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Summary 

Purified enterotoxin from the bacterium Clostridium perfringens rapidly 
decreased the hormonally induced uptake of a-aminoisobutyric acid in primary 
cultures of adult rat hepatocytes.  At 5 min after toxin addition the decrease in 
a-aminoisobutyric acid uptake appeared not  due to increased passive permea- 
tion (estimated with L-glucose) or to increased a-aminoisobutyric acid efflux. 
When short uptake assay times were employed a depression of a-aminoiso- 
butyric acid influx was observed in toxin-treated hepatocytes.  The depression 
of  a-aminoisobutyric acid influx was correlated with a rapid increase in intra- 
cellular Na ÷ (estimated using 22Na÷) apparently effected by membrane damage. 
In contrast, the uptake of cycloleucine in the presence of unlabeled a-aminoiso- 
butyric acid (assay for Na+-independent amino acid uptake) by hepatocytes 
treated with toxin for 5 min was decreased to only a small extent  or not  at all 
depending upon experimental design. At later times,: C. perfringens enterotoxin 
increased the exodus of L-glucose, 3-O-methylglucose and a-aminoisobutyric 
acid from pre-loaded cells indicating that  the toxin effects progressive mem- 
brane damage. When enterotoxin was removed by repeated washing after 5--20 
min the decay of a-aminoisobutyric acid uptake ceased and appeared to 
undergo recovery towards the hormonally induced control level. The degree of 
recovery of a-aminoisobutyric acid uptake was inverse to the length of time of 
exposure to toxin. Adding at 10 min specific rabbit antiserum against C. 
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perfringens enterotoxin without  medium change also reversed the effect of 
toxin on increased intracellular 22Na*, and on the exodus (from preloaded cells) 
of a-aminoisobutyric acid, L-glucose, and 3-O-methylglucose. 

Introduct ion 

Certain strains of the bacterium Clostridium perfringens elaborate an entero- 
toxin which causes relatively mild symptoms of  food poisoning in humans. The 
toxin has been purified and characterized as a heat-labile protein with a 
molecular weight of about  35 000 and an isoelectric point  of 4.3 [1]. Studies 
employing mutants grown under different conditions [2], immunological 
techniques [3--5], and biological activity [5] have established that  the entero- 
toxin is distinct from other toxic products of C. perfringens, including phos- 
pholipase C (a-toxin). Moreover, the purified toxin is free of detectable phos- 
pholipase and protease activity [6]. 

In previous reports it has been demonstrated that  a-aminoisobutyric acid is 
transported in primary cultures of adult rat hepatocytes by a process which is 
dependent  upon Na ÷ and energy [7,8]. Glucagon increases the rate of a-amino- 
isobutyric acid uptake by decreasing the apparent Km for transport, while 
dexamethasone potentiates the glucagon effect by increasing the apparent V 
for transport in glucagon-treated (but not  control) cells [7--10]. Recently, we 
reported that C. perfringens enterotoxin produced a rapid and dose-dependent 
depression of glucagon-dexamethasone-induced a-aminoisobutyric acid uptake 
in cultured hepatocytes [11]. Pretreating the toxin with heat or specific 
antiserum abolished this effect. We report herein experiments which further 
elucidate the mechanism of  action of C. perfringens enterotoxin on cultured rat 
hepatocytes.  

Materials and Methods 

Enterotoxin. Enterotoxin was purified from C. perfringens type A strain 
NCTC 8239 by the method of Stark and Duncan [1]. This procedure, which 
involves chromatography on Sephadex G-100, Cellex T anion exchange, and 
hydroxyapat i te  columns, resulted in a highly purified enterotoxin preparation 
which showed a single protein band after electrophoresis on disc polyacryl- 
amide gels. Lyophilized toxin was dissolved in Swim's S-77 medium and added 
to cultures at a final concentration of 0.3 or 1 pg/ml cell culture medium. 
These concentrations were used based on our previous reports [11] that  
glucagon-dexamethasone-induced a-aminoisobutyric acid uptake was rapidly 
depressed by toxin at 1 pg/ml, less rapidly depressed by toxin at 0.3 pg/ml, 
and apparently unaffected by toxin at lower concentrations (0.1 pg/ml or 0.04 
pg/ml). 

Antiserum. Antiserum was prepared against purified enterotoxin in 2.0--2.5 
kg female New Zealand white rabbits. The rabbits were injected intramuscu- 
larly with 0.25 mg of enterotoxin in either Freund complete adjuvant (first 
injection) or Freund incomplete adjuvant (subsequent injections). A total of 
four injections were made at 6-week intervals. Rabbits were bled every 2 weeks 
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from the ear vein or artery using a bleeding apparatus (Bellco) and a pump to 
apply suction. Blood was allowed to clot for 1 h at 37°C and then incubated at 
7°C for several hours. Serum was removed, clarified by centrifugation, and 
stored frozen a t - -20°C.  

Primat3' rat liver cell cultures. Hepatocytes were isolated from male Sprague- 
Dawley rats (200--300 g) by a collagenase perfusion technique and maintained 
as monolayers on 60-mm plastic tissue culture dishes coated with a thin layer 
of rat tail collagen as previously described [7,10]. Cells were initially cultured 
in modified serum-free Waymouth's  MB 752/1 medium, previously designated 
WO/BA-M2 [7], containing insulin (0.5 tlg/ml) and gentamicin (50 t~g/ml). 
Medium was changed to fresh WO/BA-M2 plus insulin and gentamicin 3--4 h 
after initial plating. At 30 h the medium was changed to Swim's S-77 medium 
containing 4 mM glutamine and gentamiein (50 tlg/ml) [10]. 

c~-Aminoisobutyric acid uptake determinations, a-Aminoisobutyric acid 
transport was pre-induced in the cultured hepatocytes by the addition of 
1 t~M dexamethasone 30 h after initial plating and 0.2/~M glucagon at 45 h 
[10]. Experiments were started with the addition of enterotoxin 6 h after 
glucagon addition (52 h after initial plating) [11]. c~-Aminoisobutyric acid 
uptake was measured by incubating the cells in 2--3 ml glucose-free Hanks' N- 
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes)-buffered salt solu- 
tion containing 1 mM c~-aminoisobutyric acid and c~-amino[14C]isobutyric acid 
(0.2 tlCi/ml medium) based on our previous reports [7,10]. Incubation was 
terminated by rinsing the cells several times with cold Hanks'/Hepes buffer and 
the cells were prepared for scintillation counting and protein determination as 
previously described | 7 ]. 

Cycloleucine uptake determinations. Cells were pretreated with hormones as 
described above. Cycloleueine uptake was determined with a modification of 
the procedure of LeCam and Freychet  [12] involving the incubation of 
hepatocytes in glucose-free Hanks'/Hepes buffer containing 1 mM cycloleucine 
and [14C]cycloleucine (0.4 t~Ci/ml) with 20 mM a-aminoisobutyric acid. In 
some experiments cells were pretreated with 5 mM c~-aminoisobutyric acid for 
2 h prior to eycloleueine uptake determinations. 

L-Glucose and 3-O-methylglucose studies. The effect of enterotoxin on the 
membrane permeability barrier was investigated 48 h after initial plating [7,8]. 
In experiments involving L-glucose, cells were incubated for 12 h in Swim's 
S-77 medium containing 1 mM L-glucose and L-[14C]glucose (1 ~Ci/ml). The 
cells were then rinsed, and incubated in 3 ml Hanks'/Hepes buffer containing 
enterotoxin.  The effect of C. perfringens enterotoxin on L-glucose exodus was 
determined at various times thereafter. In experiments involving 3-O-methyl- 
glucose (3-O-methyl-a-D-glucopyranoside), 48-h cultures were rinsed several 
times with glucose-free Hanks'/Hepes-buffered salt solution and reincubated at 
37°C for 30 min with glucose-free Hanks'/Hepes buffer (3 ml/plate) containing 
10 mM 3-O-methylglucose and 3-O-[14C]methylglucose (0.4/aCi/ml medium). 
Enterotoxin was then added and the incubation continued for up to 45 min. At 
intervals after toxin addition, the capacity of phloretin to inhibit 3-0- 
methylglucose exodus was determined by rinsing the cultures several times with 
warm (37°C) glucose-free Hanks'/Hepes buffer containing 1 mM phloretin (to 
remove external 3-O-methylglueose) and reineubating the cells at 37°C for 5 
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min in 3 ml glucose-free Hanks ' /Hepes buffer containing phloretin. Since the 
total cell water volume/plate  was 3 pl or less [8], the incubation volume was 
large enough to prevent significant recapture of  3-O-methylglucose lost from 
cells. The cultures were harvested by rinsing several times with ice-cold glucose- 
free Hanks ' /Hepes buffer  containing phloretin.  

intracellular 22Na + determination. 22Na+ was used as a marker in experiments 
examining the effect  of enterotoxin  on intracellular Na ÷ levels [13].  The 
cultures were rinsed several times with Hanks' /Hepes buffer and reincubated 
with Hanks ' /Hepes containing 8 mM glucose and 1.8 pCi/ml 22NaC1. Cells were 
incubated in this medium until there was no further  increase in intracellular 
22Na+ (the system was at equilibrium in 2 rnin but incubations were usually 
carried out  for 30 min). Entero toxin  was then added and the incubation 
cont inued for up to 45 min. At intervals after toxin addition, cultures were 
harvested by rinsing several times with ice-cold sodium-free Hanks' /Hepes 
buffer  prepared by replacing NaC1 and NaHCO3 with choline chloride and 
choline bicarbonate [13]. Cells were harvested as above and the intracellular 
levels of Z2Na+ were determined in a 3, scintillation counter.  In other  experi- 
ments, cultures at 48 h were rinsed with Earle's balanced salt solution [14] and 
reincubated for 3 h in Earle's balanced salt solution containing 6 mM ouabain 
and 1.75 pCi/ml 22NaC1. Enterotoxin  (1 pg/ml) was added (without  medium 
change) and the incubation continued.  After 5 min, the cultures were rinsed 
with cold (4°C) Hanks ' /Hepes buffer containing 6 mM ouabain. 3 ml of  
Hanks ' /Hepes with 6 mM ouabain were added and the plates were reincubated 
at 4°C. At intervals the cultures were harvested and counted as described 
above. It was necessary to carry out  incubations at 4°C to prevent the rapid 
exchange of  Na ÷ which was found to occur at 37°C. 

Materials. Sources of  most  materials used in this study have been published 
elsewhere [ 7,9,10,12 ]. In addit ion unlabeled 3-O-methylglucose, cycloleucine, 
choline chloride, choline bicarbonate,  and ouabain were purchased from Sigma 
Chemical Co. 3-O-[ '4C]methyl-a-D-glucopyranoside, 1-aminocyclopentane-1- 
[carboxyl-'4C]carboxylic acid and 2~NaC1 were obtained from New England 
Nuclear, and phloretin came from ICN Pharmaceuticals (K and K). 

Results 

The data of  Fig. I show that  C. perfringens enterotoxin  at 1 pg/ml produces 
a rapid apparent  inhibition of a-aminoisobutyric  acid uptake in cultured rat 
hepatocytes  previously treated with dexamethasone and glucagon to induce the 
rate of amino acid transport.  This result is in agreement with our previous 
report  [11] that  the elevated level of  a-aminoisobutyric acid uptake induced in 
cultured hepatocytes  by glucagon in combinat ion with dexamethasone was 
rapidly depressed by C. perfringens enterotoxin  at 1 pg/ml (in addition, less 
rapid depression was effected by toxin at 0.3 pg/ml, whereas no effect  was 
produced by toxin at lower concentrat ions,  0.1 pg/ml, or 0.04 pg/ml) [11].  
a-Aminoisobutyric  acid uptake is also depressed by toxin in cells not  treated 
with hormones  [15],  and C. perfringens enterotoxin  effects dose-dependent  
inhibition of  the induct ion of  elevated levels of a-aminoisobutyric  acid uptake 
by the hormones  glucagon in combinat ion with dexamethasone [15],  epineph- 
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Fig.  1.  I n h i b i t i o n  o f  ( ~ - a m i n o i s o b u t y r i c  ac id  ( A I B )  u p t a k e  b y  C. p e r f r i n g e n s  e n t e r o t o x i n  and  its  revers ib i l -  

i ty  w h e n  t o x i n  is r e m o v e d .  C u l t u r e d  rat h e p a t o c y t e s  w e r e  p r e - i n d u c e d  b y  t r e a t m e n t  for  18 h w i t h  1 pM 

d e x a m e t h a s o n e  a n d  6 h w i t h  0 . 2 p M  g l u c a g o n  ( e x c e p t  f or  u n i n d u c e d  c o n t r o l s ) .  A t ' 0  ~ m i n  the  cel ls  w e r e  
t r e a t e d  w i t h  e n t e r o t o x i n  at 1 ~ g / m l .  At  5, 10 ,  15 o r  2 0 r a i n  t o x i n  w a s  r e m o v e d  b y  r e p e a t e d  w a s h i n g  a n d  

the  ce l l s  w e r e  t h e n  i n c u b a t e d  in t o x i n - f r e e  m e d i u m  c o n t a i n i n g  g l u c a g o n  a n d  d e x a m e t h a s o n e ,  T h e  u p t a k e  
o f  1 m M  C¢-amino[ 1 4 C ] i s o b u t y r i c  ac id  w a s  d e t e r m i n e d  in 4 - m i n  a s s a y s  as d e s c r i b e d  u n d e r  Mater ia l s  and  

M e t h o d s .  E a c h  v a l u e  is t he  average  o f  d u p l i c a t e  p la t e s .  

rine in combination with dexamethasone [15] ,  and insulin alone (unpub- 
lished results). These findings indicate that the effects of C. perfringens entero- 
toxin on a-aminoisobutyric acid uptake in cultured hepatocytes  are not  limited 
to particular hormonally mediated processes but rather reflect a more general 
underlying phenomenon.  

The data of  Fig. 1 also show that if the toxin is removed after 5--20 min the 
apparent decrease in a-aminoisobutyric acid uptake ceases, and on additional 
incubation in toxin-free medium a-aminoisobutyric acid uptake appears to 
undergo some degree of recovery towards the fully induced level dependent  
upon the length of time of exposure to the toxin.  Cycloheximide (10 pg/ml) 
or puromycin (23 pg/ml) [10] did not  alter the enterotoxin-effected decay of 
preinduced a-aminoisobutyric acid uptake nor was recovery fol lowing toxin 
removal affected by puromycin (not  shown).  

To assess the possible role of  increased a-aminoisobutyric acid efflux in this 
phenomenon,  the experiment shown in Fig. 2 was conducted,  a-Aminoiso- 
butyric acid was lost from toxin-treated cultures more rapidly than from 
control  cells, but the effect was not  apparent until 10 min after toxin addition. 
When rabbit antiserum against C. perfringens enterotoxin was added without  
medium change to toxin-treated cultures at 10 min, the loss of ~-aminoiso- 
butyric acid was reduced at subsequent times. 

The effect of C. perfringens enterotoxin on liver cell membrane permeability 
was investigated in the experiments shown in Figs. 3 and 4. In Fig. 3, the effect 
of  enterotoxin on the exodus of L-glucose was examined. L-Glucose is not  
metabolized by liver cells and crosses the membrane by passive permeation [15, 
16] .  We have previously used L-glucose to assess membrane damage in liver cells 
just after isolation vs. cells in culture for 24 h [7] .  The data show that at 5 min 
the amount  of L-glucose in control  and toxin-treated cultures was similar 
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Fig.  2. T h e  e x o d u s  o f  ~ - a m i n o [ 1 4 C ] i s o b u t y r i e  ac id  ( A I B )  f r o m  p r e v i o u s l y  l o a d e d  h e p a t o e y t e s .  Cel ls  
fu l ly  i n d u c e d  b y  p r e t r e a t m e n t  f o r  12  h w i t h  1 ~ M  d e x a m e t h a s o n e  a n d  0 . 2  p M  g l u c a g o n  w e r e  i n c u b a t e d  

in  E a r l e ' s  b a l a n c e d  sa l t  s o l u t i o n  c o n t a i n i n g  t h e  h o r m o n e s  a n d  1 m M  ~ - a m i n o [  1 4 C ] i s o b u t y r i  e a c i d  f o r  1 2 0  

ra in .  T h i s  m e d i u m  w a s  r e m o v e d  b y  a s p i r a t i o n ,  t h e  ce l ls  r i n s e d  w i t h  c o l d  ( 4 ° C )  H a n k s ' / H e p e s ,  a n d  t h e n  
3 m l  o f  w a r m  H a n k s ' / H e p e s  b u f f e r  c o n t a i n i n g  1 ~ g / m l  C. perfr ingcns e n t e r o t o x i n  w a s  a d d e d .  A t  10  m i n  

s p e c i f i c  r a b b i t  a n t i s e r u m  a g a i n s t  t h e  e n t c r o t o x i n  w a s  a d d e d  t o  s o m e  p l a t e s  w i t h o u t  a m e d i u m  c h a n g e .  A t  

t h e  i n d i c a t e d  t i m e s  d u p l i c a t e  P l a t e s  w e r e  a n a l y z e d  f o r  t h e  a m o u n t  o f  ~ - a m i n o [ 1 4 C ] i s o b u t y r i c  a c i d  

r e m a i n i n g  in  t h e  cel ls .  

whereas by 10  rain s o m e w h a t  more L-glucose had been lost  from toxin-treated 
than from contro l  cells, indicat ing that  passive permeat ion  was more pro- 
n o u n c e d  in liver cells treated with C. perfringens en tero tox in  for 10 min.  
Adding  specific antiserum to toxin- treated cells at 10 min w i t h o u t  a medium 
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Fig .  3.  E f f e c t  o f  C. per fr ingens  e n t e r o t o x i n  o n  t h e  p a s s i v e  m i g r a t i o n  o f  L - g l u c o s e  f r o m  c u l t u r e d  r a t  
h e p a t o c y t e s .  Cel ls  w e r e  p r e i n c u b a t e d  f o r  12  h in  S w i m ' s  S - 7 7  m e d i u m  c o n t a i n i n g  1 m M  L - g l u c o s e  a n d  L- 
[ 1 4 C ] g l u c o s e  (1 p C i / m l ) .  T h e  ce l ls  w e r e  t h e n  r i n s e d  w i t h  w a r m  H a n k s ' / H e p e s  b u f f e r ,  a n d  e n t e r o t o x i n  w a s  
a d d e d .  T h e  a m o u n t  o f  L - g l u c o s e  r e m a i n i n g  in cel ls  w a s  d e t e r m i n e d  a t  v a r i o u s  t i m e s  t h e r e a f t e r .  R a b b i t  
a n t i s e r u m  a g a i n s t  C. per fr ingens  e n t e r o t o x i n  w a s  a d d e d  t o  s o m e  t o x i n - t r e a t e d  o r  c o n t r o l  c u l t u r e s  a t  10  
r a in  w i t h o u t  m e d i u m  c h a n g e .  In c u l t u r e s  f r o m  t h e  s a m e  l i v e r  cel l  p r e p a r a t i o n  e n t e r o t o x i n  e f f e c t e d  t h e  
f o l l o w i n g  c h a n g e s  in  t h e  d e x a m e t h a s o n e - g l u c a g o n - i n d u c e d  u p t a k e  o f  ( ~ - a m i n o i s o b u t y r i c  a c i d  ( n m o l / 4  m i n  
p e r  m g  p r o t e i n ) :  0 m i n ,  2 1 . 1 ;  5 r a in ,  9 . 6 ;  10  r a in ,  2 .9 ;  15  r a in ,  2 . 0 5 ;  20  r a in ,  1 . 4 5 .  
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Fig.  4. h n p a i r m e n t  o f  p h l o r e t i n  i n h i b i t i o n  o f  3 - O - m e t h y l g l u c o s e  e x o d u s  by C. p e r f r i n ~ e n s  e n t e r o t o x i n .  
C u l t u r e d  h e p a t o c y t e s  were  p r e - i n e u b a t e d  fo r  30  m i n  in  g lucose - f r ee  m e d i u m  c o n t a i n i n g  l 0  m M  3- ( ) -me th -  

y l g l u c o s e  ( 0 , 4 p C i  3 - O - [ 1 4 C ] m e t h y l g l u c o s e / m l ) .  T o x i n  was  a d d e d  (1 p g / m l o r  0 .3  / ag /ml )  and  a t  i n t e r v a l s  

t h e r e a f t e r  t he  m e d i u m  was r e m o v e d ,  t he  cel ls  r i n s e d  a n d  t h e n  i n c u b a t e d  fo r  5 ra in  in 3 m l  of  t o x i n  and  3- 

O - m e t h y l g l u c o s e - f r e e  m e d i u m  c o n t a i n i n g  1 m M  p h l o r e t i n .  P h l o r e t i n  p r e s e n t  ( no  t o x i n ) ,  the  c o n t r o l  p l a t e s  

i n c u b a t e d  w i t h  p h l o r e t i n ;  n o  p h l o r e t i n ,  c o n t r o l  cel ls  e x p o s e d  to  the  5 ra in  i n c u b a t i o n  in p h l o r e t i n - f r e e  

m e d i u m .  N o t e  t h a n  w h e n  a n t i s e r u m  was  a d d e d  at  10 ra in  to  cel ls  in  m e d i u m  c o n t a i n i n g  t o x i n  (1 o g / m l )  

a n d  3 - O - m e t h y l g l u c o s e  p a r t i a l  r e c o v e r y  was e v i d e n t .  P r io r  to  the  5 -min  i n c u b a t i o n  p e r i o d s  the  cel ls  

c o n t a i n e d  19 .8  n m o l  o f  3 - O - m e t h y l g l u c o s e / m g  p r o t e i n .  

Fig.  5. I n t r a e e l l u l a r  2 2 N a +  c o n c e n t r a t i o n  f o l l o w i n g  t r e a t m e n t  w i t h  C. perfrinZ, ens  e n t e r o t o x i n .  C u l t u r e d  

h e p a t o e y t e s  were  p r e - i n e u b a t e d  fo r  3 0  m i n  in t t a n k s ' / H e p e s  c o n t a i n i n g  8 m M  g lucose  a n d  1.8 ~ C i / m l  

22NaC1.  T o x i n  was  a d d e d  (1 p g / m l  o r  0 .3  p g / m l )  a n d  a t  i n t e r v a l s  t h e r e a f t e r  the  m e d i u m  was rem(*ved,  the  

cel ls  r i n s e d  w i t h  s o d i u m - f r e e  H a n k s ' / H e p e s  b u f f e r  a n d  a n a l y z e d  fo r  t he  a m o u n t  o f  2 2 N a +  p r e s e n t  in the  

cells .  W h e n  a n t i s e r u m  was a d d e d  10 m i n  a f t e r  a d d i t i o n  c~ ! p g / m l  t o x i n ,  r eve r sa l  o f  the  e n t e r o t o x i n  e f f e c t  

o c c u r r e d .  V a l u e s  are t he  m e a n s  o f  t h r ee  r e p l i c a t e  p l a t e s  w i t h  S.E,  i n d i c a t e d  b y  t he  bars .  The  e x t r a e e l l u l a r  

Na + c o n c e n t r a t i o n  in  t I a n k s ' / H e p e s  b u f f e r  is 141  m M ;  a s s u m i n g  c o m p l e t e  e x c h a n g e  b e t w e e n  ex t r a -  a n d  

i n t r a e e l l u l a r  s o d i u m ,  t h e n  b a s e d  o n  d p m / p g  p r o t e i n  a n d  t he  w a t e r  c o n t e n t  of  c u l t u r e d  h e p a t o e y t e s  ( a b o u t  

2 .5  z l  w a t e r / m g  cel l  p r o t e i n ,  Re f .  8 a n d  u n p u b l i s h e d  r e s u l t s )  the  a p p a r e n t  i n t r a c e l l u l a r  Na + c o n c e n t r a t i o n  

in  c o n t r o l  ( no  t o x i n )  cel ls  was  a b o u t  1 7 mM.  

change decreased the rate of loss of L-glucose observed at later time points. In 
cells from this same liver preparation c~-aminoisobutyric acid uptake fell from a 
value (nmol/4 min per mg protein) of 21.2 (range 18.2--24.1) to 9.6 at 5 min, 
and to 2.9 at 10 min (legend to Fig. 3). Increased passive permeation effected 
by enterotoxin in this time period seems alone insufficient to account for the 
dramatic drop in a-aminoisobutyric acid uptake since toxin-treated and control 
hepatocytes contained the same amounts of L-glucose at 5 min and only 
slightly dissimilar levels at 10 min. 

Fig. 4 shows the effect of C. perfringens enterotoxin on 3-O-methylglucose 
exodus from preloaded liver cells. The experiment is based on previous studies 
in which we employed this non-metabolizable hexose analog in combination 
with phloretin, a specific inhibitor of hexose transport, to determine intra- 
cellular water volume [7,8].  3-O-Methylglueose is transported into animal cells 
via carrier-mediated processes which are not energy dependent except in 
kidney and intestine [16].  Phloretin inhibits the exodus of 3-O-methylglucose 
from preloaded cultures of  intact hepatocytes presumably by directly interact- 
ing with hexose transport sites [7,8,16] .  We postulated that if C. perfringens 
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enterotoxin damages the permeability barrier then phloretin should be less able 
to block 3-O-methylglucose exodus from toxin-treated cells than from control 
cells. The data of Fig. 4 show that following 5 min of exposure to toxin at 1 
pg/ml the capacity of phloretin to inhibit 3-O-methylglucose exodus was 
impaired. The effect was dose dependent in' that toxin at 0.3 pg/ml gave a 
smaller response (Fig. 4). In other experiments C. perfringens enterotoxin at 
0.3 pg/ml gave similar reduced effects on a-aminoisobutyric acid uptake [11] 
and exodus (unpublished results). It should be noted that  5-min exposures to 
medium containing phloretin were required to unequivocally demonstrate the 
effect of toxin on this parameter. In preliminary experiments simply rinsing 
cells with buffer containing phloretin resulted in smaller and less convincing 
differences between control cells and cultures treated with toxin for 5--30 min, 
indicating that in this time period the toxin-treated hepatocytes had not  
become freely permeable. When specific antiserum against C. perfringens entero- 
toxin was added at 10 min a partial reversal of toxicity was observed (Fig. 4). 

a-Aminoisobutyric acid uptake is dependent  upon Na ÷ cotransport [7,12,13, 
18] and for this reason we investigated the effect of C. perfringens enterotoxin 
on intracellular Na ÷ levels, using 22Na+ as a marker [13]. As shown in Fig. 5, 
within 5 min of adding enterotoxin at 1/~g/ml the intracellular 22Na+ level 
increased three fold, and by 10 min the level was about five times control. 
Toxin at 0.3 pg/ml produced a slower rise again demonstrating a dose-depen- 
dent  effect. Adding antiserum against C. perfringens enterotoxin without  
medium change to cultures treated for 10 min with t~xin (1 pg/ml) resulted in 
the return of intracellular 22Na+ levels to control values by 45 rain. 

The experiment shown in Fig. 6 was designed to explore the mechanism 
whereby C. perfringens enterotoxin effects the rapid increase in intracellular 
22Na+ levels. Hepatocytes were pre-treated for 3 h in medium containing =Na + 
and the digitalis glycoside, ouabain, an inhibitor of  (Na++ K+)-ATPase 
involved ha Na ÷ extrusion [18]. Under these conditions intracellular 22Na+ 
increased to about the extracellular concentration. This conclusion is supported 
by calculations provided in the legend to Fig. 6 and by the fact that  entero- 
toxin had very little effect on the elevated 22Na+ level in ouabain-treated 
hepatocytes (Fig. 6B). C. perfringens enterotoxin was then added and at 5 min 
the cultures were transfered to label-free medium containing ouabain and 
incubated at 4°C (Fig. 6A). As shown in Fig. 6A, 22Na* levels decreased in cells 
pre-treated with enterotoxin indicating membrane damage sufficient to permit 
the passive migration of Na ÷. In cultures from the same cell preparation pre- 
incubated in medium containing 2ZNa+ but lacking ouabain (Fig. 6B), C. 
perfringens enterotoxin effected increased intracellular ~2Na+ levels at 5 rain in 
agreement with the data of Fig. 5. These experiments indicate that  the rapid 
increase in intracellular 22Na÷ effected by C. perfringens enterotoxin is due 
principally to membrane damage permitting a rapid migration of Na ÷ into the 
cells. 

Fig. 7A shows the uptake of  a-aminoisobutyric acid as a function of time 
(30 s--4 rain) in control cells and cells treated for 5 min with C. perfringens 
enterotoxin.  A difference in a-aminoisobutyric acid uptake between control 
and toxin-treated cells is evident at 30 s, a time short enough to approximate 
uptake rates (influx) (control values at 30 s and 1 min were linear, Fig. 7A). 
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Fig .  6. E f f e c t  o f  C .  p e r f r i n g e n s  e n t e r o t o x i n  on  e x o d u s  of  i n t r a c e l l u l a r  2 2 N a  +. Ck) C u l t u r e d  h e p a t o c y t e s  

were  p r e - i n e u b a t e d  fo r  3 h in Ea r l e ' s  b a l a n c e d  sa l t  s o l u t i o n  c o n t a i n i n g  6 m M  ( l u a b a i n  and  1 .75  g C i / m l  

22NaC1.  T o x i n  (1 p g / m l )  was a d d e d  a n d  a t  5 ra in  l a te r ,  the  m e d i u m  was r e m o x c d .  The  ceils were r i n s e d  

a n d  r e i n e u b a t e d  a t  4 ° C in  H a n k s ' / H e p e s  c o n t a i n i n g  6 m M  o u a b a i n .  The  a m o u n t  o f  22 Na + r e m a i n i n g  in the  

cei ls  was  d e t e r m i n e d  at  v a r i o u s  t i m e s  t h e r e a f t e r .  (B) C u l t u r e s  were p r e - i n c u b a t e d  for  3 h in E a r h " s  

b a l a n c e d  sa l t  s o l u t i o n  c o n t a i n i n g  1 . 7 5 p C i / m l  2 2 N a C I  p lu s  6 m M  o u a b a i n  (c losed  s y m b o l s )  or w i t h o u t  

o u a b a i n  ( o p e n  s y m b o l s ) .  T o x i n  (1 ~ g / m i )  was a d d e d  a n d  a t  i n t e r v a l s  t h e r e a f t e r  t he  c u l t u r e s  were  h a r v e s t e d  

a n d  a n a l y z e d  fo r  the  a m o u n t  o f  2 2 N a  + p r e s e n t  in the  ceils. Va lues  are the  m e a n s  of  th ree  r e p l i c a t e  p l a t e s  

w i t h  S.E.  i n d i c a t e d  by  ba rs  w h e r e  t h e y  e x c e e d  the  size o f  t he  s y m b o l .  A s s u m i n g  c o m p l e t e  e x c h a n g e  

b e t w e e n  e x t r a -  a n d  i n t r a e e l l u l a r  Na +, t h e n  b a s e d  on  d p m / # g  p r o t e i n  a n d  the  w a t e r  c o n t e n t  o f  c u l t u r e d  

h e p a t o c y t e s  18] t he  c o n c e n t r a t i o n  o f  i n t r a e e l l u l a r  Na + in  o u a b a l n - t r e a t e d  cel ls  s h o w n  in th is  f igure  is 
a p p r o x i m a t e l y  t h a t  o f  t he  e x t r a c e l l u l a r  m e d i u m  ( 1 4 3  m M ) .  

Fig.  7, E f f e c t s  o f  C. p e r f r i n g e n s  e n t e r o t o x i n  e x p o s u r e  for  5 m i n  on the  u p t a k e  o f  c t - a m i n o i s o b u t y r i c  ac id  

( A I B )  a n d  e y e l o l e u e i n e  as a f u n c t i o n  of  t i m e .  C u l t u r e d  ra t  h e p a t o c y t e s  were p r e - t r e a t e d  w i t h  dexa-  

m e t h a s o n e  a n d  g l u c a g o n  as d e s c r i b e d  u n d e r  M a t e r i a l s  a n d  M e t h o d s .  E n t e r o t ( ) x i n  (1 p g / m l )  was a d d e d  5 

ra in  b e f o r e  m e a s u r i n g  ¢ a - a m i n o i s o b u t y r i e  ac id  or  e y e l o l e u c i n e  u p t a k e .  ( A ) a - A m i n o i s o b u t y r i e  ac id  u p t a k e ;  

(B) c y e l o l e u e i n e  u p t a k e ;  (C)  c y c h * l e u e i n e  u p t a k e  in  t he  p r e s e n c e  o f  20 m M  C~-a in ino isobutyr ic  ac id :  ( I ) )  

e y e l o l c u e i n e  u p t a k e  in  the  p r e s e n c e  of  20  m M  c ~ - a m i n o i s o b u t y r i c  ac id  in  h e p a t o c y t e s  p r e - l o a d e d  w i t h  
a - a m i n o i s o b u t y r i e  acid (5 m M  fo r  2 h) .  In c u l t u r e s  f r o m  the  s ame  l ive r  p r e p a r a t i o n  t~hieh were  p r e - l o a d e d  

w i t h  c ~ - a m i n o i s o b u t y r i e  ac id ,  e n t e r o t o x i n  c f f e e t e d  t h e  f o l l o w i n g  c h a n g e s  m o - a r n i n o i s o b u t y r i c  acid level  

( n m o l / m g  p r o t e i n ) :  (1 ra in ,  6 3 . 4  ' 1 . 7 ; 5  m i n ,  62 .2"  1 0 r a i n ,  26 .7 .  

Moreover,  the data of  Fig. 2 indicate that  at 5 min the intraeellular levels of  
~ -amino i sobutyr ic  acid in contro l  and toxin-treated cells pre-loaded with 
a -amino i sobutyr ic  acid for 2 h were similar, and the same observat ion was 
made with cells from the  preparation studied in Fig. 7 ( legend to Fig. 7). 
Hence ,  it appears that  ~ -aminoisobutyr ic  acid inf lux is depressed by C. 
perfringens en tero tox in .  

Fig. 7B- -D  show the  effect  of  C. perfringens entero tox in  on the uptake of  
cyc lo l euc ine ,  a non-metabo l i zab le  amino acid transported by both  the sodium- 
d e p e n d e n t  'A' system and the sod ium- independent  'L' system as described for 
Ehrlich ascites cells [ 18 ] .  In Fig. 7B, cyc lo leuc ine  uptake in Hanks' /Hepes  
buffer was determined as a funct ion  of  t ime in both  control  hepa tocy te s  and 
h e p a t o c y t e s  treated with en tero tox in  for 5 min.  Under these condi t ions  where 
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cycloleucine is transported by both the 'A' and 'L'  systems, there is a differ- 
ence in cycloleucine uptake between control and enterotoxin-treated cultures. 

LeCam and Freychet [12] have demonstrated that 'A' and 'L'  system- 
mediated entry of cycloleucine can be separated in freshly isolated hepatocytes 
by (1) determining cycloleucine uptake in Na+-free buffer, and (2) employing a 
Nat-containing buffer which also contained an excess of unlabeled a-aminoiso- 
butyric acid to compete with cycloleucine for entry via the 'A'-mediated 
system. We have verified that in Hanks'/Hepes buffer altered to contain choline 
rather than sodium, and in Hanks'/Hepes buffer containing sodium salts and 
10--20 mM unlabeled a-aminoisobutyric acid, cycloleucine uptake is identical 
for normal control hepatocytes (not shown). In Fig. 7C (Hanks'/Hepes buffer 
containing 20 mM c~-aminoisobutyric acid), cycloleucine uptake appears to be 
somewhat lower in toxin-treated cells. However, in cells preloaded with a- 
aminoisobutyric acid prior to determination of cycloleucine uptake in the 
presence of 20 mM unlabeled a-aminoisobutyric acid, toxin pretreatment had 
little effect on cycloleucine uptake during the 4 min assay period (Fig. 7D). 
We originally designed this protocol (Fig. 7D) in an at tempt  to minimize as 
much as possible efflux of cycloleucine via 'A' carriers but it appears that 
influx of cycloleucine in control hepatocytes is reduced under these conditions 
whereas uptake in toxin-treated cells is altered only slightly if at all (compare 
Fig. 7C and D). This may be due in part to the fact that in hepatocytes a- 
aminoisobutyric acid is transported by both systems 'A' and 'L'  [19] and thus 
may compete with cycloleucine for the 'L'  as well as the 'A' carriers. Such 
competi t ion might be most effective under conditions where high extracellular 
and intracellular concentrations of ~-aminoisobutyric acid exist. The data of 
Fig. 7 support the conclusion that 'L'-mediated entry is less affected than 
amino acid uptake via the 'A' system in hepatocytes treated for short times 
with C. perfringens enterotoxin. In other experiments (not shown) the effect of 
toxin on the exodus of cycloleucine from preloaded hepatocytes resembled 
closely data on the exodus of c~-aminoisobutyric acid (Fig. 2). 

Discussion 

Purified enterotoxin from C. perfringens rapidly depresses the uptake of 
a-aminoisobutyric acid in primary cultures of adult rat hepatoeytes (see Ref. 
11 and this report). In this investigation we have obtained evidence indicating 
that  at very early times (i.e. 5 min) the depression is due primarily to a direct 
inhibition of a-aminoisobutyric acid influx. It appears unlikely that loss of 
intracellular a-aminoisobutyric acid to passive permeation or carrier-mediated 
efflux contribute significantly to the decrease in a-aminoisobutyric acid uptake 
observed at 5 min after toxin addition. However, at later times increased 
passive migration appears to gain in significance (Fig. 3). The uptake of cyclo- 
leueine by hepatocytes treated with toxin for 5 min appears slightly depressed 
when excess unlabeled a-aminoisobutyric acid is present in the assay medium, 
but unaffected when the liver cells were preloaded with a-aminoisobutyric acid 
(Fig. 7C and D). Therefore, the rapid decrease in ~-aminoisobutyric acid 
uptake following exposure to C. perfringens enterotoxin is limited primarily to 
the sodium-dependent amino acid transport system 'A'. In other experiments 
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(not  shown) involving short uptake times (30 s) and a range of substrate 
(c~-aminoisobutyric acid) concentrat ions it appears that the toxin may both 
decrease V and increase the apparent Km for transport.  However, because of 
unexplained anomalies in replicate studies we cannot  yet  state this conclusion 
with certi tude.  

Recently Tosteson and Tosteson [20] showed that  cholera toxin complexes 
with artificial lipid bilayers containing gangliosides to form ion-conducting 
channels which permit  the passage of either Na + or K*, but not  CI-. In other 
studies Sehein et al. [21] have found that  a single colicin K molecule can form 
a voltage-dependent and relatively non-selective ion-conducting channel in arti- 
ficial phospholipid bilayers, and suggested that  the physiological effects of 
colicin K and functionally related colicins may result from their ability to form 
ion-permeable channels in the membranes of sensitive bacteria. In our investi- 
gation it was found that  2ZNa+ rapidly enters cultured hepatocytes  treated with 
C. perfringens enterotoxin  (Fig. 5) apparently because of membrane damage 
(Fig. 6) but  it is clear that  this effect is not  limited to ions since L-glucose and 
3-O-methylglucose both pass through the membranes of toxin-treated cells 
(Figs. 3 and 4). McDonel et al. [22] have reported electron microscopic evi- 
dence of membrane damage in cells at the tips of villi in rat and rabbit ilea 
exposed in vitro to C. perfringens enterotoxin.  High levels of toxin (1--2 ml 
containing 100 pg/ml) and long exposure times (90 min) were employed so it is 
not  possible at this time to directly compare our results with the report  of 
McDonel et al. [22],  but  their conclusion that  C. perfringens enterotoxin  acts 
directly on the cell membrane is in agreement with our findings. 

The results of  our investigation argue strongly that C. perfringens entero- 
toxin 'attacks'  and directly produces changes in the permeabili ty of the hepato- 
cyte  membrane.  Elsewhere [11] we have demonstrated the existence of both 
sensitive and resistant hepatoma cell lines, indicating that the cellular 'site' 
recognized by the toxin is apparently specific and present on only some cells. 
The finding that decay of  a,-aminoisobutyric acid transport  stops soon after toxin 
is removed (Fig. 1) indicates that the toxin-cell ' complex '  is easily dissociated 
at early times and this conclusion is supported by experiments involving 
specific antiserum addit ion (Figs. 2 5). 

We have also obtained evidence (Fig. 1) which indicates that  depending upon 
how long the cells were exposed to toxin a limited recovery of a-aminoiso- 
butyric acid uptake may occur upon incubation in toxin-free medium: follow- 
ing 5 min of exposure recovery can be complete whereas after 20 min of 
exposure to toxin,  c~-aminoisobutyric acid uptake can recover to only 40% of 
the control  (fully induced) level. Castellot et al. [23] recently showed that 
cultured animal cells made permeable to small molecules (including the vital 
dye t rypan blue) by hyper tonic  t rea tment  for 40--50 min could completely 
recover and divide when reincubated in isotonic growth medium. Further,  we 
have demonstra ted that hepatocytes  incur membrane damage during isolation 
which can be repaired during subsequent incubation in monolayer  culture [7]. 
Hence, the finding that recovery was less than 100% following only 10--15 min 
of  toxin t rea tment  (Fig. 1) suggests that  the toxin-cell interaction may involve 
an early reversible step followed by an irreversible step which cannot  be 
repaired. A two-step toxin-cell interaction has been described for diphtheria 
toxin [24].  
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In previous studies [6] it was shown that 40% of the amino acids which 
compose C. perfringens enterotoxin are hydrophobic and that  the protein 
contains clustered hydrophobic regions. It therefore appears likely that  the 
toxin has affinity for lipid. Perhaps the toxin, after encountering a specific 
recognition site (receptor?), partially 'melts' into lipid in the cell membrane, 
thereby producing a local perturbation allowing Na ÷ (as well as other ions) to 
cross the permeability barrier. At this point the toxin-membrane complex is 
active but unstable and easily dissociated by washing or by adding specific anti- 
serum. However, at some subsequent time the toxin reorients in the membrane 
and becomes fixed. One possible mechanism for fixation is based on the model 
of Blobel and Dobberstein [25] to explain the loss of 'signal sequences' from 
proteins which cross membranes: the portion of the enterotoxin facing inside 
(cytoplasm side) may be enzymatically attacked. This could then result in a 
change in the shape of the toxin-membrane complex possibly facilitating migra- 
t ion of larger hydrophilic molecules such as L-glucose and 3-O-methylglucose. 
This discussion remains speculative but it is significant that C. perfringens 
enterotoxin appears very sensitive to proteolysis (even the most highly purified 
preparations are microheterogeneous [6]) and fragments termed 'enterotoxin- 
like' protein have been isolated from enterotoxin-positive and negative strains 
of C. perfringens [26]. 
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