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Community-associated methicillin-resistant Staphylococcus

aureus (CA-MRSA) infections are frequently associated with

strains harboring genes encoding Panton-Valentine leukoci-

din (PVL). The role of PVL in the success of the epidemic CA-

MRSA strain USA300 remains unknown. Here we developed

a skin and soft tissue infection model in rabbits to test the

hypothesis that PVL contributes to USA300 pathogenesis and

compare it with well-established virulence determinants:

alpha-hemolysin (Hla), phenol-solublemodulin-alpha peptides

(PSMa), and accessory gene regulator (Agr). The data indicate

that Hla, PSMa, and Agr contribute to the pathogenesis of

USA300 skin infections in rabbits, whereas a role for PVL could

not be detected.

The vast majority of community-associated methicillin-resistant

Staphylococcus aureus (CA-MRSA) infections in the United

States affect skin and soft tissue [1, 2]. These infections are

caused primarily by isolates classified as pulsed-field gel elec-

trophoresis type USA300 (USA300) [1, 2]. Notably, USA300

often causes disease in otherwise healthy individuals, and

accordingly, the pathogen has enhanced virulence in animal

infection models and capacity to circumvent killing by human

neutrophils [3, 4]. Although significant progress has been made

over the past several years, our understanding of the molecular

basis of USA300 transmission and virulence is incomplete.

A cytolytic toxin known as Panton-Valentine leukocidin

(PVL) is present in many strains that cause CA-MRSA in-

fections, including those caused by USA300. As such, PVL has

been thought of as a major contributor to (or the underlying

determinant of ) the severity of USA300 infections. However,

rodent models of USA300 skin and soft tissue infection have

largely failed to demonstrate a significant role for PVL in

pathogenesis [5, 6]. One possible explanation for these results is

that rodent neutrophils are less sensitive to PVL-mediated cy-

tolysis compared with those from humans [7, 8]. By compari-

son, rabbit neutrophils are highly sensitive to PVL-mediated

cytolysis—even more so than those from humans [9].

Alpha-hemolysin (Hla) and phenol-soluble modulin-alpha

peptides (PSMa) are cytolytic toxins reported previously to

contribute to the severity of USA300 skin infection in mouse

models [10, 11]. PSMa cause comparable lysis of neutrophils

from mice, rabbits, monkeys, and humans [8], whereas Hla has

little or no capacity to cause lysis of neutrophils from these

species [8, 12]. However, erythrocytes frommice and rabbits are

far more sensitive to Hla-mediated hemolysis compared with

those from humans [13].

The role of PVL, Hla, and PSMa in USA300 skin disease has

not been tested in a rabbit infection model. Moreover, the rel-

ative contribution of these virulence molecules in the patho-

genesis of USA300 skin infections is not known. To these ends,

we developed a rabbit skin infection model in which to evaluate

the relative contribution of PVL, Hla, PSMa, and the accessory

gene regulator (Agr) to USA300 virulence.

METHODS

USA300 wild-type and isogenic deletion strains (LAC, LACDpvl,
LACDpsma, LACDagr, and LACDhla) were described previously
[6, 10, 14]. Bacteria were cultured overnight from frozen stocks

in trypticase soy broth (TSB) at 37�C with shaking (250 rpm),

diluted 1:200 in fresh TSB the following morning, and then

cultured to early stationary phase of growth (optical density

[OD]600 5 2.0). To prepare inocula, bacteria were washed in

Dulbecco’s phosphate-buffered saline (DPBS) and resuspended

in DPBS at 5 3 109 colony-forming units (CFUs)/mL. Bacterial

preparations were used immediately for inoculation of rabbits as

described below.

Female New Zealand White rabbits (strain Cr1c:KBL, West-

ern Oregon Rabbit Company, Philomath, OR), 5–7 weeks old,
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were housed singly in cages (Suburban Surgical Co., Inc.,

Wheeling, IL) and received food and water ad libitum. All

studies conformed to the guidelines set forth by the National

Institutes of Health (NIH) and were reviewed and approved by

the Institutional Animal Care and Use Committee (IACUC) at

Rocky Mountain Laboratories, National Institute of Allergy and

Infectious Diseases, NIH. The day before inoculation, animals

were sedated with acepromazine and hair was removed by

shaving a designated area on each flank and treatment with Nair

(Church & Dwight Co., Inc., Princeton, NJ), which prevented

immediate regrowth of hair. The following day, rabbits were

sedated with acepromazine and inoculated by subcutaneous (s.c.)

injection into the left and right flank with 53 108 S. aureus in 0.1

mL DPBS. The optimal inoculum of USA300 was determined

empirically in preliminary experiments. Inoculation with 53 108

USA300 caused reproducible abscesses that were easy to evaluate

based upon size. Five rabbits were inoculated by s.c. injection in

the right and left flanks with each strain (5 rabbits per strain and

2 abscesses per animal). One additional rabbit received sterile

DPBS by s.c. injection in the right and left flanks. Abscess di-

mensions were measured daily for 14 days with a caliper. Length

(L) and width (W) values were used to calculate abscess volume

(V 5 4/3p[L/2]2 3 [W/2]) and area (A 5 p[L 3 W]/2) [6, 15].

A second set of skin infection experiments was performed as

described above to determine CFUs in rabbit abscesses and for

histopathological analysis of abscesses. For the determination of

CFUs, 2 rabbits per strain were inoculated as described above

(4 abscesses per strain in total). Additionally, these rabbits re-

ceived an inoculation with DPBS by s.c. injection on the right

hip. For histopathological analysis, 1 additional rabbit was in-

oculated as above with the LAC wild-type strain and in the right

hip with DPBS. Animals were euthanized on days 2, 6, and 14

post infection, and abscesses and surrounding tissue (and tissue

injected with DPBS) were removed. For determination of CFUs,

tissue samples were weighed, homogenized in DPBS, diluted in

saline, and plated on trypticase soy agar. CFUs were enumerated

the following day. No bacteria were recovered from tissues at the

site of DPBS injection.

For histopathological analysis, abscesses were fixed in 10%

neutral-buffered formalin for at least 48 hours. Fixed tissues and

slides were prepared and stained with hematoxylin-eosin as

described previously [11]. Tissue samples were evaluated by a

veterinary pathologist (D. J. G.). Images of tissue sections were

captured using an Olympus model BX-51 microscope (Olym-

pus, Center Valley, PA), and brightness and contrast of images

was adjusted in Adobe Photoshop CS4 (Adobe Systems In-

corporated, San Jose, CA).

RESULTS AND DISCUSSION

As a first step toward developing a rabbit model of skin and soft

tissue infection, we infected New Zealand White rabbits with

S. aureus strain LAC (5 3 108 CFUs) by s.c. inoculation and

monitored the progression of abscess development by gross

morphology and histopathology over a 14-day period (Figure

1). Unexpectedly, inoculation with less than 53 108 CFUs (eg, 1

3 108 CFUs) did not result in reproducible lesions (data not

shown). The observation that a high inoculum of USA300 is

needed to elicit rabbit abscesses is surprising to us, as rabbits and

their leukocytes or erythrocytes are known to be highly sensitive

to the effects of many S. aureus secreted toxins. S. aureus lesions

in this animal model manifested initially as diffuse, raised ab-

scesses that were detectable by day 2 post infection (Figure 1A),

reached maximum size (area and volume) circa day 6 (Figure

1D), and retracted in size during the latter stages of infection (eg,

day 14, Figure 1G). Histopathology revealed acute inflammation

on day 2 (Figure 1B), which was characterized by an influx of

neutrophils, many of which contained ingested bacteria (Figure

1C). Initial inflammatory lesions transitioned within 6 days to

form abscesses that were characterized by necrosis at the center

of the lesions surrounded by a dense zone of necrotic neu-

trophils (pus) (Figure 1E). USA300 was readily detected at the

center of these abscesses (Figure 1F). Abscesses on day 14 also

harbored a central area with necrotic neutrophils, cell debris,

and bacteria (Figure 1, H and I). However, in contrast to day-6

lesions, these abscesses had features of chronic infection and/or

resolution, such as a thick fibrous capsule surrounding the ne-

crotic center of the lesion and mineralized and regenerating

skeletal muscle at the periphery (Figure 1H and data not shown).

The pathology of S. aureus lesions in the experimental rabbit

model of skin and soft tissue infection largely recapitulates that

of previous murine USA300 skin infection models [5, 6, 10, 11].

Moreover, several defining features of late-stage rabbit skin

abscesses are similar to those reported for human abscesses, such

as a central area of necrotic neutrophils (pus) surrounded by

a fibrous capsule.

Inasmuch as the molecular basis for CA-MRSA virulence is

incompletely defined, we compared the ability of LAC (USA300)

wild-type, LACDpvl, LACDhla, LACDpsma, and LACDagr strains
to cause abscesses in the rabbit skin and soft tissue infectionmodel

(Figure 2A). Abscesses caused by LACDhla, LACDpsma, and
LACDagr had significantly less volume and area (not shown) than

those caused by the LAC wild-type strain (P, .05) (Figure 2A),

indicating that Hla, PSMa, and Agr contribute to S. aureus

abscess formation. In stark contrast, rabbit abscesses caused

by LACDpvl were similar in size to those caused by the LAC

wild-type strain for up to 11 days post infection (Figure 2A,

days 1–11). Unexpectedly, LACDpvl abscesses were significantly
larger than those caused by the LAC wild-type strain on days

12–14, suggesting that the presence of PVL promotes late reso-

lution of infection in this model (Figure 2A, days 12–14). These

data are consistent with previous observations in the mouse skin

infection model, in which skin lesions caused by Dpvl strains
were sometimes slightly larger than those caused by the wild-type
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strain [5, 16]. Collectively, the findings indicate that Hla, PSMa,
and Agr are more important than PVL for staphylococcal abscess

formation in the rabbit skin infection model. Moreover, these

data support and extend previous observations that PVL does

not contribute to pathogenesis of staphylococcal skin abscess

formation in murine CA-MRSA infection models [5, 6] or

clinical outcome in human complicated skin infections [17].

We performed a second set of experiments to evaluate the

number of S. aureus CFUs per rabbit abscess on day 6 following

s.c. inoculation with LAC wild-type and isogenic mutant strains

(Figure 2B). The number of USA300 CFUs per abscess was

significantly less for animals infected with isogenic deletion

strains compared with that of wild-type infected rabbits (P ,

.05) (Figure 2B); the corresponding abscess volumes were

consistent with the previous experiment (compare day 6 in

Figure 2, A and C). Although the number of CFUs recovered

from LACDpvl abscesses was reduced slightly (,2-fold)

compared with that from LAC wild-type abscesses, the

Figure 1. Pathology of rabbit skin abscesses caused by USA300 (LAC). USA300 abscesses 2 days (A–C ), 6 days (D–F ), or 14 days (G–I ) post infection as
indicated. A, D, and G, gross skin pathology. Note that hair was removed prior to inoculation. B, E, and H, representative histopathological sections of
a typical rabbit skin abscess at 2, 6, and 14 days post infection as indicated. Original magnification is320. C, F, and I, increased magnification of an area
of each abscess center at 2, 6, and 14 days post infection. Original magnification is 31000.
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magnitude of the decrease in CFUs was far greater for

LACDhla (17.3-fold), LACDagr (18.8-fold), and LACDpsma
(7.2-fold) abscesses (Figure 2B).

We reported previously that PVL failed to contribute to ab-

scess formation or disease severity in mouse skin infection

models [5, 6]. One possible explanation for these results is the

reduced susceptibility of rodent neutrophils to the effects of PVL

in vitro compared with human neutrophils [7, 8]. On the other

hand, rabbit neutrophils have significantly increased in vitro

susceptibility to PVL-mediated cytolysis relative to cells from

humans [9]. Therefore, if susceptibility of neutrophils to PVL in

vitro is a reflection of its capacity to promote disease in vivo, the

rabbit skin infection model should be optimal for revealing any

contribution of PVL to disease. Nevertheless, the experiments

described above failed to detect a contribution of PVL to disease

establishment or severity (as estimated by abscess volume) in the

rabbit skin infection model (Figure 2A). These observations

suggest that in vitro activity or capacity of S. aureus cytolytic

toxins does not necessarily correlate with a virulence phenotype

in vivo—perhaps due to the high redundancy of cytolytic toxins

encoded by most S. aureus strains.

The relative role of individual USA300 virulence molecules in

the pathogenesis of staphylococcal skin infection has remained

incompletely determined. Here we demonstrated that Hla and

PSMa contribute prominently to the skin disease in the rabbit,

whereas PVL does not. These findings provide strong support to

the idea that Hla and PSMa (but not PVL) are key CA-MRSA

virulence determinants. Identification of molecules that con-

tribute to the severity of S. aureus infections is an important step

in our efforts to develop new therapeutics or vaccines directed to

prevent or moderate disease. Thus, we anticipate future studies

will be directed to evaluate Hla and PSMa as potential vaccine

antigens in the rabbit model of S. aureus skin infection.
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