skin with other bacterial patho-
gens such as S. aureus or Streptococcus pyogenes. An active
neutrophilic response in epicutaneous fluids might be
expected to readily kill these bacteria, at least as compared
to virulent encapsulated B. anthracis strains. On the other
hand, these organisms do not require an initial period of
germination as does B. anthracis and therefore could possi-
bly invade damaged skin before an initial neutrophilic
response would clear them. Germination of B. anmthracis
spores is quite rapid in appropriate media and we have
found that this process is well underway within 1-3 h after
inoculation in this model system (Bischof et al. 2007b).
However, it may be that even a short interval like this is
enough to shift the kinetics of B. anthracis infection towards
clearance by the host inflammatory cells, particularly for
non-encapsulated strains. Another consideration is that
B. anthracis lethal toxin can suppress actin-based neutrophil
chemotaxis (During et al. 2005), and early growth of this
organism could prevent accumulation of neutrophils in the
epicutaneous fluids of more susceptible mouse strains.
Regarding S. aureus cutaneous infections, leucocidins pro-
duced by this organism could damage the phagocytic cell
infiltrates and enhance the organism’s ability to invade
abraded skin, particularly for the strains that are now pro-
ducing community-acquired infections (Dufour ez al. 2002;
Gladstone 1957). Therefore, although clearance in epicuta-
neous fluids of abraded skin is a potential host defense
mechanism, its relevance may vary greatly for different
pathogens.

It also appears that enhanced superficial neutrophil exu-
dates may not explain the resistance or sensitivity of all
mouse strains to B. anthracis skin infections. We find Balb/c
mice to be resistant to intradermal spore injections or epi-
cutaneous application of B. anthracis spores to abraded skin,
but these animals do not show the same degree of neutrophil
accumulation or control of bacilli numbers in their super-
ficial exudates as do the HRS/J hr/hr mice. It may be that
they depend more on inflammatory cell attack on the bacilli
once they invade into the inoculated skin. On the other
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hand, the extreme resistance of HRS/] mice does seem to
relate to the early attack on inoculated organisms in the
epicutaneous fluids of these animals.

In summary, the results of the present investigation indi-
cate that in HRS/J hr/hr mice a rapid inflammatory cell
exudation into the epicutaneous fluids of abraded skin
attacks inoculated B. anthracis Sterne organisms before they
can invade the skin surface below. This mechanism may be
relevant for other types of microbial invasion into damaged
skin as well.
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