
357 

Biochimica et Biophysica Acta, 466 (1977) 357--365 
© Elsevier/North-Holland Biomedical Press 

BBA 77673 

THE EFFECT OF CELL MEMBRANE ALTERATION ON GLUCOCORTICOID 
UPTAKE BY THE AtT-20/D-1 TARGET CELL 

ROBERT W. HARRISON, III, SANDRA FAIRFIELD and DAVID N. ORTH 

Department of Medicine and the Cancer Research Planning Center, Vanderbilt University 
School of  Medicine, Nashville, Tenn. 37232 (U.S.A.) 

(Received September 27th, 1976) 

Summary 

The glucocorticoid-sensitive AtT-20/D-1 cell line was used to s tudy cellular 
uptake of  glucocorticoids. A previous observation that glucocorticoid uptake 
by these cells was temperature dependent  had prompted  us to postulate that  
glucocorticoids entered the cell by  a temperature-sensitive transport  process 
located in the cell membrane.  At tempts  were then made to perturb the 
membrane mechanism. In some of  these experiments, intact cells were treated 
with neuraminidase or pronase. The release of  sialic acid in the case of  
neuraminidase t reatment  and of  sialic acid and cell surface peptides in the case 
of  pronase t reatment  demonstrated that  the enzymes were effective. Approx.  
60% of  total cellular sialic acid was released by a 15 rain incubation with 20 
pg/ml neuraminidase at 25°C. The treated cells appeared to be viable, in that 
they continued to produce cort icotropin at a normal rate, ye t  intact cell gluco- 
corticoid binding at bo th  4 and 25°C was only 20--30% of that  of untreated 
cells. Treatment  with pronase also caused steroid uptake at 4 and 25°C to be 
reduced, although the extent  of  reduction was less than that seen following 
neuraminidase treatment.  

In other  experiments,  the effect  of  exposure of  AtT-20/D-1 cells to ethanol 
or dimethyl  sulfoxide was determined. The solvent concentrations used (0.5-- 
10%) did not  alter cell viability significantly, and the ability of  the cytosol  
receptor  to bind steroid in a cell-free preparation was unimpaired. However,  
incubation of  intact cells with 10% (v/v) dimethyl sulfoxide or ethanol resulted 
in an 80--90% decrease in steroid uptake at 25°C. 

We conclude that  steroid uptake by the intact cell can be per turbed by 
treatments which do not  affect the cytosol  receptor  or alter cell viability. These 

* Trivia] n a m e s  u s e d  are:  t r i a m c i n o l o n e  a c e t o n i d e ,  9~x-fluoro-ll~,16~,17,21-tetrahydroxypregna- 
1,4<liene-3,20-dione-16~,l 7~-acetonide; dexamethasone, 9a-fluoro-11~,17,21-trihydroxy-16~- 
methyl-pregna-l,4-diene-3,20-dione. 
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results support  the postulate that  glucocorticoids enter the AtT-20/D-1 cell by 
a specific membrane-associated mechanism. 

Introduct ion 

It has been previously assumed that  steroids freely diffuse into all cells and 
that  the interaction of  a steroid hormone with its cytosol  receptor  is the first 
definitive step in the mechanism of steroid hormone action. Our studies of 
glucocorticoid uptake by the mouse pituitary tumor  cell line AtT-20/D-1 have 
produced results which are not  explained by this simple model.  The uptake 
process by these cells has temperature-dependent  characteristics which suggest 
that,  during steroid uptake,  a cell membrane-mediated step occurs prior to 
formation of  the glucocorticoid-receptor complex [1] .  We have studied the 
effects of  various enzymes and other agents on uptake since exposure of  intact 
cells to the actions of  hydrolyt ic  enzymes has been frequently used by others 
to probe mechanisms located in the cell membrane [2--4] .  Steroid uptake by 
the AtT-20 cell is sensitive to the effects of  hydrolyt ic  enzyme action [5] .  

In this paper the effects on steroid uptake of  two enzymes, neuraminidase 
and pronase, and two solvents, ethanol and dimethyl sulfoxide, are reported.  
These results support  the concept  that  steroid uptake involves a specific 
membrane-associated mechanism. 

Materials and Methods 

Neuraminidase (EC 3.2.1.18) was obtained from Worthington Chemical Co. 
and pronase (EC 3.4.21.4 and 3.4.24.4) from Calbiochem. [1,2,4-~H] - 
tr iamcinolone acetonide (4 Ci/mM) was obtained from Schwartz-Mann. Unless 
otherwise noted,  all other chemicals were obtained from Sigma Chemical Co. 

Cell culture. AtT-20/D-1 (American Type Culture Collection CC1-89) cells 
were grown in suspension culture in 9-1 spinner flasks containing Eagle's 
minimal essential medium (Dulbecco's  modification) (North American 
Biologicals) supplemented with a 15% horse serum and a 2.5% fetal calf serum 
(Grand Island Biologicals), under a 10% CO2 atmosphere. The cells were 
allowed to settle briefly, and the pellet was harvested by gentle aspiration 
through a large-bore pipette. 

Steroid uptake. Cells were diluted with fresh medium to a final concentra- 
tion of  5 • 106/ml. Incubations were begun with the addition of  labeled 
triamcinolone acetonide dissolved in ethanol to a concentrat ion of  1.15 • 10 -5 
M. A 500-fold excess of unlabeled dexamethasone,  also dissolved in ethanol, 
was added to duplicate samples to determine displacable or "specif ic" binding 
as previously described by us [ 1] .  Displacable or "specific" binding was greater 
than 80% of total binding in most  experiments.  The final concentrat ion of 
ethanol in the incubation medium was less than 0.1%. Incubations were 
terminated by adding 1-ml aliquots of the incubation mixtures to tubes con- 
taining 4 ml of  ice-cold Tris/saline buffer  (10 mM Tris • HC1, 154 mM NaCI, 
pH 7.5). The tubes were centrifuged for 5 min at 4°C at 800 × g. The cell 
pellets were washed three times by resuspending them with vigorous vortexing 
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in 2 ml of ice-cold Tris/saline buffer and centrifuging them as before. The 
radioactivity retained in the pellet was determined by direct extraction of the 
non-covalently bound steroid into counting fluid as previously described [1 ]. 

Enzyme incubations. Enzyme incubations were performed in Eagle's 
medium containing 10 mM Tricine, pH 7.5, and no serum. Following enzyme 
addition the mixture was incubated for 15 min at 25°C. The enzyme incuba- 
tion was stopped by rapid cooling, and the cells were washed three times in 
Tris/saline buffer containing 10% horse serum. The washed cells were 
resuspended in fresh medium for determination of steroid uptake. 

Ethanol and dimethyl sulfoxide treatment. Cells were suspended in medium 
without  serum and incubated at 25°C with various concentrations of ethanol 
or dimethyl  sulfoxide for 2 h. The ability of these treated cells to take up 
labeled triamcinoline acetonide was then determined, without  changing the 
medium. 

Miscellaneous assays. Protein concentration was determined, using bovine 
serum albumin as standard [6].  Corticotropin was determined by radioimmuno- 
assay [7].  Sialic acid was determined by the thiobarbituric acid method with 
N-acetylneuraminic acid as standard [8].  

Lactoperoxidase iodination. This procedure, based on methods described by 
Morrison [9] and others [10,11] was performed in a total volume of 1 ml of 
phosphate-buffered saline containing 3 10 s cells. The concentrations of 
reactants were: 0.43 pM lactoperoxidase, 1 pM KI and 100 pCi Nal~SI/ml of 
reaction mixture. 2.3 mM H202 was added in 20-pl aliquots at 15-s intervals. 
2 ml of  cold TiSs/buffered saline containing 1 mM KI and 10% horse serum 
were then added, and the mixture was centrifuged at 800 × g for 5 min. The 
cell pellet was washed three more times in the same solution by alternate 
suspension and centrifugation. The concentrations of lactoperoxidase and 
H~O2 were determined by their absorbance, using published extinction 
coefficients [10].  

Results 

Effect of  neuraminidase on steroid uptake 
Steroid uptake by AtT-20 cells can be decreased by exposing them to 

neuraminidase [5].  The results shown in Fig. 1 demonstrate that  as little as 
5 pg/ml of neuraminidase inhibited intact cell uptake at 25°C by 50%. Prior 
t reatment  with neuraminidase also markedly diminished the small amount  of 
intact cell binding normally seen at 4°C. Neuraminidase which had been 
inactivated by heating at 80°C for 15 min did not  significantly affect uptake at 
either 25 or 4°C. 

The ability of  neuraminidase to remove sialic acid groups from intact AtT-20 
cells was determined by measuring the total sialic acid remaining in the cell 
pellet following enzyme treatment.  The results of t reatment  with various con- 
centrations of the enzyme are shown in Fig. 2. The decrease in total cellular 
sialic acid was concentration dependent,  the maximal effect being observed in 
this experiment at an enzyme concentration of  10--20 pg/ml although in other 
experiments sialic acid content  was reduced even further at concentrations of 
20 pg/ml or greater. Fig. 2 also illustrates that  the 15 min enzyme incubation 
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Fig. 1. T he  e f f ec t  of  n e u r a m i n i d a s e  on  cell u p t a k e  at  25 a nd  4°C.  E n z y m e  in cu b a t i o n s  were  p e r f o r m e d  as 
descr ibed  in Materials  and  M e thods  using n e u r a m i n i d a s e  c o n c e n t r a t i o n s  s h o w n  on the  abscissa. S tero id  
u p t a k e  was  d e t e r m i n e d  a f t e r  a 10 m i n  i n c u b a t i o n  a t  e i the r  25 or  4°C.  H e a t e d  n e u r a m i n i d a s e  was  p r e p a r e d  
by  bea t ing  the  e n z y m e ,  dissolved in Eagle 's  m e d i u m  at  80°C for  15 rain.  TA,  t r i a m c i n o l o n e  ace ton ide .  

routinely used was adequate for the neuraminidase to have a near-maximal 
effect. The correlation between sialic acid release caused by incubation with 
various concentrations of neuraminidase and the extent  to which steroid 
uptake was inhibited by these treatments was excellent (r = 0.96). On the other 
hand, maximally effective concentrations of pronase only resulted in a 24% 
fall in cell sialic acid and correlation between sialic acid reduction and inhibi- 
t ion of steroid uptake was minimal (r = 0.60). 

The extent  to which neuraminidase caused the release of cell surface 
peptides was determined by labeling the cell surface with ['2sI] iodine using a 
lactoperoxidase-catalyzed reaction. Cells thus labeled were then treated with 
neuraminidase. Less than 10% of the iodopeptides were released by 
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Fig. 2. Release of  cell sialic acid by  n e u r a m i n i d a s e  t r e a t m e n t .  Al iquo ts  of  cells (107)  were  t r e a t ed  wi th  
va r ious  c o n c e n t r a t i o n s  of  n e n r a m i n i d a s e  for  15 ra in  ( lef t)  or  wi th  20 p g / m l  n eu ramin id a se  a t  25°C for  
var ious  t ime  in tervals  (r ight) .  Fo l lowing  i n c u b a t i o n  the  cells were  coo led  to  4°C an d  washed  th ree  t imes  
wi th  ice-cold Tris /sal ine.  The  sialic acid p r e s e n t  in the  cell pel le ts  was  e x t r a c t e d  by  hea t ing  a t  90°C  for  
15 rain in 0 .05  M H2SO 4. The  c o n t e n t  of  sialic acid was  d e t e r m i n e d  in this  ex t r ac t  by  the  t h ioba rh i tu r i c  
acid p r o c e d u r e  (see Materials  a nd  Methods) .  
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Fig.  3.  R el eas e  o f  cel l  pro te in  by t r e a t m e n t  w i t h  pronase  or neuramin idase .  Cells w e r e  treated  w i t h  various 
c o n c e n t r a t i o n s  o f  e n z y m e  at 2 5 ° C  for  1 5  ra in .  One group o f  cel ls  had b e e n  previous ly  i o d ina ted  w i t h  125I 
using the  l a c t o p e r o x i d a s e  t e c h n i q u e  (see Materials  and M e t h o d s ) .  A to ta l  o f  2 3 3 0  c p m  125I w e r e  
i n c o r p o r a t e d  in to  the  a l iquots  o f  cel ls  used  for  each  d e t e r m i n a t i o n .  F o l l o w i n g  e n z y m e  t r e a t m e n t ,  these  
cel ls  w e r e  cen tr i fuged ,  and the  supernatants  w e r e  c o u n t e d  in a 7-sc int i l la t ion  s p e c t r o m e t e r  to  d e t e r m i n e  
the a m o u n t  o f  125I-labeled p e p t i d e s  or  prote ins  re leased f r o m  the  cel ls .  The  radioact iv i ty  o f  supernatants  
o f  cel ls  treated  similarly in the  absence  o f  e n z y m e  was  used  to  correc t  for  non-spec i f i c  loss  o f  [ 1 2 5 I ] -  
i od ine .  This  w as  a p p r o x .  10% o f  the  to ta l  rad ioact iv i ty  re leased.  

Fig.  4.  E f f e c t  o f  neuramin idase  t r e a t m e n t  on  c o r t i c o t r o p i n  p r o d u c t i o n  by  in tac t  cells .  Cells w e r e  treated  
w i t h  2 0  # g / m l  neuramin idase  at 2 5 ° C  for 1 5  m i n .  The c o n t r o l  group wa s  n o t  e x p o s e d  to  the  e n z y m e .  
Both  groups  o f  cel ls  w e r e  t h e n  i n c u b a t e d  in F a l c o n  Flasks at  a start ing c o n c e n t r a t i o n  o f  2 - l O 5 / m l ,  and 
the c o n c e n t r a t i o n  o f  r a d i o i m m u n o r e a c t i v e  c o r t i c o t r o p i n  re leased in to  the  cul ture  m e d i u m  wa s  d e t e r m i n e d  
at various t i mes  thereaf ter .  Th e  m e d i u m  was  w i t h d r a w n  and f rozen  for  s u b s e q u e n t  e o r t i c o t r o p i n  radio-  
i m m u n o a s s a y .  

neuraminidase (Fig. 4). This amount  was small in comparison to that released 
by pronase under similar conditions.  

The possibility that neuraminidase treatment prevented cellular steroid 
uptake by causing non-specific damage to the cell was examined. It has been 
previously shown that cytosol  receptor levels are not  affected [5 ] .  Protein bio- 
synthesis was used as another index of  cell viability and functional integrity 
since it was thought possible that cell membrane alteration might lead to 
spurious estimates of  viability by the dye-exclusion method.  AtT-20 cells were 
incubated with a sterile 20 #g/ml solution of  neuraminidase for 15 min which 
reduced their ability to take up labeled steroid at 25°C to 50% of  control (not 
shown).  The cells were washed and suspended in fresh medium. The rate of  
cellular protein synthesis was determined by observing the incorporation of  
radioactivity from a pulse of  [1'C] valine into the trichloroacetic acid-precipit- 
able cell fraction. Protein synthesis appeared to  continue unabated after 
neuraminidase treatment (not shown).  Corticotropin production is a character- 
istic differentiated function of  these cells. Therefore, the ability of  neur- 
aminidase-treated cells to synthesize the polypeptide hormone,  corticotropin 
was also determined (Fig. 4) in order to verify cell viability by an independent 
method.  The concentration of  corticotropin present in the medium after 2, 4, 8 
and 24 h of  incubation at 37°C was determined. Corticotropin production was 
unaffected by neuraminidase treatment (Fig. 4) that reduced steroid binding by 
50%. These results demonstrated that the neuraminidase-treated cells were 
viable and functional.  
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Fig. 5. The effect of p r o n a s e  o n  [ 3 H ] t r i a m c i n o l o n e  a c e t o n i d e  ( T A )  u p t a k e  at 2 5  a n d  4 ° C .  I n t a c t  ce l l s  

w e r e  t r e a t e d  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  p r o n a s c  a t  2 5 ° C  for  1 5  rain  ( see  M a t e r i a l s  a n d  M e t h o d s ) .  The 
ce l l s  w e r e  w a s h e d ,  a n d  t h e  a m o u n t  of [3H] t r i a m c i n o l o n e  a c e t o n i d e  b o u n d  in  1 0  m i n  w a s  d e t e r m i n e d  at  

25 and 4°C. 

Effect of  pronase on steroid uptake 
Maximally effective pronase concentrations were estimated by measuring the 

release of  iodoproteins from cells iodinated using lactoperoxidase (see Materials 
and Methods). The reaction was completely dependent upon the presence of  
added H202 and lactoperoxidase and resulted in the iodination of  seven molec- 
ular weight classes of  proteins, as determined by sodium dodecyl  sulfate- 
polyacrylamide gel electrophoresis (not shown).  The results shown in Fig. 3 
indicate that treatment with 10 pg/ml of  pronase resulted in maximal release 
of  iodopeptides from intact cells. The percentage of  iodopeptides released was 
43% and was similar to the amount  released when iodinated HeLa cells were 
treated with pronase [ 1 2 ] .  This concentration of  pronase resulted in the loss 
of  approx. 24% of  cellular sialic acid (not shown) or approximately one-third 
of  that released by neuraminidase. 

The effect of  pronase treatment on steroid uptake at 25 and 4°C is shown in 
Fig. 5. Uptake was only partially reduced by exposure to a pronase concentra- 
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Fig. 6. The effects of d i m e t h y l  s u l f o x i d e  a n d  e t h a n o l  o n  i n t a c t  ce l l  u p t a k e .  I n t a c t  ce l l s  w e r e  i n c u b a t e d  
w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  d i m e t h y l  s u l f o x i d e  ( l e f t )  o r  e t h a n o l ' ( r i g h t )  f or  2 h, a f t e r  w h i c h  t h e  a m o u n t  
of [3H] t r i a m c i n o l o n e  a c e t o n i d e  ( T A )  b o u n d  in  1 0  rain  a t  2 5 0 C  w a s  d e t e r m i n e d .  T w o  s e p a r a t e  e x p e r i -  
m e n t s  are c o m b i n e d .  T h e  n u m b e r s  in p a r e n t h e s e s  u n d e r  e a c h  p o i n t  r e p r e s e n t  n a n d  t h e  b a r s  i n d i c a t e  t h e  
s t a n d a r d  e r r o r  o f  t h e  m e a n .  
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T A B L E  I 

E F F E C T S  OF D I M E T H Y L  S U L F O X I D E  A N D  E T H A N O L  ON C E L L  V I A B I L I T Y  

Cells were  suspended  in Eagle 's  m e d i u m  at  a c o n c e n t r a t i o n  of  5 • 106[ml .  The  solvents  were  ad d ed  at  the 
ind icated  c o n c e n t r a t i o n s  and  the  ce l l / so lvent  m i x t u r e  i ncu b a t ed  a t  25°C  for  2 h. The  cells, which  
n o r m a l l y  g row as aggregates ,  were  t h e n  t ryps in ized  (0 .25% t rYps in-EDTA,  37°C for  10 ra in)  and  
suspended  in a so lu t ion  of  0 .05% nigrosin,  10% horse  s e rum in p h o s p h a t e - b u f f e r e d  saline, and  c o u n t e d .  
Cells wh ich  exc luded  the  b lack  nigrosin stain were  cons ide red  viable.  

Solvent  c o n c e n t r a t i o n  (v/v)  Viabi l i ty  (%) 

U n t r e a t e d  con t ro l  81 

E thano l  

0.5 85 
1.0 85 
5.0 81 

10 .0  79 

D i m e t h y l  su l foxide  

2.0 75 
5.0 80 

10 .0  79 

tion five times greater than that  known to result in maximal proteolysis. Up- 
take at 4°C was slightly more sensitive than that  at 25°C. 

Effect  o f  ethanol and dimethyl sulfoxide on steroid uptake 
The results of our studies suggested that  steroid uptake is affected by the 

functional state of the AtT-20/D-1 cell membrane. Ethanol and dimethyl  
sulfoxide, which are known to affect various cell membrane-associated func- 
tions, were examined for their effects on steroid uptake. The effects of several 
concentrations were tested from 0 to 10% (w/v). At low concentrations 
dimethyl  sulfoxide had a stimulating effect on the rate of uptake (Fig. 6). Both 
ethanol and dimethyl  sulfoxide caused a dramatic inhibition of uptake at 
higher concentrations (Fig. 6). There was little effect on cell viability as shown 
by the results in Table I. When either ethanol or dimethyl  sulfoxide was used in 
maximally effective concentrations, cell viability, as determined by dye exclu- 
sion, was still 70% or greater. 

Since the effectiveness of these solvents in inhibiting steroid uptake could 
not  be ascribed to altered cell viability, their effects on binding capacity of the 
soluble cytosol receptor was examined. Cytosol was prepared from cells which 
had been treated with 10% ethanol or dimethyl sulfoxide. The ability of these 
cytosol preparations to bind [3HI triamcinoline acetonide was then compared 
to that  of  control cytosol prepared from untreated cells. Neither ethanol nor 
dimethyl  sulfoxide reduced cytosol binding. 

Discussion 

The cells used in these experiments were originally derived from a radiation- 
induced mouse pituitary adenocarcinoma and produce corticotropin, the 
synthesis of which is inhibited by physiologic concentrations of glucocorticoids 
[16].  They have been previously shown to have a cytoplasmic receptor for 
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glucocorticoids which undergoes nuclear translocation [17] .  The experiments 
reported in this paper show that intact AtT-20/D-1 cells treated with neur- 
aminidase are less able to bind glucocorticoids than untreated or pronase- 
treated cells. This effect  does not  appear to depend upon cell damage, since 
specialized cell functions such as cort icotropin synthesis proceed unchanged in 
neuraminidase-treated cells. It seemed possible that  neuraminidase, or proteo- 
lytic contaminants of the neuraminidase preparation, caused this effect  by 
releasing cell membrane proteins. However,  the observation that, compared to 
pronase, neuraminidase caused no significant release of iodopeptides from 
lactoperoxidase-iodinated cells made that possibility unlikely. Furthermore,  
previous work has shown that  neuraminidase t reatment  does not  affect the 
binding of triamcinolone acetonide by the AtT-20 cytosol  receptor  [5] .  There 
was an excellent correlation between the inhibitory effect of neuraminidase on 
steroid uptake and the release of cell sialic acid. Pronase reduced steroid uptake 
to a lesser extent,  and this effect  did not  appear to correlate well with the 
release of  sialic acid from the cells. 

Ethanol and dimethyl sulfoxide also caused a reduction in steroid uptake. 
The data presented in this paper show that  these effects were not  due to cell 
death nor to a reduction in binding capacity of the intracellular receptor. The 
specific site of  action of these solvents is uncertain since they are known to 
affect  several cell functions, such as cell membrane transport  of nucleosides 
[13],  activity of  some soluble enzymes [14] and the character of lysosomal 
membranes [15] .  

Although a precise explanation for these observations awaits a more com- 
plete understanding of glucocorticoid interactions with the intact cell, the 
experiments reported here demonstrate an effect  on the ability of  the intact 
cell to bind steroids. Since these results cannot  be ascribed to changes in the 
soluble cytosol  receptor  they suggest that  an intact and functional cell 
membrane is essential for normal glucocorticoid uptake by the target cell. 
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