
Virchows Arch. A Path. Anat. and Histol. 389, 93 102 (1980) Virchows Arch& A 
�9 by Springer-Verlag 1980 

Exfoliation of Respiratory Epithelium 
in Hamster Tracheal Organ Cultures Infected 
with Mycoplasma pneumoniae 
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Summary. Hamster  tracheal organ cultures were infected with M. pneumoniae 
and examined sequentially by transmission and scanning electron microscopy 
to correlate surface with intracellular alterations. Infection was established 
by culture and the demonstrat ion of morphologically compatible organisms 
on the mucosal surface. Ciliated epithelial cells developed vacuolization of 
the apical and subnuclear cytoplasm and eventually fragmented along planes 
formed by coalescing vacuoles. Non-ciliated cells showed apical swelling 
and loss of microvilli during the course of infection. After degeneration 
and sloughing of both ciliated and non-ciliated cells, a flattened layer of 
intact basal cells covered the submucosa. It is likely that progressive vacuoli- 
zation of epithelial cells leads to exfoliation of both cells and cell fragments 
in M. pneumoniae infection. Since organisms frequently are associated with 
these'exfoliated cells, their potential presence in sputum and lavage specimens 
could prove to be of  diagnostic importance. 
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Introduction 

Mycoplasma pneumoniae is an important  respiratory pathogen of man (Chanock 
1965; Denny et al. 1971). It is the most common cause of pneumonia in children 
and young adults (Collier 1972). Since infection rarely is fatal,  histopathological 
observations on the naturally occurring disease are lacking (Clyde 1973). 
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Experimental  M. pneumoniae infection of golden Syrian hamsters appears 
to simulate the disease in m a n  (Dejani  et al. 1965; Ferna ld  1969; D e n n y  et al. 
1971; Clyde 1973; Collier and  Clyde 1974; Hara  et al. 1974). Transmiss ion  
electron microscopy (TEM) of organ cultures of hamster  trachea has proven 
useful in assessing the interact ion of M. pneumoniae with the ciliated respiratory 
epi thel ium (Collier e ta l .  1969, 1971; Collier and Baseman 1973; W o o d r u f f  
1973; Powell et al. 1976; Wilson and Collier 1976). However,  knowledge of 
cellular al terat ions in the respiratory mucosa  is incomplete.  

Exfoliat ion of epithelial cells is observed after a variety of insults to the 
t racheobronchia l  mucosa  (Harris et al. 1971; Dahlgren and  Dalen  1972; Reed 
and  Boyde 1972; Boa tman  et al. 1974; Muse et al. 1976; Mossman  et al. 1977, 
1978); the presence of these cells in spu tum and  lavage specimens can be of 
diagnostic impor tance  (Papanico laou  1956). Exfoliat ion of intact  and fragmented 
cells has been observed in M. pneurnoniae infect ion (Collier et al. 1969; Collier 
and  Clyde 1971; Collier 1972; Muse 1976) a l though the mechanism and signifi- 
cance of this p h e n o m e n o n  are poorly unders tood.  

In  this study, T E M  and  scanning electron microscopy (SEM) were employed 
to examine the process whereby epithelial cells are exfoliated f rom M. pneumon- 
iae-infected tracheal mucosa.  

Materials and Methods 

A recent clinical isolate from a patient with serologically established pneumonia due to M. pneumon- 
iae was provided by Dr. Dieter Gump. Virulence was established by demonstrating its ability 
to produce pneumonia in hamsters after intranasal inoculation (Lippman et al. 1969; Collier and 
Baseman 1973). Colonies of organisms cultured in broth medium (Hayflick 1965) exhibited M. 
pneumoniae antibody-specific immunofluorescence (Collier and Clyde 1974). 

Tracheal organ cultures were prepared from 3-week-old adult golden Syrian 15.16 stl:ain ham- 
sters (TELACO, Bar Harbor, ME) as described previously (Mossman and Craighead 1975). Respira- 
tory tissues of animals from this source have failed to yield endogenous mycoplasma in our laboratory 
when appropriately tested. Culture medium consisted of Eagle's minimal essential medium (GIBCO, 
Grand Island, NY), 5% chicken serum (Microbiological Associates, Walkersville, MD), 5 mcg/ml 
Fungizone (GIBCO), and 100 nnits/ml of penicillin G (Lilly). The second broth passage of the 
isolate in the log phase of growth was used to infect cultures; the inoculum consisted of 0.25 ml 
of broth (Collier et al. 1969) containing approximately 5 x i07 colony-forming units. An equal 
amount of sterile broth was added to control cultures. All cultures were incubated at 36 ~ C in 
a 95% air -5% carbon dioxide, water-saturated environment. 

Explants from two control and two infected cultures were rinsed in parallel with Hanks' 
balanced salt solution (Reed and Boyde 1972) at 6-h intervals during the first day, and at 24-h 
intervals thereafter, for a total of 4 days. The tissues were submerged in Hayflick's medium briefly 
(to establish the presence of M. pneumoniae by culture) and then fixed in 4% buffered glutaraldehyde. 

Explants from four identical, individually performed experiments were prepared for ultrastruc- 
tural study. For TEM, glutaraldehyde-fixed tracheal hemisections were washed in 0.1 M cacodylate 
buffer, post-fixed in 2% osmium tetroxide, and embedded in Epon. Thick and thin sections were 
prepared for light microscopic (LM) and TEM study. Specimens were examined with a Philips 
201 transmission electron microscope. For SEM, glutaraldehyde-fixed tissue was washed in 0.1 M 
cacodylate buffer, dehydrated in a graded series of ethanol solutions, and transferred through 
a gradient of Freon in ethanol. Tissue was critical point dried with a Bomar SPC apparatus 
and attached to specimen stubs with silver conductive paint. Specimens were examined with a 
JEOL JSM-35 scanning electron microscope. 
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Results 

M. pneumoniae-inoculated tracheal organ cultures consistently yielded the organ- 
ism at the time of harvest; control cultures were sterile in Hayflick's broth 
medium and exhibited normal cellular morphology by LM, TEM and SEM 
(Figs. 1 a, 1 b). Filamentous forms resembling M. pneumoniae by TEM and 
SEM appeared at the bases of cilia and adjacent to interepithelial junctions 
(Collier and Baseman, 1973; Muse et al., 1976) in increasing numbers (Table 1) 
during the first 48 h after inoculation (Figs. 2 a, 2 b). The organisms were approx- 
imately 250-400 nm in length. By TEM they were larger and more electron-dense 
than the microvilli of nearby non-ciliated epithelial cells. 

Focal cytopathic alterations were found in the mucosa of infected tracheal 
explants 18 h after inoculation. These changes became more widespread with 
the passage of time (Table 1). By 48 h prominent supra- and subnuclear vacuoli- 
zation distorted the cytoplasm of the ciliated cells, partially separating the apices 
from subjacent components (Figs. 3a, 3b). At this time, the nuclei exhibited 
margination of the chromatin and discrete nucleoli were not evident. In addition, 
the mitochondria appeared enlarged and the cristae disrupted. These changes 
became increasingly evident during the course of infection. By 72 h after inocula- 
tion, many cells with roughened apical surfaces could be seen by SEM, suggesting 
remnants of the bases of previously fragmented epithelial cells (Fig. 4 a). Exfoliat- 
ed apical fragments of ciliated cells were found concurrently (Fig. 4b). 

Ciliated epithelial cells were more severely involved than non-ciliated cells 
at all stages of the infection. By 48 h after inoculation, the latter cells appeared 
enlarged and swollen; near the apices there was loss of microvilli (Figs. 3a, 
5c). Many of these cells acquired a ruffled plasma membrane and protruded 
from the lumenal surface of the organ culture; others extruded mucinous materi- 
al (Fig. 5c). Most were exfoliated by 72 to 96 h after inoculation. 

Basal ceils failed to exhibit the alterations observed in the superficial ciliated 
and non-ciliated cells. In the later stages of infection (72-96 h), TEM and SEM 
revealed necrotic, exfoliated epithelial cells and cell fragments resting upon 
a continuous monolayer of flattened basal cells that appeared to cover the 
subjacent basement membrane and mucosa (Fig. 6 and inset). 

Discussion 

This study elucidates the mechanism of epithelial cell injury in M. pneumoniae 
infection in vitro and corroborates previous TEM (Collier et al. 1969, 1971, 
1973) and SEM (Muse et al. 1976) investigations. By examining tissue by both 
TEM and SEM at sequential stages in the course of the infection, it was possible 
to correlate surface changes with intracellular events. In addition, SEM permitted 
the examination of relatively large areas of epithelium, obviating the sampling 
problems encountered by the use of TEM alone. 

The characteristic filamentous morphology of M. pneumoniae readily is iden- 
tifiable by TEM (Collier et al. 1971; Collier and Baseman 1973; Woodruff  
1973; Powell 1976; Wilson and Collier 1976) and SEM (Biberfeld and Biberfeld 



Fig. 1. a Scanning electron micrographs (SEM) of uninfected trachea after 96 h in organ culture. 
Cell surfaces are covered with cilia and microvilli and intercellular junctions are intact. ( x  3,500). 
b Transmission electron micrograph (TEM) of uninfected trachea after 96 h in organ culture. 
Small cytoplasmic lucencies and basal swelling are apparent. ( x 5,000) 

Fig. 2. a SEM of  ciliated epithelial cell 24 h after inoculation with M. pneumoniae. Filamentous 
organisms are concentrated at ciliary bases (arrowheads). (•  12,000). b TEM of ciliated epithelial 
cell 24 h after inoculation. Note electron-dense organisms (arrowheads) at base of cilia and prominent 
apical vacuolization. ( x 26,000) 
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Fig. 3. a TEM of tracheal epithelium 48 h after inoculation shows infected ciliated cell with enlarged 
nucleus and mitochondria and extensive apical and subnuclear vacuolization of the cytoplasm. 
An adjacent non-ciliated cell is relatively intact and protrudes into the lumen. ( x  6,000). h TEM 
of tracheal epithelium 48 h after inoculation. Note the fragmentation of ciliated cells and the 
dissociation from intact basal cells. ( x 4,000) 

Fig. 4. a SEM 48 h after inoculation shows roughened surfaces that correspond to the fragmented 
portions of the ciliated epithelial cells. ( x  3,500). b Free apical fragments of ciliated cells 48 h 
after inoculation. ( x 6,000) 
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Table 1. Semiquantitative characterization of progressive alteration in ciliated cells of hamster 
tracheal organ cultures after inoculation with M. pneumoniae 

Interval Percentage Pathologic alterations 
after of ciliated cells 
inoculation with associated Mucosal NucleP Cytoplasmic 
(h) organisms . involvement vacuolization b 

(% surface area) 

6 10 0 - - 
12 10-25 0 - - 
18 50 25 - slight 
24 75 75-100 slight severe 
48 100 100 moderate to severe severe, with 

cell fragmentation 
72 100 100 severe severe, with 

exfoliation 
96 100 100 severe superficial cells 

totally absent 

a Defined as nuclear enlargement (slight); nuclear enlargement with peripheral margination of 
chromatin and inconspicuous or absent nuclei (moderate); or as the aforementioned alterations 
in association with disruption of the nuclear membrane (severe) 
b Defined as multiple small, discrete cytoplasmic vacuoles (slight); multiple, focally coalescent 
vacuoles (moderate) ; or multiple coalescent vacuoles forming planes of cell fragmentation (severe) 

1970; Muse  1976). Our  observa t ions  on the assoc ia t ion  of  these o rgan isms  
with  ci l ia ted epi thel ia l  cells are consis tent  with the f indings recorded  in previous  
repor t s  (Coll ier  et al. 1969, 1971; Col l ier  1972; Col l ier  and  Baseman  1973; 
Muse  et al. 1976; Powell  et al. 1976). In  this s tudy,  n u m e r o u s  o rgan isms  were 
loca ted  ad jacent  to,  and  on the surfaces of, c i l ia ted cells tha t  exhibi ted  lesions. 
The  o rgan i sms  were no t  in t imate ly  associa ted  with the non-c i l ia ted  cells, even 
though  they  exhibi ted  cy topa th ic  changes.  

F r a g m e n t a t i o n  and  exfol ia t ion of  c i l ia ted epi thel ia l  cells has been descr ibed  
prev ious ly  in M. pneumoniae infect ion (Coll ier  et al. 1969; Col l ier  and  Clyde 
1971; Col l ier  1972; Muse  et al. 1976), Bordetella pertussis infect ion (Muse  et al. 
1977), viral  infect ions (Reed and  Boyde 1972), and  after  exposure  to ozone  
(Boa tman  et al. 1974), ferric oxide (Har r i s  et al. 1971), acrole in  (Dah lg ren  and  
Da len  1972), sulfur d ioxide  ( A s m u n d s s o n  et al. 1973) and  inorgan ic  par t icu la tes  
( M o s s m a n  et al. 1977, 1978). In  the infected cul tures  we examined,  coalescence 
o f  vacuoles  in the  cy top l a sm of  c i l ia ted epi thel ia l  cells resul ted in f r agmen ta t ion  
and  sloughing.  I t  has been suggested tha t  the exfol ia t ion  o f  these cells resembles  
the process  of  c i l i ocy toph tho r i a  (Muse  1976), first descr ibed  by P a p a n i c o l a o u  
(1956). Our  s tudy co r robo ra t e s  this observa t ion .  Since s imilar  cy topa th ic  changes  
have been descr ibed  previdus ly  after  exposure  to  chemical  and  par t i cu la te  respi-  
r a to ry  i r r i tants  (Dah lg ren  and Da len  1972; A s m u n d s s o n  et al. 1973; Basrur  
and  Basrur  1976; M o s s m a n  et al. 1977), c i l i ocy toph tho r i a  appea r s  to represent  
a non-specif ic  response  to  a var ie ty  of  env i ronmen ta l  insults.  

A l t e r a t i ons  in m i t o c h o n d r i a  s imilar  to those  cited herein also have been 
no ted  in o rgan  cul tures  o f  h u m a n  fetal  t r achea  infected with  M. pneumoniae 
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Fig. 5a-c. SEM of apical enlargement of 
non-ciliated cells during the first 48 h after 
inoculation. Note progressive loss of microvilli 
and ruffled apical surfaces that bulge into the 
lumen, a and b ( x 6,000)- c ( x 7,000) 

(Collier and Clyde 1971; Collier 1972). Since infection with M. pneumoniae 
leads to ciliostasis (Collier et al. 1969, 1971; Collier and Clyde 1971; Collier 
1972), the mi tochondr ia l  changes m ay  reflect a biochemical  basis for impaired 
ciliary function. H u  (1975) has shown that the hamster  trachea infected with 
M. pneumoniae exhibits an inhibition o f  host cell R N A  and protein synthesis 
by 24 h after inoculation. The nuclear and mi tochondr ia l  changes described 
in the present s tudy temporal ly  correlate with these biochemical events. 

The cytolytic changes demonst ra ted  in the differentiated surface epithelial 
cells were not  present in basal cells. In this and previous studies, basal cells 
o f  the t rachea were found  to assume a flattened, squamous  appearance late 



Fig. 6. TEM and SEM (insert) of tracheal mucosa 96 h after inoculation. Note the at tenuated 
single layer of  basal cells covering the submncosa.  Necrotic fragments of exfoliated epithelial cells 
are present above this basal layer. TEM ( x 3 ,000)-  SEM ( x 1,000) 

O, 

Fig. 7. Representation from ultrastrnctural data of  sequential alterations in ciliated epithelial cells. 
Format ion of coalescing cytoplasmic vacuoles eventuates in fragmentation and exfoliation of ciliated 
cells. Intact basal cells are not  affected and cover the submucosa 



M. pneumon&e Induced Exfoliation of Respiratory Epithelium 101 

in the course of M. pneumoniae infection (Clyde 1973 ; Hara et al. 1974). Respira- 
tory basal cells have been shown to be resistant to a wide variety of insults, 
including viruses (Craighead 1968), mineral particulates (Mossman et al. 1977), 
and polycyclic hydrocarbons (Mossman and Craighead 1974). The regenerative 
potential of basal cells in M. pneumoniae infection has not been defined and 
warrants further investigation. 

Although cytopathic alterations in upper airway mucosa could potentially 
contribute to symptomatic tracheobronchitis in naturally infected humans, com- 
pelling experimental and seroepidemiological evidence implicates immune mech- 
anisms in the pathogenesis of M. pneumoniae disease (Smith et al. 1967; Fernald 
1972, 1973; Fernald and Glezen 1973; Craighead 1975). Thus, direct cytopathic 
changes in the epithelium may contribute only in part to the clinical disease. 
Since organisms often are associated with exfoliated ciliated epithelial cells, 
further investigation is needed to define the potential diagnostic value of exfoliat- 
ed cells in sputum and lavage specimens from patients with suspected M. pneu- 
moniae infection. 
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