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Drawing on experience gained in previous studies, the authors propose their own ap- 
proach to defining the role the plasma membrane of the target cell plays in the mecha- 
nism of action of  steroid hormones. The properties of membrane receptors for gluco- 
corticoids on lymphoid cells are identified and examined, and possible ways in which 
the hormonal signal is transformed into a biological response of the target cell are 
described. The results provide a theoretical basis for the development of novel diag- 
nostic techniques and pharmaceutical preparations. 
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The introduction of  radioligand analysis into re- 
search practice lent impetus to the active study of 
molecular mechanisms by which steroid hormones 
(SH) act. With the use of tritium-labeled steroids, 
proteins binding steroid molecules with high affin- 
ity and selectivity were discovered, first in liver 
homogenates and later in homogenates of other 
target organs for SH. Because hormone-binding 
proteins were first identified in the soluble fractions 
of homogenates,  they were designated as cytosolic 
receptors for SH. 

Further research into the physical and chemi- 
cal properties of cytosolic receptors in the early 70s 
led to the emergence of a two-stage model of ste- 
roid action. According to the concept underlying 
this model, SH penetrate into the competent  cell 
by simple diffusion and bind to cytosolic recep- 
tors. The resulting hormone-receptor  complex is 
activated, acquiring a capacity to be translocated 
into the nucleus, where it initiates gene expression, 
this ultimately resulting in the synthesis of  specific 
proteins that determine the cell's response to the 
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hormonal signal. Thus, the plasma membrane is 
assigned a passive role in this scheme. 

Following the advent of new investigative techni- 
ques and the development of  a selectivity theory of 
drug action, we have been able to accumulate, over 
the past I0-15 years, a large body of experimental 
data on the molecular mechanisms of SH action. 

The first debates concerning the role of the 
plasma membrane in SH action date to the mid- 
70s, when Pietras and Szego reported the discov- 
ery of binding sites for the naturally occurring 
hormone estradiol on the surface of myometrial 
cells [22]. The flurry of  attention which this re- 
port provoked was due not only to the informa- 
tion it contained, but also to the novel methodo- 
logicy it described. Thus, 17~-estradiol molecules 
were covalently immobilized on capron threads, and 
these were then immersed in a myocyte suspen- 
sion, incubated for 2 h, extracted from the sus- 
pension, and examined under an optical micro- 
scope: ceils adsorbed onto the polymer were ob- 
served. When the pure carrier (without estradiol) 
was used or the biologically inactive optical isomer 
17a-estradiol was immobilized, no cell absorption 
was in evidence - an indication that the effect 
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recorded in the preceding experiment was specific. 
The downside of these exciting experiments was 
that the location of hormone binding sites could 
be evaluated only qualitatively; moreover, no at- 
tempt was made to analyze the biological signifi- 
cance of the phenomenon. 

Later, classic preparative biochemical methods 
and radioligand analysis were employed to identify 
and quantify membrane steroid-binding sites, as a 
result of which specific binding sites for all classes 
of SH (estrogens, progestins, glucocorticoids, and 
mineralcorticoids) were localized in the competent 
cells [12,20]. Cytoplasmic membranes were found 
to contain two steroid-binding systems, one of 
which was characterized by saturation with and 
high affinity and specificity for tropic hormones 
and the other, on the contrary, by nonsaturation, 
low affinity and lack of specificity. Membrane 
preparations were subjected to various biochemical 
treatments to determine the chemical nature of 
these "recognition" systems. Preincubation of hepa- 
tocytes or their plasma membranes with the sulf- 
hydryl-group blocker p-chloromercuribenzoate or 
with a proteolytic enzyme (pronase, papain) con- 
siderably reduced SH incorporation into the cells. 
It is significant that the steroid-binding capacity of 
cytosolic receptors remained unchanged under these 
circumstances [13]. There is no consensus regard- 
ing the biological role of the discovered specific 
SH-binding system. Some authorities, noting the 
low dissociation rate of hormone-receptor com- 
plexes, ascribe the function of hormone transport 
across the plasma membrane to steroid-bound 
membrane proteins, whereas others believe that this 
system comprises membrane-bound enzymes of 
steroid metabolism, in particular in the case of 
hepatic cell membranes. 

The next stage in the debate between the ad- 
vocates of the membrane step in the mechanism 
of SH action and followers of the classic scheme 
of steroid action was marked by mutual recrimi- 
nation that the experiments were "contaminated". 
Indeed, it is not possible to obtain pure prepara- 
tions of the membranous or cytosolic cell fractions 
with the available biochemical techniques. The de- 
gree of purification achieved, as estimated from the 

activities of marker enzymes for the plasma mem- 
brane (5'-nucleotidase) and cytoplasm (ketoso-1- 
phosphate aldolase) and defined as the ratio of 
specific enzyme activity in the final preparation to 
that in the original homogenate, ranges from 15- 
to 50-fold. Consequently, the presence of mem- 
brane binding sites for SH may be determined in 
part by an admixture of cytosolic fraction in the 
membrane preparation and vice versa. 

It seemed that this controversy would be re- 
solved by studies utilizing autoradiographic and 
immunohistochemical methods by which SH re- 
ceptors can be visualized in whole cells. Such stud- 
ies demonstrated the presence of both membranous 
and cytosolic hormone-receptor  complexes. An 
unexpected finding was the discovery of unbound 
receptors for estrogens and progesterone in the 
nuclei of target cells. These results led to the de- 
velopment of three independent models of intrac- 
eUular localization of SH receptors and fostered 
skepticism toward the data obtained with cell 
homogenates. In subsequent publications, limitations 
and artefacts inherent in the autoradiographic and 
immunohistochemical methods were revealed and 
analyzed. The functional role of membrane bind- 
ing sites for SH remained undisclosed. 

The approach proposed in our studies involves 
the use of polymeric derivatives of several naturally 
occurring and synthetic glucocorticoids (GC), in- 
cluding cortisone, prednisolone, and dexametha- 
sone, as tools for localizing the SH receptor ap- 
paratus and for clarifying the molecular mechanism 
of its action [12]. As a hydrophilic macromolecu- 
lar carrier (molecular  weight of  the order  of 
25,000 D), we chose poly-(N-vinyl-2-pyrrolidone), 
a compound used for medical purposes and re- 
garded as biologically inert. 

Our control experiments showed that copoly- 
mer molecules are structured and more compact in 
aqueous solutions than those of the carrier poly- 
mer because of hydrophobic interactions among the 
steroid fragments; such molecules show a high de- 
gree of hydrolytic stability under near-physiologi- 
cal conditions and do not penetrate into viable 
mammalian cells. Immobilization of an SH at 
position 21 of polyvinylpyrrolidone (PVP) does not 

TABLE I. Characteristics of Receptor Binding Sites for Glucocorticoids 

Parameter Membrane receptors Intracellular receptors 

Affini ty ,  K d 

R e c e p t o r  b i n d i n g  
c a p a c i t y  

Rela t ive  aff ini ty  

O.12- -0 .60  ~M 

4 - - 6  p m o l / m g  p ro t e in  (65,000 b i n d i n g  
s i tes  p e r  cel l  on average)  

cor t i so l  ~ p r o g e s t e r o n e  > d e x a m e t h a s o n e  > 
e s t r ad io l  > t e s t o s t e ron e  

5--  30 nM 

0 .2- -0 .3  p m o l / m g  p ro te ins  (3000 si tes 
pe r  cell) 

t r i amc ino lone  > d e x a m e t h a s o n e  > cor t i so l  > 
t e s tos t e rone  > p r o g e s t e r o n e  > es t rad io l  
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alter the complex-forming activity of the original 
steroid vis-a-vis its biological molecular targets in 
model systems, such as serum albumin, transcortin 
(a specific carrier protein of blood plasma), and 
polyclonal antibodies to GC. 

Over the past decade, studies using PVP-GC 
have generated a wealth of experimental evidence 
for the existence of specific GC binding sites on 
plasma membranes of various lymphoid cells in- 
cluding thymocytes, peripheral blood lymphocytes, 
bone marrow lymphoblasts, and plasmacytoma 
cells. Binding parameters and relative binding ac- 
tivities have been determined, mechanisms of trans- 
membrane signal transmission have been explored, 
and their role in the formation of the final bio- 
logical response of the cells has been defined. 

T a k e n  together, our experimental data along with 
those reported by other authors have led us to 
conclude that the specific binding sites for GC on 
the plasma membranes of lymphoid cells meet the 
main criteria established for receptors of biologi- 
cally active substances; we have designated these 
sites as "plasma membrane receptors." 

Table 1 summarizes the main characteristics of 
membrane receptors for GC such as the param- 
eters of specific binding K d (equilibrium dissocia- 
tion constant of the hormone-receptor complex) 
and maximal receptor binding capacity, and indi- 
cates the relative affinities of the receptors for vari- 
ous steroids [19]. It can be seen that the mem- 
brane and intraceUular binding sites differ both in 
affinity for hormones and in density. Intracellular 
receptors have higher affinities (K~ of the order of 
10 nM) and a much lower (approximately 30-fold) 
number of binding sites. These two receptor sys- 
tems also differ in the ability to bind GC hor- 
mones and synthetic steroids. The synthetic GC 
dexamethasone and triamcinolone tend to bind to 
intracellular receptors (the K d values of membrane 
and cytosolic receptors differ by a factor of 60 on 
average). The affinity of the naturally occurring 
GC cortisol and corticosterone for intracellular re- 
ceptors is much lower (the ratio of their K d val- 
ues is only 4.2). 

Until recently, the mechanisms of G C  bind- 
ing to membrane and to cytosolic receptors were 
considered separately. In our work , we used a va- 
riety of methodological approaches to devise a 
mathematical model that would allow for the in- 
teraction of GC with topologically distinct recep- 
tor systems and make it possible to predict their 
distribution in the cell and their effects. 

We found that the distribution of naturally oc- 
curring GC between the membranous and cytosolic 
cell fractions is very different from that of synthetic 

GC [8]. For example, if the total concentration of 
a ligand such as dexamethasone is within 10 nM 
(i.e., within the region of physiological concentra- 
tions for GC), then virtually all of the dexametha- 
sone is bound to intracellular receptors; to saturate 
membrane receptors with this steroid, its concentra- 
tion has to be raised to 1000 nM or more. In con- 
trast, cortisol in a concentration range of 0 to 10 
nM is predominantly bound to membrane receptors, 
the number of its molecules associated with cytoso- 
lic receptors being small. Raising the total cortisol 
concentration to 400 nM results in saturation of 
both the membranous and intracellular systems with 
this steroid. The membranous receptor system thus 
acts as a buffer for naturally occurring GC. In the 
mechanism of action of synthetic GC, the membra- 
nous stage is curtailed. 

Our experimental findings have been used to 
perfect a method for determining GC binding by 
lymphoblast receptors in patients with acute lym- 
phoid leukemia. 

Glucocorticoids are widely used in clinical 
practice for the treatment of malignancies, includ- 
ing acute lymphoblastic leukemia. However, the 
activity of GC preparations may be neutralized if 
the patient develops resistance to GC. In such 
cases hormones are no longer capable of inducing 
lysis of lymphoblasts and the hormonal therapy 
brings no benefit. Until now researchers have tried 
to interpret lymphoblast resistance as a consequence 
of abnormalities in the receptor apparatus of target 
cells, but have failed to demonstrate a consistent 
relationship between the body's susceptibility to 
GC therapy and the level of GC receptor bind- 
ing. The apparent lack of such a relationship is due 
to the fact that lymphoblasts contain several types 
of GC receptors and acceptors differing in loca- 
tion, affinity, and density; hence the difficulties in 
determining the actual concentration of intracellu- 
lar receptors for GC. Our studies have shown that 
in addition to an intracellular receptor system, 
bone marrow lymphoblasts contain SH-binding 
membrane sites which make a substantial contri- 
bution to the total specific binding of steroids [7]. 
Yet the schemes of radiological receptor analysis 
used so far disregard the importance of membrane 
binding sites for GC. We have developed a modi- 
fied radioligand method for a differential evaluation 
of specific GC binding sites differing in location 
(membrane and intracellular sites) in lymphoblasts. 
Unlike the standard radioligand method which 
makes use of dexamethasone as a ligand of cyto- 
solic receptors, the modified method is based on 
the use of dexamethasone in conjunction with cor- 
tisol, which is immobilized on PVP and to which 
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only membrane receptors for GC are accessible. 
Cortisol does not penetrate inside the cell and 
displaces dexamethasone from its membrane bind- 
ing sites, with the result that dexamethasone pre- 
dominantly interacts with intracellular receptors. 
Using the modified radioligand method, a latent 
form of acute leukemia accompanied by a fall in 
the concentration of intracellular GC receptors was 
identified in approximately 20% of cases undetect- 
able by standard methods. 

Above, we have tried to demonstrate that the 
use of a combination of steroids differing in mem- 
brane activity enables their efficacy to be altered 
in the desired direction. 

Experimental data, including those from our 
laboratory, indicate that the "membranotropic" ef- 
fects of SH whose triggering mechanisms are lo- 
cated on the plasma membrane are mediated by 
the system of intracellular second messengers. SH 
interaction with the plasma membranes of target 
cells alters the intracellular levels of cAMP and 
calcium ions [14,15]. 

It has been shown on various experimental 
models that GC elevate the basal cAMP concen- 
tration and are also capable of potentiating the 
action of other compounds activating adenylate 
cyclase. By a mechanism of competitive of syner- 
gistic activation, GC enhance the cAMP elevation 
induced by adenosine, epinephrine, isoproterenol, 
or prostaglandin E 1 [17]. On the other hand, GC 
have no effect on the cAMP elevation caused by 
sodium fluoride, a compound that differs funda- 
mentally from other activators of adenylate cyclase 
in the mechanism of its stimulation. Unlike the 
above-mentioned endogenous biologically active 
substances whose effects are mediated by interac- 
tion with membrane receptors, NaF can directly 
activate regulatory GTP-binding proteins (G pro- 
teins) transmitting the signal to the catalytic sub- 
unit of the adenylate cyclase complex. These find- 
ings suggested that GC interact with G proteins 
directly. In the course of evolution, G proteins 
appeared only in animal cells (bacteria lack an 
intermediate link in the form of GTP-binding 
proteins), where they provide an additional level 
for the regulation of transmembrane signal trans- 
mission. Human peripheral blood lymphocytes 
treated with pertussis toxin, a selective G~ protein 
inhibitor, show a considerably reduced cAMP re- 
sponse to GC [9], which supports the above hy- 
pothesis. Further research, however, is required to 
define the precise role of G proteins in the 
mechanism of membranotropic SH action. 

An important factor in the regulation of the 
interaction between the membrane receptor and 

adenylate cyclase is the mobility of cell membrane 
lipids. In order to rule out the nonspecific action 
of GC on cAMP levels, we assayed steroids for 
their effect on the microviscosity of target cell 
membranes by measuring the excimerization of a 
pyrene probe. The results led us to conclude that 
GC effects on the adenylate cyclase system are not 
mediated by alterations in the fluidity of plasma 
membrane lipids [ 16]. 

Elevation of the intracellular cAMP level is 
known to trigger a cascade of sequential biochemi- 
cal reactions, the pivotal role in which is ascribed 
to specific cAMP-sensitive protein kinases (A ki- 
nases). Cytosolic receptors may be considered as a 
substrate for A kinases. The activation of cytosolic 
hormone-receptor complexes and their subsequent 
translocation to the nucleus are cAMP-dependent 
processes. As a consequence, the elevation of the 
cAMP concentration induced by GC at the plasma 
membrane level results in an alteration of their 
own intracellular receptors by a mechanism of 
homospeeific regulation [5]. Here, membrane re- 
ceptors act as modulators, preparing the cell to 
"perceive" the hormonal signal. The membranous 
and intracellular receptor systems are thus interre- 
lated and probably regulated by a common mecha- 
nism. However, these two systems react in differ- 
ent ways to alterations in the level of endogenous 
corticosteroids . On days 5-7 after adrenalectomy 
in rats, their hepatocytes and lymphoid cells were 
found to have drastically decreased numbers of 
membrane receptors but substantially increased (1.5 
to 2-fold) numbers of cytosolic receptors. Presum- 
ably, when the concentration of endogenous corti- 
costeroids has decreased so that there is no longer 
any need for the buffer role of membrane recep- 
tors, the number of these is reduced by a nega- 
tive feedback mechanism. 

Another second messenger whose content is 
controlled by SH is calcium (Ca:+). Unlike the 
action of estrogen, the action of GC on target 
ceils is accompanied by a fall in the level of free 
calcium ions. GC inhibit in a dose-dependent  
manner (in the 0.1-5 ~tM concentration range) the 
mitogen-induced rise of Ca ~§ in lymphoid cells 
and suppress the blast transformation reaction. The 
latter effect is specific (it is blocked by GC an- 
tagonists such as progesterone and dexamethasone- 
21-mesylate) and develops rapidly (within 30 min). 
Studies on the mechanisms by which GC influ- 
ence calcium turnover in thymic lymphocytes, bone 
marrow lymphoblasts, and plasmacytoma cells have 
shown that steroids predominantly inhibit Ca 2§ en- 
try from the outside through the chemosensitive, 
"fast" calcium channels [1,3,4]. The liberation of 
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Fig. 1. Hypothetical scheme of the mechanisms by which glucocorticoids (GC) act on lymphoid cells. MR = membrane 
receptors; R = intracellular receptors; GCR" = activated form of the hormone-receptor complex; T = systems of transmembrane 
signal transduction involving second messengers; A kinase = cAMP--dependent protein kinase; + = activating influence; - 
= inhibitory influence. Hatched circles represent sites of specific GC binding on the plasma membrane. 

calcium ions from their intracellular depots (endo- 
plasmic reticulum vesicles) is less subject to the in- 
fluence of GC. The GC effect on the formation 
of the second messenger inositol triphosphate is a 
delayed one, occurring 1 to 1.5 h after the start 
of exposure. 

We used the calcium-blocking effect of corti- 
sol on lymphocytes to evaluate the susceptibility of 
patients with asthma to GC therapy. Cortisol was 
found to inhibit the concanavalin A-induced eleva- 
tion of Ca ~§ levels in lymphocytes from a group 
of pat ients  responding well to cor t icosteroid 
therapy, but it had an insignificant effect on Ca 2§ 
levels in concanavalin A-treated lymphocytes from 
patients with a GC-resistant form of asthma. This 
method has been proposed for clinical use as a test 
for differentiating between hormone-resistant and 
hormone-susceptible forms of asthma [6]. 

The existence of SH receptors localized in the 
cytoplasm and on the cell membrane makes it 
feasible to separate the regulatory functions of SH 
at the different levels of  cellular organization. 
Thus, the intracetlular SH receptors mediate ge- 
nomic effects of steroids such as the influence on 
mRNA synthesis, induction of programmed cell 
death (apoptosis), and stimulation or inhibition of 
the synthesis of tissue-specific proteins (e.g., in- 
flammation mediators and cytokines, adrenergic 
receptors, and receptors for progestins and estro- 
gens) [18]. The nongenomic, membrane-mediated 

effects include those on the turnover of second 
messengers, plasma membrane permeability for 
ions, transmembrane transport of amino acids, sug- 
ars, and nucleotides, and the release and metabo- 
lism of arachidonic acid products [10]. 

A logical continuation of research into the 
membrane-mediated,  nongenomic effects of SH 
should be studies using anuclear cells such as 
erythrocytes and platelets. 

The discovery of a membrane stage in GC 
action provided a theoretical basis for the search 
and synthesis of new GC preparations with selec- 
tive actions on membrane receptors. To this end, 
two methodological approaches were used. In St. 
Petersburg, workers in the Pharmacology Depart- 
ment  of the Pediatric Institute in collaboration 
with those at the Institute for High-Molecular 
Compounds have developed a novel method for the 
immobilization of known GC on hydrophilic poly- 
mers [2]. GC attached to a high-molecular carrier 
lose their capacity to penetrate inside cells so that 
the sites of their action are confined to cytoplas- 
mic membranes of the target cells. The GC poly- 
esters obtained are not inferior to the original 
compounds (dexamethasone and hydrocortisone) in 
terms of anti-inflammatory activity and are far su- 
perior to them in terms of anti-shock activity (in 
patients with traumatic shock). The effects men- 
tioned above may be due not only to the interac- 
tion of the modified hormones with the membrane 
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receptors of  target ceils, but also to their elevated 
local concentrations. Another advantage of the GC 
polyesters is their much weaker adverse effects such 
as growth inhibition and thymic hypotrophy. 

The other approach to designing "membrano- 
tropic" preparations was proposed by workers at the 
Center for Drug Chemistry at the Chemical-Phar- 
maceutical Institute in Moscow. A team headed by 
G. S. Gritsenko and M. E. Kaminka undertook a 
search for new compounds in the series of  16a- 
methylpregnane derivatives with selective local anti- 
inflammatory and antiallergic actions [11]. When 
used locally, they have proved to be far superior to 
dexamethasone, synaflan, and triamcinolone aceto- 
nide. Compounds of this series are free of several 
systemic side-effects such as those due to general 
catabolic activity, impaired carbohydrate and electro- 
lyte catabolism, and inhibited hormonal function of  
the thymus and adrenals. Radioligand analyses have 
confirmed the high affinity of  these preparations for 
membrane GC receptors; they bind to cytosolic GC 
receptors of  the liver and thymus less efficiently. 

Thus, the availability of  GC preparations with 
a predominantly "membrane"  type of action opens 
up new possibilities for rational hormonal therapy 
and diagnosis of  several diseases. 

Returning to the question posed in the title of  
this article, we may conclude that the plasma mem- 
brane does participate in the recognition of SH and 
in the subsequent transformation of the chemical 
signal into a biological response of  the target cell. 
Because of  this, the membrane step in the action 
of steroids may be regarded as a distinct stage in 
the realization of their hormonal and pharmacologi- 
cal activities, supplementing the classic two-stage 
model of SH action (Fig. 1). 

We are a d h e r e n t s  o f  the  hypo thes i s  t ha t  
plasma membrane receptors exist and are the first 
to be involved in the "recognit ion" of tropic SH 
by ceils. This does not mean that we eschew the 
debate on whether  a nonspecific system of  SH 
penetration into the cell exists. Indeed, one argu- 
ment  in favor of  such a system is provided by our 
own experimental evidence for the presence of  an 
unsaturable component  in the plasma membrane. 

For the time being, however, we are powerless to 
analyze this kind of  recognition. It is to be hoped 
that in time the mysteries surrounding SH inter- 
action with the plasma membrane skeleton of the 
target cell will be unraveled with the aid of  new 
methodology. 
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