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ABSTRACf: The Interaction of Streptococcus pneumoniae with human ciliated 
upper respiratory mucosa was studied In an agar·embedded organ culture of nasal 
turbinate tissue, which only exposed the Intact epithelial surface and Its secretion. 
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The ciliary beat frequency, measured along the edge of the organ culture, was 
slowed by 13% In the presence of S. pneumoniae after 16 h (p<O.OS) compared 
with the control, and by 24% after 24 h (p<O.Ol). Light microscopy showed bac· 
teria in a thickened gelatinous layer, which obscured the surface of the organ 
culture. Transmission and scanning electron microscopy confirmed the association 
of bacteria with the gelatinous layer above an epithelial surface which showed only 
minor cha.nges compared to unlnfected control organ cultures. Contact between 
bacteria and normal or damaged epltheli.al cells was not seen. S. pneumoniae in 
organ culture developed projections from their surface, which were not present 
after broth culture. 
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S. pneumoniae interactions with epithelial-derived secretions, the formation of 
a thickened gelatinous layer, and the effects of bacterial toxins on ciliary motility, 
may be Important during colonization of the respiratory tract. 
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Pneumonia remains an important cause of disease and 
death in people worldwide (1]. Studies have suggested 
that an important early step in the pathogenesis of 
pneumonia may be colonization of the upper respira
tory tract by microorganisms (2-6]. This may be 
followed by aspiration of the bacteria into the lower 
respiratory tract, allowing infection when the host 
defences are unable to clear them (5, 6]. 

Streptococcus pneumoniae is the commonest cause of 
community-acquired pneumonia and is frequently asso
ciated with infective exacerbations of chronic bronchitis 
(6-8]. The organism colonizes the nasopharynx of up 
to 70% of healthy adults (9). Several studies have 
suggested that the pneumococcus may adhere to buccal 
and nasopharyngeal epithelial cells (10-15]. but 
relatively little is known about the interactions of this 
organism with the mucosa of the nose, paranasal 
sinuses, eustachian tube and bronchial tree. Such in
teractions are likely to be important in the pathogenesis 
of S. pneumoniae infections and involve the mucociliary 
system, a first line defence system that serves to clear 
the respiratory tract of inhaled particles, such as bacte
ria. 

The aim of the present study was to investigate the 
interaction of S. pneumoniae with human ciliated 
respiratory mucosa. The organ culture system used (16] 

limits, as far as possible, the influence of antibiotics by 
incubating the tissue with antibiotics to remove the in
digenous flora, but washing the tissue prior to setting 
up the organ culture and omitting antibiotics at this 
stage. The influence of surgical resection surfaces of 
the organ culture upon the pathophysiology of the 
infection is removed by embedding the tissue in agar, 
so that only the mucosal surface is free. 

We have shown that S. pneumoniae interacts with 
epithelial-derived secretions and leads to the formation 
of a thickened gelatinous layer. There was ciliary beat 
slowing in infected preparations, but contact between 
bacteria and nonnal or damaged epithelial cells was not 
seen. 

Methods 

The organism 

A virulent laboratory type 3 strain pneumococcus 
(GB05), known to produce pneumolysin, hyaluronidase 
and neuraminidase, but not immunoglobulin Al (IgAl) 
protease was used. It was cultured overnight on 5% 
horse blood agar and one colony was inoculated into 
100 ml of broth constituted by nutrient broth number 
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2 (25 g·/·1), supplemented with yeast extract (3 g·/·1) and 
liver digest (3 g·/·1) (Oxoid Ltd, Basingstoke, Hants, 
UK), magnesium chloride (0. 1 g·l·1) and glucose 
(0.15%) (Phoenix Pharmaceuticals Ltd, Gloucester, 
UK). Bacterial viable counts (colony forming units 
(cfu) ·ml·•) were performed using standard dilutional 
techniques, and plated out on 5% horse blood agar 
incubated overnight at 37°C. 

Organ culture 

The organ culture technique used has been described 
previously (16). Nasal turbinate tissue, resected from 
patients with non-allergic nasal obstruction, was trans
ported to the laboratory in Medium 199 tissue culture 
medium (Flow Laboratories, Irvine, Scotland) containing 
penicillin G 50 units·mi·J, streptomycin 50 ~g·ml·1 , and 
gentamicin 50 j..lg·ml·1• The turbinates were inspected 
by light microscopy to ensure that the tissue was 
healthy and that ciliary beat frequency (CBF) was nor
mal (11-16 Hz). Suitable turbinate tissue was dissected 
into 3-4 mm squares and incubated for a total of 4 h 
in the antibiotic-containing tissue culture fluid, and then 
for 1 h in Medium 199 without antibiotics at 37°C. 

Agar number 1 (1 %, Oxoid Ltd, Basingstoke, Hants, 
UK) was prepared and kept at 40°C, a temperature at 
which it remained molten. Agar was layered by pipette 
into a 4 cm Petri dish, so as to cover the base. A 
single square piece of turbinate tissue was placed, ad
ventitial surface downwards, into the agar. The agar 
solidified as it cooled, fixing the piece of tissue with 
the ciliated epithelial surface uppermost. The remaining 
cut edges of the preparation was sealed with further 
drops of molten agar, which was also allowed to so
lidify. Three millilitres of Medium 199 were pipetted 
onto the surface of the organ culture, which was 
incubated for 1 h at 37°C. After 1 h, the supernatant 
fluid was carefully aspirated and replaced by 3 ml of 
Medium 199 alone (control) or Medium 199 containing 
S. pneumoniae (test). 

Growth of S. pneumoniae in organ culture 

Twenty millilitres of a 4 h broth culture were 
aspirated and centrifuged (5,000 x g for 10 min) and 
the bacterial pellet washed three times in phosphate 
buffered saline then resuspended in Medium 199 to 
achieve the desired viable count. Viable counts of be
tween 102 and 106 cfu·ml·1 bacteria were prepared. 
Each organ culture preparation was incubated at 37°C 
in a humidified atmosphere of 5% C02, and viable 
eounts were performed from the supernatant fluid at 0.5, 
4, 16 and 24 h. An experiment was rejected if a pure 
growth of S. pneumoniae was not obtained, or if a 
control preparation became contaminated. 

Preliminary experiments demonstrated that S. 
pneumoniae did not survive in Medium 199 above agar 
without tissue. To characterize the growth factors for 
S. pneumoniae in tissue-conditioned Medium 199, organ 

culture supernatant fluid was collected after 30 min and 
after 16 h from an uninfected organ culture. The fluid 
was aspirated and tested for sterility. Conditioned 
medium was also prepared by incubating Medium 199 
above agar alone (no tissue) for 16 h. 

To determine the effect of heat on the pneumococcal 
growth factors in tissue-conditioned medium, 5 ml 
aliquots of the 16 h tissue-conditioned medium were 
incubated at 56°C for 30 min. To determine the effects 
of dialysis, a further 5 ml of 16 h tissue-conditioned 
medium was dialysed (molecular weight exclusion 
12-14 kDa) against 25 ml Medium 199 at 4°C with 
four changes at one hour intervals. 

Two hundred and fifty microlitres of washed bacteria 
in Medium 199 were added to conditioned medium to 
achieve an initial viable count of between 102 and 105 

cfu·ml·1, and these preparations were incubated at 37°C. 
Viable counts were performed at 0.5, 4, 16 and 24 h. 

Measurement of ciliary beat frequency 

Measurement of CBF was found to increase the risk 
of contamination of organ cultures, and for this reason 
CBF was not always measured at each time point dur
ing an experiment but was always taken from matched 
control and infected preparations. Ciliary beating could 
be visualized by light microscopy (x320) along the 
edges of the tissue square. CBF was measured by a 
photometric technique as described previously [16--19). 
Ten readings, if possible, but not less than five, were 
taken from well separated sites chosen using a graticule 
along the edge of the tissue. At 16 and 24 h time 
points ciliary beating could not be visualized in areas 
where beating had previously been apparent because 
mucus had accumulated; it was impossible to be certain 
whether ciliary beating was obscured by accumulated 
mucus or whether ciliostasis had occurred allowing 
mucus to accumulate. For this reason, CBF measure
ments were only taken from areas where cilia were 
obviously beating, and if the total area of beating cilia 
was not sufficient to make at least five independent 
(well separated along the tissue edge) recordings of 
CBF the infected organ culture and its control were 
excluded from CBF analysis at that time point. Mean 
values at each time point from matched infected and 
control preparations were compared by the Wilcoxon 
Sign Rank Test. Percentage ciliary slowing was 
calculated as the percentage difference between the 
mean infected and control CBF at that same time point. 
The appearances of the organ cultur-es by visual 
inspection and by light microscopy along the organ 
culture edge were recorded at the time of CBF 
measurement. 

Electron microscopy 

For transmission electron microscopy (TEM), control 
and infected turbinate tissue were removed from agar 
and fixed in 2.5% cacodylate-buffered glutaraldehyde 
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and post-fixed in 1% osmium tetroxide. The tissues 
were then dehydrated and embedded in Araldite using 
standard techniques. Ultrathin sections through the 
central portion of each specimen were examined in a 
coded fashion. Each epithelial cell seen in each section 
was scored by an observer, unaware of the experimental 
treatment, for the following parameters: whether the cell 
was ciliated or non-ciliated; extrusion of the cell from 
the epithelial surface; number of cilia on the surface of 
ciliated cells; the presence of cytoplasmic blebbing from 
the luminal surface; mitochondrial abnormalities 
(swelling and loss of cristae). For each abnormality, 
each cell was scored as either not showing the abnor
mality, as showing it to a minor extent, or to a major 
extent. The percentage of cells showing the abnormal 
appearance was then calculated. 

One 24 h infected and one 24 h control organ culture 
were prepared for scanning electron microscopy (ssM) 
by fixation in 2.5% glutaraldehyde (0.5 M sodium 
cacodylate buffer at pH 7.2) for a minimum of 24 h 
before gentle processing through buffer washes, 1% 
osmium tetroxide (in identical buffer) for 1 h, 
dehydration through graded ethanols to acetone and 
critical point drying in C0

2
• Tissue was mounted on 

aluminium stubs, sputter-coated with gold and examined 
at 15 kV in a Philips 501B scanning electron micro
scope. As for TEM, the samples were coded so that 
the observer was unaware of their treatment. 

S. pneumoniae (GBOS) was washed three times 
and examined by both standard ultrathin section 
techniques described above and by negative staining, 
just prior to being put into the organ culture, and 
again after 24 h incubation in the organ culture. For 
negative staining after the final wash, bacterial 
pellets were resuspended into 1 ml of 0.1 M ammonium 
acetate. A droplet of this suspension was then touched 
with the surface of a 400 mesh, carbon-coated 
copper grid (Agar Scientific, Stansted, UK) which was 
allowed to air dry. After drying, a droplet of 1% 
potassium phosphotungstate (BDH Ltd, Poole, UK) 
was placed onto the grid and the excess removed 
with filter paper. Once dry, the negatively stained grid 
was examined by TEM. For standard ultrathin sections 
after the final wash bacteria were fixed in 2.5% 
cacodylate-buffered . glutaraldehyde and then treated as 
above. 

Results 

Growth of S. pneumoniae (GBOS) in organ cultures and 
tissue-conditioned media 

Control (uninfected) organ cultures remained 
uncontaminated (sterile) for 24 h; each infected organ 
culture included in the study yielded a pure growth 
of S. pneumoniae. Supematants of control and infected 
preparations maintained pH 7-8 over 24 h of 
incubation. S. pneumoniae (GBOS) replicated in 
the organ culture but Medium 199 alone with agar did 

not sustain S. pneumoniae viability. The growth 
factors in the tissue-conditioned medium were heat
labile and were not removed by dialysis. 

Initial concentrations of 2.5x1Q4 cfu·mJ-1 (n=2), 2.5 to 
8x10S cfu·ml·1 (n=4), and 1x106 cfu·ml·' (n;:1) bacteria 
in the organ culture replicated to 107 cfu·mJ-1, usually by 
16 h, but always by 24 h. In contrast, 10• to 106 

cfu·mJ-1 bacteria in the absence of tissue in Medium 199 
plus agar (n=3), had no detectable live bacteria at 
16 h. 

Initial concentrations of 102 cfu ·ml-' (n=1) and 
10' cfu·mi·' (n=2) bacteria grown in supernatant from 
a 16 h agar/Medium 199 alone (without tissue) prepa
ration did not contain live bacteria after 24 h, while in 
the supernatant from a 16 h organ culture the initial 
viable counts of 2x102 cfu·ml·1 (n=1) and 2.5x10' 
cfu·ml·' (n=2) increased to 2.5x1()6 cfu·ml·' after 24 h, 
and the same result was obtained using dialysed 16 h 
organ culture supernatant. However, after heating, 
the supernatant from a 16 h organ culture did not 
sustain the survival of HP cfu·mJ-1 and 10' cfu·ml·' after 
24 h. An initial viable count of 4.5x10' cfu·ml·' 
was inoculated into a supernatant which had been 
removed after only 30 min incubation with tissue in 
an organ culture. The initial viable count increased 
to 1.5xl06 cfu·mJ-1 by 4 h but then decreased to 
5x1()3 cfu·ml·' at 16 and 24 h. Thus, the supernatant 
from a 30 min organ culture supernatant was superior 
to the supernatant from an agar/ Medium 199 
alone preparation in its ability to sustain S. pneumoniae 
but inferior to the 16 h organ culture supernatant 
fluid. 

Light microscopy appearance of organ cultures 

Control organ cultures remained unchanged 
in appearance after 24 h. Although some strands of 
mucus were seen in the supernatant of these organ 
cultures this was not excessive. Infected preparations 
at 0 and 4 h were similarly unchanged, but at 16 h a 
thickened gelatinous layer was consistently seen 
associated with the organ culture and in its supernatant 
fluid. The gelatinous layer formed clumps, particularly 
along the edges of the organ culture, obscuring 
underlying tissue. The clumps had a granular 
appearance which we interpreted as collections of 
bacteria. When the gelatinous layer was carefully 
removed with a plastic ring spatula and Gram
stained, it was shown to contain many Gram-positive 
cocci. 

Ciliary beat frequency of organ cultures 

The mean CBF results of infected and control 
preparations are shown in table 1. The mean CBF of 
control organ cultures decreased over 24 h. However, 
the mean CBF of infected preparations was slower than 
control preparations after 16 h (p<O.OS) and the differ
ence became more marked after 24 h. 
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Table 1. - Ciliary beat frequency of nasal turbinate organ cultures 
incubated alone or infected with Streptococcus pneumoniae 

Time h 0 4 

Experiments n 6 7 
CBF Hz 

Control 11.1 (1.5) 10.3 (1.0) 
Infected• 10.9 (1.2) 9.5 (1.8) 

% ciliary 2 8 
slowing 
p value• • NS NS 

•: Mean, and standard deviation in parenthesis; 

Transmission electron microscopy of organ cultures 

16 24 

5 4 

10.1 (0.5) 9.6 (2.1) 
8.8 (1.3) 7.3 (1.3) 

13 24 

<0.05 <0.01 

.. : Wilcoxon Sign Rank Test. 

0 

• 0 

• ·o • • . . ... .. 
6 • 

0 .. 
• 4>4! ... · 
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TEM (table 2) showed that the epithelium of organ 
cultures was similar, whether or not they were infected 
by S. pneumoniae. Although, cells with mitochondrial 
damage and non-ciliated cells were seen more 
frequently in the infected preparations at 24 h. 
Processing for TEM tended to remove the mucous 
layer. This was true in all control preparations, but in 
one of the 16 h test preparations and two of the 24 h 
test preparations the gelatinous layer of infected prepa
rations was preserved. In these preparations, bacteria 
were seen well above the epithelial surface (above the 
tips of the cilia) in a thick gelatinous layer (fig. 1). 
Bacteria were not seen in any preparation in close 
association with cilia, microvilli, or the surface of 
normal or damaged epithelial cells. 

Fig. 1. - Transmission electron micrograph of human nasal turbinate 
organ culture incubated with Streptococcus pneumoniae for 24 h. 
Many S. pneumoniae are seen well above the tips of the cilia. The 
epithelium shows mild cell extrusion and some mitochondrial abnor
malities, but is not severely damaged (scale bar 3.33 j.tm). 

Table 2. - Transmission electron microscopy appearances of nasal turbinate organ cultures incubated 
alone or infected with Streptococcus pneumoniae 

Time h 

Experiments n 

Cells examined n 

Cell extrusion 

Minor 

Major 

Loss of cilia 

Con 

443 

13.3 

0 

Minor 9.7 

Major 0 

Non-ciliated cells 15.3 

Cytoplasmic blebbing 

Minor 6.0 

Major 1.0 

Mitochondrial 15.5 

abnormality 

0 

2 
Inf 

372 

12.7 

0 

7.3 

0 
15.7 

4.4 

0.7 

19 

Con 

446 

13.7 

0 

9.6 

0 
11.3 

3.4 

1.6 
18.4 

4 

2 
Inf 

520 

14.2 

0 

9.6 

0 
11.8 

2.4 
0.2 

19.2 

Con 

992 

17.8 

0 

14.9 

0 
13.8 

4.3 
2.4 

23.7 

16 

5 
Inf 

912 

28.5 

0.4 

11.6 

0 
23.4 

10.7 
7.1 

27.7 

Con 

716 

31.9 

1.5 

24.2 

0.3 
14.7 

13.8 

8.6 

25 

24 

3 
Inf 

635 

21.9 

1.7 

13.6 

0 

36.0 

16.7 

7.7 
42.9 

Each cell examined was scored for the following parameters: whether the cell was extruding from the surface of the 
epithelium; whether ciliated cells had the normal number of cilia on their surface; whether the cell was non-ciliated; 
evidence of cytoplasmic blebbing from the luminal surface; mitochondrial abnormalities (for detailed description see 
text). The figures shown are the percentages of cells showing these appearances. Con: control; Inf: infected. 
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a 

b 

c 

Fig. 2. - Scanning electron micrograph of organ culture of human 
nasal turbinate tissue 24 h after infection with Streptococcus 
pneumcniae. (a) The specimen is covered with plaques of unusually 
thick secretions (bar = SO 1-UD): (b) in areas where the epithelial sur· 
face could be clearly seen, bacteria were preferentially associated 
within and on the gelatinous layer but not with the normal ciliated 
surface (bar • 5 1-UD): (c) higher magnification of a chain of bacteria 
associated with the gelatinous layer, each bacterium witb surface 
spicules (bar :: 1 J.Uil). 

a 

b 

-c 
' l • c 

'· 

Fig. 3. - Transmission electron micrograph of bacteria in ultrathin 
sections. (a) Bacteria examined after brotb cullure had a smooth 
surface; but after 24 b in the organ culture two types of surface pro· 
jection were seen: (b) short projecting spicules; (c) long hair-like 
structures. Scale bars = 0.1 j.lm. 
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Scanning electron microscopy of organ cultures 

The control organ culture showed uniform or occa
sional corrugated surfaces, which were highly ciliated, 
with normal morphology. Sloughing of cells was rarely 
seen and secretion was seen as occasional cords 
emanating from the ciliated ducts of submucosal glands 
or isolated thin sheets attached to ciliary tips. When 
the infected organ culture was examined by SEM at 
24 h, the normal mucosal surface was covered by an 
unusually thickened gelatinous layer, which was not 
seen in control preparations (fig. 2a and b). Bacteria, 
forming chains, were seen embedded in the layer, and 
each bacterium had spicules projecting from its surface 
(fig. 2c). On the rare occasions when the surface of 
the epithelium could be seen between breaks in the 
gelatinous layer, it appeared to be of normal morphol
ogy and bacteria were not seen adherent to the epithe
lial surface. 

Transmission electron microscopy of bacteria in 
ultrathin sections by negative staining 

The surface of bacteria prior to inoculation into the 
organ culture was smooth, showing that preparation of 
bacteria for electron microscopy did not disrupt their 
surface (fig. 3a). Two types of surface projection were 
seen on bacteria removed after 24 h in organ culture. 
These were short projecting spicules (fig. 3b) similar to 
those seen by SEM and long hair-like structures (fig. 
3c). The spicules were present on most bacteria and 
uniformly distributed over their surface. The hair-like 
structures were only present on some bacteria and less 
evenly distributed. These appearances were never seen 
on bacteria after broth culture, and therefore appeared 
only to develop in the present of respiratory tissue in 
the organ culture. 

Discussion 

Colonization of an epithelial surface is thought to be 
an important initial event in the pathogenesis of most 
infections [20], and it has been proposed that adherence 
of microorganisms to the epithelium may be an impor
tant determinant of colonization, at least in the case of 
some bacteria [20-22). The interaction between 
bacteria and epithelial cells may involve bacterial 
adhesins and complementary cell surface receptors 
[20--22). Studies of adherence of S. pneumoniae have 
usually utilized isolated buccal and nasopharyngeal 
cells, and have identified both a putative adhesion (with 
both heat-labile and heat-stable components) (11), and 
a putative epithelial cell surface receptor (13]. Chro
matographic overlay techniques have also identified 
S. pneumoniae adherence to Gal NAC B1-4 Gal 
sequences of glycosphingolipids found abundantly in the 
respiratory tract [23]. Despite these findings, other 
workers have found it difficult to demonstrate good 
adherence of the pneumococcus to epithelial cells, 

probably because the polysaccharide capsule may 
interfere with the adherence process [15, 20). 

The results obtained from bacterial adherence to 
isolated cells might be misleading in that receptors may 
be available that are not exposed in vivo. When intact 
respiratory mucosa has been used in experiments S. 
pneumoniae have been shown not to adhere to respira
tory epithelium (24). In the organ culture model used 
in this study, only the intact mucosa is exposed to the 
bacterium and non-physiological surfaces are occluded 
by agar. While pneumococcal adherence to isolated 
oropharyngeal cells may be informative about coloni
zation of the normally non-ciliated areas of the 
nasopharynx, relatively little is known about how this 
bacterium interacts with the intact ciliated respiratory 
mucosa. Here, the bacterium is presented with a much 
more complicated task, to colonize a surface protected 
by the mucociliary system. Recently, the importance 
of the mucous layer in host-bacterial interactions with 
ciliated respiratory epithelium has been emphasized and 
an animal organ culture model has been developed to 
study this in a physiological manner [24). The organ 
culture used in the present study has, however, the 
advantage of utilizing human tissue. Colonization of 
the ciliated respiratory mucosa will almost certainly be 
important in the pathogenesis of pneumococcal bron
chial infections, e.g. infective exacerbations of chronic 
bronchitis, and may also be a factor in the pathogenesis 
of pneumonia, when contiguous spread of the bacterium 
in the respiratory tract may precede inhalation into the 
alveoli and development of pneumonia. 

In this study, we have found that the presence of 
tissue was necessary for survival and replication of S. 
pneumoniae, and that the supernatant fluid from the 
organ culture also sustained growth of the bacterium. 
This was greater with the supernatant fluids from 16 h 
than from 30 min organ cultures. Our study suggests 
that the growth factor(s) in tissue-conditioned media is 
heat-labile and of molecular weight >12 kDa. We have 
also demonstrated that CBF was slowed consistently 
from 16 h onwards in the infected preparations. The 
degree of ciliary slowing was probably underestimated 
in our experiments because, although ciliostasis was not 
observed, the presence of a gelatinous layer obscured 
areas where ciliary beating had previously been 
observed. It seems likely that the ciliary beating in 
these areas was either slow or absent allowing the ac
cumulation of extracellular material. The slowed ciliary 
beating could be due to the presence of pneumolysin, 
a thiol-activated toxin produced by the pneumococcus, 
which we have previously shown is the only factor in 
pneumococcal broth culture filtrates to cause ciliary 
slowing [19, 25]. PLOTKOWSKI and eo-workers [24] used 
the isolated frog palate to study interactions of a 
pneumococcal serotype 1 strain with intact respiratory 
mucosa. They showed that in this model S. 
pneumoniae rapidly adhered to mucus, but never to 
ciliated cells or cilia. Even after attempts were made 
to remove the mucous coat by washing the epithelium 
before bacteria were applied to the model, pneumococci 
only adhered to small areas where the mucus had not 
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been totally eliminated. These results suggest that the 
pneumococcus does not adhere to normal ciliated 
respiratory mucosa. PLOTKOWSKl and eo-workers (26] 
also examined the adherence of S. pneumoniae sero
type 1 to the tracheal epithelium of mice infected with 
influenza A virus. The trachea was removed surgically 
from animals either before or after infection with 
influenza A and radiolabelled pneumococci were 
instilled. Pneumococcal adhesion to infected tracheas 
was significantly increased 6 days after viral infection. 
SEM and TEM showed that pneumococci did not 
adhere to the epithelium of control animals, but at day 
6 after viral infection there had been desquamation of 
infected cells and pneumococci were observed adher
ing to the microvilli of basal cells and to a greater 
extent to the exposed basement membrane. 

Our observations are in agreement with the observa
tions made with the frog palate (24), in that we 
observed bacteria associated only with mucus and failed 
to demonstrate adherence of the type 3 strain to either 
ciliated or non-ciliated cells, nor did we demonstrate 
adherence to cilia themselves. The structure of the 
epithelium of the organ culture did not show severe 
damage after 24 h incubation with S. pneumoniae and 
we did not see exposed basal cells or basement 
membrane. Other bacterial species associated with 
respiratory infections do appear to use adherence to 
epithelial structures to accomplish colonization of the 
respiratory tract. For example, unencapsulated 
Haemophilus influenzae adheres to damaged epithelial 
cells (16], whilst Bordetella pertussis adheres to cilia 
[27]. However, the presence of a polysaccharide 
capsule has also been shown to hinder adherence of 
Haemophilus influenzae type b [28]. 

The appearances of the infected organ culture in our 
study were interesting. Light microscopy of the tissue 
at 24 h consistently revealed a dense granular collec
tion of bacteria in a thickened gelatinous layer. The 
SEM appearances of this layer were unusual for normal 
mucus alone, and it may consist of either abnormal 
mucus or a mixture of mucus and bacterial products, 
e.g. capsular material. S. pneumoniae are well known 
to produce copious quantities of capsular materials un
der certain circumstances. The formation of a thickened 
gelatinous 1!\yer in the presence of compromised ciliary 
function may be a mechanism of bacterial colonization 
of the respiratory tract. The ability of bacterial patho
gens such as the pneumococcus to stimulate mucus 
secretion has been noted previously (29]. Future work 
will endeavour to characterize better the composition of 
the layer. 

While the extracellular material appeared to clump in 
areas of the organ culture obscuring the underlying 
surface, TEM of ultrathin sections showed that there 
was little difference between the ultrastructure of epi
thelium in the infected and control experiments . 
Pneumolysin, at higher concentrations than those which 
slow ciliary beating, is cytotoxic and disrupts respiratory 
epithelium (19]. Our results imply that sufficient 
pneumolysin is produced in the organ culture to slow 
ciliary beating, but not to damage the epithelial cells. 

However, an increase in mitochrondrial abnormalities 
was observed, an effect which was also seen when 
pneumolysin alone was incubated with epithelium (19]. 

S. pneumoniae taken from organ cultures were seen 
by TEM to have short spicules projecting from the 
bacterial surface, which looked similar to the fimbriae 
said to mediate the attachment of Group A Streptococci 
(30, 31], and secondly numerous long hair-like projec
tions (fig. 3). The projecting spicules were also seen 
on bacteria visualized by SEM of the organ culture. 
The structures developed during the organ culture, since 
they were not seen by TEM of bacteria from broth 
culture after washing, but were apparent on bacteria 
aspirated from the organ culture 24 h later. The 
relevance of these appearances is unknown. Human 
airway secretions contain a variety of antibacterial 
proteins, including immunoglobulins, lactoferrin and 
lysozyme. Spicules very similar to the ones that we 
observe have been seen after exposure of pneumococci 
to lysozyme in vitro (32). 

In conclusion, we have shown in an organ culture of 
human nasal turbinate tissue that S. pneumoniae appears 
initially to persist and to replicate solely in association 
with the mucous layer. The organism produces factors 
that slow ciliary beating and possibly increase mucus 
production. In the respiratory tract, initial adherence of 
the pneumococcus to epithelial cells may be less 
important than interactions with ciliary motility and 
epithelial-derived secretions. 
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