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Phase variation in the colonial opacity phenotype of Streptococcus pneumoniae has been implicated as a factor
in bacterial adherence, colonization, and invasion in the pathogenesis of pneumococcal otitis media (OM). The
purpose of this study was to determine whether S. pneumoniae opacity variants influence the induction of gene
expression for proinflammatory mediators in vivo using the rat model of OM. Both the opaque and transparent
phenotype variants induced a significant up-regulation in gene expression for interleukin-1� (IL-1�), IL-1�,
IL-6, IL-10, tumor necrosis factor alpha, and inducible nitric oxide synthase (iNOS) compared to saline
sham-inoculated controls at both 4 and 24 h postinoculation (P < 0.05 in all cases). Furthermore, whereas a
significant difference in gene expression was evident for only IL-6 (greater following challenge with the opaque
variant) and IL-1� (greater following challenge with the transparent variant) at 4 h, by 24 h the opaque variant
cohort demonstrated a significant increase in gene expression for IL-1�, IL-1�, IL-6, IL-10, and iNOS relative
to animals inoculated with the transparent phenotype variant (P < 0.05 in all cases). Enzyme-linked immu-
nosorbent assay results confirmed the gene expression data as determined by real-time PCR. Moreover, the
concentrations of the opaque variant in the middle ear lavage fluid were a full log higher than those of the
transparent variant. The aforementioned results indicate that the opaque phenotype variant is more efficient
at survival and multiplication within the middle ear space, resulting in the accumulation of more inflammatory
cells and the enhanced expression and production of inflammatory mediators. However, when the data were
normalized to account for differences in middle ear bacterial titers, it became apparent that the transparent
variant of S. pneumoniae is a more potent inducer of inflammation, triggering the accumulation of more
inflammatory cells and substantially greater fold increases in the expression and production of inflammatory
mediators. Data from this study indicate that S. pneumoniae opacity variants influence the temporal mRNA
expression of inflammatory mediators within the middle ear.

Streptococcus pneumoniae undergoes spontaneous phase
variation in colony morphology between a transparent and an
opaque colony phenotype. It was Weiser and colleagues who
first described the relationship between colonial opacity and
nasopharyngeal colonization and adherence in an infant rat
model of carriage (24). Transparent variants, which have more
cell wall teichoic acid than opaque S. pneumoniae (14), dem-
onstrate an increased ability to adhere to human lung epithe-
lial cells and are selected for during nasopharyngeal coloniza-
tion in rodent models but are unable to induce sepsis (6). In
contrast, opaque variants have more capsular polysaccharide
than transparent S. pneumoniae and are characteristically more
virulent and associated with invasive disease (14). Given that
populations of S. pneumoniae are a heterogenous mixture of
opaque and transparent organisms, phase variation provides
S. pneumoniae with a unique advantage in vivo (23). Each
phase has characteristics which provide a selective advantage
for either carriage or systemic infection.

How S. pneumoniae, the primary bacterial pathogen of otitis
media (OM), becomes established in the middle ear and in-
duces OM is not completely understood. It has been suggested

that the successful attachment to host epithelium during col-
onization and invasion by S. pneumoniae requires either the
recognition of novel receptors or an increase of existing recep-
tors on activated host cells (20). The up-regulation of receptors
on respiratory epithelial cells has been reported to occur sub-
sequent to viral infection (10) or following epithelial activation
with the chemokine thrombin or with the proinflammatory
cytokines tumor necrosis factor alpha (TNF-�) and interleu-
kin-1� (IL-1 �) (4, 5, 6, 8). Data from our laboratory’s recent
study indicate that the middle ear epithelium appears to play a
key role in host immune defense by recognizing and subse-
quently responding to invading pathogens by secretion of
proinflammatory cytokines (19). In the case of OM, it is the
bacterium-epithelium interaction and the subsequent release
of proinflammatory cytokines and other mediators which pos-
sibly facilitates the invasion process.

Cytokines have been identified in the middle ear effusions
from patients with OM (17, 25). Furthermore, studies utilizing
animal models of OM have characterized the expression of
inflammatory cytokines and inducible nitric oxide synthase
(iNOS) subsequent to challenge with S. pneumoniae (11, 16,
18). Hebda et al. found that the expression levels of TNF-�,
IL-6, IL-1, and IL-10 as well as iNOS were significantly in-
duced in the rat model of OM following transbullar inoculation
with S. pneumoniae (11). However, to our knowledge, no study
has been reported which examines how S. pneumoniae opacity
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variants impact the initial stages of the host-parasite interac-
tion within the middle ear. Specifically, do transparent and
opaque phase variants of S. pneumoniae differentially influence
the temporal expression of inflammatory mediators? The pur-
pose of this study was to analyze how S. pneumoniae opacity
variants influence cytokine and iNOS expression and produc-
tion as well as inflammatory cell recruitment and bacterial
survival in vivo following transbullar injection by using the rat
model of OM.

MATERIALS AND METHODS

Bacteria. S. pneumoniae 6A (EF3114; kindly provided by B. Andersson, De-
partment of Clinical Immunology, University of Gotebörg, Gotebörg, Sweden)
was used for these experiments and has been described in detail previously (1).
The isogenic opaque or transparent variants of S. pneumoniae 6A were isolated
by Jeffrey Weiser, Children’s Hospital of Philadelphia, and confirmed prior to
inoculation according to the method established by Weiser et al. (24). Log-phase
cultures were prepared from chocolate agar plate subcultures by inoculating
Todd-Hewitt broth supplemented with 0.5% yeast extract (Difco Laboratories,
Detroit, Mich.) with S. pneumoniae 6A opacity variants grown overnight on
chocolate agar and obtained by washing the plates with 5 ml of phosphate-
buffered saline (PBS; pH 7.2). After a 3-h incubation, the cultures were centri-
fuged at 3,500 � g for 20 min, washed twice, and resuspended in PBS. The
concentration of S. pneumoniae (in CFU per milliliter) was determined by stan-
dard dilution and plate count.

Study design. Fifty-five male Sprague-Dawley rats (225 to 250 g) were ran-
domly assigned to three cohorts and anesthetized by intramuscular injection with
ketamine hydrochloride (80 mg/kg of body weight) and xylazine (8 mg/kg). OM
was then induced by the direct bilateral inoculation of the middle ears, with 30
�l of a suspension containing 2 � 105 CFU of either the transparent or opaque
phenotype variants of S. pneumoniae 6A in sterile pyrogen-free saline as previ-
ously described (16). Inoculations were made through the bony wall of the
cephalid bullae, which was accessed through a neutral midline incision and blunt
dissection. A control cohort was sham inoculated with 30 �l of diluent alone
(saline), and an additional six rats were used as normal controls without injec-
tions.

At 4 and 24 h postinoculation, rats were anesthetized and then sacrificed by
the intracardiac injection of an overdose of xylazine, and the middle ear mucosa
were harvested by in situ lysis as previously described by our laboratory (3). For
half of the animals from each cohort, the bullae were exposed and the middle ear
epithelium was harvested by in situ lysis with 50 �l of lysis buffer from an RNeasy
Mini kit (Qiagen, Valencia, Calif.). This process was repeated three times, and
the lysates were aspirated, pooled, and stored at �70°C. Total RNA was isolated
by using an RNeasy Mini kit according to the manufacturer’s instructions (Qia-
gen). The purity of the isolated RNA was estimated by spectrophotometric

determination of the 260- to 280-nm absorption ratio, and the RNAs were stored
at �80°C until analyzed by real-time PCR.

For the remaining animals from each cohort, the middle ear space was lavaged
prior to in situ lysis of the epithelium to allow assessment of S. pneumoniae and
inflammatory cell titers. The bullae were exposed, the middle ear space was
rinsed three times with 50 �l of sterile pyrogen-free saline, the washings were
aspirated and pooled, and the inflammatory cell concentration (in cells per cubic
millimeter) for each sample was determined by use of a hemocytometer. Also,
middle ear lavage samples were cultured overnight at 37°C on chocolate agar
plates in an incubator supplemented with humidity and 5% CO2, and the con-
centration of S. pneumoniae was determined by standard dilution and plate
count. Following lavage, in situ lysis of the middle ear epithelium and total RNA
extraction were carried out as described above. The study was repeated once.

Quantitation of cytokine transcripts from middle ear epithelium by real-time
PCR. Real-time PCR allows for the rapid, accurate, and precise quantitation of
gene transcripts (9, 12). Real-time PCR assays were performed to specifically
quantitate IL-1�, IL-1�, IL-6, IL-10, iNOS, and TNF-� transcripts as our inves-
tigators have described previously (19). Briefly, total cellular RNA was extracted
using an RNeasy Mini kit (Qiagen), and cDNAs were synthesized using the
Superscript preamplification system (Gibco BRL). Each cDNA sample was used
as a template for a real-time PCR amplification mixture containing forward and
reverse primers and probes for the target cytokine and chemokine genes and for
18S rRNA (internal control) and 2� TaqMan Universal PCR Master Mix ob-
tained from Applied Biosystems (Foster City, Calif.). Real-time PCR amplifica-
tions were performed on an Applied Biosystems Prism 7700 sequence detector
according to the manufacturer’s instructions. Predicted cycle threshold (CT)
values were exported directly into Excel worksheets for analysis. Relative
changes in gene expression were determined using the 2���C� method as de-
scribed elsewhere (15) and reported as the fold difference relative to a calibrator
cDNA (normal control rats, uninoculated) prepared in parallel with the exper-
imental cDNAs. Primers and probes for IL-1�, IL-1�, IL-6, IL-10, iNOS, and
TNF-� were designed using the computer program Primer Express (Applied
Biosystems) and synthesized by Perkin-Elmer/Applied Biosystems. The primers
and probes for each gene are listed in Table 1.

Quantitation of cytokine proteins in the middle ear lavage samples by ELISA.
Middle ear lavage samples were centrifuged at 500 � g and frozen at �70°C.
Concentrations of IL-1�, IL-6, and �NF-� in middle ear lavage samples were
measured by use of commercial enzyme-linked immunosorbent assay (ELISA)
kits (Quantikine; R & D Systems, Minneapolis, Minn.), according to the man-
ufacturer’s instructions. Middle ear lavage samples from saline sham-inoculated
animals served as the control.

Statistical analysis. Data are expressed as the arithmetic mean 	 the standard
error of the mean (SEM). Statistical analysis was performed by use of either the
Mann-Whitney rank sum test (for S. pneumoniae concentration in middle ear
lavage samples) or the Student t test for all other comparisons. In all cases, a P
level of 
0.05 was set as the measure of significance.

TABLE 1. Primer and probe sequences used for real-time PCR

Gene GenBank accession no. Primer and probe sequence

iNOS NM012611 Forward: 5� TGG TCC AAC CTG CAG GTC TT 3�
Reverse: 5� CAG TAA TGG CCG ACC TGA TGT 3�
Probe: 5� TGC CCG GAG CTG TAG CAC TGC AT 3�

IL-6 NM012589 Forward: 5� TCC AAA CTG GAT ATA ACC AGG AAA T 3�
Reverse: 5� TTG TCT TTC TTG TTA TCT TGT AAG TTG TTC TT 3�
Probe: 5� AAT CTG CTC TGG TCT TCT GGA GTT CCG TTT CTA 3�

IL-10 NM012854 Forward: 5� GAA GCT GAA GAC CCT CTG GAT ACA 3�
Reverse: 5� CCT TTG TCT TGG AGC TTA TTA AAA TCA 3�
Probe: 5� CGC TGT CAT CGA TTT CTC CCC TGT GA 3�

IL-1� NM017019 Forward: 5� AGC CCA TGA TTT AGA AGA GAC CAT 3�
Reverse: 5� TGA TGA ACT CCT GCT TGA CGA T 3�
Probe: 5� CAG ATC AGC ACC TCA CAG CTT CCA GAA TAA TT 3�

IL-1� NM031512 Forward: 5� CCA AGC ACC TTC TTT TCC TTC A 3�
Reverse: 5� AGC CTG CAG TGC AGC TGT CTA A 3�
Probe: 5� CAG GTC GTC ATC ATC CCA CGA GTC A 3�

TNF-� NM012675 Forward: 5� GAC CCT CAC ACT CAG ATC ATC TTC T 3�
Reverse: 5� TTG TCT TTG AGA TCC ATG CCA TT 3�
Probe: 5� ACG TCG TAG CAA ACC ACC AAGCGG A 3�
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RESULTS

Effect of opacity phenotype on S. pneumoniae survival in the
middle ear. To ascertain whether opacity variants influence
S. pneumoniae survival, the number of organisms present in the
middle ear following direct transbullar inoculation with S. pneu-
moniae was determined. At both 4 and 24 h postinoculation,
middle ear lavage samples contained higher concentrations of
opaque organisms (Fig. 1). There was a statistically significant
difference between the number of opaque and transparent or-
ganisms at 24 h postinoculation (P 
 0.05). The opaque phe-
notype variant had more than 12 times the number of viable
transparent S. pneumoniae by 24 h postinoculation. The exper-
iment was repeated once, and similar results were obtained.

Effect of opacity phenotype on middle ear inflammatory cell
response. To determine whether phase variants of S. pneumo-
niae differentially induce inflammatory cell recruitment, cell
counts were performed on middle ear lavage samples. Whereas
there was little difference at 4 h, by 24 h postinoculation there
were significantly more inflammatory cells in the middle ear
lavage samples from rats inoculated with the opaque pheno-
type of S. pneumoniae compared to that in animals inoculated
with the transparent phenotype (P 
 0.05) (Fig. 2). Also, at 4
and 24 h following inoculation, lavage samples collected from
rats inoculated with transparent or opaque phenotype variants
had significantly more inflammatory cells compared to those
from saline sham-inoculated controls (P 
 0.001 in all cases).
All middle ear lavage samples from sham-inoculated controls
had fewer than 10 cells per mm3 for both the 4- and 24-h
samples. The experiment was repeated, and similar results
were obtained.

Effect of opacity phenotype on the kinetics of cytokine and
iNOS gene expression in the rat middle ear following direct
transbullar inoculation with opaque or transparent variants
of S. pneumoniae. Real-time PCR was used to examine the role
of S. pneumoniae opacity variants in the induction of a panel of

proinflammatory cytokines (IL-1�, IL-1�, IL-6, IL-10, and
TNF-�) and iNOS genes in the rat middle ear in vivo during
the course of experimental OM. By 4 h after transbullar inoc-
ulation with S. pneumoniae 6A opaque or transparent variants,
both S. pneumoniae opacity variants induced a significant up-
regulation of these genes relative to the saline sham control
(P 
 0.001 in all cases) (Fig. 3). When comparing gene expres-
sion levels between the opaque and transparent variants, at 4 h
a significant difference in gene expression levels was observed
only for IL-1� and IL-6. Whereas IL-1� expression was signif-
icantly increased following transbullar challenge with the trans-
parent phenotype (P 
 0.05), IL-6 expression was significantly
increased subsequent to challenge with the opaque phenotype
of S. pneumoniae (P 
 0.001) (Fig. 3).

Just as at 4 h, 24 h following the transbullar challenge with
S. pneumoniae 6A opaque and transparent variants both S.
pneumoniae opacity variants induced a significant up-regula-
tion of gene expression relative to the saline sham control (P 

0.001 in all cases) (Fig. 3). Also, at this time the induction of
gene expression for IL-1�, IL-1�, IL-6, IL-10, and iNOS was
significantly different between the cohorts challenged with the
S. pneumoniae opaque and transparent variants. The amount
of mRNA transcripts for IL-1�, IL-6, and IL-10 were all
greater than threefold higher, and those of IL-1� and iNOS
were greater than two- and fourfold higher, respectively, in the
S. pneumoniae opaque variant cohort compared to levels in the
S. pneumoniae transparent cohort (P 
 0.05 in all cases). In
contrast, at this time there was no statistical difference in
TNF-� gene expression induced by the opaque and transpar-
ent phenotype variants of S. pneumoniae.

The above gene expression results were generated using
total RNA samples prepared by direct in situ lysis of the mid-
dle ear space. RNA samples prepared by direct in situ lysis of
the epithelium (nonlavaged) included gene transcripts pro-
duced from both white blood cells as well as from cells making

FIG. 1. Survival of the transparent and opaque phenotype variants
of S. pneumoniae in the middle ears of rats following transbullar
inoculation. Each data point represents the geometric mean of CFU of
S. pneumoniae (	 SEM) per milliliter of middle ear lavage fluid. These
results are from a single experiment, with a total of four to eight
middle ear samples obtained from two to four animals for each cohort
(opaque and transparent), at each time point. *, P 
 0.05 for the
comparison.

FIG. 2. Accumulation of inflammatory cells in the middle ears of
rats following transbullar inoculation of transparent or opaque variants
of S. pneumoniae. Each data point represents the mean concentration
of inflammatory cells (	 SEM) per milliliter of middle ear lavage fluid.
These results are from a single experiment, with a total of four to eight
middle ear lavage samples obtained from two to four animals for each
cohort (opaque and transparent), at each time point. *, P 
 0.05 for
the comparison (opaque versus transparent).
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FIG. 3. Induction of gene expression as measured by real-time PCR on total RNA samples prepared by the direct in situ lysis of the middle
ear space at 4 and 24 h following inoculation of transparent and opaque variants of S. pneumoniae. Results are the mean fold increase in IL-1�,
IL-1�, IL-6, IL-10, iNOS, and TNF-� transcript levels (	 SEM) from duplicate samples from two separate experiments. *, P 
 0.05 for the
comparison (opaque versus transparent).
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up the mucosal surface. To permit examination of that pro-
portion of gene expression which could be attributed to the
mucosal surface, total RNA samples for gene expression anal-
ysis were also prepared by in situ lysis of the middle ear epi-
thelium subsequent to lavage of the middle ear cavity. For
these samples, at 4 and 24 h following transbullar inoculation
with S. pneumoniae 6A opaque or transparent variants, both S.
pneumoniae opacity variants induced a significant up-regula-
tion of these cytokine genes relative to the levels in saline sham
controls (P 
 0.001 in all cases) (Fig. 4). Also, with the excep-
tion of TNF-�, expression levels were higher for all genes
following challenge with the opaque phenotype. Furthermore,
by 4 h postinoculation, IL-6 expression levels were significantly
different, with the S. pneumoniae opaque variant inducing a
2.5-fold increase in IL-6 gene expression relative to the trans-
parent variant (P 
 0.001).

At 24 h, the levels of induction of IL-1�, IL-1�, IL-6, IL-10,
and iNOS were significantly different between the cohorts chal-
lenged with S. pneumoniae opaque and transparent variants.
The amount of mRNA transcripts of IL-1� and IL-10 genes
were two- and threefold higher, respectively, and that of IL-1�,
IL-6, and iNOS genes were three-, four-, and sixfold higher,
respectively, in the S. pneumoniae opaque variant cohort com-
pared to expression levels in the S. pneumoniae transparent
cohort (P 
 0.05 in all cases) (Fig. 4). Also, just as at 4 h, there
was no statistical difference in TNF-� gene expression induced
by either phenotype. Though not statistically significant, TNF-
� was the only gene expressed at a higher level following trans-
bullar challenge with transparent S. pneumoniae compared to
challenge with opaque S. pneumoniae.

It should be noted that comparisons of gene expression
levels for saline sham-inoculated controls versus noninoculated
normal controls were included for these studies. Fold increases
in gene expression levels following inoculation with saline
alone served as the inoculation control, providing information
on how the physical trauma of the inoculation procedure im-
pacted upon gene expression. Increases in gene expression for
the saline sham controls (greater than a 10-fold increase in
gene expression relative to the noninoculated control) were
observed for IL-6 at 4 h and IL-1�, iNOS, and TNF-� at 24 h
(Fig. 3). For total RNA samples prepared by in situ lysis of the
epithelium following lavage, low levels of gene expression were
observed in the saline sham-inoculated controls for IL-1� and
IL-10 at 24 h and for TNF-�, IL-6, and iNOS at both 4 and 24 h
(Fig. 4). However, as noted above, the induction of gene ex-
pression was significantly greater following the inoculation of
either opacity variant for all genes tested compared to the
saline controls, at all times assayed.

Kinetics of cytokine production in the rat middle ear fol-
lowing transbullar inoculation with opaque or transparent
phenotypic variants of S. pneumoniae. The significant induction
of cytokine gene expression in the rat middle ear in vivo during
the course of experimental OM was confirmed by quantitating
the secretion of TNF-�, IL-1�, and IL-6 in middle ear lavage
samples by use of ELISAs. At 4 and 24 h postinoculation, the
concentration of cytokines in the lavage samples for controls
was 96 and 164 pg/ml for IL-6 and 8 and 84 pg/ml for IL-1�,
respectively (Fig. 5). No secreted TNF-� was detected in mid-
dle ear lavage samples at either time point. The minimum de-
tectable dose of TNF-� using the Quantikine M kit was 5 pg/ml.

By comparison, at both 4 and 24 h after transbullar inocu-
lation with S. pneumoniae 6A opaque or transparent variants,
both S. pneumoniae opacity variants induced a significant in-
crease in the production of these cytokines relative to saline
sham-inoculated controls (P 
 0.001 in all cases) (Fig. 5). Fur-
thermore, a comparison of protein expression levels at 24 h
following transbullar challenge with S. pneumoniae indicated
that animals inoculated with the opaque variant had signifi-
cantly higher levels of TNF-�, IL-1�, and IL-6 in the lavage
samples (four-, six-, and ninefold more, respectively) than an-
imals inoculated with the transparent phenotype (P 
 0.05 for
all comparisons).

Analysis of inflammatory cell response and gene expression
and production following normalization of data to account for
differences in middle ear S. pneumoniae populations. As pre-
viously noted, there were significant differences in the popula-
tions of opaque and transparent organisms within the middle
ear cavity following transbullar inoculation. In fact, there were
3- and 12-fold more opaque S. pneumoniae organisms in the
middle ear by 4 and 24 h postinoculation, respectively. As we
were interested in examining whether opaque and transparent
variants differentially induce the inflammatory cell response as
well as the expression and production of inflammatory medi-
ators, the data were normalized to account for differences in
bacterial populations and the results were expressed as the unit
change per 100,000 CFU of S. pneumoniae.

For inflammatory cell response data, following normaliza-
tion of the data mean inflammatory cell counts (in cells per
cubic millimeter of middle ear lavage fluid [mean 	 SEM])
were 129.1 	 38.6 and 89.7 	 35.4 following inoculation with
the transparent variant at 4 and 24 h and 59.8 	 4.1 and 18.6 	
3.9 following inoculation with the opaque variant at 4 and 24 h.
Thus, there were approximately two- and fivefold more white
blood cells at 4 and 24 h, respectively, following inoculation
with the transparent variant.

Also, for real-time PCR studies, analysis of the normalized
data indicates that the transparent variant generated a greater
fold increase in gene expression than the opaque variant for
every inflammatory mediator examined at both 4 and 24 h
(Table 2). This was also true for ELISA results. Following
normalization of the data, mean cytokine production (in pico-
grams per milliliter) following inoculation with the transparent
variant was 25.9 	 10.1 and 7.5 	 2.4 for TNF-�, 181.2 	 23.1
and 56.7 	 18.2 for IL-1�, and 416.8 	 283.2 and 62.3 	 40.5
for IL-6 at 4 and 24 h, respectively. Following inoculation with
the opaque variant, normalized mean cytokine production (in
picograms per milliliter) was 4.3 	 1.1 and 2.1 	 0.3 for
TNF-�, 57.7 	 19.0 and 27.8 	 8.6 for IL-1�, and 121.7 	 7.8
and 43.9 	 4.8 for IL-6 at 4 and 24 h, respectively. Thus, by 4 h
postinoculation, production of IL-1�, IL-6, and TNF-� were
found to be three-, three-, and sixfold higher, respectively,
following challenge with the transparent variant (compared to
the opaque variant) of S. pneumoniae. For the 24-h samples,
the fold differences in production for these three cytokines
were 2, 1, and 4, respectively.

DISCUSSION

Previous studies have provided evidence of a link between
pneumococcal opacity phase variation and nasopharyngeal col-
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FIG. 4. Induction of gene expression as measured by real-time PCR on total RNA samples prepared by in situ lysis of the middle ear space
subsequent to lavage at 4 and 24 h following inoculation of transparent and opaque variants of S. pneumoniae. Results are the mean fold increase
in IL-1�, IL-1�, IL-6, IL-10, iNOS, and TNF-� transcript levels (	 SEM) from duplicate samples from two separate experiments. *, P 
 0.05 for
the comparison (opaque versus transparent).

5536 LONG ET AL. INFECT. IMMUN.



FIG. 5. Concentrations of cytokines in middle ear lavage samples. Results are the mean concentrations of IL-1�, IL-6, and TNF-� (	 SEM)
in middle ear lavage samples from two duplicate wells from a single experiment. *, P 
 0.05 for the comparison (opaque versus transparent).
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onization and virulence (21). In this study, our data indicate
that there was a significant difference in survival of transparent
and opaque phenotype variants of S. pneumoniae within the
middle ear. Twenty-four hours following transbullar challenge,
there were significantly more opaque S. pneumoniae organisms
in middle ear lavage samples than in animals challenged with
the transparent variant of S. pneumoniae. Interestingly, lavage
samples collected at 4 h postinoculation were not significantly
different, with only 3-fold more opaque than transparent S.
pneumoniae. However, by 24 h postinoculation there were 12-
fold more opaque than transparent pneumococci.

The question arises as to what factor(s) can account for the
observed differences in survival of the two opacity phenotype
variants in the middle ear. Most notably, structural differences
between the two phase variants may be responsible for the
more rapid clearance of the transparent variant. As noted in
the introduction, transparent S. pneumoniae variants have
been shown to have more cell wall teichoic acid than opaque
variants of S. pneumoniae (14). As reviewed by Weiser, choline
in the form of phosphorylcholine binds to teichoic acid and is
the target for the acute-phase reactant C-reactive protein
(CRP) (23). CRP facilitates opsonophagocytosis in the ab-
sence of specific antibody, and only transparent pneumococci
appear to bind significant amounts of human CRP (23). In
children with chronic recurrent OM, CRP can be detected in
57% of middle effusion samples with an average level of 39
�g/liter (H. H. Tong and T. F. DeMaria, unpublished data).
However, the exact role and significance of CRP within the rat
model of OM have not been determined.

A second structural difference between the opacity phase
variants of S. pneumoniae which could influence in vivo survival
involves the antiphagocytic capsular polysaccharide. Opaque
S. pneumoniae variants have more capsular polysaccharide
than related transparent S. pneumoniae variants (14) and are
more resistant to phagocytosis (13). Thus, given that the pri-
mary mechanism of clearance for the pneumococcus is op-
sonophagocytosis, differences in middle ear survival for the two
phenotype variants can best be described as the result of a

combination of two factors: (i) the increased susceptibility of
the transparent variant to opsonophagocytosis (possibly due to
CRP), in conjunction with (ii) the increased resistance of the
opaque variant to opsonophagocytosis by virtue of its thicker
polysaccharide capsule.

A previous study utilizing the rat model of OM documented
the ability of pneumococci to induce an inflammatory cell
response within the middle ear (18). We found that inoculation
with the opaque variant rather than the transparent one re-
sulted in the accumulation of significantly more inflammatory
cells in the middle ear 24 h after inoculation. Most likely, this
difference can be explained in terms of the differences in bac-
terial survival within the middle ear. As discussed in a review
by Tuomanen, a major result of bacterial replication in the
middle ear is the influx of neutrophils (22). More specifically,
a threshold number of bacteria are required to induce the
production of IL-6, IL-1, and TNF-� (by the mucosa), and it is
the production of these cytokines which drives the influx of
neutrophils into the middle ear (22). It is conceivable that
increased titers of bacteria resulted in enhanced cytokine pro-
duction, with the result being the accumulation of more in-
flammatory cells. When our data were normalized to account
for differences in bacterial numbers, it became apparent that
the transparent variant actually resulted in the accumulation of
more inflammatory cells per viable bacterium.

Our results indicate that transparent and opaque variants of
S. pneumoniae induce a significant up-regulation of gene ex-
pression within the middle ear. These results are consistent
with those obtained by Hebda et al. (11). They found that ex-
pression of TNF-�, IL-6, IL-10, and iNOS genes was signifi-
cantly induced following the transbullar inoculation of S. pneu-
moniae. Our data also suggest that the opaque variant is more
capable of inducing gene expression and production of inflam-
matory mediators within the middle ear following transbullar
inoculation. However, there were 3- and 12-fold more opaque
than transparent S. pneumoniae organisms in middle ear lavage
samples at 4 and 24 h, respectively; therefore, we chose to
normalize the gene expression and production data per the
number of S. pneumoniae organisms.

When the data were normalized to account for differences in
middle ear bacterial titers and the results were expressed as the
fold change per 100,000 S. pneumoniae organisms, it became
apparent that the transparent variant of S. pneumoniae is a
more potent inducer of gene expression and production, trig-
gering substantially greater fold increases in the expression and
production of inflammatory mediators. In fact, for the normal-
ized data, inoculation of the transparent variant resulted in a
greater fold increase for every gene, at both time points as-
sayed.

It is still an open issue to interpret the normalization of data
using bacterial titers in middle ear lavage samples. In order to
normalize the data, the assumption must be made that the re-
sponse to each bacterial load is the same. This may not always
be the case. For instance, it is possible that the transparent
phenotype variant, as a result of enhanced susceptibility to
killing by the inflammatory cell response, as well as autolysis,
results in a lower number of organisms at 24 h postinoculation.
Alternately, it is also possible that more inflammation per
viable bacterium for the transparent phenotype variant results
in fewer viable bacteria remaining at 24 h. Either scenario,

TABLE 2. Fold increase in gene expression per 100,000 CFU of
S. pneumoniae relative to normal (noninoculated) controls

Inflammatory
mediator

S. pneumoniae
phenotype

variant

Fold increase in gene expression

Nonlavageda Lavageda

4 h 24 h 4 h 24 h

IL-1� Opaque 12.1 0.9 14.1 0.8
Transparent 26.1 4.4 33.2 4.1

IL-1� Opaque 72.0 4.9 96.6 5.4
Transparent 264.2 18.8 138.0 20.6

IL-6 Opaque 112.6 3.7 100.1 4.2
Transparent 132.6 14.0 107.6 12.9

IL-10 Opaque 5.9 0.7 7.9 1.0
Transparent 14.3 2.5 15.1 3.7

iNOS Opaque 173.3 42.5 217.3 46.6
Transparent 489.0 123.0 513.4 94.8

TNF-� Opaque 17.4 0.7 13.9 0.6
Transparent 41.6 7.2 44.7 7.7

a Total RNA samples for the analysis of gene expression were prepared by in
situ lysis of the middle ear epithelium either directly (nonlavaged) or following
lavage to remove inflammatory cells at 4 and 24 h postinoculation with 2 � 105

CFU of opaque or transparent S. pneumoniae.
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alone or in tandem, would result in the normalized inflamma-
tory cell response per viable bacterium to be higher for the
transparent group. Furthermore, this same argument can also
be applied to the normalization of the gene expression and
production results. In any case, until a better model system is
devised to control for differences in survival between the two
phenotype variants in vivo, normalization of the data provides
a means by which differences in inflammatory cell response and
gene expression and production data can be compared be-
tween transparent and opaque cohorts.

The link between increased cytokine production and adhe-
sion requires further comment. Our results indicate that of the
six genes assayed, the largest fold increase (relative to the
opaque variant) in expression occurred for IL-1� and TNF-�.
Our investigators reported previously that TNF-� and IL-1�
increase S. pneumoniae 6A (predominantly transparent) ad-
herence to chinchilla tracheal epithelium (20). It is possible
that increased adhesion by the transparent phenotype results
in increased inflammation. It is also possible that increased
inflammation results in receptor up-regulation and therefore
increased attachment. As previously noted, the adherence of
the transparent phenotype to human type II lung cells and
vascular endothelial cells was shown to be increased following
activation with IL-1� or TNF-�, whereas adherence of the
opaque phenotype was not (7). Our results suggest that trans-
parent variants are capable of inducing a greater cytokine
response. In particular, the increased production of IL-1 and
TNF-� in response to the transparent variant could result in
the activation and expression of receptors, which would further
enhance and select for the binding of the transparent variant to
host epithelial receptors. In this way, populations of transpar-
ent variants could self modulate adherence to the mucosal or
epithelial surface.

It is interesting to speculate about the relative contribution
inflammatory cells and epithelial cells make on the overall
gene expression levels observed within the middle ear follow-
ing exposure to phase variants of S. pneumoniae. A comparison
of gene expression results between lavaged and nonlavaged
data sets would allow information to be gleaned regarding this
topic. Unfortunately, a statistical analysis of differences cannot
be made, as the data sets were generated in separate indepen-
dent experiments. However, a comparison of trends in the data
reveals that overall gene expression levels for lavaged and
nonlavaged samples were very similar in terms of fold differ-
ences relative to those in the noninoculated control. This is
true for both normalized and nonnormalized data sets. These
results indicate that over the first 24 h, the mucosal surface
appears to be the major contributor to gene transcript levels.

Another way to glean information regarding the relative
contribution of white blood cells and the mucosal surface to
the expression and production of cytokines within the middle
ear involves analysis of ELISA data collected early in the
infectious process. In studies by Sato et al., using the chinchilla
model of OM, they found that 93 and 50% of middle ear fluid
samples were positive for IL-6 and IL-1� production, respec-
tively, by 2 h postinoculation with S. pneumoniae (18). As the
middle ear is relatively devoid of resident lymphocytes and has
no lymphoid tissue (2, 16), it is likely that the early production
of IL-6, IL-1�, and possibly TNF-� was the product of cells
lining the mucosal surface. In our study, it was especially in-

teresting that by 4 h postinoculation, for the normalized
ELISA results, production of IL-1�, IL-6, and TNF-� was
found to be 3.1-, 3.4-, and 6-fold higher, respectively, following
challenge with the transparent variant of S. pneumoniae than
with the opaque form. These data suggest that the mucosal
surface is active in the production of cytokines and that the
transparent variant is a more potent inducer of this production.

To our knowledge, this is the first study to demonstrate
differences in the ability of S. pneumoniae opacity phase vari-
ants to differentially induce proinflammatory gene expression
in vivo. These studies indicate that the transparent variant
appears to be a more potent inducer of the expression and
production of inflammatory mediators within the middle ear.
However, how S. pneumoniae opacity variants target the mid-
dle ear epithelial cells and trigger them to activate cytokine
responses has not yet been fully elucidated. Future studies with
opacity variants of S. pneumoniae using a combination of care-
fully designed in vitro and in vivo studies will allow for an
analysis of the mechanisms responsible for differences in bac-
terial adherence and multiplication. This information will per-
mit us to further define how phase variation impacts the host-
parasite interaction at a molecular and cellular level during the
initial stages of OM.
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