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Penetra t ion of f resh ly  isolated v i ru lent  shigel las  (Sh. sonnei) was studied during the f i r s t  
few hours  a f t e r  infection of l igated loops of rabbi t  smal l  intestine.  The shigel las  f i r s t  ad-  
hered  to the glycocalyx of unchanged epithelial  ce l l s .  La t e r  the glycocalyx d i sappea red  at 
the s i tes  of the i r  adhesion, the mic rov i l l i  swelled and died, and the bac t e r i a  then penet ra ted  
into the cytoplasm of the epithel ial  ce l ls .  During the i r  penetra t ion a hollow was fo rmed in 
the exposed cell  m e m b r a n e  and this also sur rounded bac t e r i a  penet ra t ing  into the apical  par t  
of the cytoplasm.  However,  this m e m b r a n e  ruptured a lmos t  immedia te ly ,  and the bac te r i a  
subsequently mult ipl ied in the cy toplasm f rom which they were  not separa ted .  This  mechan-  
i sm of penetra t ion into the epithelial  ce l ls  is evidently specif ic  for  shigel las .  

The pathogenic p rope r t i e s  of  the shigel las  (agents of dysentery)  a r e  based on t he i r  abili ty to pene-  
t r a t e  into the cytoplasm of epithelial  cel ls ,  to mult iply in u lcera t ion  [2]. This  has been shown by the study 
of na tura l  dysen te ry  in monkeys  and in exper iments  in which animals  were  infected in var ious  ways.  E lec -  
t r o n - m i c r o s c o p i c  invest igations with guinea pigs and monkeys  with exper imenta l  dysen te ry  [8, 10-12] and 
a f t e r  conjunctival infection of guinea pigs [5, 13] have shown that shigel tas  penet ra t ing  into the epithelial  
ce l ls  can lie f ree ly  and grow in the cy top lasm without being confined by m e m b r a n e s .  The s ame  o b s e r v a -  
t ions have been made a f t e r  infection of mono laye r  cell  cul tures  with shigel las  [8]. 

The ea r l i e s t  s tages  of in teract ion between shigel las  and epithelial  ce l l s  and the m e c h a n i s m  of pene-  
t ra t ion  of shigel las  into the intest inal  epithel ial  a re  st i l l  unknown. Such invest igat ions a r e  ve ry  difficult 
to c a r r y  out by entera l  infection of an imals .  

The method used  in the exper iments  desc r ibed  below was that suggested for  the study of chole ra  vib-  
r ios  [7] and also used to study shigel las  [1, 6] - injecting the bac t e r i a  into l igated loops of rabbi t  smal l  
intest ine.  With this model  any accura te ly  m e a s u r e d  number  of m i c r o o r g a n i s m s  can be used to infect the 
isola ted loop of intestine and the s i tes  of in teract ion between the m i c r o o r g a n i s m s  and the epithel ial  can 
eas i ly  be found in the ea r l i e s t  s tages .  

E X P E R I M E N T A L  M E T H O D  

Rabbits  were  kept without food for  48-72 h and anes thet ized with hexobarbi ta l  int ravenously;  a f t e r  
l apa ro tomy seve r a l  loops of smal l  intest ine 10 cm in length were  ligated (avoiding damage  to the blood v e s -  
se ls) ,  separa ted  by intact  segments  5 cm long. An injection of 2-3 billion shigel las  in 5 m l  of a 6-h  broth 
cul ture  of a f resh ly  isolated virulent  s t ra in  of Shigella sormei, grown with shaking (125 agitat ions pe r  min -  
ute) Was given into each loop. The loops of bowel were  removed  under  intravenous anes thes ia  30 min  and 
1, 2, 3, 6, 9-10, and 12 h a f t e r  infection and smal l  p ieces  were  fixed in glutaraldehyde with the addition of 
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Fig. 1. Penetration of shigellas into cytoplasm of intestinal 
epithelial cells: a) 30 rain af ter  infection: penetration of shi-  
gellas into layer  of glycocalyx covering microvi l l i  (8000 x); 
b,c,d) 2 h af ter  infection: at tachment of shigellas to surface  of 
epithelial cells with destruction of brush border  and penetrat ion 
of bacter ia  into cytoplasm of cells ("thick" sections;  toluidine 
blue; b) 1070 x, c) 1600 x, d) 1070 • e) 2 h af ter  infection: same 
areas  in the electron mic roscope  - swelling and death of m i c r o -  
villi, shigellas on exposed cell membrane  (arrows) and in cyto-  
plasm of ceils (bottom left) (4800 x). 

thiophosphamide and osmium tetroxide to detect the glycocalyx [3] and then embedded in Fpon. Sections 
1 t~ in thickness were stained with toluidine blue and examined in the light mic roscope ;  ultrathin sections 
were stained with lead c i t ra te  and uranyl  acetate and examined in the JEM-5g  or  JEM-7  electron m i c r o -  
scope. 

I~XPERIMENTAL RESULTS 

Histological examination of the thick sections showed that 30 rain after infection the bacteria appeared 
to be adherent to the surface of some epithelial cells. After 1-2 h in many places the shigellas were at- 
tached to the epithelial surface. In these places the brush border was absent and the bacteria found in the 
cytoplasm of the cells (Fig. ib, c, d), some of which were dividing, were also absent. Later both the num- 
ber of infected epithelial cells and the number of bacteria in their cytoplasm increased. As a result 

of destruction of the infected cells defects appeared in the epithelium and the leukocytic response increased. 
By 9-] 2 h after infection the mucous membrane was covered with a purulent exudate, thickly infiltrated 
with leukocytes and the epithelium itself was frequently destroyed over a wide area. 

The electron-microscopic investigation showed that after 30 rain the microorganisms were lying 
freely in the lumen but some of them were in close contact with the layer of the glycoealyx covering the 
microvilli (Fig. ]a). By 2 h many more bacteria were seen on the surface of the epithelial cells. In these 
places the glycocalyx was absent, and some microvilli had changed into large vesicles projecting into the 
lumen (Fig. le). These vesicles, filled with homogeneous finely granular contents and surrounded by a 
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Fig. 2. Shigellas in cytoplasm of intestinal epithelial 
cells: a) 2 h after infection: on right and left rem- 
nants of a triple membrane surrounding a bacterium 
can be seen (70,000 • b) 2 h after infection: on the 
right remnants of the membrane can still be seen in 
some places, on the left a free-lying bacterium (18,000 
• c) 12 h after infection: dividing bacteria lie freely 
in the cytoplasm of an epithelial cell, desquamated into 
the lumen of the intestine, with a pycnotic nucleus 
( i3 ,000x) .  

t r ip le  cell  membrane ,  also were observed in the lumen. In some places the microvi l l i  were absent and the 
bac te r ia  lay direct ly  on the p lasma membrane  of the cells which formed a depress ion in these a reas  (Fig. 
le). Disturbances of the integri ty of the cell  membrane  were not found although shigellas were seen not 
only on the surface,  but also in the cytoplasm of the cells.  In the apical zones of the cytoplasm a tr iple 
membrane  could somet imes  be seen closely wrapped around them, but more  usually it was distinguishable 
only in cer ta in  a reas  (Fig. 2a,b). However, in the deeper  parts  of the cytoplasm around bacter ia  penet ra-  
ting there (some of them dividing) no membranes  could be detected. 

Later ,  in the infected epithelial cells,  the mic roorgan i sms  formed groups with nothing separat ing 
them from the surrounding cytoplasm; the electron density of which was reduced af ter  12 h. Numerous 
desquamated epithelial cells with a pycnotic nucleus and s t ruc ture less  cytoplasm, containing f ree- ly ing 
bac te r ia  (Fig. 2c), were present  in the intestinal lumen. Polymorphs,  present  in large numbers  in the 
lumen of the intestine and in the t issues of the mucous membrane  itself, also contained bacter ia  in the i r  
cytoplasm. In such cases ,  however, the shigellas (singly or  in smal l  groups) were contained in vacuoles 
surrounded by membranes  (phagosomes), containing a cer tain quantity of e lec t ron-dense  mater ia l  (probably 
a product of the lysosomes) ,  and many of the bacter ia  in these phagosomes were evidently destroyed.  

These investigations thus showed that shigellas in the intestine initially adhere to the glycocalyx of 
completely unchanged epithelial cells.  The glycocalyx then disappears  in these places and highly dist inc-  
tive changes take place in the microvi l l i ,  leading to their  death. The bacter ia  then penetrate into the cyto-  
plasm of the epithelial cells.  During their  penetration, depressions are  formed initially in the exposed 
cell membrane,  which also surrounds bacter ia  entering the apical par t  of the cytoplasm. However, this 
membrane  evidently begins to break up a lmost  at once and the bac ter ia  subsequently multiply in the cyto-  
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plasm,  f rom which they a r e  not separa ted .  This mechan i sm of penet ra t ion  into the epithelial  ce l ls  is spec i f -  
ic for  shigel las ,  for  invasion by sa lmonel las  [9, 10], for  instance,  follows a different  course .  According 
to the avai lable  data, sa lmonel las  do not induce these  changes in the mic rov i l l i ,  and inside the ce l l s  as a 
rule  they a re  surrounded by m e m b r a n e s  and do not mult iply,  but a re  s imply  t r anspo r t ed  through the epi-  
thel ium.  The specia l  fea tures  dist inguishing the pathogenic p rope r t i e s  of different  agents thus affect  even 
the ea r l i e s t  s tages  of t he i r  in teract ion with the intest inal  mucous  m e m b r a n e .  These  observa t ions  a lso  con-  
f i rm observa t ions  on in t raepi thel ia l  pa ras i t i za t ion  of shigel las ,  made  with o ther  models ,  as the bas is  of 
t he i r  pathogenic p rope r t i e s .  

The authors  a r e  gra tefu l  to N. R. V a s s e r  (Labora tory  of Intes t inal  Infect ions,  P a s t e u r  Insti tute,  
Leningrad) for  isolating and p repa r ing  the cul tures  of shigel las  and also for  help with the exper iments .  
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