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Abstract: The purpose of this study was to determine whether the in vitro activity and 

concentration of Streptococcus pneumoniae pneumolysin correlated to the pathogenesis 

of S. pneumoniae endophthalmitis. Five S. pneumoniae clinical endophthalmitis strains were 

grown in media to similar optical densities (OD), and extracellular milieu was tested for 

pneumolysin activity by hemolysis of rabbit red blood cells. Pneumolysin concentration was 

determined using a sandwich ELISA. Rabbit vitreous was injected with 102 colony-forming 

units (CFU) of 1 of 2 different strains with low hemolytic activity (n = 10 and 12 for strains 

4 and 5, respectively) or 1 of 3 different strains with high hemolytic activity (n = 12 per 

strain). Pathogenesis of endophthalmitis infection was graded by slit lamp examination (SLE) 

at 24 hours post-infection. Bacteria were recovered from infected vitreous and quantitated. 

The SLE scores of eyes infected with strains having high hemolytic activity were signifi cantly 

higher than the scores of those infected with strains having low hemolytic activity (P � 0.05). 

Pneumolysin concentration in vitro, however, did not correlate with hemolysis or severity of 

endophthalmitis. Bacterial concentrations from the vitreous infected with 4 of the strains were 

not signifi cantly different (P � 0.05). These data suggest that pneumolysin hemolytic activity 

in vitro directly correlates to the pathogenesis of S. pneumoniae endophthalmitis. The protein 

concentration of pneumolysin, however, is not a reliable indicator of pneumolysin activity.
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Introduction
Staphylococcus species account for the majority of cases of bacterial endophthalmitis 

(Callegan et al 2007), however, infections due to Streptococcus pneumoniae 

(pneumococcus) lead to vision loss more rapidly than those with most other 

bacteria (Miller et al 2004). S. pneumoniae has been reported as a signifi cant 

cause of endophthalmitis following ocular surgery (Mao et al 1992; Nouri et al 

2001; Soriano et al 2006). A virulence factor of S. pneumoniae, pneumolysin (PLY), 

has been shown to be important in the pathogenesis of this disease (Ng et al 1997, 

2002), as well as several other diseases, including pneumonia (Rubins et al 1995; 

Witzenrath 2006; Garcia-Suarez Mdel et al 2007), bacteremia (Yuste et al 2005; Quin 

et al 2007), otitis media (Comis et al 1993; Beurg et al 2005), meningitis (Hirst et al 

2008), and keratitis (Johnson et al 1990; Marquart et al 2007; Green et al 2008). A PLY-

defi cient strain of S. pneumoniae causes decreased keratitis (Johnson et al 1990), 

and the complement activation domain of PLY appears to be partially responsible 

for the clinical symptoms (Johnson et al 1995). In pneumococcal endophthalmitis, 

PLY has been reported to be important in the early stages of the disease and causes 

infl ammation and retinal necrosis (Ng et al 1997, 2002).
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PLY is a 53 kDa toxin that is produced intracellularly and 

is commonly thought to be released upon bacterial cell lysis, 

however, the precise mechanism of PLY release is not known. 

This toxin is usually located in the extracellular milieu of 

stationary and death phase cultures of S. pneumoniae, and does 

not possess any consensus secretion signal sequences. PLY 

belongs to the family of cholesterol-dependent cytolysins, of 

which Clostridium perfringens perfringolysin O (Kirkham 

et al 2006) and Listeria monocytogenes listeriolysin O 

(Mengaud et al 1987) are members. PLY and members of 

this toxin family bind to cholesterol in host cell membranes 

and form pores, often resulting in lysis of the host cell. Sub-

cytolytic concentrations of PLY have been shown to activate 

host cell complement (Paton et al 1984), and this comple-

ment activation can exacerbate pneumococcal infections 

due to infl ammation. For example, corneal infl ammation 

and PMN infiltration are symptoms of S. pneumoniae 

keratitis, and deletion of the complement activation domain 

of PLY decreases the ability of S. pneumoniae to cause the 

infl ammation observed in keratitis (Johnson et al 1995). 

Separate domains of the PLY molecule have been linked to 

its cytolytic and complement-activating functions (Jounblat 

et al 2003).

In this study, we quantitated PLY activity and protein 

concentration in 5 S. pneumoniae strains isolated from cases 

of endophthalmitis. These in vitro quantitations were 

compared to the severity of endophthalmitis caused by each 

corresponding strain in vivo in rabbits.

Methods
Bacterial strains and growth conditions
Clinical endophthalmitis strains of S. pneumoniae (E391, 

E206, E323, E461, and E353) were kindly provided by Regis 

Kowalski at the Charles T Campbell Eye Microbiology Lab 

(Pittsburg, PA, USA). For simplifi cation, we designated 

strain E391 as strain 1, E206 as strain 2, E323 as strain 3, 

E461 as strain 4, and E353 as strain 5. Bacteria were grown 

overnight on 5% sheep blood agar (BA). Todd-Hewitt Broth 

with 0.5% yeast extract (THY) was inoculated with one 

colony and incubated at 37 °C in 5% CO
2
 overnight. The 

overnight culture was inoculated into fresh THY at a 1:100 

dilution. The bacteria were grown to an optical density 

(OD) at A
600

 that corresponded to 108 colony-forming units 

(CFU) per ml for infection or grown overnight (A
600

 ≈ 0.9) 

for evaluation of extracellular pneumolysin. Cells from 

the overnight culture were separated from extracellular 

milieu by centrifugation. Pneumolysin was quantitated from 

extracellular material.

Hemolysis assay
Extracellular samples were mixed with a 5% solution of 

rabbit red blood cells (RBCs) in PBS and incubated in 

triplicate at 37 °C for 30 minutes in 96-well round-bottom 

plates. The plates were centrifuged at 3200 rpm for 5 minutes 

to pellet nonlysed RBCs. The supernatants were measured for 

hemoglobin content by spectrophotometry at A
450

. Saponin 

(0.5%) was used as the positive control that represented 100% 

hemolysis. Percent hemolysis was determined by averaging 

the A
450

 values of each sample and converting the values to 

a percent based on the positive control.

Sandwich ELISA
The method used was previously described by Cima-Cabal 

(2001). In short, a 96-well ELISA plate was coated with 

mouse anti-PLY antibody (Affi nity BioReagents, Golden, 

CO, USA) and incubated overnight. The subsequent 

steps were blocking of nonspecific proteins, applica-

tion of extracellular bacterial extracts, application of 

polyclonal rabbit PLY-specific antiserum (Green et al 

2008), application of anti-rabbit IgG alkaline phosphatase 

conjugate (Sigma-Aldrich, St. Louis, MO, USA), and color 

development. The color intensity in each well was measured 

spectrophotometrically at A
405

. Background was subtracted 

from each well, and protein concentrations were determined 

by comparison to a standard curve consisting of known 

concentrations of purifi ed recombinant PLY prepared as 

previously described (Thornton and McDaniel 2005).

Infection
The use of animals in this research complied with the 

guidelines of, and was approved by, the Institutional Animal 

Care and Use Committee of the University of Mississippi 

Medical Center. New Zealand white rabbits (Harlan Sprague 

Dawley, Inc, Oakwood Research Facility, Inc., Oxford, MI, 

USA) were anesthetized by an intramuscular injection of a 

mixture of xylazine (100 mg/mL; Butler Company, Columbus, 

OH, USA) and ketamine hydrochloride (100 mg/mL; Butler 

Company). Proparacaine hydrochloride (0.5%; Bausch and 

Lomb, Rochester, NY, USA) was topically applied to each 

eye before injection. Bacterial cultures were diluted such that 

each vitreous humor was infected with 102 CFU in a volume 

of 10 μl. The bacteria were inoculated into the vitreous humor 

of each rabbit eye with a 30-gauge needle.

Slit lamp examination (SLE)
Eight parameters were used for determining the severity of 

endophthalmitis: injection, chemosis, corneal infl ammation, 
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anterior chamber cell, anterior chamber fl are, red refl ex, 

vitreal clarity, and retinal clarity (Callegan et al 1999). 

Each parameter was given a grade from 0 (no pathogenesis) 

to 4 (maximal pathogenesis), resulting in a total score 

with a theoretical maximum of 32. Each eye was scored 

by 2 examiners blind to the experiment, and the two scores 

were averaged.

CFU recovery
Rabbits were euthanized by an overdose of intravenous 

sodium pentobarbital (Sigma-Aldrich) at 24 or 48 hours 

post infection (PI). Vitreous was removed from each eye, 

serially diluted, and cultured in triplicate on BA. The plates 

were incubated at 37 °C in 5% CO
2
 overnight and colonies 

were counted to determine log CFU recovered.

Statistics
Data were analyzed using the Statistical Analysis System 

(SAS) program for computers (SAS Inc., Cary, NC, USA). 

Clinical SLE scores were analyzed using a nonparametric 

one-way analysis of variance. Bacterial CFU at 24 h and 48 h 

PI, PLY activity, and PLY quantifi cation were analyzed using 

the general linear models procedure of least squares means. 

P � 0.05 was considered signifi cant.

Histopathology
Whole eyes were removed and histological sectioning was 

performed by Excalibur Pathology, Inc. (Moore, OK, USA). 

Sections were stained with hematoxylin and eosin.

Results
Hemolysis assays
Hemolysis assays were performed to characterize each 

strain’s PLY activity. PLY activity is based on the toxin’s 

ability to lyse RBCs. Strains were considered to have low 

PLY activity if hemolysis was �50% and high PLY activity if 

hemolysis was �80% relative to a 100% lysis control. Strains 

1, 2, and 3 were designated high PLY activity strains with 

94.5%, 100%, and 100% hemolysis respectively (Figure 1A). 

Strains 4 and 5 were designated low PLY activity strains with 

12.1% and 49.6% hemolysis, respectively.
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Figure 1 (A) Percent hemolysis (n = 3 per strain) for study strains. Percent was determined by comparison to a saponin 100% control. None of the high hemolytic strains 
(1, 2, 3) were signifi cantly different from each other (P � 0.05). All of the high hemolytic strains were signifi cantly higher than the low hemolytic strains (4 and 5) (P � 0.05). 
Strain 4 was signifi cantly lower than strain 5 (P � 0.0001) Error bars denote standard deviation. (B) Concentration of PLY for study strains as determined by ELISA. Error 
bars denote standard deviation. Strain 3 had signifi cantly more PLY than all other strains (P � 0.05). Strains 1 and 5 had signifi cantly more PLY than strains 2 and 4 (P � 0.05). 
Strains 1 and 5 and strains 2 and 4 are not signifi cantly different (P � 0.05).
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Sandwich ELISA
The sandwich ELISA was used to quantify the amount of PLY 

released by the bacteria in overnight cultures (Figure 1B). When 

compared to hemolytic activity, the amount of PLY released 

did not correlate to the ability to lyse RBCs (Figure 1).

Rabbit endophthalmitis model
Strains with low (�50%) and high (�80%) extracellular 

hemolysis relative to a 100% lysis control were compared 

in a rabbit endophthalmitis model. Rabbit vitreous was 

injected with 1 of 2 different strains of low hemolytic 

activity (n = 10 and 12 for strains 4 and 5, respectively) or 1 of 

3 different strains of high hemolytic activity (n = 12 per 

strain). Strains 1, 2, and 3 had high hemolytic activity in vitro 

and average SLE scores ± standard errors of the means of 

23.13 ± 2.21, 17.76 ± 2.16, and 16.59 ± 1.89, respectively, 

at 24 hours PI. Strains 4 and 5 had low hemolytic activity 

and average SLE scores of 9.91 ± 2.09 and 10.54 ± 2.07, 

respectively, at 24 hours PI. The SLE scores of eyes infected 

with strains of high hemolytic activity were signifi cantly 

higher than the SLE scores of eyes infected with strains of 

low hemolytic activity (P � 0.05; Figure 2).

Figure 3 shows representative eyes from low hemolysis 

strains and high hemolysis strains. The high hemolysis strains 

caused a much more severe pathology. At both 24 and 48 hours 

PI, more infl ammatory cells can be observed (as anterior 

chamber cell and fl are as determined by SLE) in the eyes 

infected with the high activity strains as compared to the eyes 

infected with the low activity strains. The disease severity 

caused by strains 1 and 2 was so severe that the experiment 

was terminated after 24 hours PI, and those rabbits were 

euthanized. Infections were allowed to progress in the eyes 

infected with the remaining 3 strains until 48 hours PI.

CFU recovery
There was no signifi cant difference in bacterial concentration 

from vitreous infected with strains 2, 3, 4, and 5 at 24 hours 

PI (P � 0.05; Table 1). Signifi cantly higher log CFU were 

recovered from vitreous infected with strain 1 when com-

pared to all other strains (P � 0.05). There was no signifi cant 

difference in bacterial concentration from vitreous infected 

with strains 3 and 5 at 48 hours PI (P = 0.4194). However, 

there was a signifi cant difference in bacterial concentration 

from vitreous infected with strains 3 and 4 as well as strains 

4 and 5 (P = 0.0047 and P = 0.0242, respectively).

Histopathology
Infl ammation observed in the eyes infected with the high 

PLY activity strains was more pronounced and destructive 

than in the eyes infected with the low PLY activity strains. 

Also, infl ammation of the vitreous, retina, and choroid was 

observed in the eyes infected with the high activity PLY 

producing strains. The retina had become detached from the 

optic disk, and had become invaginated. Infl ammation was 

observed in the subretinal space in eyes infected with the 

high activity PLY producing strains. Less severe intravitreal 

infl ammation was observed in the eyes infected with the low 

activity PLY producing strains. The retinas were intact, and 

there was little to no infl ammation observed in the subretinal 
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Figure 2 Average SLE scores at 24 hours PI. All strains producing high hemolytic 
activity in vitro (strains 1, 2, and 3) caused signifi cantly higher SLE scores in vivo than 
the low activity strains (strains 4 and 5; P � 0.05). There was no signifi cant differ-
ence in SLE scores between the two low activity strains (P = 0.8342). There were no 
signifi cant differences in SLE scores between the three high activity strains (P � 0.05), 
except for strain 1 compared to strain 3 (P = 0.0352). Error bars denote standard 
errors of the means.
Notes: *signifi cant compared to low hemolytic strains (P � 0.05)’ #signifi cant 
compared to strain 3 (P = 0.0352).
Abbrevations: PI, post infection; SLE, slit lamp examination.
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Figure 3 Pictures of representative eyes at 24 hours PI (A) and 48 hours PI (B). 
Strains 3 (left column) and 5 (right column) are shown. N = 12 for all strains except 
strain 4 (n = 10).
Abbreviations: PI, post infection; PLY, pneumolysin.
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space in eyes infected with the low activity PLY producing 

strains (Figure 4).

Strains with high hemolytic activity caused destruction 

of the inner and outer layers of the retina and infl amma-

tory infi ltrate behind the retina was observed (Figure 4B). 

A dense, pre-retinal (vitreal) infi ltrate of polymorphonuclear 

(PMN) infl ammatory cells was also observed. Strains with 

low hemolytic activity (Figure 4C) caused only a moderate 

infi ltration of PMN cells in the pre-retinal space. Few infl am-

matory cells were observed in the sub-retinal space, and the 

retina remained intact.

Discussion
This study sought to fi nd correlation between the hemolytic 

activity of PLY from clinical endophthalmitis strains with 

the severity of endophthalmitis caused by those strains in a 

rabbit model. Though PLY is an intracellular toxin, hemo-

lysis caused by the extracellular milieu from the overnight 

cultures correlated with severity of infection in vivo. This 

correlation is probably due to bacterial cell death in the over-

night culture. It is commonly believed that upon cell death 

(or lysis), PLY is released. Since there is a higher amount 

of dead bacterial cells in an overnight culture, more PLY 

should be present in the milieu. Rabbit vitreous infected with 

S. pneumoniae strains producing high hemolytic activity 

in vitro showed more severe pathology than those infected 

with strains producing low hemolytic activity. The protein 

quantity of PLY from each of the strains, however, did not 

correlate with hemolytic activity. The amount of PLY also 

did not relate to the pathology in vivo. Strain 2, for example, 

had high hemolytic activity but produced relatively less 

PLY than strain 5, which had low hemolytic activity. These 

results suggest at least two scenarios. PLY activity per PLY 

concentration could vary from strain to strain, possibly due 

to mutation at the gene level or incomplete post-translational 

modifi cation of the protein that would render the protein 

to activity ratio higher in some strains compared to others. 

A second possibility is that hemolytic activity is not neces-

sarily fully attributable to PLY. Although hemolytic activity 

is a widely accepted indicator of PLY function, one study 

reported that a serotype 2 strain of S. pneumoniae defi cient 

in the gene for PLY retained its hemolytic activity (Canvin 

et al 1997).

The hemolytic activity of each strain correlated to the 

severity of pathogenesis in the rabbit endophthalmitis model 

for all strains at 24 hours PI. For example, strains 1, 2, and 

3 had high hemolytic activity and caused more severe endo-

phthalmitis than strains 4 and 5 (Figures 1, 2, and 3). The 

differences observed between the strains in endophthalmitis 

severity were not due to differences in bacterial growth for 

strains 2, 3, 4 and 5 as determined by quantitation of bacte-

rial concentration from the vitreous (Table 1). The signifi -

cantly higher bacterial concentration from the vitreous of 

eyes infected with strain 1 could account for the increased 

pathogenesis observed in vivo for this strain compared to the 

other strains. Perhaps other factors lend to the ability of this 

strain to replicate in the eye.

Histology of the rabbit eyes supports the SLE observations. 

A larger amount of PMNs were observed in the vitreous of the 

rabbit eyes infected intravitreously with the strains producing 

high activity PLY as compared to the low activity strains. 

Furthermore, the retinas in the eyes infected with the high 

activity PLY producing strains showed more necrosis than 

the retinas of the eyes infected with the low PLY producing 

strains (Figure 4).

Only two other studies have been reported that have 

investigated the virulence mechanisms of S. pneumoniae 

endophthalmitis. PLY was injected into the vitreous of Lewis 

rats and caused rapid infl ammation and tissue damage, as well 

as retinal necrosis and detachment (Ng et al 1997). In addition, 

Table 1 Log10 CFU recovered from the vitreous

24 hours Pla 48 hours Plb

Strain 1 9.0011 ± 0.1204 N/D

Strain 2 7.0479 ± 0.3772 N/D

Strain 3 7.6364 ± 0.2226 8.8540 ± 0.3493

Strain 4 7.9383 ± 0.3844 7.1227 ± 0.4180

Strain 5 7.9133 ± 0.2522 8.2429 ± 0.1903

Notes: an = 12 per strain at 24 hours PI (except strain 4; n = 10). Strain 1 was signifi cantly higher than all other strains at 24 hours PI (P � 0.05). P � 0.05 among all other 
strains (2, 3, 4, 5) at 24 hours PI; bStrains 3 and 5 n = 11; strain 4 n = 9 at 48 hours PI. Log CFU recovered from the vitreous of eyes infected with strain 4 was signifi cantly lower 
(P � 0.05) when compared to strains 3 and 5 48 hours PI. Strains 3 and 5 showed no signifi cant difference at 48 hours PI (P = 0.4194). Results presented as log CFU ± stan-
dard error of the mean.
Abbreviations: CFU, colony-forming units; N/D, not determined, PI, post infection.
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Figure 4 Representative histology pictures of an uninfected eye (A; 20X magnifi cation) and eyes infected with strains producing high (B; 40X magnifi cation) or low (C; 40X 
magnifi cation) PLY activity. 1 is vitreous; 2 is retinal layers; 3 is choroid; 4 is optic disk. (A) Normal vitreous (1), retina (top arrow), and choroid (bottom arrow) were observed 
in an uninfected eye. (B) Damage and infl ammation of the retina were observed (top two arrows). The choroid had become separated from the retinal layers by PMNs (bottom 
arrow). Severe infl ammation was observed in the vitreous (1). (C) Only moderate infl ammation was observed in the vitreous (1). Minor infl ammation was observed in the 
retinal layers (arrow).
Notes: 3* Subretinal space; choroid not visible in photograph due to artifactual separation from retina.
Abbreviations: PLY, pneumolysin; PMNs, polymorphonuclear cells.
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rat vitreous infected with S. pneumoniae strains defi cient in 

the genes for PLY and autolysin, a pneumococcal protein 

that causes autolysis and daughter cell separation, had less 

severe endophthalmitis than the parent strain at 24 hours PI 

(Ng et al 2002). However, by 48 hours PI, there were no dif-

ferences between the parent strain and the PLY-defi cient and 

autolysin-defi cient strains in the severity of endophthalmitis. 

These data prompted a suggestion that PLY and autolysin 

could contribute to early endophthalmitis, especially infl am-

mation, and that other virulence factors may be involved in 

the disease (Ng et al 2002). A clinical implication of the 

previous and current fi ndings regarding the role of PLY in 

pneumococcal endophthalmitis would be the development of 

strategies to inhibit PLY, especially during the early stages 

of endophthalmitis.

The study presented herein used 5 clinical endophthal-

mitis strains as opposed to the D39 strain that was used in 

the previous study (Ng et al 2002) and that was described by 

Avery (1944) and coworkers. Recent analysis of the genome 

sequences of different pneumococcal strains has indicated 

that pneumococcal genomes are diverse (Hoskins et al 2001; 

Tettelin et al 2001; Lanie et al 2007) and that different strain 

types cause different disease patterns (Blue and Mitchell 

2003; Hava et al 2003; Orihuela et al 2003; Lanie et al 

2007). This diversity between strains likely accounts for 

the differences in hemolytic activity, PLY concentration, 

and pathogenesis observed in the current study. This study 

also showed that PLY production is not a reliable indicator 

of hemolytic activity or the pathogenesis of S. pneumoniae 

endophthalmitis. Examination of the differences in hemolytic 

activity between a variety of strains, as well as the identifi -

cation and characterization of other possible pneumococcal 

virulence factors in endophthalmitis, will aid in determining 

the mechanisms of this disease.
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