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Snmmtry--Isola~d rat hepatocytes possess a saturabk ~ucocorticoid uptake system with 
high affmi~ (K~ v a l u e f 2 . 8 ± ~ 7 × 1 0 - S M ;  31~000±8~000 ~n~ng  ~ s  per cel~ 
317 fmol/mg protein). The inififl rates of uptake decrease by about 30-40% ff the cel~ are 
incuba~d ~multaneously with ~H]corticos~rone and ~ther SH-reagen~ (N-ethylmaleimide 
and p-chloromercuriphenylsulphonat~ I raM), metabofic inhibitors (2,4-dini¢ophenol, 
1 mM; and anfimydn, ~1 raM) or the Na+/K+-ATPase-inhi~ton, ouab~n and quercefine. 
These Na+/K+.ATPase-blocken exert half-maximal in~bifion at 3 x 10 -7 and 3 x 10 -6 M, 
respective~. A sfight increase in K + concentration and a corresponding decrease in Na + in 
the medium leads to a significant ~ducfion in the inifi~ uptake ra~. The uptake system from 
the rat bepatocytes shows a ~ear ~eroid specifi~ty, being ~fferent ~om the in~acellular 
recepto~ Corticosterone and prnges~rone are the ~rongest competitors, cortisol, 5~- and 
5fl-dihydroco~icosterone, 1 l-deoxycorticosterene, cortisone and testosterone have an in . r -  
mediate effect and only weak competition ~ exe~ed by dexamethasone and by the mineralo- 
corticoid, aldosterene. Estradi~ and es~one sulpha~ as well as the synthet~ Oucocorticoid 
tfiamcinolone acetonide are unab~ to inhibit inifi~ corticosterone uptake. 

INTRODUCTION 

The mode of entry of s~rdd hormones ~to 
celh h still a mater of debate (for redews see 
Re~ [I-~) and there are con~adictory results 
for a ~ven steroid hormon~ as summarized 
by Szcgo and Pi~ras [4]. Even u~ng isohted 
plasma membranes ~om the same organ and 
~ud~ng the uptake of identical steroids, con- 
trove~i~ results have been obtained ~, ~. 

In three different sys~ms there h now 
increa~ng efidence for a carde~mediatcd up- 
take of geroid hormonc~ namc~ the uptake of 
~ucoco~icoids into ~a~d ccfis or phsma 
membranes ~om rat fiver~0-1~ and hypo- 
physh~6-1~ and for the uptake of a moulb 
ing hormone in the ~da~d hypoderm~ of 
crayfish [ 19-22]. 

The requirement or involvement of metabolic 
energy for a mediated ~anspo~ and uptake 
process of steroid hormones has been repeatccl~ 
demons~ated, using m~abofic inhi~to~ fike 
cyanide, 2,4-dinitrophenol or anfimydn A 
[11-13, 2~. 

*To whom correspondence shoed be addressed. 

The transpo~ of sm~l molecu~s fkc suga~ 
or amino adds across biolo~cal membranes 
~ often coupled to a Na+-gradient ~. This 
possibility has been only very occasion~ 
examined in s~roid hormone entry. Uptake 
of co~isol into ~olat¢d rat fiver cel~ was 
influenced n~ther  by chan~ng  the e x ~ r n ~  
Na + concentration nor by 1 mM o u a b ~ n  [11~ 
which was Mso without effect on the uptake 
of es~adiol into rat  uterus ~ .  On the other 
hand, an inhibitory effect of ouab~n  has been 
demonstramd for the uptake of ecdy~eroids 
in crayfish hypoderm~ [22]. An inhibition of 
esUone sulfam uptake into ~olated rat fiver 
cel~ by about  50% was reached u~ng ~5  mM 
o u a b ~ n  or t o t ~  replacement of  external 
sodium by potas~um ~ .  Unfo~una te l~  in 
the ~ t t e r  ~udy no dose-response curves have 
been performe~ in addi t io~ the ouab~n  con- 
cen~afion used was very high and the dabi l i ty  
of the ceils after t o t~  replacement of sodium 
was not  stud~d. 

One of our ~ms  was therefore to ~udy in 
more det~l  and under controlled conditions the 
influence of o u a b ~ n  on con~osmrone  uptake in 
~olated rat hepatocytes. 
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A n o ~  chur~tefi~c of a ~cogn~on 
rite ~ r  a ~ d  hormone ~ the ~ e o f i ~ .  
~nce c o ~ d i c t o ~  ~s~ts have b~n obeyed  
conceding the specifici~ of uptake of cor~ 
c o s t e r ~  ~ rat liv~ celh ~ plasma membranes 
[1~ 13, 1~ we were ~so ~ e d  ~ t~s 
~o~em; such an appro~h todd p e ~ a ~  
~ ad~fion perm~ ~ 6 m i n a t i o n  betw~n 
~fferent g lucocor t i~  ~n~ng  ~teg 

E X P E R I M E N T A L  

~olat~n of hepawcytes 

Hepatocytes ~om m~e W~tar rats we~ 
~ n ~ y  prodded by Drs K ~ B a c h o ~ n  and 
Sehleppe~Seh~fer Ons6tut ffir Biophy~k und 
Elektronenm~roskopi~ D~s~ldorO. The ~o- 
~tion procedu~ has been described p~viously 
~ .  I m m e ~ d y  aRer the ~ohfion procedure 
the ce~s were ga~ed with 95% 02 and 5% 
CO2 with continuous sha~n~ The cells were 
courted ~ a Bfirker chamber and ~ a ~  
determ~ed by exclusion of Trypan Blue (0.1%~ 
Expefime~s we~ per~rmed o~y ~ >95% of 
the ce~s we~ intaek 

Measurement of uptake of corticosterone 

Incubations were performed ~ a HEPES- 
buffer (143 mM NaCI, ~72mM KCI, 1.22raM 
CaCI:, l l m M  KH~PO~, 7raM N%SO4, 
13.2mM MgC12 and 10mM HEPE~ pH %4). 
Cells were ~cub~ed with ~H]co~ico~one 
~.SnM; sp. acL 76Ci/mmoh Ame~ham- 
Buc~e~ code TRK 40~ Mone or ~ the 
p ~ n c e  of a 2 0 0 - ~  excess of un~beHed 
corficosterone. Usual~ about 1~ ce~s ~ 30 #1 
were ~pet~d ~to 250#1 of the ~cubation 
buffe~ After 30 s an a~quot of 250 pl was ~ken 
and the free hormone ~ p a ~ d  ~om the ce~s 
by ~trafion on wet g ~ s s f i b ~ - ~  (Whatman 
GF). The ~ters were washed 3 times with 5 ml 
of HEPES-buffe~ The ~parafion procedure 

was choked by ~tmfion of ~Hs incuba~d 
with ~H]corticos~mne and ~C]~ulin ~m~- 
~neous~. Bound ~I-I]co~icostcmne ~m~ncd 
c o g e n t  ~e n  ~t¢r a 4th or 5th wash, where~ 
[l~C]hulin was no mo~ d e t ~  The ~cu- 
ba~on and all ~ c q u e ~  stc~ we~ per~rmed 
at 4°C. The radioactivity of ~e ~ r s  was 
de~rm~ed and corrected ~ r  a d ~ t ~ n  of 
[~H]corfic~terone ~on~ w~ch was ~ways 
<5% of ~e bound m~oacti~w. U~ng this 
standard pro~du~ the rep~ducibili~ witch 
one set of experiments ~ = 3) was betw~n ~5 
and 6.5% and there was ~nea~W ~ spe~fic 
u~ake up ~ 1.6 × l ~  ~lls/a~ay. The a ~ o h ~  
uptake per ~H varied g~atly from prep~ation 
~ preparation and ~produ~bili~ w~ less good 
~ = 18, SD = 34%~ 

~ U L ~  

Bas~ c ~ r a c t e r ~  ~ the g~ocortico~ ~ r r ~  

Some of t ~  ~ c  ~aractefistics of ~e 
corficosterone ~mke  sys~m we~ ~ n v e ~ -  
gated a ~  compared with t ~  ~ready publish~ 
data ~ a b ~  1~ U ~ a ~  of cort~gerone ~to 
isol~ed r~  h e p a t ~  was ~ y  tem~mtur~ 
dependen~ pre~entially at bwer ~m~ratures 
~ 1 0 = ~  ~tween 5 ~ d  15°~ but Q~= 1.~ 
~ t w ~ n  25 aM 3 ~ .  T~re  we~ r o ~ y  
3 2 ~ 0  ~n~ng  rites per ~ ~ t h  an affinky of 
about 30 nM, as ~ i 9 ~  ~ ~a tcha~  ~ 
a n a ~ s .  

Influence ~ m ~ o ~  ~ h ~ w ~  and SH- 
~agen~ on g~cocor~o~ ~ t ~ e  

U~ake of co~i~sterone was ~so d e . n -  
dent on ener~ and on SH-~ou~.  ~ s  
was shown by r~ucfion of u~ake ~ the 
m~abofic i ~  L 4 ~ i ~ o p h e n d  and 
anfimy~n A and ~e SH-~oc~ng r~gen~ N- 
e t h ~ m a l e i ~  a ~  p - c h l o r o m e ~ p h ~ y l -  
s~phona~ ( ~ e  ~. 

Table I. Some basic characteristics of corticosterone uptake; Allera et aL ~4] used isolated plasma membranes from rat  
hepatocytes, whereas Rao el al. ~3] and we used isolated ra! hepatocytes 

Parameter Present results Rao et aL [13] Allera et al. [14] 
K a value (× 10-s M) 2 ~ ± ~ 7  5 ~ ± ~ 2  0,7 ± 0.2 and 

(component with highest ~ ffi ~ ~ = 3) 2~4 ± ~7 
~n~ng affi~t~ ~ = ~ 

Concentration of 317 ± 80 180 
~n~ng ~tes ~ = ~ ~ = ~ 
(fm~/mg protein) 

Q~0 valae for 4 6 Not determined 
i~ti~ uptake 

The values are means ± SD, the numbers in parentbeses represent n. 
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TaEe Z ~hibitoff eff~t of me~bol~ m ~ m ~  and S H - r e a ~ s  on 
u~ake ~ ¢ort~mtero~ by i ~ t e d  ~ t  hepatocytes 

R ~ m  ~ d a f i ~  ~ m ~  ~ d ~ m ~ )  
2,4-Dini~ophenol (I raM) 63 ± 2 
Anfimycin A {0A raM) 74 ± 3 
N.Ethylmaleimide (I mM) 65 ± 1 
P-Chlororaercudphcnylsulphonate (1 raM) 67 ± 11 

lni~al uptake after 15 s was measured. The metabolic inhibito~ were 
added simultaneously with the hormon~ n = ~ means ~ SD. 

~vo~ement of Na +/K +-A TPase on g~cocora- 
coM uptake 

In~Mfion of Na +/K +-ATPa~ by ouabMn 
Md immediatfly to a dec~a~ ~ uptake of 
corficosterone. The degr~ of ~hibifion was 
between 30 and 75%, depen~ng on the cell 
p~parafion. In~Mfion was o~y measurabM 
wit~n a rd~Ddy  sho~ time aRer the iso~fion 
of the ~ s  and was no Mnger seen after about 
1 h. In ad~fio~ the cells showed un~minished 
~ability with dye ex~u~on as the cfi~fiom 
Without preincubation of the ce~s with 
ouabM~ the effect of t~s substance was 
immedi~ely obvious (Fi~ 1). Ouab~n inhibited 
corficos~rone uptake in a dosvdependent 
way ( ~  ~ ~acMng ma~mum values at 
2x  10-~M and halGma~mal ~ f i o n  at 
3 x 10 -7 M. In order to prove thM in~Mtion of 
c o ~ o g ~ o n e  uptake by ouabMn ~ due to 
inhibition of Na+/K + - A T P a ~  and not to Rs 
~erMdM n~ur~ que~etine (3,T,4',5,7-pent~ 
hydrox~flavone) was Mso ~ e d .  T~s 
Na+/K+-ATPase-inhibitor ~ Mso deceased 
c o ~ o ~ e r o n e  uptake, but was Mss po in t  
(ma~mM ~ f i o n  at about 10-~M, h ~  
mafimfl v~ue at 3 × 10 -6 M; Fig. ~. Varying 
Na +/K +-ratios ~so ~fluenced con~osmrone 
uptake. An increase of 5 mM K + Ond a co~e- 
spon~ng decrease of 5 mM Na +) led to an 
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~ g ,  1. The inf luen~ of  ouab~n  ~ . I  mM) on ~ uptake 
~ [~H]co~ic~t~one into i ~ t e d  rat ~pa tocy te~  The ~ l l s  
were incubated ~ ~ H ] c o ~ s t e r o n e  ( ~ )  alone or ~ ~ e  
p r e ~ n ~  of  ouab~n  (*). Experiments w e ~  performed ~ 

quad~plicate ,  SD < 6%. 
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F i ~  • Dose - respon~  c u ~ e  of  ~ e  effects of  ouab~n  (*) and 
qucrcefine (~ ' )  on ~ e  u p ~ k e  of  [~H]co~icosterone, 
measured during the f i~t  30 s of  ~cubation.  The ~ l l s  w e ~  
incubated simul~neously w i ~  the hormone and ~ e  inhi~-  
~ .  The v~ues  a ~  means of  4 ~ d e p e n d e ~  m e ~ u r e m e n ~ ,  

SD < 6%. 

~ b i f i o n  of 36% ~ ~ u c o c o ~ d  uptakc into 
~olatcd rat hepatocy~s. 

S p e c ~  of ~e co~oMerone up~ke system 

In addition to the param~crs de~dbcd 
abov~ the specificity of uptake into ~ a ~ d  rat 
hcpatocy~s was ~so tested. The results of the~ 
m~s arc summarized in Fig. 3. Besides cortico- 
~eron~ progc~cronc was the most effective 
competitor and no other steroid hormone 
~ d  cortico~crone uptake so ~rongly. An 
~ r m e d i a t e  dcg~c of inh~ition was ~so 
reached by some other ~ucocortic~ds and by 
testosterone, wbercas the miner~oco~ico~ 
~dos~ronc was o~y weaEy active ~ t~s 
~specL Fem~c sex hormones obdou~y do 
not ~ f f c r c  with the ~ucocortic~d uptake 

120-  
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FiB. 3. The mguen~ of  v ~ o ~  s~r~d homzon~ on t ~  
u ~ e ~  of  [~H]co~coste~one ~ .S~M)  ~ i ~ d  ~ t  
h ~ y R s .  Al l  ~rmo~es wcr¢ a p p ~  ~ a ~ - £ o ~  ¢ x ~ s  
~ ~ m p a ~  ~ ~¢  £ z d i o ] a ~  ~ o ~ i c o i d .  ~ c  ~]ls 
~£e  i~c~a~d s ~ n ¢ o ~ ] y  ~ t k  ~ H ~ o ~ c o ~ c r o ~  
~ d  ~c  ~ r ~ d i o g  ~m~t i to rs :  A=co~c~Zeron~  
B = p ~ s ~ £ o n ¢ ,  C = ~ s ~  D = ~ J b y d r ~ ¢ o P  
~£on¢, ~ = ~ o s t ~ o n ~  F = co~sonc, G = ~d~tc£o~c, 
H = dcxamctbsso~c, ] = ~ c ~ n o ] o g ¢  a~to~d,  3 = 
es~o~ s~ph~e and K =  I ~ t ~ d i o l ,  ~1 e x ~ m c ~  
~ ~ K o ~  ~ ~ ~ c  da~ a~  ¢xpres~  ~ % 
com~ti f io~ o~ ~ ~ ~ [  c o m ~ o n  b~ 

co.cosgrove ~ ~ t  as ] ~ % .  
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~ e m .  The very potent glucocorticoid~ dexa- 
m~h~one and ~amdnolonc ~ o n i d e ,  which 
have a Mgh~ a~nity for the intracellular #uc~ 
corticoM rece~ than corficos~ronc ffs~ 
showed an em~mely weak ~ even absent effect 
on corfic~mm~ uptak~ c~n ff a I00~ 
excess of competitor was pmmm ~ata not 
~ow~.  

~ ~  

In the present investigation, the uptake of 
corticosterone into ~olated rat bepatocytes 
~as gudied. Several features are indicative 
for a membrane bound recognition rite for 
glucocorticoids, which ~ different from the 
intrace~ular receptor. The mo~ pronounced 
differences concern the energy-requirement 
for binding and uptake and the ~eroid 
specific:ty. 

Uptake of glucocorticoids into rat hepato- 
cytes ~ a ~rongly temperature-dependent pro- 
ces~ as documented by the Q~ values of 4 ~his 
paper) or 6[I~, but ff has also been described 
as net influenced ty  metabo~c inhibitors[13], 
which ~ in contrast ~o our own resui~ ~ee 
TaMe 2) and also to results of studies on the 
uptake of cortisol into rat hepatocytes [12]. This 
difference may be due to the fact that, depend- 
ing on the preparation, the degree of inhibition 
of the initial uptake of corticosterone varied. 
WRhin one batch of cells there was great repro- 
ducibility in ierms of the percentage of inhi- 
bition, but from batch *o batch we found great 
variability. In a few preparations no effect was 
seen, whereas in most experiments there was 
an inhibition of 30-40% even without any 
preincubation of the cells with the correspond- 
ing inhibiton a preincubafion might slightly 
increase the degree of inhibition [22]. 

About the same Mvel of inhibition was 
reached with SH-reagents (Table 2), which 
~ in accordance with [13]. The effect of the 
SH-reagent p-chloromercufiphenylsulphonate, 
which does not penetrate the ce~ membrane 
within the shmt incubation times [28] can be 
compMtely overcome by adding an excess of 
dithiothreitol. The same finding has already 
been published for the uptake of corticosteroids 
into mouse hypophyseal cel~[18] and also 
for lhe entry of ecdysteroids into crayfish 
hypodermis [201. 

Ouabain ~ able to inhibit the uptake of 
corficosterone into rat hepatocytes (Figs I and 
2) and of moulting hormones into crayfish 

~po~rmis  [22]. Tbe ne~tive ~sults [11, 24] 
with this agent migM ~ due m the q ~  
ob~ous 'qnsm~H~" of the membrane-bound 
enzyme ~ e m .  In recent ~ r i m e n ~  k has 
been shown thaL ~ n d i ~  on the sub~ra~ 
~ d  lhe ~ r e ~ r a t ~  a dramatic d~mam ~ the 
rat~ ~ uptake for ~ r t a ~  substan~s ~ n  occ~ 
with~ ~ t h ~  short fim~ ~ pfima~ c~m~s of 
rat hep~ocy~s ~ .  The po~Me i~v~vem~t 
of a Na +/K +-AIP~e h the u p ~  ~ ~ u ~ -  
~ c ~  ~ rat ~ p ~ e s  ob~ously ~ re  
s ~ d ~  f ~ m ~  ~ r  steroid hormones, sin~ these 
~ ~ p ~  ~ ~ -  and sodium-de~n- 
d~L o u ~ M ~ n f i t i ~  u V a ~  mec~fism ~ r  
choHc a~d ~ and ~ r  ~ea~ ~1]. 

The stud,s on the s~r~d s ~ d f i ~ y  of the 
u~ake fleafly demonstrate that t ~  efi~ #m 
c~o~cMd ~cog~tion fi~s ~ ~ m  s ~ d ~  
d ~  ~ ~ t i o n  ~ the ~ell-known intracellfl~ 
r ~ e p t ~  The ~ c ~ t i o n  of these M n ~  
fi~s on the ou~r ~ memb~ne by eM~ron 
mi~o~op~ t~hniq~s  has been d e m o n i z e d  
r~ently ~ .  The memb~n~bound Mn~ng ~ e  
p ~ f e r e n t i ~  ~ n ~  ~ o ~ ,  ~ v  
one and naturM # ~ o ~ c M ~ ,  but not t ~  
~ m h ~ c  # ~ M ~  ~xameth~one ~ d  
~amcin~one ~ o ~ d c ,  w~ch ~ ~ ~ m m ~  
to the w ~  known ~ W a ~ l l ~  # ~ o ~ M  
r ~ e ~  but w~ch ~ ~ ~ a~eemem with 
f i n ~ s  on ~ a t c d  ~ d e s  ~om rat ~ r  ~, 1 ~ 
or dispers~ pi t~ta~ ~1~ [1% 3~. A comp~- 
aMc figand ~ecifici~ as compa~d to that 
of the ~patocyte membrane ~ known ~om 
g ~ c ~ M n ~ n g  #obulim ~ n ~ o ~  
~ ~ d  M~c~  the # t ~ m ~  ~ ~ p o s ~  
a wan~orti~l~c m~cfiM on c ~  m c m ~  
w~ch ~ pre~mably ~ v ~ v ~  ~ Mnding and 
u~ake of # ~ o n ~ o ~ s  [1L 3~. On t ~  oth~ 
hand, the ~ffe~n~ ~ ~ a n d  specifici~ ~ t w c ~  
the mcm~ane associated ~ M d  ~cognition 
rite and that of intraccilui~ r ~ e ~ s  is not 
o~y p ~ s ~ t  ~ g ~ c ~  bm s~ms ~ ~ 
a ~ r M  ~ a m ~  ~ .  

In ~mma~,  wc have been aMe to ~ d  ~me 
new a~umcms M ~ v o ~  of a mcmbm~-bound 
# u ~ r t i c o i d  Mn~ng ~e,  tho~h the p ~  
M#cfl r e l e a s e  of thc~ r ~ n i t ~ n  fi~s ~ d  
th6r posdble invol~emcm ~ the ~ p r e ~ o n  ~ 
n o ~ n o m i c  ~ M d  hormone a~ons  ~ still not 
y~ dea l  

A ~ ~ ~  ~ ~ ~ ~ ~  ~ 
a ~ a ~  ~ m  ~ M ~ r  ~ W i ~  ~ d  F ~ h u n g  
des ~ndes  N ~ ~  h ~ y  ~ k n o ~  
~ .  ~ ~ ~ ~ o ~  ~ ~ ~ 
~ons of our ~ s ~  ~ Dr ~ m  ~ 
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