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Introduction

ALDOSTERONE ACTION: LEVELS OF CONSIDERATION

Extracellular volume and osmolarity are maintained
within a narrow range by the interplay of a number of
intricate hormonal and autoregulatory systems [52]. The
kidney and to some extent the urinary bladder, the intes-
tine, sweat glands, as well as the skin in amphibia, play
an important role for this homeostasis as effectors of
fluid and ion output. It has long been recognized that
aldosterone has a potent sodium-retaining activity which
is mainly due to its action at the level of the electrically
““tight’” epithelia of these organs (see for review and
older references: [9, 25, 33, 42, 45, 61, 63, 76, 98, 99]).
At the level of these epithelia it stimulates Na reabsorp-
tion which takes place across the cells by a two-step
mechanism involving an apical amiloride-sensitive Na
channel and the basolateral Na pump (Na,K-ATPase).
The Na,K-ATPase appears to be composed of o1 and B1
subunits [127, 136] and the epithelial Na channel is of
the high selectivity/low conductance (4-5 pS) type for
which three homologous subunits have recently been
cloned from a rat distal colon library [23, 83, 97].
Besides its action on sodium retention, aldosterone
also exerts a major effect on potassium secretion and pH
control. This review will focus on the regulation of Na
reabsorption by aldosterone and other adrenal steroids.
In a reductionist approach, the action of aldosterone
has progressively been investigated on hierarchically
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lower level systems such as the whole kidney, single
nephron segments, isolated tubules and flat native or cul-
tured epithelia, single cells, individual membranes and
finally single transport molecules. The use of techniques
originating from biochemistry, cell biology and molecu-
lar biology on relatively homogenous sources of target
cells such as tissue cultures or isolated tubules has pro-
vided insight into the structure and regulation of proteins
known to be involved in hormonally regulated Na reab-
sorption.

As a consequence of these multiple approaches, we
are now confronted with a wealth of information ob-
tained at different levels of consideration and using ex-
perimental systems originating from different species
and target tissues as well as different experimental con-
ditions. The integration of this information is further
complicated by the fact that observations made on a
given scale cannot always be transferred to another scale
without the addition of other information [112]. In this
context the cellular level plays a pivotal role as a meeting
point between smaller scale and larger scale observations
as well as molecular and physiological perspectives.

THe ‘‘HistoricaL’” MODEL FOR THE CELLULAR ACTION
OF ALDOSTERONE

Edelman and colleagues introduced a model for the cel-
lular action of aldosterone on Na transport across tight
epithelia 30 year ago [35]. This model proposed that the
action of aldosterone is mediated by the transcriptional
regulation of a set of genes which code for proteins (al-
dosterone-induced proteins, AIPs) which are responsible
for enhanced transcellular ion transport. Though this
model has been refined to some extent [45, 98, 99, 124],
it still represents the conceptual framework in which new
experimental results are tentatively organized.
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Although it has generally been accepted that the
physiological response of tight epithelia to adrenal ste-
roids is mediated by the transcriptional effect of the hor-
mones, it is still an open question as to how this action
results in the known changes at the level of the ion trans-
port proteins. Indeed, hormonally regulated proteins
which mediate the early response have not been identi-
fied to date (see below).

The aim of this review is to revisit and expand the
cellular model for aldosterone action in order to better
integrate and organize recent and future experimental
data. These new data, to a large extent, come from two
complementary approaches which tend to fill the gap of
understanding that lies between the transcriptional events
and the functional response. On the one hand, refine-
ments at the level of the classical physiological approach,
such as the use of better defined experimental models or
new techniques (e.g., patch clamp) have permitted a
more detailed analysis of the functional response at the
level of effectors. In such studies numerous known in-
tracellular mediators have been tested for their possible
involvement in the mediation of the adrenal steroid ac-
tion. On the other hand, much has been learned about
the regulatory action of steroid hormones at the tran-
scriptional level and the search for genes regulated by
adrenal steroid hormones has become much easier. It
can therefore be expected that a large number of regu-
lated mRNAs will be identified in the near future. How-
ever, these will be identified in various systems and after
the administration of different hormones given at differ-
ent concentrations and for different times. It will there-
fore become central to have the means to sort out and to
identify those gene products which participate directly or
indirectly in the physiological response.

Much of the data on Na transport regulation by adre-
nal steroids discussed in this review and considered for
the extended model of adrenal steroid action have been
obtained using amphibian systems and in particular the
A6 cell line. This is not only due to the fact that the
author works with A6 cells but it is because these ex-
perimental systems with their relative simplicity have led
over the past decades to many advances in the under-
standing of the cellular and molecular mechanisms of
adrenal steroid action on sodium reabsorption. Since
many of the features first described in amphibian sys-
tems appear to be conserved in avian and mammalian
tight epithelia, it is reasonable to expect that the model
discussed here should be useful for the interpretation of
data obtained in the avian and mammalian systems.

It has to be mentioned that aldosterone has been
shown to have, in certain cells, a ‘‘nongenomic’’ effect
which appears to be mediated by a membrane receptor
and involves the stimulation of the Na/H exchanger [80,
130, 135]. However, although cellular pH plays an im-
portant role in Na transport regulation [7, 24, 54, 83], as
yet no report has conclusively implicated such a ‘‘non-
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genomic’’ mechanism of adrenal steroids in the stimula-
tion of Na transport across tight epithelia.

Steroid Receptors: Ligand Activated Transcription
Factors with Modular Organization

Before discussing the physiological response of tight ep-
ithelia to adrenal steroids and addressing the question of
which genes are regulated and play a role in that re-
sponse, it appears appropriate to first consider those
events by which a change in extracellular hormone con-
centration produces a target cell-specific change in gene
transcription.

The receptors for adrenal steroid hormones belong
to a family of ligand-activated nuclear hormone recep-
tors and hence the understanding of their general features
stems from studies performed on the various family
members [37]. The cascade of events which is produced
by the ligand can schematically be described as follows
(see Fig. 1). Free adrenal steroid hormone penetrates the
target cell and binds in the cytosol to its receptors. The
binding facilitates the dissociation of the receptor from
a protein complex containing hsp90, thereby exposing
nuclear localization sequences and the DNA binding
domain such that homodimerization and translocation to
the nucleus can take place [2, 12, 58, 92, 108, 120].
There, the activated receptors can bind to specific DNA
(recognition) sequences (hormone response elements,
HRE’s) within the control elements of regulatable genes
and affect the rate of transcription of these target genes.

Every type of nuclear hormone receptor modulates
the transcription of a specific but generally overlapping
set of genes in a given cell (hormonal domain) [60, 117].
The specificity is generated at the level of various steps
along the cascade of events mentioned above and by the
cell lineage and differentiation-specific accessibility of
regulatory sequences which is controlled by the state of
the chromatin, and by the presence of general and cell-
specific transcription factors implicated in the modula-
tion of the transcriptional activity by the hormone-
receptor complex. The question of specificity is of par-
ticular interest for the adrenal steroid action on ion
transport. Indeed, despite clear differences of the re-
sponse to mineralocorticoid and glucocorticoid hor-
mones at the systemic and organ levels, the precise role
of the two receptors (type I or mineralocorticoid (MR)
and type II or glucocorticoid receptor (GR)), the extent
of their functional overlap and the role of potential spec-
ificity-conferring mechanisms are not yet fully under-
stood at the cellular level.

Structurally, all members of the nuclear receptor
family, which are ligand-activatable transcription fac-
tors, share a common basic modular organization. Sev-
eral different functions, many of which will be men-
tioned below, have been attributed to specific domains
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and subdomains [37, 120]. The three major domains of
these receptors and their associated functions shall
briefly be mentioned here:

(i) The C-terminal domain is referred to as the hor-
mone-binding domain but also plays a major role for the
binding of heat shock proteins, receptor dimerization,
nuclear localization, interaction with other factors, mod-
ulation of DNA binding and activation of gene transcrip-
tion (transactivation) [67, 120, 140]. The general orga-
nization of this domain appears to be conserved between
receptors and its level of identity between the two adre-
nal steroid receptors is 57% [37].

(i) A central DNA binding domain linked to the
hormone binding domain by the ‘‘hinge region’’ is com-
posed of two Cys-Cys zinc fingers and is highly con-
served among all receptors (94% identity between gluco-
and mineralocorticoid receptors [37]). The three-
dimensional structure of this domain bound to specific

metabolizing
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transporter

Fig. 1. Mechanism of adrenal steroid action:
Sequence of events leading to gene regulation and
possible (specificity-)control mechanisms. The
letter (a—f) indicate possible control mechanisms
which might confer a receptor and/or hormone
specificity to the transcriptional regulation of a
gene by steroid hormones. (a) Prereceptor barriers
for hormones: hormone metabolism (e.g.,
113-OHSDH); hormone transport (e.g., MDR). (b)
Receptor expression: transcriptional and
post-transcriptional control. (c)
Ligand-independent functional state of receptor:
covalent modifications (e.g., phosphorylation);
noncovalent interactions. (d) Ligand-dependent
functional state of receptor: differential effect of
different agonists, antagonists, partial
(ant)agonists. (¢) Access to hormone regulatory
elements (HRE’s) of potentially regulated genes:
receptor sequestration, chromatin structure, steric
hindrance by other transcription factor,
competition with other factor. (f) Effect at
regulatable genes: positive or negative interactions
with other factors and/or transcription machinery
and/or homologous or heterologous receptors. R
stands for receptor, B for receptor binding protein,
N for nucleosome, F for transcription factor and
TM for basal transcription machinery.

DNA sequences has been determined from crystals and
in solution, and the specific amino acid-DNA interac-
tions have been mapped [11, 72, 107]. It is important to
remember that the nuclear receptor family can be divided
into only two classes of receptors which recognize two
different DNA motifs. The lack of specificity of these
hormone response elements (HRE’s) indicates that other
features must underly the specificity of hormone action.
Both adrenal corticoid receptors belong to the same class
of receptors which, like androgen and progesterone re-
ceptors (AR and PR), can bind to and transactivate from
imperfect palindromic or half-palindromic structures
with the consensus sequence (GGTACAnmn)TGTYCY.
The receptors for estrogen (ER), thyroid hormones, vi-
tamin D3 and retinoic acids belong to the other class and
recognize a consensus sequence GGTCAnnnTGACC
[120]. The DNA binding domain also appears to play an
important role for the homodimerization of the receptors



96

and might also interact with other transcription factors
and provide a (weak) transactivation function.

(iii) The N-terminal domain is very different be-
tween receptors such that no significant sequence iden-
tity has been identified in this domain between the re-
lated gluco- and mineralocorticoid receptors (less than
15% identity [37]). A promoter- and cell-specific trans-
activating function has been localized to this domain [16,
27, 120]. This variability might be related to the fact that
this domain plays a crucial role in the receptor-specific
interplay with homologous receptors or other transcrip-
tion factors and components of the basal transcription
machinery.

HoRrMONES, RECEPTORS AND
SPECIFICITY-CONFERRING MECHANISM

That mineralocorticoid and glucocorticoid hormones
have different physiological effects at the systemic level,
in particular on the ion balance, is well known ([25, 42,
76] and references therein). However, to understand
how this difference is generated has become a challenge
for the investigators because of an apparent lack of spec-
ificity in the transduction pathway downstream of the
hormones. Indeed, it has become clear that the two hor-
mones can act via the same (two) receptors which, fur-
thermore, can both bind to the same hormone recognition
elements (HRE) of target genes and exert similar trans-
activation functions [3, 43, 100, 101].

Specifically, the major glucocorticoid hormone cor-
tisol (or corticosterone in rats and mice) binds with a
similar high affinity to the type I (mineralocorticoid)
receptor (MR) as the mineralocorticoid hormone aldo-
sterone [3]. Aldosterone also binds to the type II or glu-
cocorticoid receptor (GR) with an affinity similar to that
of cortisol [101]. However, in physiological situations
the concentration of circulating cortisol is much higher
than that of aldosterone such that it should (despite its
higher binding to serum proteins) nearly saturate the
binding capacity of the MR while aldosterone would
occupy an insignificant proportion of both receptors.

It therefore appears that hormone and receptor spec-
ificity are generated at multiple levels and in a cell-
specific manner. The aim in this section is to summarize
the potential and established specificity-conferring
mechanisms, following the sequence of events schemat-
ically represented in Fig. 1.

PRERECEPTOR BARRIERS FOR HORMONES

Much emphasis has recently been given to the barrier
formed in aldosterone target cells by an 11B-hydroxy-
steroid dehydrogenase (11B-OHSDH) which can prevent
the occupation of adrenal steroid receptors (MR and GR)
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by endogenous cortisol or corticosterone. Indeed, a
NAD-preferring ‘‘isoform’” of the enzyme, which pref-
erentially catalyzes the ‘‘forward’’ reaction by which the
hormones are converted to receptor-inactive metabolites,
is expressed in many classical aldosterone target cells
[19, 42, 66, 79, 132). This barrier is selective because
the C-11 hydroxyl group of aldosterone forms a
hemiketal with the C-18 aldehyde and thus is resistant to
dehydrogenation. That this ‘‘protection’’ mechanism
plays an important physiological role in vivo was dem-
onstrated by the correlation of the inhibitory action of
glycyrrhetinic acid on the metabolism of cortisol by the
11B-OHSDH and its salt-retaining and hypertensive ac-
tions [113].

The effect of the 11B-OHSDH has attracted much
attention because it gives a unitary explanation to the
capability of aldosterone to act via the MR which other-
wise would be occupied (some say illegitimately) and
activated by cortisol. However, this protection mecha-
nism probably does not suffice to explain how the MR is
protected from other endogenous (partial) agonists or
inhibitors such as deoxycorticosterone and progesterone
[42, 101]. Furthermore, it remains to be demonstrated
how absolute this barrier is in the different aldosterone
target tissues. For instance, it will be interesting to un-
derstand its role in the distal colon, where glucocorti-
coids and aldosterone play a physiologically reciprocal
role in the differential regulation of two Na absorptive
mechanisms [10]. It will also be interesting to under-
stand to what extent the regulation of the 113-OHSDH
might introduce a dynamic control of the access of cor-
tisol to the MR. That its expression is regulated and is
induced by its own substrate hormone has been demon-
strated in amphibian urinary bladder cells [44].

The 11B-OHSDH is not the unique steroid metabo-
lizing enzyme potentially present in target cells. It can
therefore be expected that local metabolism might play
other important roles in controlling steroid hormone ac-
tion. For instance, the conversion of hormones into ac-
tive metabolites has been implicated as well. Indeed, it
has been shown in amphibian bladders and A6 cells that
endogenously produced metabolites of corticosterone
have an activity on Na transport [34, 102].

Certain steroids appear to be substrates for the
P-glycoprotein which is the product of the multidrug
resistance (MDR) gene. It has, for example, been dem-
onstrated that cortisol and aldosterone (to a lesser extent)
are transported by the P-glycoprotein while progesterone
is not [123]. Functionally, P-glycoprotein expression
has been associated with resistance to the apoptotic ac-
tion of glucocorticoids in certain cells [17]. Whether
such transport systems play a physiological role in the
modulation of adrenal steroid action in target cells is not
known. Itis however interesting to mention that A6 cells
express a P-glycoprotein type transport system, presum-
ably in the apical membrane, since typical substrates are
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effectively transported vectorially from the basolateral to
the apical medium (A. Spillmann and F. Verrey, unpub-
lished results).

In summary, though it is now well known that local
hormone metabolism plays a crucial role in determining
the accessibility of receptors, several other mechanisms
might exist which control the hormone action by modu-
lating the accessibility of the receptors for the hormone.

ExprESsiON LEVEL AND FUNCTIONAL STATE OF RECEPTORS

It appears that the action of aldosterone via nuclear re-
ceptors is mediated by the MR since the concentration of
this hormone and its affinity for the GR are, in physio-
logical conditions, not compatible with a significant
binding to this second receptor. Therefore, potential tar-
get genes will only be regulatable by the aldosterone-MR
complex in a restricted cell population since, unlike the
GR, the MR is not ubiquitously expressed. This feature
confers cell-specificity to aldosterone action [3, 42, 71,
991.

An example of a Na reabsorbing epithelium in
which the level of MR expression relative to the GR
might control the expression of specific genes in other-
wise similar cells is that of the colon. It has been pro-
posed that the differential expression of Na transporting
systems along this organ could be due to the increase in
MR expression from its proximal to distal part [10].
How, in turn, the expression of the receptors might be
controlled is not known. In general, it is expected that
the cell-specific developmental control of the receptor
expression is based on the same principles as that of
other genes [38].

A degree of cell specificity and/or a control of the
hormone and receptor specificity could be introduced by
a differential tuning of the functional state of receptors
mediated by covalent modifications or noncovalent in-
teractions [57, 69, 91, 120, 122]. An example is given by
the results of Power et al. [91] which studied the ligand-
independent activation of various steroid nuclear recep-
tors expressed in CV, cells. Interestingly, upon exposure
to dopamine some receptors were activated, some not.
Specifically, while dopamine treatment did not affect the
GR action, the MR was activated, though only margin-
ally. In this case a difference in receptor activation is
probably created by a differential phosphorylation of the
steroid receptors by the same signal transduction cas-
cade. Clearly, besides the fact that receptor phosphory-
lation can provide a means of crosstalk with other sig-
naling pathways and cell cycle dependent regulation, it
could also interfere with the hormone and receptor spec-
ificity.

Liganp-SpectFic REcepTor FUuNCTION

In addition to its physiological importance, the ligand-
specificity of the various functional states of these recep-
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tors has great pharmacological relevance. Indeed, ligand
binding per se does not always switch the receptor from
a unique inactive state to a unique active one. On the
contrary, it is well known that some ligands have partial
agonistic and/or antagonistic activities. It is believed
that this type of variability depends on differential con-
formational changes induced in the receptor by the bind-
ing of various ligands. It has also been postulated that
the ligand per se might be directly involved in a receptor
function; for instance, it could be part of the binding
interface for receptor dimerization [75, 120]. Interest-
ingly, different ligands can produce differential effects at
the level of various steps in the cascade depicted in Fig.
1, hence there are numerous possibilities of general, cell-
or gene-restricted mechanisms for hormone specificity-
conferring mechanisms.

A first level of ligand-specific action is the differ-
ential stability of cytoplasmic receptor complexes.
Indeed, the dissociation rate of the ligand from the re-
ceptor, in the presence or in the absence of the hsp com-
plex, depends on the nature of the ligand. A short half-
life of the ligand-receptor complex might favor an inter-
ruption in the sequence of events which lead to gene
regulation. It has also been shown that the nature of the
ligand affects the dissociation rate of the receptor from
the hsp complex. Interestingly, in the case of the MR
this dissociation was faster in the presence of an antag-
onist than in the presence of aldosterone [93].

Another function of the receptors which has, in
some instances, been shown to depend on the nature of
the ligand bound is the ability of activated receptors to
translocate to the nucleus [28, 74]. In this respect it has
to be mentioned that generally two classes of nuclear
receptors are discriminated based on their subcellular
localization in the unliganded state: the ‘‘nuclear’’ (ER,
PR, AR) and the ‘‘cytoplasmic’’ receptors (GR, MR).
Recent experiments have, to some extent, challenged this
view and it now appears that this difference is not abso-
lute. Both ‘‘nuclear’” and ‘‘cytoplasmic’ receptors
would shuttle back and forth, from and to the cytoplasm,
the latter at least in their activated state [28, 51, 92].
The difference between the two classes of receptors
could be quantitative and due to receptor-specific differ-
ences In exposure of the nuclear localization signal(s) in
the hsp-bound nonactivated state. In the case of the ‘‘cy-
toplasmic’’ receptors the nuclear localization signal(s)
would be masked by the associated hsp90 in the absence
of bound ligand, whereas that of the ‘‘nuclear’’ receptors
would be exposed, such that the entire complex could be
concentrated in the nucleus [64]. An interesting example
of the differential effect of ligands on receptor translo-
cation is that of the ER which has been shown to localize
to the cytoplasm in the presence of an antihormone (ICI
182780) while otherwise it is mostly nuclear, even in the
absence of ligand [28].

The dimerization and DNA binding functions of nu-
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clear receptors have also been shown to depend on the
nature of the ligand in some instances [2, 75].

That the ligand-induced conformational change
plays a major role for the transactivation activity of a
receptor per se can be inferred from experiments of the
group of O’Malley with the PR and the ER [2, 12].
However, it has to be remembered that ligand-dependent
variability in gene expression does not necessarily result
from differences in transactivation function per
se. Indeed, ligand-specific differences in transcriptional
regulation by the same receptor can also result from
ligand-specific effects at any of the levels upstream of
transactivation mentioned above. Furthermore, the accu-
mulation of the products (mRNA or protein) can also be
differentially affected.

Potential ligand-specific differences in transactiva-
tion by the MR were investigated by transfection exper-
iments [3, 101]. The action of the MR on the transcrip-
tion of a reporter gene with MMTYV regulatory sequences
was tested in the presence of various ligands. Interest-
ingly, though the maximal transactivation effect by the
hMR was similar in the presence of aldosterone or de-
oxycorticosterone, this second hormone had a lower po-
tency for transactivation than aldosterone, despite a
nearly tenfold higher affinity for the MR. Clearly in this
case a ‘‘functional preference’’ for aldosterone generates
a hormone specificity despite the ‘‘use’’ of a common
receptor. This is just a single example with a particular
gene in a particular cell type. It can be expected, how-
ever, that such differential effects of ligands can be found
at the level of many genes and in many cell types and
therefore might play a crucial role in determining the
specificity of the hormone action. It is important to note
that in the case presented above the difference observed
between the two ligands was not at the level of the max-
imal effect but at that of the K, 5 such that it would have
been missed in experiments in which only maximal ef-
fects are measured. It can be concluded that this level of
specificity is important in vivo but that its study is com-
plicated by the fact that it might be gene- and cell-
specific and because it is visible at physiological but not
at pharmacological hormone concentrations.

AccessiBILITY OF HRE’s

To be regulatable by a hormone-receptor complex, a
gene has not only to have (an) adequate HRE(’s) but this
also has to be accessible. Here, the chromatin organiza-
tion plays a crucial role in determining the network of
genes available for regulatable expression [139]. It shall
only be mentioned that this level of organization is cell-
lineage and differentiation-specific and that the action of
an activated receptor might, in some instances, depend
on the presence of ‘‘chromatin modifying factors’
which act on the chromatin structure (as opposed to tran-
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scription factors which interact with the basal transcrip-
tion machinery) [77, 121, 142]. Steroid receptors them-
selves have been shown to interfere at the level of the
chromatin organization in some cases. An example is
that of the mouse mammary tumor virus (MMTYV) pro-
moter where the activated GR modifies the interaction of
the DNA with the nucleosome by its binding to the HRE
such that the binding site of another nuclear factor be-
comes accessible and this factor can then activate tran-
scription [119, 120, 139]. Hormone specificity might
also be generated by the accessibility to regulatory se-
quences since, in some instances, response elements
might be exposed which preferentially respond to one or
the other receptor (e.g., MR vs. GR).

It might also be that, in addition to the potential
interference of chromatin structure with receptor binding
to “‘its’” HRE, other proteins which bind close to or at
the HRE sterically hinder the receptor binding [120].
Such a competitive situation for DNA binding clearly
depends on the sequence context of the HRE and on the
cell-specific level of expression of such binding proteins.
Furthermore, this type of competition at the HRE might
also be receptor-specific and thereby represent a speci-
ficity-conferring mechanism.

Binding of the activated receptors to proteins outside
of the context of the HRE has also been proposed as a
mechanism to prevent access of receptors to potentially
regulated genes. Two examples are the calcium binding
protein calreticulin and the transcription factor subunit
NFkappaB p65 [21, 29, 94]. Since this binding could
also be receptor-specific, such a ‘‘sequestration’’ of a
receptor could render a potential target gene of two re-
ceptors de facto specific for one.

TRANSACTIVATION AND REPRESSION

A first important observation is that the degree of trans-
activation by different receptors of the same family (e.g.,
GR, MR, PR and AR) which bind onto the same HRE of
a target gene is not necessarily identical. For instance,
the maximal transcription rate induced by the MR is
clearly lower than that produced by the GR when tested
in transfection assays on several different reporter genes
containing glucocorticoid regulatory elements [3, 100,
1011. It appears that the main difference is due to the
lower transactivation function of the amino-terminal do-
main of the type I receptor. This domain also prevents
the synergistic effect on transcription (cooperativity) ob-
served with promoters containing multiple palindromic
GRE’s, an effect which can be mediated by the DNA-
and ligand-binding domains of either receptor
[100]. Based on these observations it has been proposed
that the mineralocorticoid receptor could extend the dy-
namic range of the glucocorticoid hormone action in
cells which express both receptors. This receptor, be-
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cause of its high affinity for endogenous glucocorticoids
and its relatively low transactivating activity, would me-
diate the glucocorticoid action on glucocorticoid-
responsive genes at low hormone concentrations
[3]. Such a role has been proposed for the neurons of the
hippocampus while in the hypothalamus the expression
of specificity-conferring mechanisms would confer a
more specific action to aldosterone comparable to the
situation in distal nephron cells [30].

In view of the possible specificity-conferring mech-
anisms mentioned above, it is also possible that there is
a set of as yet unidentified genes with complex regula-
tory elements at which the MR produces a higher trans-
activation or repression than the GR (receptor specific-
ity: see e.g., [39]). A level of hormone specificity could
be conferred to these putative MR-specific elements if
the transactivation was dependent on the ligand bound to
the receptor.

It remains, however, that many potential MR target
genes can be regulated by the MR activated by gluco-
corticoid hormone as well as by the GR. Furthermore,
that the activation of the MR by the endogenous gluco-
corticoid hormone has a physiological relevance, at least
for certain cells, is supported by the fact that in species in
which the major glucocorticoid hormone is corticoste-
rone (rat and mouse) this hormone has a higher affinity
for the MR than cortisol, whereas in those species which
have cortisol as their major glucocorticoid hormone, cor-
tisol has a higher affinity for the MR ([101] and refer-
ences therein).

A second important observation is that differences in
transactivation by receptors of the same family (e.g., GR,
MR, PR and AR) are gene-specific and depend on non-
receptor factors. An example is the specificity of the
transactivation by androgens at the sex-limited protein
gene. Indeed, although GR can bind to the HRE of this
gene, transactivation is only produced by the AR. The
specificity-conferring differential effect has been
mapped to the N-terminal domain of the AR and was
attributed to nonreceptor factors which specifically ‘‘co-
operate”” with the AR [1]. Another example is that of
repression by the GR and not by the MR of AP-1 (with
a given ratio of cJun and cFos) stimulated transcription
of the proliferin gene. In this case the mechanism con-
ferring receptor specificity was also mapped to the N-ter-
minus of the receptor and was also due to the interaction
(in this case negative) at the response element with a
nonreceptor factor [88].

In summary, it appears that a receptor-specificity is
conferred onto complex response elements with similar
recognition sequences for nuclear steroid receptors by
the presence of binding sites for other factors which dif-
ferentially interact with the various hormone receptors.
Such specificity-conferring mechanisms could be ex-
pressed in a cell-specific way, since they depend on the
presence of other (cell-specific) factors.
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Non-GeENoMIC EFFeCTS

It appears that aldosterone also acts, in some cells, via a
membrane receptor which is more selective for aldoste-
rone than the nuclear receptor. The activation of this
receptor rapidly stimulates the activity of the Na/H an-
tiporter, possibly via the inositol-3P pathway [80, 130,
135]. Hence, it could be that the hormone specificity of
the mineralocorticoid action is mediated by the action of
this membrane receptor in certain cells. Its activation
could also have a synergistic and/or permissive effect on
the nuclear MR action. However, no functional role has
yet been attributed to this receptor in classical Na reab-
sorbing epithelia and no rapid, transcription-independent
activation of the Na/H antiporter by aldosterone has been
detected in A6 epithelia (V. Casavola and L. Guerra,
personal communication).

SpeciFiciTY LEVELS AND THE NA TRANSPORT RESPONSE

In view of the common, interconnected pathways and the
possibility of multiple levels of specificity for mineralo-
and glucocorticosteroid hormones and receptors dis-
cussed above, it is not surprising that different experi-
mental systems and approaches have led to different con-
clusions concerning the role of these hormones and
receptors in mediating the typical increase in Na reab-
sorption. Furthermore, the importance of inter-species
differences in the role of aldosterone and of the MR is
not clear. In general, it appears that mineralocorticoids
can produce a major action in vivo in certain epithelia
and in some cases also in cell culture systems at concen-
trations at which the GR is only marginally occupied [9,
25, 42, 76, 78, 79, 99, 111]. Hence, in these cases the
effect is expected to be mediated by the MR. It has also
clearly been demonstrated that the ‘‘protection’’ mech-
anism by 11B8-OHSDH plays an important role in pre-
venting the occupation of the MR and GR by cortisol in
such epithelia (or corticosterone) [19, 42, 66, 79, 132].
However, it has been shown in other experimental sys-
tems that the typical response could also be triggered, or
only triggered, by the occupation of the GR or that the
occupation of this low affinity receptor by an agonist was
necessary for a maximal response [48, 49, 68, 106, 134].
In some instances, it has been postulated that the MR and
the GR could be involved in producing different phases
of the hormonal response. However, recent and older
experiments show that this hypothesis does not account
for the actual complexity of the situation [48, 49]. Fur-
thermore, there is a major concern about all studies ad-
dressing the question of the receptor-specificity using
agonists and antagonists to respectively activate and
block one and the other adrenal steroid receptor. Not
only are the binding and agonist and/or antagonist prop-
erties of these compounds to some extent species-
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specific, but, as suggested by the discussion above, their
complex with a receptor might have differential agonist
or antagonist properties depending on the gene and the
context and nature of the HRE('s) and presence of other
factors.

Despite the experimental limitations mentioned, it
appears that the natriferic response observed in A6 cell
cultures are mainly mediated by the GR or low affinity
receptor although a MR or high affinity receptor is
present [106, 134]. Similarly, the M-1 cell line which is
derived from the cortical collecting duct of a mouse
[114] also appears to respond to corticosteroids exclu-
sively via the GR (B. Rossier and H.P. Gaeggeler, per-
sonal communication). This difference between immor-
talized cells and the epithelia of origin might be due to
the lack, in cultured cells, of a (specificity-conferring)
mechanism or factor necessary for the regulation of (a)
mediator(s) of the Na transport response by the MR but
not by the GR. In this regard, primary cultures of rat
inner medullary collecting duct cells are an interesting
experimental system [68]. In this case a natriferic re-
sponse can be elicited via both receptors though with
differences at the level of its time course and of the
Na,K-ATPase induction. This underlines the existence
of similarities and differences in the gene network reg-
ulated by the two receptors.

Adrenal-Steroid-Regulated Gene Products

Adrenal steroids have been shown on the one hand to
directly (and indirectly) modulate the transcription of
specific genes (see above) and on the other hand to in-
duce changes in Na reabsorption which are dependent on
ongoing transcription and translation [35, 45, 99]. How
the transcriptional events lead to the physiological re-
sponse is still not known. Two complementary ap-
proaches have been undertaken to fill this gap of under-
standing [125]. The first or ‘‘forwards’’ approach con-
sists of starting at the level of transcriptional regulation,
by identifying adrenal-steroid-regulated gene products in
the target cells (generally called aldosterone-induced
proteins: AIP’s) which then can be tested for their role in
the mediation of the Na transport response. The second
or ‘‘backwards’” approach consists of identifying the ef-
fectors of the physiological response and their regulators
and then to test for their potential transcriptional induc-
tion. It has to be recalled that physiological studies in-
dicate that the transport response is divided into different
phases (see below). The expectation is that the induced/
repressed gene products mediating the early response
directly or indirectly regulate the activity of pre-existing
effector proteins (Na channel, Na,K-ATPase, etc.),
whereas the late response would be characterized by the
increased synthesis of effector proteins (constitutive el-
ements of the Na transport machinery).

F. Verrey: Transcriptional Control of Na Transport

From THE GENES TO THE FUNCTION

Experiments belonging to the first (forwards) approach
have been undertaken at the RNA and protein levels
using progressively more specific techniques [45, 99,
115]. By two-dimensional polyacrylamide gel electro-
phoresis of metabolically labeled proteins, gene products
induced or repressed in their synthesis by aldosterone
have been visualized. In most experiments the analysis
was performed several hours after the addition of the
hormone, at a time at which downregulation, secondary
and indirect effects are already complicating the situa-
tion. From such experiments performed on toad urinary
bladder it is known that at least 15 out of 1,000 gene
products are affected in their expression by a hormonal
treatment (18 hr aldosterone 1077 M) [117). More re-
cently it has been shown that one of the visualized reg-
ulated proteins (GP70) to which a monoclonal antibody
has been raised was induced in its synthesis as early as |
to 2 hr after hormone addition, and it appeared to asso-
ciate with the epithelial Na channel complex purified by
Benos et al. [13, 15, 115]. However, its nature and its
potential role in the mediation of the Na transport re-
sponse are not known.

The direct identification of ¢cDNAs derived from
regulated mRNAs has the great advantage of directly
providing a molecular probe and potentially interesting
sequence information. This type of approach has re-
cently become easier and more efficient with the intro-
duction of polymerase chain reaction (PCR) amplifica-
tion steps in subtractive hybridization and differential
screening protocols. An impressive example of the use
of such a method is that of the study of the thyroid
hormone induced tadpole tail resorption by the group of
D. Brown [133]. Another straightforward technique is
the mRNA differential display. It is based on the ampli-
fication by RT-PCR of the 3’ ends of poly(A*) RNAs
using a set of anchored oligo-dT primers in conjunction
with arbitrary 10mers [70]. The comparison of the in-
tensity of electrophoretically separated bands generated
from mRNAs originating from differentially treated cells
allows the identification and cloning of cDNA fragments
derived from regulated mRNAs. A disadvantage of this
technique is that the fragments mostly correspond to 3
untranslated regions of the mRNAs, such that a further
step of cDNA library screening is necessary to obtain the
coding sequence. A problem of these techniques is that
the representativity of the result might be biased by the
preferential reverse transcription and amplification from
certain mRNAs.

The mRNA differential display method, by allowing
the visualization of signals (bands) corresponding to a
large number of individual mRNAs, can generate valu-
able information on the overall impact of a hormonal
treatment on gene expression since the fraction of
mRNAs modulated by the treatment can be estimated.



F. Verrey: Transcriptional Control of Na Transport

The specificity of this action (e.g., comparison of min-
eralo- and glucocorticoids) and the time course of a re-
sponse can also be readily analyzed.

Whichever technique is used for the identification of
regulated mRNAs, a difficult task will be to test the
involvement of the encoded proteins in the Na transport
response. The growing number of published sequences
is a help in this regard since it makes it more likely that
the comparison of sequences from cloned ¢cDNAs with
those from data banks will identify homologous proteins
from other systems or homologous sequence motifs
found in other proteins. This type of information enables
the researcher to make predictions about the function of
the protein encoded by the newly identified cDNAs. In
any case the demonstration that a gene product plays a
role in the Na transport response will finally have to be
made by manipulating its expression in a target epithe-
lium and monitoring the impact on the hormonally reg-
ulated Na transport.

Using a conventional differential screening protocol
of rat and chicken colon cDNA libraries, Garty has iden-
tified several clones corresponding to transcripts en-
hanced by a dexamethasone treatment or by a low salt
diet, respectively (H. Garty, personal communication).
Interestingly, some of these cDNAs code for oxidative
phosphorylation enzymes encoded by the mitochondrial
genome. The fact that enzymes implicated in the energy
output of the mitochondria have been identified lends
new support to the old hypothesis that aldosterone acts
on Na transport by a pleiotropic action which includes
the increase in ATP supply for the Na/K pump (see for
review [45, 61, 98, 99]). It is surprising, however, that
adrenal steroids induce an accumulation of mRNAs en-
coded by the mitochondrial genome. Possible explana-
tions could be that the transcription rate of mitochondrial
genes or the number of mitochondria is increased sec-
ondarily to the action of (an) aldosterone-regulated pro-
tein(s) encoded by the nuclear genome.

Using the technique of mRNA differential display
PCR on mRNA of kidney CCD cells treated with aldo-
sterone (1077 m), the group of A. Néraj-Fejes-Téth has
identified several up- and downregulated bands [31].
As yet, none of the (short) cloned cDNAs appears to be
homologous to sequences of the data bank.

Using the same approach to analyze the response to
aldosterone (107 m) in A6 cells, we found that approx-
imately 1% of the bands were reproducibly up- or down-
regulated after one hour of hormone treatment (B. Spin-
dler and F. Verrey, unpublished observation).

FroM THE FuncTioN TO THE GENES

The second or ‘‘backwards’” approach for the identifi-
cation of transcriptionally regulated mediator(s) is based
on the knowledge of the effectors and their potential
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regulators and requires molecular tools to measure their
expression.

Concerning the potential regulation of structural
proteins participating in the Na transport, it has been
shown so far that both major transport proteins involved
in the regulated Na reabsorption, i.e., the epithelial Na
channel (o.,,yENaC, originally cloned from rat distal
colon and homologues of which are present in A6 cells
and the toad bladder ([22, 23, 97] and B. Rossier, per-
sonal communication) and the Na,K-ATPase o1 and B1
subunits are induced a few fold in amphibian tight epi-
thelia at the mRNA level ([128, 129], B. Rossier and A.
Puoti, personal communication). In the case of the
Na,K-ATPase subunits the induction has been traced
back to a very early transcriptional effect (twofold in-
crease after a 15 min hormone treatment) while the ac-
tual accumulation of protein has been shown to take
place during the late response [14, 124, 128]. It appears
from preliminary results at the mRNA level that, like the
induction of Na,K-ATPase subunits, the induction of Na
channel subunits might play a role for the ‘‘late’” trans-
port response.

In some systems the activity of citrate synthase,
which is part of the mitochondrial ATP synthesis ma-
chinery (see also above) appears to be upregulated by
aldosterone. However, its rate of synthesis was not mod-
ified significantly in amphibian model epithelia [61, 98,
124]. It is interesting to mention here that a coordinate
glucocorticoid-specific induction of Na,K-ATPase and
mitochondrial oxydative enzymes has been described in
the medullary thick ascending limb of the kidney of
weaning rats [32]. This example shows that similar co-
ordinated regulatory processes (see also cloning experi-
ments from colon libraries mentioned above) might take
place in different cells and states of development which
may exhibit a different (cell specific) adrenal steroid
specificity.

The only (preliminary) report concerning the induc-
tion/repression by adrenal steroids of regulatory proteins
possibly involved in the mediation of the early Na trans-
port response concerns the biosynthesis of a G-protein
a-subunit [96]. Aldosterone (107° m) appeared to stim-
ulate its synthesis in A6 cells. It will be interesting to
investigate the time course, the level (transcriptional ?)
and the role of this regulation. Besides this G protein,
which is known to be implicated in the regulation of the
Na channel and might play a role for the adrenal steroid
action, no other candidate mediators have been tested so
far.

In this context it is worth mentioning the case of the
adenylate cyclase. Although it is not implicated in the
mediation of the aldosterone effect, it plays an important
role for aldosterone-induced transport, since it is part of
a signaling pathway which produces a synergistic effect
at the level of the Na channel activity and transepithelial
Na reabsorption [105, 124]. It has been shown in rat
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Table 1. Gene products regulated by adrenal steroids in tight epithelia

Protein Epithelium Regulated level ~ Hormonal Earliest ~ Fractional References
investigated treatment (M) change change (time)
Na/K-ATPase
al subunit Toad bladder Protein synthesis  Aldo (0.8 x 1077) 2.8% (18 hr) [50a]
A6 Protein pool Aldo (107%) 5hr 2.0x (5 day) [14]
A6 Protein synthesis Aldo (1077, 3 x 1077) 3hr  1.7x (6 hr) (82, 129]
A6 mRNA pool Aldo 3 x 107%) 3hr 2.0x(6hr) [128, 129]
A6 Transcription Aldo (3 x 107) 15 min  1.8% (45 min) [128]
CCD rabbit Protein pool Aldo in vive (4 x 107°) 3.4x (5-10 day) [136]
B1 subunit Toad bladder Protein synthesis  Aldo (0.8 x 107) 2.4x (18 hr) [50a]
A6 Protein pool Aldo (107%) 5 hr 2.1 (5 day) [14]
A6 Protein synthesis  Aldo (1077, 3 x 107%) 3hr 2.0x(6hr) [82, 129]
A6 mRNA pool Aldo (3 x 1077) Jhr  4.0x(6hr) [128, 129]
A6 Transcription Aldo (3 x 107%) 15 min  2.9x (45 min) [128]1
CCD rabbit Protein pool Aldo in vive (4 x 107°) 3.6x (5~10 day) [136]
Epithelial Na channel
A. Puoti, F.
o-xENaC A6 mRNA pool Aldo (107%) 3-20 hr 2.3x (20 hr) Verrey and
B-xENaC A6 mRNA pool Aldo (107%) 36 hr 2.6x (20 hr) B. Rossier, u.0.
¥-xENaC A6 mRNA pool Aldo (107%) 1.5-3hr  3.6x (20 hr)
Cytochrome C
oxydase I, II, I Rat distal colon  mRNA pool Dexamethasone injection 2.5 (3 day) H. Garty, u.o.
NADH dehydrogenase I Chicken colon mRNA pool Low salt diet ~3% (4 weeks) H. Garty, uv.o.
GP70 A6, toad bladder Protein synthesis Aldo (1077) 12hr  +++ (-3 hr) [15]

(not quantitative)

u.0. stands for unpublished observations.

CCD and in A6 cells that the function of the adenylate
cyclase is upregulated by aldosterone [36, 126]. Wheth-
er this effect corresponds to an increase in its synthesis,
altered function or both is not known.
Adrenal-steroid-regulated gene products (or less
general: aldosterone-induced proteins) are listed in the
Table. Only those which have been shown to be induced
at the level of the biochemical (immunoreactive) protein
pool and/or upstream of it and which have been charac-
terized to some extent or the identity of which is known
are included. It is expected that this brief list will expand
rapidly because of the availability of techniques for the
rapid identification of regulated mRNAs. However, the
establishment of links from the induced proteins to the
physiological function will be required to allow an un-
derstanding of the mechanism(s) by which a transcrip-
tional regulation leads to a change in transepithelial Na
transport. This will not be an easy task, especially if
gene products unrelated to a concerted action on Na
transport are also induced. An interesting possibility is
that activated adrenal steroid receptors modulate the
transcription of other transcription factor(s) [59] which
could, in turn, produce a secondary response (from a

molecular point of view, see below) possibly involved in
the late phases of the physiological hormone action.

Distinct Early and Late Responses to Adrenal
Steroids in Tight Epithelia

MOLECULAR AND PHYSIOLOGICAL CASCADES

Most experimental observations of hormone action dis-
cussed here are made upon switching acutely from a low
hormone or control situation to a high hormone or test
situation. Such a switch, though not very physiological,
allows the observation of a synchronous physiological
response and is necessary for the analysis of the under-
lying cascade of events. Indeed, in the case of the cor-
ticosteroid action on Na transport, two types of intercon-
nected and arbitrarily dissociated cascades have to be
considered: the ‘‘molecular’” and the *‘physiological’’
cascades.

From a ‘‘molecular’” point of view, the ligand-
activated nuclear receptors are producing a so-called pri-
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mary response which promotes the direct regulation of a
particular set of genes, which have yet to be identified
(see above). Products of these genes can modify the
transcription rate of a second set of genes (secondary
response) if they happen to be transcription factors or to
regulate (directly or indirectly) other transcription fac-
tors. This cascade of events can also continue to produce
a tertiary response and so forth.

From a ‘‘physiological’” point of view of ion trans-
port, the primary (functional) response is the initial
change in ion transport and is the direct consequence of
the ‘‘molecular’’ cascade mentioned above. These
changes in ion transport will impact on cellular param-
eters such as intracellular ion concentrations, ATP/ADP
ratio, etc. Thereby so-called indirect effects might be
triggered which can again implicate regulatory mecha-
nisms at the transcriptional level.

The intricateness of ‘‘molecular’’ responses and in-
direct ‘‘physiological’’ effects is typical for ‘‘late”’
events. An example is that of the increase in Na,K-
ATPase synthesis in response to aldosterone. Indeed, its
subunits are under early transcriptional control by adre-
nal steroids [124, 128] but since their synthesis is also
controlled by the intracellular Na concentration [18, 95,
116, 141] the ‘‘physiological’’ changes in Na influx and/
or extrusion induced by the hormonal treatment can in-
terfere with the ‘‘molecular’’ hormone action. The fact
that late effects are more subject to (feedback) regulation
than early effects does not mean that they are physiolog-
ically less relevant. It simply appears that it is more
complicated to establish the sequence of regulatory
events leading to their development.

At this stage of the discussion, it is useful to remem-
ber that the complicated sequence of events discussed
above concerns the cellular level only. The situation is
by far more complicated in a whole organism where
colinear and feedback regulatory events implicate a
wealth of interdependent general and local physiological
and hormonal parameters.

EARLY RESPONSE TO ADRENAL STEROIDS

In the toad bladder and A6 cells the electrophysiologi-
cally measurable functional (physiological) response to
aldosterone (or dexamethasone) can be divided into three
or four phases [14, 45, 46, 98, 99, 110, 124}. A sche-
matic representation of the time course of functional re-
sponses is given in Fig. 2.

The first period is a lag phase which lasts approxi-
mately 20 (in mammalian systems) to 60 min from the
addition of the hormone and during which the physio-
logical parameters do not change. The second phase is
referred to as an early response phase and is character-
ized by a progressive increase in transepithelial Na trans-
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Fig. 2. Schematic time courses of adrenal steroid action on Na trans-
port at various baseline transport rates. The idealized curves are based
on experiments performed on A6 cell epithelia in this and other labo-
ratories [14, 82, 89, 125, 126, 138]. It is suggested that the relative
importance of the early and late responses of epithelia to the adminis-
tration of aldosterone (10~"-107° M) depends on the baseline expression
level of the Na transport machinery which is reflected (in this figure) by
the baseline transport level. The early response takes place after a
30-60 min lag period and is characterized by a two- to fivefold increase
in Na reabsorption within 1.5 to 3 hr. The extent of the late response
depends on the state of the epithelium prior to the hormone treatment.
The maximal transport rates indicated are taken arbitrarily.

port which appears to be generally proportional to the
pre-existing transport activity (two- to fivefold increase)
and which reaches a maximum within 2 to 4 hr after
hormone addition. This effect is mediated mainly by an
activation of pre-existing apical Na channels [47, 86].
However, although the apical influx of Na into the cell is
generally the rate limiting step of transcellular transport,
a coordinated in situ activation of the Na,K-ATPase has
also been demonstrated which is independent of this Na
influx [14, 89]. Furthermore, a basolaterally located K
channel which could play a role for the recirculation of
the potassium pumped into the cell by the Na,K-ATPase,
is also activated in A6 and toad bladder cells during the
early phase of aldosterone action [20, 56]. A model for
the mechanism of hormone action for the early response
phase is given in Fig. 3A.

A patch clamp study on A6 cells re-exposed to al-
dosterone after a withdrawal period suggests that the
mechanism by which Na channels are activated during
the early response corresponds to a switch of pre-existing
channels from a state of low open probability and short
open times to one with a high open probability and long
open times [65]. This interpretation is compatible with
the observation that antidiuretic hormone, which is
known to increase the number of active channels [73],
acts synergistically with aldosterone at the level of the
Na channels [105, 125]. However, it has to be men-
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Fig. 3. Models for the early and late responses to aldosterone in tight epithelia. (A) Early response: the products of transcriptionally regulated genes
activate in situ either directly (Hypotheses I) or indirectly (by a cascade of events, Hypothesis II) pre-existing apical Na channels and basolateral
Na pumps (as well as K channels and possibly other effectors of the regulated Na transport). (B) Late response: the transcription of genes coding
for elements of the Na transport machinery, such as the Na,K-ATPase o1 and B1 subunits, is increased as a primary effect (or for some genes
eventually secondary effect) of the hormone-receptor complex such that the Na transport capacity of the cell is increased. The effect of the early

response can persist during the late response.

tioned that in a patch clamp study on CCD’s isolated
from rats, no low open probability state of the Na chan-
nels was observed. Only changes in the channel number
were visualized [87]. This difference with the A6 system
was suggested to be quantitative rather than qualitative.

It is not clear whether or not the activation (or rather
derepression) of the Na,K-ATPase, which has been mea-
sured in A6 cell epithelia as an increase in the rate of
ouabain binding in K-free buffer, is due to a modification
of the Kinetics of active pumps or to an activation of
previously silent pumps [14]. The mediator(s) of the
early activation of both the channel and the pump has
(have) not yet been identified. It might be that the same
or different mediator(s) is (are) involved in these two
processes. Several potential mechanisms for mediating
this action at the level of the apical Na channel have been
proposed, such as channel transmethylation or signaling
cascades involving protein isoprenylation, G proteins,
interactions with the cytoskeleton or Ca; [90, 96, 103,
104, 109]. Basically, the activation of the transport pro-
teins could be mediated directly by (an) induced (re-
pressed) gene product(s) or by a cascade of events (Fig.
3A). Modification of the functional state of the trans-
porters could be generated either by their covalent mod-
ification (i.e., by methylation or phosphorylation) or by

noncovalent interactions. The latter could involve cyto-
skeletal elements, membrane components or soluble fac-
tors (including electrolytes). In this respect it is interest-
ing to mention that the ‘‘early”’ activation of channels
and pumps appears to depend on the integrity of epithe-
lial and cellular structures indicating that either nonco-
valent or readily reversible covalent modification of the
transporters is involved ([5, 14], J. Beron and F. Verrey,
unpublished observations).

The fact that during the early response the increase
in Na transport is proportional to the pre-existing one (in
amphibian model epithelia, see Fig. 2) could be ex-
plained by the existence, in unstimulated cells, of a small
Na influx via pre-existing apical channels in a low open
probability state. This would also explain why the initial
increase in transepithelial conductance, which is ex-
pected to be proportional to the number of channels ac-
tivated during the early response and which was origi-
nally considered as the hallmark of the early response,
is also generally proportional to the pre-existing Na
transport (M.-P. Paccolat, doctoral thesis, University of
Lausanne, 1987). In agreement with this, no functional
response is observed before the beginning of the late
response in the absence of pre-existing transport [82].
Finally, the state of activation (or derepression) induced



F. Verrey: Transcriptional Control of Na Transport

during the early response could last as long as the hor-
mone is present or, alternatively, it could be downregu-
lated in the course of the (very) late response when the
transport capacity is increased (see below) [14]. It can
therefore be expected that the regulatory factor(s) which
mediate an early physiological response by activating
pre-existing effectors (channels and pumps) are also in-
duced in cells which do not express enough baseline
effectors (and Na transport) to show a functional early
response. In such a case new transporters produced in
the course of the late response would first appear in the
activated state.

LATE RESPONSE TO ADRENAL STEROIDS

The third phase is the late response which was originally
described in the toad bladder as a further increase in Na
transport starting approximately 3 hr after hormone ad-
dition and which was not paralleled by an increase in
transepithelial conductance [98, 110]. However, in tar-
get epithelia in which the baseline electrogenic Na trans-
port is lower than in the toad bladder the increase in Na
transport during the late response can be more important
and accompanied by an increase in transepithelial con-
ductance [125].

This late increase in Na transport could be mediated
by an increase in the number of Na channels, possibly
compensated to some extent by a concomitant increase in
(para)cellular resistance [56], or, alternatively, by an in-
crease in the driving force for Na transport. Results from
two types of experiments support the first possibility
without excluding a role for the second one. First,
mRNA isolated from chronically stimulated epithelia
was shown (with one exception [85]) to induce a higher
level of Na transport in the oocyte expression system
than mRNA isolated from control epithelia [4, 6, 55].
Second, and more specifically, preliminary experiments
with the cDNAs encoding the three recently cloned sub-
units of the epithelial Na channel show that their mRNA
level is increased by an aldosterone treatment (see above
and the Table) ([23], B. Rossier and A. Puoti, personal
communication). That the Na,K-ATPase synthesis and
pool are increased during the late phase has also been
mentioned above [14, 128, 129]. These observations are
in agreement with the notion that the late effect is, at
least to some extent, due to an increase in the amount of
effector proteins (see model in Fig. 3B). It has to be
stressed that the increase in transporters is considered as
a late effect based on the time point of its impact on the
functional response and not on the initial molecular
events which lead to their late accumulation. Interest-
ingly, the late phase of adrenal steroid action has been
shown to be specifically inhibited (in toad bladder) by
thyroid hormone or Na butyrate [50, 118] and by brefel-
din A (0.1 pg/ml in A6 cells) [26]. This confirms that
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the late response depends on the regulation of a (set of)
gene(s) which is not required for the mediation of the
early response, and, furthermore, the effect of brefeldin
A suggests that the (synthesis and) delivery of membrane
proteins to the cell surface is only required for the late
response.

Long-term exposure of epithelia to adrenal steroid
hormone can produce a further increase in Na reabsorp-
tion, as for instance in A6 cell epithelia (approximately
30% increase from 1 to 5 days of hormonal treatment
[14]). During this “‘very late’’ phase of hormone action
[99] morphogenetic ‘‘adaptative’’ effects can take place
such as the increase in basolateral cell surface area de-
scribed in CCD cells after in vivo treatment [63, 131].
It is not clear (and difficult to address experimentally) to
what extent these effects are due to a direct ‘‘anabolic™
effect of the hormone and/or to indirect effects mediated
by the functional changes in transport and/or to “‘collat-
eral’” actions of the hormone treatment (see e.g., [137]).
In contrast to the studies mentioned above, Palmer et al.,
[84] did not find an increase of the membrane capaci-
tance (indicative of membrane surface area) in cortical
collecting duct principal cells of rats treated in the long
term with low salt diet or aldosterone. Furthermore,
there was no increase in the maximal Na pump current.
These contrasting results obtained in different studies on
long-term effects is not surprising in view of the complex
regulatory networks involved. For instance, the lack of
measurable effect mentioned above corresponds to the
observation of Wiener et al. [137] who showed that a low
sodium diet induces only a transient increase in Na,K-
ATPase mRNA and pump sites in rabbit distal colon.
Interestingly, this late escape from the effect of chronic
hyperaldosteronism was shown to be mediated by a de-
crease in thyroid hormone levels.

The question of the hormone and receptor specificity
of the adrenal steroid action on Na transport and the fact
that there are significant differences in this regard be-
tween experimental systems has been discussed above.

IMPLICATIONS FOR THE MAMMALIAN TIGHT EPITHELIA

The temporal organization of the natriferic response is
very similar in different amphibian model epithelia ana-
lyzed in vitro such as the A6 cells and the toad bladder
but it is not clear how these responses relate to the situ-
ation observed in mammals. It has to be stressed in ad-
vance that all comparisons made here and elsewhere be-
tween results obtained with different systems and in dif-
ferent conditions have to be interpreted with caution
since the regulated parameters are themselves influenced
by the experimental procedure. For instance, it appears
reasonable to suspect that the functional state of trans-
porters belonging to the transepithelial Na reabsorption
machinery depends on the isolation procedure and in
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vitro incubation conditions of tested epithelia. For ex-
ample, the early stimulation of apical Na channels, in
contrast to the late stimulation, is not maintained in ves-
icles isolated from toad bladders [5].

The comparisons are restricted here to the time
course of the response to aldosterone (or DOCA) studied
in isolated mammalian kidney cortical ducts or distal
colons, stimulated in vivo or in vitro. In cortical collect-
ing ducts the baseline transport has generally been re-
ported to be low when they are isolated from adrenalec-
tomized animals or even from adrenal-intact animals.
The response to in vivo injected mineralocorticoid hor-
mone appears after a lag period of two to three hours
(adrenalectomized animals) or days (adrenal-intact ani-
mals) [33, 81, 87, 99]. One possible interpretation is that
these epithelia lack a functional reserve of pre-existing
effectors such that, in analogy to amphibian model epi-
thelia with low baseline transport, little or no ‘‘early”’
increase in Na transport can take place. If early events
equivalent to those which mediate the early response in
amphibian model epithelia nevertheless take place,
newly synthesized transporters appearing during the de-
layed response (which would correspond to the late and/
or very late response) would immediately be activated.
An alternative interpretation is that, though the tubules of
adrenalectomized and adrenal-intact animals have suffi-
cient effectors to produce an early response in vivo, the
procedure of tubule isolation and in vitro incubation
would per se block the early activation such that only the
late type of effect would be preserved in vitro.

However, in contrast to the slow effects on Na trans-
port discussed above, in vitro treatment of isolated cor-
tical collecting tubules with aldosterone has been shown
to produce, after a lag period of approximately 30 min,
an activation of the Na,K-ATPase function {41] or an
increase in Na,K-ATPase activity (with a permissive role
for triiodothyronine) [8]. It has been postulated that such
early effects would not take place in vivo because of an
inhibitory action of systemic or local factors. However,
again it could be that the early stimulatory effects on Na
transport induced in vivo are prevented or reversed by
the tubule isolation and incubation procedure. Indeed, it
appears that the incubation conditions are critical for the
channel function since so far only early Na channel-
independent effects on the Na,K-ATPase have been doc-
umented in this system.

In distal colon, baseline amiloride-sensitive, electro-
genic Na transport is very low and it is only upon stim-
ulation by aldosterone that this type of transport consis-
tently appears [40, 53]. In this case no early increase due
to the activation of pre-existing transporters can be ex-
pected and the observed increase, after a lag of 1.5-3 hr,
probably corresponds to a ‘‘late’” response, the time
course of the response being expected to be faster at
37°C than at the colder temperatures used for amphibian
epithelia [40, 53, 62].
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Conclusions

The model for the adrenal steroid action on Na transport
in tight epithelia as depicted in Fig. 3A and B dissociates
two phases: an early phase during which the pre-existing
Na transport machinery is activated and a late phase
during which the transport capacity of the machinery is
increased. These two sequential phases have been dis-
tinguished based on differences in functional aspects of
the induced transport, on selective effects of agents in-
terfering with transcriptional regulation and on a corre-
lation of the late response phase with an increase in
transport protein synthesis and expression [26, 45, 46,
98, 99, 124]. These observations suggest that a bimodal
stimulation of Na transport could involve two different
gene networks which are directly (in the physiological
meaning) and independently stimulated by the action of
the hormone-receptor complex and the following ‘‘mo-
lecular’’ cascades (see section Molecular and Physiolog-
ical Cascades). The relatively clear temporal dissocia-
tion of the responses found in experimental situations is
probably the consequence of inherent properties of the
two networks. Indeed, to generate rapid functional
changes, the genes involved in the early response must
encode products which have relatively short half-lifes at
the mRNA and protein levels. In contrast, the constitu-
tive elements of the Na transport machinery that are in-
creased during the late phase of adrenal steroid action
have, as shown for the Na,K-ATPase [82], relatively
long half-lifes. Consequently, even though changes in
transcription may take place early in the course of the
hormonal treatment, they impact on protein synthesis and
pools only slowly and after a substantial lag period.

On the one hand, ongoing research will soon provide
more information on the nature, time course and hor-
mone/receptor specificity of adrenal-steroid-regulated
genes. On the other hand, the availability of new tech-
nical and molecular tools to study the proteins of the Na
transport machinery greatly increases the possibilities for
studying its regulation by adrenal steroids. Conse-
quently, it will be a fascinating challenge to relate the
data emerging from both approaches, and it appears that
only a combination of methods and tools will allow to
progressively fill the gap of understanding which still
lies between the transcriptional effects and the transport
regulation.
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