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PurposE. Bacillus cereus causes one of the most rapidly blind-
ing forms of bacterial endophthalmitis. Migration of B. cereus
throughout the eye during endophthalmitis is a unique aspect
of this disease that may contribute to intraocular virulence.
This study was conducted to analyze the contribution of
swarming and intraocular migration to the pathogenesis of
experimental endophthalmitis.

MEetHODS. Eyes were injected intravitreally with 100 colony-
forming units (CFU) of either wild-type, nonswarming, or
swarming-complemented strains of B. cereus. Pathogenicity
was compared throughout the course of infection by biomi-
croscopy, histology, electroretinography, and bacterial and in-
flammatory cell quantitation.

ResuLts.  Wild-type, nonswarming, and swarming-comple-
mented B. cereus strains grew to a similar number in the
vitreous throughout the course of infection. Unlike the wild-
type and swarming-complemented strains, the nonswarming
mutant did not migrate to the anterior segment during infec-
tion. The rate of decrease in retinal responses of eyes infected
with the all strains was similar, resulting in near complete
elimination of retinal function by 12 hours. All Bacillus strains
caused similar degrees of posterior segment inflammation and
retinal destruction. However, the accumulation of inflamma-
tory cells in the anterior chamber, hyphemae, and corneal ring
abscesses did not occur in eyes infected with the nonswarming
mutant.

Concrusions. The deficiency in swarming had little effect on
retinal function loss or the overall course or severity of exper-
imental B. cereus endophthalmitis. However, a deficiency in
swarming prevented Bacillus from migrating to the anterior
segment, leading to less severe anterior segment disease. (In-
vest Opbthalmol Vis Sci. 2006;47:4461-4467) DOIL:10.1167/
i0vs.06-0301

Endophthalmitis is a potentially blinding infection caused by
the introduction of bacteria into the posterior segment of
the eye. Bacillus is a leading cause of endophthalmitis after
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penetrating injury, during which the globe is infected with
organisms from a contaminated foreign body. Once inside the
eye, B. cereus causes a rapidly destructive form of the infection
that, despite aggressive therapeutic and surgical intervention,
often results in significant vision loss, if not loss of the eye
itself, within 24 to 48 hours. Estimates in clinical reviews show
that approximately two thirds of Bacillus patients with en-
dophthalmitis lose significant functional vision, and almost half
of such cases result in loss of the infected eye.'™>

In experimental models of endophthalmitis, Bacillus mi-
grates from the initial site of inoculation throughout the entire
eye within a short period. Bacilli can be found within the layers
of the retina and in the anterior segment within 12 hours.? The
correlation between the ability of a bacterium to migrate
within the eye and its virulence potential has been addressed,
but only to a limited extent. We recently determined that
nonmotile B. cereus and B. thuringiensis are less virulent in
the eye than are wild-type motile strains. Infection of the eye
with isogenic nonmotile B. cereus or B. thuringiensis resulted
in slower evolution of retinal function loss and intraocular
inflammation than did motile wild-type strains.>® However, the
strains analyzed were also deficient in toxin secretion, and so
the specific contribution of motility to the virulence of Bacillus
endophthalmitis remains in question.

Swarming migration is an aspect of bacterial motility that
may contribute to the pathogenicity of Bacillus infection.
Movement of bacteria across a moist, solid surface or through
a viscous environment involves a change in the morphology of
short, motile, vegetative rods into elongated, multinucleated,
hyperflagellated swarmer cells that form structured rafts and
rapidly migrate away from the colony in a coordinated fashion.
For some Gram-negative organisms, the differentiation of veg-
etative cells into swarmer cells was accompanied by a notable
increase in virulence factor expression.” ! There is also evi-
dence that swarmer cells may initiate the interaction between
the pathogen and host cell during invasion and may be the
primary virulence form of the organism.'? Elevated antibiotic
resistance in differentiated Salmonella swarm cells has also
been reported,'® conferring on these organisms a survival
advantage during infection.

For Bacillus spp., motility, swarming, and virulence factor
production may be closely associated. Motile, nonswarming
mutants of B. cereus have been shown to be defective in the
production of the lytic L, component of hemolysin BL.'* Non-
swarming B. subtilis mutants have been shown to be deficient
in extracellular protease production and/or surfactin, deficien-
cies that appear to contribute to the inability of the mutants to
form biofilms. These results suggested that swarming, extracel-
lular protease production, and biofilm formation are also
linked."®> However, the contribution of swarming to virulence
during Bacillus infection has not yet been determined.

In this study, we analyzed the potential contribution of
swarming migration to the pathogenesis of Bacillus intraocular
infection. Differences in the virulence of wild-type and non-
swarming B. cereus were analyzed in an experimental in vivo
model of endophthalmitis. Our results demonstrated that al-
though a defect in swarming prevented migration of Bacillus
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throughout all parts of the eye and resulted in attenuation of
anterior chamber inflammation, this defect did not prevent
rapid retinal function loss or severe posterior segment inflam-
mation, detrimental events that ultimately lead to blindness
during endophthalmitis.

METHODS

Bacterial Strains and Media

The wild-type B. cereus strain NCIB 8122, its fI{Y nonswarming
mutant (MPO1), and the fliY-complemented swarming strain (MP04)
have been described.!" Briefly, B. cereus strain MPO1 was isolated as a
spontaneous nonswarming mutant of NCIB 8122. MPO1 harbors a
deletion in fI7Y, which encodes a component of the flagellar motor-
switch complex (C-ring). Strain MP04 was constructed by complemen-
tation of MPO1 in trans with fI7Y, as previously described.'? Strains
were propagated in brain-heart infusion (BHI; Difco, Detroit, MID)
medium or agar, unless otherwise specified.

Phenotypic Analysis of Bacillus Strains

Phenotypic analysis involved measurement of toxins and/or their ac-
tivities, motility, and swarming during growth in vitro. Culture super-
natants were prepared and analyzed for phosphatidylinositol-specific
phospholipase C (PI-PLC), phosphatidylcholine-specific phospholipase
C (PC-PLO), sphingomyelinase, and protease activities, and motility as
previously described.'®!'” Hemolysin BL activity was determined by
the formation of a discontinuous zone of hemolysis on sheep blood
agar.'®'” The presence of the hemolysin BL component L, was de-
tected by Western immunoblot analysis with polyclonal antisera spe-
cific to these components, as previously described.'® Cereolysin O
activity was quantified by hemolytic assay, essentially as described by
Limbago et al.?° Swarming on tryptone agar (TrA) plates (0.5% wt/vol)
was determined by measuring the diameter of developing colonies
after a 24-hour incubation at 37°C.'*

Student’s #test was used for statistical comparisons of phenotypic
data between strains. Values represent the mean * SD for n = 3
samples per strain, unless otherwise specified. P = 0.05 was consid-
ered significant.

Experimental Bacillus Endophthalmitis

Experimental Bacillus endophthalmitis was induced in New Zealand
White rabbits as previously described.*~ %1721 Briefly, rabbits were
anesthetized by intramuscular injection of ketamine (Ketaved, 35
mg/kg body weight; Phoenix Scientific Inc., St. Joseph, MO) and
xylazine (Rompun, 5 mg/kg of body weight; Bayer Corp., Shawnee
Mission, KS). Topical anesthetic (0.5% proparacaine HCI; Ophthetic;
Allergan, Hormigueros, Puerto Rico) was applied to each eye before
injection. After aqueous humor paracentesis, 100-uL BHI containing
100 CFU of B. cereus was injected into the midvitreous. Contralateral
eyes were injected with either BHI (surgical control) or were left
undisturbed (absolute control). At various times after injection, infec-
tion courses were analyzed as described later. Rabbits were maintained
in accordance with Institutional Animal Care and Use Committee
guidelines and the ARVO Statement for the Use of Laboratory Animals
in Ophthalmic Research.

Analysis of Bacillus Endophthalmitis

Electroretinography. Scotopic electroretinography (ERG)
was used to measure retinal responsiveness, as previously de-
scribed.~®1%:1721 ERGs were measured in terms of a-wave function
(corresponding to photoreceptor cell activity) and b-wave function
(corresponding to Miiller, bipolar, and amacrine cell activity). After
dilation and dark adaptation, scotopic a- and b-wave amplitudes and
latencies of implicit time (7) were recorded for each eye (EPIC2000
and UTAS3000; LKC Technologies, Inc., Gaithersburg, MD). The
percentage of retinal function retained was calculated as either
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100 — {[1 — (experimental a-wave amplitude/absolute control a-wave
amplitude)] X 100} or 100 — {[1 — (experimental b-wave amplitude/
absolute control b-wave amplitude)] X100} Latency of retinal re-
sponses corresponding to percentages of latency of implicit time (7)
were calculated as [1 — (experimental 7/control 7)] X 100.

Bacterial and Inflammatory Cell Quantitation. Quanti-
tation of Bacillus in aqueous and vitreous humor and inflammatory
cells in aqueous humor have been described.?~%1%17:2! Retention of
motility and swarming phenotypes was confirmed by light microscopy
and replica plating onto TrA plates.

Thin-Section Histology. Globes recovered for histologic anal-
ysis were fixed in 10% formalin for 24 hours. Eyes were sectioned and
stained with hematoxylin and eosin,~¢16:17:21

Statistical Analysis

Data for parameters used to analyze progressive infection were ex-
pressed as the mean * SEM of results in four or more eyes per time
point, unless otherwise specified. Wilcoxon’s rank sum test was used
for statistical comparison between infection groups. Student’s #-test
was used for statistical comparison of phenotypic data. P = 0.05 was
considered significant.

RESULTS

Phenotypic Analysis of Bacillus Strains

‘When grown in liquid media, the replication rates and pheno-
typic profiles of wild-type B. cereus NCIB 8122, MPO1, and
MPO04 were similar (data not shown), as was the production of
several toxins (Table 1). However, on TrA plates, colony sizes
of NCIB 8122 and MP04 were significantly greater than that of
MPO1 at 24 hours of growth (P = 0.0006), indicating that in
strain MPO1, a deficiency in swarming'? is associated with a
reduction in colony size.

Experimental Endophthalmitis: Bacterial Growth
and Disease

The explosive nature of experimental B. cereus endophthalmi-
tis has been described.”'”*! In the present study, reproducible
endophthalmitis was achieved with the following B. cereus
strains: wild-type NCIB 8122, 2.20 = 0.05 log,, CFU/eye;
JUY-MPO1, 2.30 = 0.06 log,, CFU/eye; and fliY-complemented
MPO04, 2.20 £ 0.03 log,, CFU/eye (P = 0.95). The intravitreal
growth rates of NCIB 8122 and MPO1 were similar throughout
the infection course (P = 0.34; Fig. 1). At 6 hours, the number
of MP04 in the vitreous was less than that of NCIB 8122 (P =
0.005) and MPO1 (P = 0.02), but greater than that of MPO1 at
12 hours (P = 0.01). The migration and growth of the fliY-
mutant in the anterior segment was significantly less than that
of the wild-type strain and the fliY-complemented strain at 9
and 12 hours (P = 0.001) after infection (Fig. 1). At 18 hours,
all eyes infected with MP04 perforated during harvest and
accurate bacterial counts were not available.

Ocular pathologic changes caused by wild-type B. cereus
NCIB 8122 and its companion strains occurred more rapidly
than that observed with other wild-type B. cereus strains tested
in this model.>'”?! During infections with each strain, mild
inflammatory symptoms (posterior segment inflammatory cell
influx, increasing vitreous haze, decreased fundus reflex) were
observed at 6 hours after infection. In eyes infected with
wild-type B. cereus NCIB 8122 and f7iY-complemented MP04,
inflammation reached moderate to severe levels by 12 to 18
hours after infection, including significant influx of inflamma-
tory cells into the anterior segment (hypopyon) and cornea
(corneal ring abscess), and influx of erythrocytes into the eye
(hyphema). In eyes infected with the f77Y-mutant MPO1, inflam-
mation reached moderate to severe levels in the posterior



IOVS, October 2006, Vol. 47, No. 10 Swarming and Bacillus Endophthalmitis 4463

TaBLE 1. Phenotypic Analysis of B. cereus Wild-Type Strain NCIB 8122, Nonswarming MP01, and fliY-Complemented MP04

B. cereus NCIB 8122 B. cereus MP0O1 B. cereus MP04

Component Assay Used Wild Type SliY-Mutant SfliY-Complemented
Cereolysin O* Hemolytic titer 1:4 1:2 1:2
Hemolysin BL Immunoblot for L2 component; discontinuous  Detected Not detected Detected

hemolytic zone

Not detected Not detected Not detected

Motility Light microscopy Detected Detected Detected

PC-PLC Agar well diffusion assay 29.3 £ 1.15 U/mL 32.0 £ 1.73 U/mL 32.0 £ 1.73 U/mL
PI-PLC Chromogenic assay 1.60 = 0.05 pg/mL 1.49 = 0.05 pug/mL 1.45 = 0.05 ug/mL
Protease Hide azure blue assay 0.18 = 0.02 U/mL 0.13 = 0.04 U/mL 0.14 = 0.004 U/mL
Sphingomyelinase ~ TNPAL-sphingomyelin hydrolysis assay 0.64 * 0.05 pg/mL 0.58 = 0.33 ug/mL 0.53 £ 0.10 pg/mL
Swarmingt Migration on TrA agar 13.7 = 1.5 mm 4.7 £ 0.6 mm 12.3 = 1.2 mm

For all phenotypic analyses, three or more separate assays were performed.
* Cereolysin O titer was determined by hemolytic assay®° as the dilution of supernatant exhibiting 50% hemolysis or less based on an H,O lysis

control. A fourfold difference in titer was considered significant.

t Diameters of individual NCIB 8122 and MP04 colonies were similar (P = 0.19) and were significantly greater than that of MPO1 at 24 hours
(P = 0.006). Evaluation of intracolony swarm cell differentiation of NCIB 8122 has been reported.'®

segment only. The presence of fibrin and a few inflammatory
cells in the anterior chamber was noted, but neither hyphemae
nor corneal ring abscesses were observed in eyes infected with
the nonswarming mutant. Because of the pending panoph-

10][}
10’ A

R

10’ f/

10

10—/

10 S( & B. cereus NCIB 8122
10°C D B. cereus MPO1

10’ A B. cereus MP04 I
0

10°
| B

10 f i
106 1'/
10°

10* //
101:
10°

10’ '

e
0 3 6 9 12 18
Hours Postinfection

CFU/ml Vitreous Humor

CFU/ml Aqueous Humor

FIGURE 1. Intraocular growth during experimental B. cereus endoph-
thalmitis. Approximately 100 CFU of B. cereus wild-type NCIB 8122,
nonswarming fZY-mutant MPO1, or fliY-complemented MP04 were in-
jected intravitreally. Bacteria were quantified from the vitreous (A) and
aqueous (B) humor every 3 hours throughout 18 hours. All strains grew to
similar concentrations in the vitreous throughout the infection course, but
the nonswarming f7/Y-mutant was unable to reach the aqueous humor. At
18 hours, all eyes infected with MP04 perforated during harvest and
accurate bacterial counts were not available. The data are expressed as the
mean * SEM of results in four or more eyes per group.
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thalmitis in the majority of infected eyes in each group at 18
hours, infections were not allowed to progress further (data
not shown).

Experimental Endophthalmitis: Retinal
Function Analysis

Retinal function analyses are summarized in Figures 2 and 3.
The retinal function of all surgical and absolute control eyes
was similar to the preoperative retinal function throughout the
experiment (data not shown).

250
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FIGURE 2. Analysis of a- and b-wave amplitudes in experimental B.
cereus endophthalmitis. Electroretinography was performed on eyes
injected with wild-type B. cereus NCIB 8122, nonswarming fI/7Y-mutant
MPO1, or fliY-complemented MP04, and amplitudes were recorded
every 3 hours throughout the infection course. Rapid decreases in (A)
a- and (B) b-wave amplitudes were observed in eyes infected with
either strain throughout 18 hours. The data are expressed as the
mean * SEM of results in four or more eyes per group.
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FIGURE 3. Analysis of latent a- and b-wave responses in experimental
B. cereus endophthalmitis. Electroretinography was performed on eyes
injected with wild-type B. cereus NCIB 8122, nonswarming fI7Y-mutant
MPO1, or fliY-complemented MP04, and implicit times were recorded
every 3 hours throughout the infection course. In general, increases in
(A) a- and (B) b-wave implicit time latencies were observed by 6 hours.
The data are expressed as the mean = SEM of results in four or more
eyes per group.

The rapid loss of retinal function in eyes infected with
each strain was similar to that observed in previous stud-
ies. #-®16:17:21 1n eyes infected with each strain, super-ERG
responses were recorded for both a- and b-wave amplitudes at
3 hours after infection (P = 0.15). Although the retinal respon-
siveness of eyes infected with MP04 were significantly differ-
ent from that of NCIB 8122 and MPO1 at 9 and 12 hours after
infection (P = 0.03), loss of retinal function in all infected eyes
corresponded collectively to >95% by 12 hours and nearly
100% by 18 hours.

Changes in the latency of retinal responses are summarized
in Figure 3. Significant increases in latency of the a-wave
implicit times were detected in eyes infected with each strain
at 6 hours after infection only. At this time, the a-wave implicit
times for eyes infected with each strain were similar (P =
0.25). For b-waves, increases in latency of implicit times were
detected in eyes infected with wild-type B. cereus NCIB 8122
and the fliY-complemented mutant at 3 hours and 6 hours after
infection. Increases in latency of implicit times of eyes infected
with the nonswarming mutant were detected at 6 hours only.
At 6 hours, the b-wave implicit time latencies for eyes infected
with each strain were similar (P = 0.14). The implicit time
latencies in eyes infected with each Bacillus strain were similar
to preoperative values, to control latencies at 12 and 18 hours
after infection, and to each other throughout the infection
course (P = 0.08).

Anterior Segment Inflammation

Figure 4 summarizes the migration of inflammatory cells into
the anterior segment in eyes infected with B. cereus. A signif-

Downloaded From: https://iovs.arvojournals.org/ on 07/23/2018

IOVS, October 2006, Vol. 47, No. 10

icant number of inflaimmatory cells were recovered from eyes
infected with wild-type B. cereus and the fliY-complemented
mutant from 6 to 12 hours after infection. In contrast, few
inflammatory cells were recovered from eyes infected with the
nonswarming B. cereus mutant MPO1 from 3 to 18 hours after
infection. The number of inflammatory cells recovered from
eyes infected with wild-type B. cereus and the fliY-comple-
mented mutant was greater than that recovered from eyes
infected with the f77Y-mutant MPO1 from 6 to 12 hours after
infection (P = 0.02). At 18 hours, all eyes infected with MP04
had perforated during harvest, and accurate inflammatory cell
counts were not available. No inflammatory cells were recov-
ered from the aqueous humor of control eyes.

Histologic Analysis

Immediately after intravitreal injection, eyes in all infection and
control groups had intact retinal layers, no anterior or posterior
segment inflammation, and few bacilli in the vitreous (data not
shown).

Eyes infected with all B. cereus strains exhibited mild to
moderate inflammatory cell influx into the posterior segment
at 6 hours after infection (Fig. 5). Mild to moderate disruption
of retinal layers was also observed (Fig. 6). At this time, inflam-
matory cells were observed in the vitreous in close proximity
to the optic nerve head and near the iris and ciliary body. Mild
to moderate disruption of retinal layers was also observed (Fig.
6). By 12 hours after infection, a significant number of inflam-
matory cells were present throughout the posterior segment,
and retinal layers were severely disrupted in eyes infected with
swarming strains (Figs. 5, 6). By 18 hours after infection, retinal
layers were indistinguishable in these eyes, and a significant
number of fibrin, inflammatory cells, and erythrocytes was
present throughout the vitreous, surrounding the iris and cili-
ary body, and in the anterior chamber (Figs. 5, 6). In eyes
infected with the fliY-nonswarming mutant MPO1, significant
numbers of inflammatory cells were present throughout the
vitreous at 12 and 18 hours after infection, but few were
present in the anterior chamber or cornea (Fig. 5). Bacilli were
not seen in the anterior chamber or cornea on higher magni-
fication of these sections (data not shown), correlating with

s 10
= @ B. cereus NCIB 8122 |
= 10* | O B. cereus MPOI b
v o £ B. cereus MPO4 L
= .
s T
—
o] 172
= 2
E 2 10
E 5
= T I
=< 10
oﬁ ]
o 0
—

0 3 6 9 12 18
Hours Postinfection

FIGURE 4. Infiltration of inflammatory cells into the anterior segment
during experimental B. cereus endophthalmitis. Inflammatory cells
were quantified from aqueous humor of eyes injected with wild-type B.
cereus NCIB 8122, nonswarming fl/Y-mutant MPO1, or fliY-comple-
mented MP04, every 3 hours for 18 hours. A significant number of
inflammatory cells were present in eyes infected with wild-type B.
cereus and the fliY-complemented strain. At 18 hours, all eyes infected
with MP04 perforated during harvest, and accurate inflammatory cell
counts were not obtainable. The data are expressed as the mean * SEM
of results in four or more eyes per group.



IOVS, October 2006, Vol. 47, No. 10

@\
(@ I
— Q—i
o0 ﬁ‘»
M o
5 —
N
p—]
S
SN
FIGURE 5. Whole-organ histologic Bl T “5‘
analysis of experimental B. cereus en- 2 tg
dophthalmitis. Strains analyzed were E

wild-type B. cereus NCIB 8122, non-
swarming fliY-mutant MPO1, and
fliY-complemented MP04. By 18
hours, severe posterior segment in-
flammation was observed; retinal lay-
ers were difficult to differentiate in
eyes infected with each strain. Signif-
icant anterior segment inflammation
was observed in eyes infected with
wild-type and fliY-complemented B.
cereus only. All representative histo-
logic sections were stained with he-
matoxylin and eosin. Magnification,
X10.

ented

MP04
i
m

com Ig
p

bacterial counts from the aqueous humor. The course of retinal
layer disruption in eyes infected with the nonswarming mutant
was similar to that of the wild-type and fliY-complemented
Bacillus strains (Fig. 6). No erythrocytes were seen in eyes
infected with the fliY-nonswarming strain.

DIScUSSION

Bacillus is one of the most virulent pathogens in the eye,
causing explosive inflammation and significant vision loss that,
in most cases, cannot be improved by the most aggressive of
therapies. The ability of Bacillus to spread throughout the eye
has been shown to contribute to its unique virulence during
endophthalmitis.* In a comparison of Bacillus with other
Gram-positive pathogens in the eye, Bacillus was able to mi-
grate throughout the eye during infection, whereas Staphylo-
coccus aureus and Enterococcus faecalis remained and grew
in the vitreous. Although S. aureus and E. faecalis caused
significant inflammation and retinal function loss within 3 days,
endophthalmitis caused by these toxigenic organisms did not
achieve the explosive severity that B. cereus did, in part,
because of the inability of S. aureus and E. faecalis to spread
throughout the eye.* Additional studies investigating the im-
portance of motility and toxin production to explosive intraoc-
ular virulence demonstrated that nonmotile Bacillus were less
virulent than their wild-type parental strains. Intraocular infec-
tion with isogenic nonmotile B. cereus or B. thuringiensis
resulted in slower evolution of retinal function loss and intraoc-
ular inflammation than motile wild-type strains.>® However,
because motility and toxin production appeared to be closely
linked in the nonmotile strains used, the contribution of mo-
tility alone to infection of the eye remains in question.

With respect to toxin production, the parental strain used
in the present study was similar to that of B. cereus and B.
thuringiensis strains used in previous studies,>®'®!7-2! with
the exception that NCBI 8122 did not produce hemolysin BL.
The differences in toxin production between nonmotile mu-
tants and their parental strains generated in previous studies
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have been reported.>® The nonmotile fIhA insertional mu-
tant>® and transposon mutant> were defective in toxin secre-
tion, indicating a global effect on toxin output, probably re-
sulting from these specific mutations. In the present study, the
J1iY mutation did not alter the toxin production profile of the
mutant strain, altering only its ability to swarm.

During the early stages of experimental B. cereus endoph-
thalmitis, detectable increases in ERG amplitude (super-ERG)
and latencies occurred. Super-ERG responses were recorded
for both a- and b-wave amplitudes at 3 hours after infection in
all infected eyes, indicating a possible change in the retinal
cells responsible for these functions during the earliest stages
of infection. Increases in latency of the a- and b-wave implicit
times were detected in infected eyes before or 6 hours after
infection, further indicating potential changes in retinal cells at
this time. There was a significantly greater b-wave latency
detected at 3 hours in eyes infected with the wild-type and
fliY-complemented B. cereus. Because a deficiency in swarm-
ing rendered MPO1 unable to reach the anterior segment dur-
ing infection, MPO1 may also not have been able to migrate
easily toward the retina. Hypothetically, if the change in b-
wave latency at 3 hours was due to bacilli or its toxins in close
proximity to retinal cells responsible for the b-wave (i.e., Miil-
ler cells, bipolar cells, ganglion cells), MPO1 may not have
affected these cells at this time, because MPO1 simply may not
have been near the retina. Toxin-dependent differences in
retinal function latencies have been reported in experimental
B. cereus endophthalmitis.'” There were no strain-specific dif-
ferences in ERG amplitudes, suggesting a potential difference
in the mechanisms of amplitude and latency alterations during
the infection that may not be due to a close association of
Bacillus or its toxins with the retina. Nevertheless, our recent
studies strongly suggest that early changes in retinal responses
during endophthalmitis could result from bacteria- or toxin-
induced retinal dysfunction. The detrimental effects of Bacillus
and its toxins on specific cells of the retina are presently being
analyzed.
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During infection of the posterior segment, bacteria are
deposited within the semisolid vitreous humor. The vitreous
humor is a transparent, gelatinous medium through which
light must travel to the retina to form an image and is com-
posed primarily of water, hyalouronic acid, and a network of
collagen fibrils. During endophthalmitis, Bacillus traverses and
grows within the vitreous, reaching nearly all parts of the eye.
In the present study, the nonswarming mutant was unable to
escape from the vitreous and reach the anterior segment,
resulting in a notable lack of anterior segment inflammation.
However, the explosive posterior segment inflammation and
retinal dysfunction were similar, regardless of the infecting
strain, suggesting that swarming did not contribute signifi-
cantly to overall intraocular virulence. Bacillus toxins, which
are collectively essential for endophthalmitis virulence,'” were
probably produced by each strain in the posterior segment and
may have contributed to inciting the explosive inflammation
observed in that area.

These studies also confirmed the lack of a significant role for
hemolysin BL in endophthalmitis. We demonstrated in an ear-
lier study that the intraocular virulence of wild-type B. cereus
and its hemolysin BL-deficient isogenic mutant are similar.*' In
the present study, wild-type NCIB 8122 and its companion
strains produced only the L2 component of hemolysin BL, not
a functional lytic toxin. Yet, the virulence of the wild-type,
fliY-nonswarming mutant, and the fliY-complemented B.
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FIGURE 6. Retinal histologic analysis
of experimental B. cereus endoph-
thalmitis. Strains analyzed were wild-
type B. cereus NCIB 8122, non-
swarming fliY-mutant MPO1, and
fliY-complemented MP04. By 12
hours, significant inflammation and
photoreceptor layer folding was ob-
served in eyes infected with each
strain. By 18 hours, specific retinal
cell layers in eyes infected with ei-
ther strain were virtually indistin-
guishable. Photographs were taken
of the inferior aspect of eyes shown
in Figure 5. V, vitreous; ILM, inner
limiting membrane; PL, photorecep-
tor cell layer; OLM, outer limiting
membrane; CH, choriocapillaris; S,
sclera. Magnification, X200.

18 HOURS

cereus strains were comparatively more virulent than the B.
cereus or B. thuringiensis strains previously analyzed in this
model. These findings correlated with our report of a limited
role for hemolysin BL in endophthalmitis.

As reported previously, the fliY-nonswarming mutant is
unable to produce the L2 component of hemolysin BL, sug-
gesting the potential for swarming-dependent production of
this protein.'* Although we did not detect differences in the
number of different strains or the quantity secreted by the
wild-type, f1iY-, and fliY-complemented B. cereus strains in
vitro, the possibility exists that production of these virulence
factors in vivo is associated with swarming. Associations be-
tween swarming and virulence have been reported for Pro-
teus, Salmonella, and Clostridium.”®'°~'? These organisms
exhibit increased virulence characteristics, such as invasion or
toxin production, when in the swarmer cell state. Recent
studies by Kim and Surrette’” demonstrated the coordinate
regulation of cell signaling systems exclusively in Salmonella
swarming cells. The unique physiological environment of the
interior of the eye may trigger the transformation of Bacillus
into a hypervirulent migrating organism that could be the
cause for its explosive intraocular virulence.

Migration of Bacillus during endophthalmitis may result
from an as yet unknown biochemical or physiological stimulus
within the eye. Lack of sufficient nutrients, oxygen, or other
necessary growth factors in the interior of the eye may trigger
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Bacillus to migrate to a more favorable environment. Entry of
inflammatory cells or their products into the posterior segment
during the early stages of infection may also prompt Bacillus to
navigate away from a hostile environment. Chemotaxis of an
organism toward or away from specific environmental stimuli
provides bacteria with an adaptation and survival advantage.
Chemotaxis, swarming, motility, and the virulence potential of
Bacillus and other motile organisms appear to be closely asso-
ciated within complex regulatory networks, but these links are
not well-defined.?*"*” Senesi et al'* demonstrated the inability
of the nonswarming B. cereus mutant MPO1 to move toward a
nutrient stimulus. It is not clear whether this defect in chemo-
taxis resulted in the inability of MPO1 to navigate toward or
away from specific intraocular stimuli, thus preventing migra-
tion into the anterior segment. The biochemical and physio-
logical triggers for migration of Bacillus and other motile
organisms within the eye during endophthalmitis are presently
being investigated.
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