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Abstract

The rat adrenal hormone corticosterone reaches the brain and binds to intracellular receptors.
These receptors comprise high-affinity mineralocorticoid and lower-affinity glucocorticoid recep-
tors that, upon activation, affect the transcription rate of specific genes. The two receptor types are
discretely localized in the brain, with particularly high expression levels in the hippocampus.
Here we review recent studies showing that electrical properties and structural aspects of hip-
pocampal principal neurons are specifically regulated by mineralocorticoid- or glucocorticoid-
receptor activation. The molecular mechanisms by which these cellular effects could be

accomplished are discussed.

Index Entries: Corticosteroid hormones; mineralocorticoid receptor; glucocorticoid receptor;

signal transduction; morphology; hippocampus.

Introduction

Corticosteroid hormones are produced in
the adrenal gland and released into the circula-
tion in particularly high amounts after periods
of stress (McEwen et al., 1986; Dallman, 1993).
In the late 1960s it became evident that corti-
costeroids not only act on peripheral organs
but also enter the brain compartment
(McEwen et al., 1968). Within the brain they
effectively bind to intracellular receptors that
are structurally identical to the corticosteroid

receptors in peripheral tissue (McEwen et al.,
1986; de Kloet, 1991).

In later years it was found that two main
types of intracellular corticosteroid receptors
can be distinguished: the mineralocorticoid
receptor (MR) which binds the endogenous rat
hormone corticosterone (cortisol in human)
with high affinity (Kq approx 0.5 nM), and the
glucocorticoid receptor (GR) which displays
approx 10-fold lower affinity for the hormone
(Reul and de Kloet, 1985). These receptors are
discretely localized in the brain. Most parts of
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the brain express considerably higher amounts
of GRs than MRs; few areas show an excess of
MRs (McEwen et al., 1986; de Kloet, 1991).
Interestingly, in several parts of the limbic sys-
tem MRs and GRs are coexpressed, even within
individual neurons (Van Steensel et al., 1995).

Shortly after the demonstration of brain corti-
costeroid receptors it was found that peripher-
ally administered steroids depress spontaneous
firing of hippocampal neurons (Pfaff et al.,
1971). In subsequent years, numerous studies,
mostly biochemical, showed that central corti-
costeroid receptors mediate changes in neuro-
transmitter synthesis or binding (reviewed by
McEwen et al, 1986; de Kloet, 1991, Meyer,
1985). It was documented only in recent years,
however, that corticosteroids have profound
effects on electrical properties of neurons (Joéls
and de Kloet, 1992; 1994; Joéls, 1997), on their
structural features (Gould and McEwen, 1993;
McEwen and Sapolsky, 1995), and on behav-
ioral processes in which these neurons are intri-
cately involved (Luine et al., 1996; Oitzl and de
Kloet, 1992). It appeared that MRs and GRs each
mediate specific effects on neuronal activity,
structure, and behavior.

Studies in transfected cell lines over the past
decade have revealed many principles of the
molecular actions mediated by corticosteroid
hormone receptors (Truss and Beato, 1993). It is
presently less evident, however, whether these
principles also apply to steroid actions in situ,
in this case in brain tissue. The electrical, struc-
tural, and behavioral properties that have been
studied are merely the end point of a cascade
of molecular and cellular events that are
scarcely accessible in brain tissue, with the
presently available techniques.

In this review we will describe some of the
more extensively studied examples of brain
corticosteroid actions and specifically discuss
the presently known data concerning the mole-
cular events that lead to the observed cellular
effects. As a preamble, a concise overview is
given of the characteristics of corticosteroid
receptors in general, and their distribution and
properties in the brain. For rapid steroid
actions that are presumably mediated by mem-
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brane receptors, we refer to a number of recent
reviews on this subject (Majewska, 1992; Paul
and Purdy, 1992; Lambert et al., 1995).

Corticosteroid Receptors

Structural Organization
of Glucocorticoid Receptors

Both the GR and MR are intracellular recep-
tors belonging to the superfamily of steroid-
activated transcription factors (Evans, 1988).
Cloning of human genes and cDNAs, and sub-
sequent deduction of the primary structure of
open-reading frames revealed that the GR pro-
tein consists of 777 amino acids and the MR pro-
tein of 985 amino acids (Evans, 1988; Hollenberg
et al., 1985; Arriza et al., 1987; Encio and Detera-
Wadleigh, 1991; Zennaro et al., 1995). Each pro-
tein has two zinc-finger domains that are almost
identical in the GR and MR, a carboxy-terminal
domain involved in binding of corticosteroids,
and a large, less well-conserved part with trans-
activation properties (see Fig. 1).

In the cytoplasm, the nonliganded GR is
associated with heat-shock proteins, immuno-
philins, and possibly a number of other, as yet
unidentified proteins (Smith and Toft, 1993).
This multiprotein complex is thought to keep
the GR in a high-affinity configuration. GR
activation by corticosteroids results in dissoci-
ation of the complex, followed by phosphory-
lation of the ligand-activated receptor and
translocation to the nucleus where it affects
transcription of specific target genes (for
review, see Bamburger et al,, 1996). A similar
activation mechanism is proposed for the MR,
given the high structural similarity of the MR
to the GR.

Molecular Mechanisms

of Corticosteroid Action

Based on the molecular actions via activated
GRs and MRs, different corticosteroid-respon-

sive genes (CRGs) have been recognized. Type
I CRGs are defined by the presence in their
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Fig. 1. Structural similarity and functional domains of the glucocorticoid (GR) and mineralocorticoid receptor
(MR) and their splice variants. Both the GR and MR proteins contain three functional domains: a nonconserved
(15%) N-terminal domain (N); a highly conserved (94%) DNA-binding domain (hatched); and a conserved
(57%) carboxy-terminal steroid binding domain (C). Additional functional domains are represented by black
horizontal bars below the GR. Though experimental evidence is lacking, a similar organization is proposed for
the MR, based on structural similarity with the GR protein. Alternative splicing of the GR gene leads to two pro-
teins: the corticosteroid-binding GRow and the nonbinding GRB. Differences between the GRo and GRp proteins
are dotted in C. Two MR proteins have been predicted from molecular biological experiments: MR 1 and MR 11.
The difference between the two proteins is the addition of four amino acids in the DNA binding domain (black

vertical bar in MR ).

promoter domain of a specific 15-nucleotide
palindromic sequence, the so-called glucocorti-
coid-responsive element (GRE; reviewed by
Bamburger et al, 1996). The DNA-binding
domain of an activated monomer GR (or MR)
binds to a half-site element of the palindromic
sequence. This is subsequently followed by
homodimerization and binding of a second GR
(or MR) to the other half-site element (e.g. Lef-
stin et al., 1994 reviewed by Truss and Beato;
Zilliacus et al., 1995). In general, this mode of
action of GRs and MRs (type 1 activation;
Fig. 2) leads to an enhanced transcription rate
of the target genes, although repression some-
times also occurs (Drouin et al., 1993). Acti-
vated GRs and MRs both can bind to the same
GREs in vitro, albeit with different affinity;
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thus far, no GREs or mineralocorticoid respon-
sive elements that could discriminate between
GR and MR action respectively have been
described.

The second type of CRGs have no GRE
sequence in their promoter region but instead
have DNA elements that are recognized by tran-
scription factors other than GRs or MRs. In
particular, activated GRs can affect the tran-
scription rate of type II CRGs by physically
interacting with such transcription factors. For
example, protein—protein interaction between
GR and the immediate-early gene AP-1, consist-
ing of cjun and c-fos dimers, results in repres-
sion of AP-l-activated genes (for review, see
Pfahl, 1993). As activated GR monomers are
able to repress AP-1, this type of nuclear-recep-
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Fig. 2. Corticosteroid-hormone receptors may affect gene transcription in hippocampal cells as MR or GR
homodimers (type 1), by interacting with other transcription factors (TF; type Il) or as heterodimers with other
nuclear receptors (NR; type lll activation of hormone-responsive genes). The target genes can encode for pro-
teins with very general cell functions such as kinases or phosphatases, changing a wide array of membrane
properties. Experimental evidence indicates that voltage- and ion-sensitive ion channels, and G-protein-cou-
pled receptor cascades are clear targets for gene-mediated corticosteroid actions. Since MR and CR activation
were shown to affect, with a delay of at least 1 h, many of these membrane properties in a similar way, this
mode of action may underlie the relatively rapid effects of corticosteroids on hippocampal neurons. With a
fonger delay (> 3h up to several days), corticosteroid-receptor activation may lead to regulation of specific
genes, involved in the indicated membrane properties of hippocampal cells.

tor action apparently does not depend on
homodimerization (Heck et al., 1994). In addi-
tion to AP-1, the GR interacts with a number of
other transcription factors including NFk-B and
possibly CREB (Ray and Prefontaine, 1994;
Guardiola-Diaz et al., 1996). So far, no specific
repression of type Il CRGs by activated MRs has
been reported. However, as most nuclear recep-
tors and other transcription factors do interact
with specific partners, the repression of type II
CRGs by MRs could be expected to occur.

Type II activation of CRGs may be one mole-
cular mechanism by which divergent actions
via MR and GR in the CNS can be explained.
For example, the actions of AP-1 are repressed
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by GR but not by MR (Pearce and Yamamoto,
1993; Funder, 1993). It should be noted,
though, that these studies were performed
with composite-response elements allowing
binding to both steroid receptors and AP-1;
this does not necessarily mean that the MR
does not repress classical AP-1 activity. Never-
theless the experimental data suggest that
repression of AP-1-activated genes may occur
only when high corticosteroid levels circulate
in the blood, i.e.,, when GRs are activated in
addition to MRs (Unlap and Jope, 1995; 1994).
Recent evidence suggests the existence of a
third type of CRG activation. It was shown that
heterodimers consisting of an activated GR and
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MR functionally recognize GREs of reporter
constructs in vitro and induce effects that differ
from the actions evoked by MR and GR
homodimers (Trapp et al., 1994). Positively and
negatively charged amino acids in the DNA-
binding domains seem to be crucial entities for
this heterodimerization to occur (Liv et al.,
1995). As similarly organized and highly homo-
logous DNA-binding domains are present in
other nuclear receptors—a necessary though
insufficient condition for formation of hetero-
dimers—heterodimerization may not be res-
tricted to GRs and MRs. As yet, the presence of
such additional heterodimers has not been re-
ported. Questions regarding the natural occur-
rence of GR/MR heterodimers, their functional
implications in vivo and whether or not they
recognize specific “heterodimer-responsive ele-
ments” need to be addressed in future.

MR and GR Splice Variants

Expression of the GR and MR genes results
in the generation of several splice variants
(Fig. 1). Alternative splicing of exon 9A and 9B
of the human GR gene creates a high abundant
o-transcript encoding a protein of 777 amino
acids (0-GR) and a low abundant B-transcript
encoding a truncated 742 amino acid long f-
GR (Hollenberg et al., 1985; Encio and Detera-
Wadleigh, 1991). In contrast to the a-GR, B-GR
does not bind glucocorticoids (Oakley et al.,
1996). Recent evidence suggests an inhibitory
role of B-GR on glucocorticoid action (Bam-
berger et al., 1995), possibly via heterodimer-
ization of B-GR with a-GR (Oakley et al., 1996).

Three alternative splice variants of the MR
gene are known. Two of these result from alter-
native splicing of the noncoding exons 1A and
1B and thus have no consequence for the struc-
ture of the MR protein (Zennaro et al., 1995).
Interestingly, the expression of these two splice
variants is regulated in different ways. The 1A
but not 1B splice variant is under control of
glucocorticoids, probably because the 1A (but
not 1B) splice variant promoter region contains
a GRE. The biological relevance of this diver-
gent control of transcription is unknown but it
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is speculated that the two transcripts have dif-
ferent half lives or might be translated with
different efficiency (Kwak et al., 1993). A third
MR splice variant, containing 12 additional
nucleotides in the DNA-binding domain, was
recently found in human and rat tissue (Bloem
et al., 1995). As translation of this transcript
will result in four additional amino acids in a
region known to be crucial for DNA binding
and heterodimerization, expression of this var-
iant may have functional implications.

All splice variants are present in the human
CNS, including the hypothalamus and the hip-
pocampus. The expression of B-GR is low com-
pared to the o-GR expression (B/0=1/100;
Oakley et al., 1996). The MR 1A and 1B variants
are roughly equally abundant, but are expressed
at different levels in the various substructures of
the rat hippocampus (Kwak et al., 1993). Com-
pared to the MR 1A and 1B transcripts, the third
MR splice variant is expressed only at a low
abundance (1:25) in the CNS and the rat hip-
pocampus (Bloem et al, 1995; Vreugdenhil,
unpublished results), indicating that its biologi-
cal relevance in the CNS is probably limited.

Localization and Binding Properties

The GR protein is widely distributed in the
brain, both in neurons and in glial cells (Fuxe et
al., 1985; van Eekelen et al., 1987, Ahima and
Harlan, 1990). Areas with particularly high
expression are limbic areas such as the hippo-
campal formation, the paraventricular nucleus
of the hypothalamus, and ascending mono-
aminergic neurons in the midbrain (Aronsson et
al., 1988; van Eekelen et al., 1988; Chao et al.,
1989). Moderately high GR expression was
demonstrated in thalamic nuclei, in the central
amygdala, striatum, and cortical layers.

MRs display a much more restricted distrib-
ution. The MR protein is mainly confined to
some limbic areas, including the hippocampal
formation, and to brain-stem sensory and
motor neurons (Ahima et al., 1991); somewhat
lower expression levels were found in, e.g.,
layer II of the cortex and in cerebellum (van
Eekelen et al., 1988; Chao et al., 1989; Arriza et
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adrenal
gland

Fig. 3. Left: Hypothalamic (Hy) corticotropin-releasing factor production induces ACTH release from the
pituitary (P) that activates corticosterone production in the adrenal gland. Corticosterone (CORT) feeds back on
the brain, binding to high-affinity mineralocorticoid receptors (circles on the right) and lower-affinity glucocor-
ticoid receptors (squares). Particularly the hippocampal formation (Hi) is enriched with these corticosteroid
receptors. Right: Schematic transversal representation of the hippocampal formation, showing the main ele-
ments of the synaptic circuitry. Granule cells in the dentate gyrus (DG) receive a projection from the entorhinal
cortex (EC) via the perforant path and, in turn, project to pyramidal neurons in the CA3 region via the mossy
fibers. From the CA3 area, Schaffer collaterals project to the CA1 pyramidal neurons. With low circulating lev-
els of corticosterone, mineralocorticoid receptors are already occupied to a considerable degree (filled sym-
bols), whereas glucocorticoid receptors are mostly unoccupied (open symbols). With high corticosterone levels,

glucocorticoid receptors become occupied too.

al., 1988; Herman et al., 1989). With confocal
microscopy it was demonstrated that individ-
ual hippocampal neurons in most cases con-
tain MRs (Van Steensel et al., 1995). Pyramidal
neurons in the rat CA3 area are quite unique in
that they express considerably more MRs than
GRs. Principal neurons in other hippocampal
subfields, i.e., the CAl area and the dentate
gyrus, exhibit comparable amounts of MR and
GR (Fig. 3).

Radioligand binding studies in the 1980s
(Reul and de Kloet, 1985; Coirini et al., 1985;
reviewed by de Kloet 1991), that made use of
selective MR and GR ligands, revealed that the
affinity of hippocampal MRs for both corticos-
terone and aldosterone is high (K4 approx 0.5
nM), comparable to in vitro binding properties
of the kidney MRs (Krozowski and Funder,
1983). The EDs for in vivo occupancy of hip-
pocampal MRs is approx 1 ug corticosterone/
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100 g body weight. In vitro, the GR displays a
10-fold lower affinity for corticosterone (Kg¢
approx 5 nM) than the MR; the EDs for in vivo
occupancy amounts to approx 60 ng/100 g
body weight. Synthetic analogs like dexam-
ethasone display a high affinity for brain GRs
in vitro, but poorly penetrate the brain in vivo
(de Kloet et al., 1975).

Particularly for neurons in which MRs and
GRs are colocalized, e.g., hippocampal CAl
neurons, these differences in binding properties
of MR and GR are of great importance. Low cir-
culating levels of corticosterone, such as occur
during the circadian trough under rest, are suf-
ficient to occupy brain MRs to a considerable
(> 70%) extent, whereas only approx 10% of the
brain GRs are occupied (Reul et al., 1987). When
corticosteroid levels rise, e.g., after an acute
stress, MR occupation is only little changed
(from 70-90%), but GR occupation is consider-
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ably increased (from 10-90%; Reul et al., 1987b).
Consequently, under physiological conditions
there is a continuous shift from predominant
MR occupation to a situation in which GRs are
occupied in addition to MRs. This realization
has been the starting point in the late 1980s for
studies addressing how specific activation of
brain MRs and GRs affects neuronal properties.

Molecular and Cellular
Corticosteroid Effects

Numerous studies over the past decades
have demonstrated an enormous diversity of
corticosteroid actions via brain MRs and GRs.
These actions range from changes in chemical
neurotransmission, energy metabolism, and
behavioral functions to alterations in cell mor-
phology. In line with the steroid mechanism of
action involving gene transcription, the ob-
served effects were generally slow in onset (> 1
h) and long lasting. Here we will focus on two
well-investigated examples, i.e., corticosteroid
modulation of electrical properties of hippo-
campal neurons and changes in hippocampal
cell morphology resulting from the absence of
corticosteroid hormones.

lon Channels

Electrophysiological studies investigating
corticosteroid actions on hippocampal cell
activity reveal that virtually no effects can be
seen when neurons are studied under basal
conditions: Under resting conditions, both the
potential and resistance over the membrane of
hippocampal neurons are unaffected by hor-
mone treatment (Joéls and de Kloet, 1989; Kerr
et al, 1989; Zeise et al., 1992; Beck et al., 1994).
Corticosteroid effects become visible only
when neurons are shifted from their resting
membrane potential, e.g., by depolarization of
the membrane through current injection or by
the action of neurotransmitters.

Two types of membrane conductances are a
potential target for corticosteroid-receptor-
mediated events (Fig. 2). The first type is the
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voltage-gated and ion-sensitive ionic conduc-
tances, which are in many cases not directly
altered by neurotransmitters, but are indirectly
altered as a consequence of depolarizations
and/or influx of Ca?* ions. The second type is
formed by the ion conductances that are
directly affected by neurotransmitter actions,
either because the channels are an intrinsic
part of the transmitter receptors or because the
channels are modulated via receptor-activated
G proteins.

Of the first type, Ca?* currents were found to
be particularly sensitive to corticosteroid treat-
ment. Thus, predominant occupation of MRs
in CA1 hippocampal neurons resulted in small
voltage-gated Ca?* currents (Karst et al., 1994).
This was true for both the transient low-thresh-
old currents and sustained high-threshold Ca?*
currents. When GRs were activated to a large
extent, Ca?*-current amplitude increased con-
siderably (Karst et al., 1994; Kerr et al., 1992).
This was particularly observed for the sus-
tained Ca?* currents. Interestingly, when corti-
costeroid receptors were not activated, i.e., in
tissue from adrenalectomized (ADX) rats,
Ca?*-current amplitude was also large (Karst et
al., 1994), pointing to a U-shaped dose-depen-
dency (see Fig. 4; Joéls and de Kloet, 1994). Fol-
lowing ADX in young rats (approx 1-mo old)
mainly sustained, high-threshold Ca?* currents
were increased in amplitude (Karst et al.,
1997). In older rats (approx 6-mo old) ADX
rather affected transient, low-threshold Ca2*
currents. The age-dependent effect of ADX in
fact reflected age-related changes in Ca?* cur-
rents of control rats, observed in these and also
older age groups (> 12-mo old; Thibault and
Landfield, 1996). Not only voltage-gated Ca?*
influx is affected by corticosteroid receptor
occupation: Both basal and stimulus-induced
intracellular Ca?* levels were increased with
abundant GR activation, which may be
explained by steroid effects on Ca®* buffering
or extrusion mechanisms (Elliot and Sapolsky,
1992; 1993; Joéls et al., 1998).

Steroid modulation of Ca?* homeostasis will
affect Ca’t-dependent phenomena in hip-
pocampal neurons, e.g., the activation of the
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Fig. 4. (A) Relative calcium-current amplitude (circle), serotonin (5-HT)-induced hyperpolarization (square),
and carbachol (CCh)-evoked depolarization (triangle) of hippocampal cells, expressed as a percentage of the
maximal responses seen in either of the experimental conditions shown below: No steroid receptor occupation
(), predominant MR occupation (11), additional GR occupation (Ill), and chronic occupation of both MRs and
GRs (IV). The data indicate that neuronal Ca currents and transmitter responses are small with predominant MR
activation (i.e., when corticosteroid levels are low), whereas both in the absence of steroids and when neurons
are (chronically) exposed to high corticosteroid levels high Ca currents and transmitter responses are observed.
MR=mineralocorticoid receptor; GR=glucocorticoid receptor. (B) Typical serotonin-induced hyperpolarization
(upper; applied during black bar), carbachol-evoked depolarization (middle, spikes truncated), and voltage-

ated Ca?* currents in hippocampal neurons.
85 pp Y

slow Ca?* dependent K*-conductance (Storm,
1990). This current hyperpolarizes neurons
when they receive a prolonged excitatory
input, resulting in a reduction of firing (accom-
modation). Since deactivation of the current is
very slow, an afterhyperpolarization is seen at
the end of the depolarization. In agreement
with the steroid effects on Ca?* influx through
voltage-gated channels, both the accommoda-
tion and afterhyperpolarization amplitude
were found to be small with predominant MR
activation (Joéls and de Kloet, 1990). Addi-
tional occupation of GRs led to an increased
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accommodation and afterhyperpolarization
amplitude (Joéls and de Kloet, 1989; 1990; Kerr
et al., 1989). For a steady excitatory input to the
hippocampal CA1 area, this steroid modula-
tion means that the CA1 hippocampal output
is effectively transmitted with predominant
MR activation and reduced when GRs are con-
comitantly activated. The corticosteroid modu-
lation of Ca?* and Ca?*-dependent K* currents
typically developed within 60-90 min and per-
sisted for at least the duration of the experi-
ments, i.e., 4-5 h (Joéls and de Kloet, 1990). It
should be noted, though, that steroid modula-
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tion of the Ca?-dependent K* conductance
may also take place independent of the Ca?*
influx, e.g., at the level of the channel itself or
by altering Ca?" extrusion mechanisms (Elliot
and Sapolsky, 1993; Knopfel et al., 1995). This
is supported by the observation that notwith-
standing the large Ca?" influx in tissue from
ADX rats, accommodation and afterhyperpo-
larization amplitude were rather small (Joéls
and de Kloet, 1989; Kerr et al., 1989).

Other K*-conductances seem to be far less
sensitive to central corticosteroid effects (Karst
et al., 1993). Both the transient A-current and
the delayed rectifier showed no steroid depen-
dency. Only the inwardly rectifying Q-current
was found to be regulated by corticosteroids,
in a similar way as the Ca?* currents. The func-
tional significance of this may be that GR acti-
vation counteracts profound perturbations of
the membrane potential in the hyperpolarizing
direction, i.e., the voltage range in which the
Q-current is active.

Voltage-dependent Na*-conductances are
also little affected by steroid-receptor occupa-
tion. Only small shifts in voltage dependency
and kinetic properties were observed after
adrenalectomy and subsequent steroid-recep-
tor occupation (Werkman et al.,, 1997). Still,
these small shifts may contribute to MR-medi-
ated increases in the amplitude and duration
of the action potential in CA1 neurons (Beck et
al.,, 1994) and an enhanced threshold for the
generation of action potentials with concomit-
tant GR activation (Zeise et al., 1992). Thus,
although K*- and Na*-conductances are much
less a target for steroid modulation, still pre-
dominant MR activation will promote mainte-
nance of excitatory hippocampal output to
other brain regions, whereas additional GR
activation reduces the hippocampal output.

What are the molecular events underlying
these steroid actions on intrinsic ionic conduc-
tances, in particular on Ca%t conductances?
The delayed onset and persistent nature of the
effects (Joéls and de Kloet, 1990) favor a role of
nuclear (rather than membrane) receptors.
This is supported by the effectiveness of lig-
ands for the intracellular steroid receptors
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(Karst et al., 1993, 1994; Kerr et al., 1992). More
direct evidence for the involvement of a
nuclear receptor comes from the observation
that the GR-mediated increase of both the Ca?*
current amplitude (Kerr et al., 1992) and the
accommodation/afterhyperpolarization (Karst
and Joéls, 1991) depends on de novo protein
synthesis. Changes in gene transcription are
turther supported by recent observations,
using the single-cell RNA amplification tech-
nique: Long-term elevation of corticosteroid
levels was associated with a high expression
level for the 0.1 A and a1C/D subunit mRNA of
the voltage-gated Ca?" channels (Nair et al.,
1998). By contrast, long-term exposure to low
levels of corticosterone, occupying mainly the
MRs, resulted in very low expression levels of
these subunits. Still, actual proof for MR- or
GR-induced changes in gene transcription is
lacking to date.

In the above-mentioned examples of corti-
costeroid actions, intrinsic membrane proper-
ties were reduced with predominant MR
occupation, compared to the situation in which
no steroid receptors were activated (Karst et
al., 1993; 1994; Joéls and de Kloet, 1990). This
suggests that activation of MRs alters the
expression of gene(s) leading to a reduction of,
e.g., Ca?*-current amplitude. When GRs were
additionally activated, the reverse was ob-
served. One explanation for these observations
could be that the declining limb of the U-
shaped curve (Fig. 4) is associated with MR
dimers acting via a mineralocorticoid-respon-
sive element, whereas the rising limb of the
curve is caused by GR dimers acting on a glu-
cocorticoid-responsive element (type I activa-
tion of CRGs). This assumes that MRs and GRs
act via different hormone-responsive elements,
which has so far not been demonstrated exper-
imentally. Alternatively, there may be interac-
tions between the MR and GR homodimers
and possibly other transcription factors, at the
protein or DNA level (type Il activation of
CRGs). The presently available data are unfor-
tunately inconclusive on this point.

However, two sets of data strongly suggest
that interactions between MRs and GRs are
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required for both the declining and rising part
of the U-shaped curve to develop. Recent ex-
periments with mice lacking the GR protein
through a genetic defect (Cole et al,, 1995)
showed that hippocampal Ca?* currents in
these animals resembled the currents observed
in adrenalectomized mice or rats (Hesen et al.,
1996), i.e., animals in whom MRs and GRs are
both inactive. This suggests that for the devel-
opment of MR-mediated events, the presence
of at least some functional GRs is required.
Similarly, the rising limb of the curve also
seems to depend to some degree on MR activa-
tion. Thus, selective action of GRs in tissue
from ADX rats with (moderate doses of) the
GR-specific agonist RU 28362 was associated
with rather small CaZ*-current amplitudes
(Karst et al., 1994), although much higher con-
centrations of RU 28362 did result in large Ca?*
current amplitudes (Kerr et al.,, 1992). These
data suggest that the observed U-shaped dose
dependency observed with the mixed MR/GR
ligand corticosterone is not seen under condi-
tions that only MR or GR homodimers can be
formed. This favors a role of CRGs that are
only activated by MR/GR heterodimers (type
III activation), although further experiments
are required to substantiate this hypothesis.

Neurotransmitters

Not only intrinsic membrane properties of
hippocampal cells form a target for corticos-
teroid actions. Membrane responses induced
by neurotransmitters are also modulated by
activated MRs and GRs. Excitatory and in-
hibitory signals mediated by amino acids do
display sensitivity to corticosteroids (reviewed
by Joéls, 1997). However, the rapid onset of
these effects (usually within 20 min) and
reversibility make it questionable if they are
mediated by nuclear steroid receptors. In gen-
eral, the function of ionotropic receptors seems
to be a target for rapidly acting So-reduced
steroids (Majewska, 1992; Paul and Purdy,
1992; Lambert et al., 1995) rather than for the
slowly acting ‘classical” hormones.
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Involvement of nuclear receptors in the
modulation of responses to biogenic amines, in
particular to serotonin, however is indicated
by a number of recent studies. Serotonin (5-
hydroxytryptamine, 5-HT) evokes a prominent
5-HT1a-receptor-mediated hyperpolarization
in CA1 pyramidal neurons, caused by opening
of K*-channels (Andrade and Nicoll, 1997).
This hyperpolarization was found to be small
in amplitude with predominant MR occupa-
tion (Fig. 4; Joéls et al., 1991 and de Kloet, 1992;
Beck et al., 1996). Additional GR activation
increased 5-HT responses. The MR- and GR-
mediated events developed with a delay of 1-2
h (Joéls and de Kloet, 1992). The steroid-depen-
dent modulation of 5-HT responses was seen
both when corticosterone was applied exoge-
nously and when it was released from endoge-
nous sources, i.e., after an acute stress (Hesen
and Joéls, 1996). Responses in the absence of
steroids (i.e., in tissue from ADX rats) were rel-
atively large, comparable to the responses with
concomitant MR and GR occupation (Joéls and
de Kloet, 1992). Recent studies suggest that the
steroid modulation of 5-HT responses via 5-
HTia (Beck et al., 1996) but also via 5-HT4
(Birnsteil and Beck, 1995) receptors are differ-
ently regulated by steroids when animals are
exposed to chronically aberrant steroid levels.

The 5-HTia-receptor-induced hyperpolar-
ization will decrease the CA1 hippocampal
excitability. Other 5-HT effects, mediated via
various pre- and postsynaptic receptors, also
result in an overall depression of the amino-
acid-mediated synaptic transmission (see, e.g.,
Schmitz et al., 1995). It was found, however,
that specifically the steroid modulation of 5-
HT1a-receptor-mediated effects are reflected in
the local excitability. Thus, with predominant
MR occupation, 5-HT1a-receptor-mediated de-
pression of the glutamatergic synaptic flow
was impaired (Hesen et al., 1998). By contrast,
additional GR activation, e.g., following an
acute stress yielded large 5-HT-mediated
reductions of excitatory synaptic flow.

Acetylcholine affects neuronal properties in
various ways (reviewed by Nicoll et al., 1990).
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Postsynaptically (amongst others) a depolar-
ization of the membrane can be observed. This
is caused by closure of at least two different
types of K*-conductances. Presynaptically, a
large reduction of neurotransmitter release is
evoked (e.g., Auerbach and Segal, 1996). It was
observed that the postsynaptic depolarization
induced by the metabolically stable cholinergic
analog carbachol (CCh) is small with predomi-
nant MR activation (Fig. 4; Hesen and Joéls,
1993). Additional GR activation by exogenous
corticosterone application resulted in large
CCh responses. When endogenous corticos-
terone levels were enhanced because of stress,
CCh responses were relatively small, indicat-
ing that stress related factors other than corti-
costerone may induce opposite effects on the
cholinergic system (Hensen and Joéls, 1996).
The relevance of this modulation for the CAl
hippocampal excitability, however, seems to be
rather limited: The consequence of the CCh-
evoked depolarization seems to be entirely
overriden by the large depression of synaptic
responses because of presynaptic cholinergic
actions (Auerbach and Segal, 1996). The latter
appeared to be insensitive to corticosteroid
modulation (Hesen et al., 1998). Accordingly,
the MR/GR-mediated modulation of CCh-
induced depolarizations was not reflected in
the overall CA1 excitability.

As with the effects on Ca2* currents, the
involvement of nuclear-hormone receptors in
the steroid modulation of aminergic res-
ponses is indicated by the delayed onset and
prolonged duration (Joéls and de Kloet, 1992),
the pharmacological profile (Joéls et al., 1991),
and the requirement of de novo protein syn-
thesis (Karst and Joéls, 1991). Steroid-depen-
dent changes in gene transcripts of the 5-HT14
receptor have also been reported. Thus,
removal of the adrenal glands was in most
cases (Mendelsohn and McEwen, 1992;
Chalmers et al., 1993; Meijer and de Kloet,
1994; but see Holmes et al., 1995) reported to
enhance 5-HT1a receptor mRNA expression in
the dentate gyrus and to a lesser extent also in
the CAl region. Subsequent occupation of
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particularly the MRs resulted in a suppressed
expression of the 5-HTia receptor mRNA.
This could potentially underlie the small
responses seen in the functional studies.
However, two observations argue against
this. First, activation of GRs in addition to
MRs resulted in a further decrease of the 5-
HTia-receptor mRNA expression (for review,
see Meijer and de Kloet, 1998), wheras func-
tional responses to 5-HT were enhanced (Joéls
et al., 1991; Joéls and de Kloet, 1992). Sec-
ondly, changes in mRNA expression devel-
oped 3-6 h after steroid treatment (Meijer and
de Kloet, 1998), whereas clear changes in
responsiveness to 5-HT were already ob-
served within 2 h (Joéls and de Kloet, 1992).
These data suggest that responsiveness to 5-
HT is altered by posttranslational modifica-
tion of 5-HT1a receptors, which at a later time
point can be followed by transcriptional
changes aiming at the 5-HT1a receptor gene.
Also, there may be a cumulative effect of MR-
and GR-regulated proteins. More direct evi-
dence for the nature and sequence of events
can only be obtained when 5-HT1a-receptor
mRNA expression and electrophysiological
recording of 5-HT responses are performed in
the same cell.

Studies with transgenic mice indicate that
the presence of some functional GRs is nec-
essary for the development of MR-induced
suppression of 5-HT and CCh responses: In
homozygous GR knockouts, responses to
5-HT and CCh were indistinguishable from
the responses observed in ADX mice or rats
(Hesen et al., 1996). In rats, selective activa-
tion of GRs resulted in large responses (Joéls
and de Kloet, 1992), similar to those seen
when either no receptors were activated or
when MRs and GRs were simultaneously acti-
vated. Thus, suppression of aminergic res-
ponses was only observed when the ratio of
MR/GR activation was large (but not indefi-
nite). These data suggest that some interac-
tions between MRs and GRs could exist, such
that GR activation functionally antagonizes
MR-mediated effects.
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Morphology in Dentate Gyrus

The steroid-induced changes in electrical
properties of hippocampal cells take place in a
time frame of hours. However, corticosteroids
also affect hippocampal circuitry at a much
slower rate. These effects mainly pertain to the
morphology of the hippocampal neurons.

Recent studies have shown that excess corti-
costeroid levels for a prolonged period of time
lead to morphological changes particularly of
CA3 hippocampal neurons. The first sign is
atrophy of distal dendrites that may eventu-
ally lead to overall cell degeneration if the cor-
ticosteroid excess persists (Woolley et al., 1990;
Sapolsky et al., 1985; Magarinos et al., 1996).
This indicates that slow corticosteroid-recep-
tor-mediated changes in gene expression are a
threat for neuronal viability. The molecular
mechanisms underlying this endangerment of
neurons is thought to be linked to excessive
activation of metabolic genes thus leading to
an energy depletion that can eventually lead
to a necrotic type of cell death (Packan and
Sapolsky, 1990; for extensive review on this
topic, see Sapolsky, 1996).

However, a limited extent of corticosteroid-
receptor activation also seems a prerequisite for
survival of neurons. Thus, ADX animals show
apoptotic-like degeneration, specifically in the
dentate granule cells (Sloviter et al., 1989; 1993).
Several studies support the involvement of
MRs in the suppression of ADX-induced apop-
tosis: Administration of a low dose of corticos-
terone or aldosterone appeared to be sufficient
to prevent the apoptotic process (Sloviter et al.,
1989; Woolley et al., 1991). The role of GRs in
ADX-induced apoptosis is less clear. Intraperi-
toneal administration of the GR-specific agonist
dexamethasone to ADX animals did not pre-
vent apoptosis (Hornsby and de Kloet, 1994;
Hornsby et al., 1996; Sloviter et al., 1995). In
fact, intraperitoneal administration of dexam-
ethasone to adrenally intact rats induced rather
than prevented apoptosis (Hornsby et al., 1996;
Hassan et al., 1996). This process augmented
with age and was counteracted by pretreatment
with corticosterone (Hassan et al., 1996). How-

Molecular Neurobiology

Joéls and Vreugdenhil

ever, when dexamethasone was administered
via another route, opposite effects were ob-
served. Thus, unilateral intrahippocampal infu-
sion of dexamethasone or administration of the
specific GR agonist RU28362 reduced the num-
ber of apoptotic cells (Woolley et al., 1991;
Jaarsma et al., 1992), whereas addition of dexa-
methasone to the drinking water completely
prevented apoptosis (Liao et al., 1993). It thus
seems that the effect of dexamethasone de-
pends on the way it is administered and the
status and age of the animal.

The genes involved in the ADX-linked apop-
tosis or in the MR-mediated prevention of this
phenomenon are presently under investigation.
As neurotrophin (NT) and corresponding neu-
rotrophin-receptor genes are involved in the
control of hippocampal cell viability, these
genes may be important targets for activated
MRs and GRs. Recent data indeed support this.
First, administration of NT4/NT5 but not of
NTS3 significantly reduced the number of apop-
totic cells in ADX rats (Qiao et al., 1996). Second,
transgenic mice lacking both the TrkB and TrkC
neurotrophin receptors exhibited massive cell
death of dentate gyrus granule neurons
(Minichiello and Klein, 1996) suggesting that
survival of these cells depends on activation of
neurotrophin receptors. Third, the expression of
neurotrophin and neurotrophin receptors, par-
ticularly of brain-derived neurotrophic factor
(BDNF) and its receptor TrkB, is under corticos-
teroid-receptor control. For example, adminis-
tration of a high dose of corticosterone to ADX
rats for 7 d led to a downregulation of BDNF
and other neurotrophins (Chao and McEwen,
1994). A similar downregulation was observed
after immobilization stress (Smith et al., 1995).
In addition, ADX attenuated kainic acid-
induced upregulation of BDNF and its receptor
TrkB (Barbany and Perrson, 1993). This effect
was blocked by administration of dexametha-
sone. Administration of a single low dose of cor-
ticosterone to ADX rats led to an upregulation
of the TrkB receptor but not of its ligand BDNF
(Schaaf et al., 1997). The expression of other
neurotrophins is also modulated by corticos-
teroids, both in vivo (Chao and McEwen, 1994)
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1 BAX:Bcl-2 - Apoptosis

‘ BAX:Bcl-2 -» Proliferation

Fig. 5. Hypothetical model for adrenalectomy-induced apoptosis in the rat dentate gyrus. The absence of cor-
ticosterone (cort) upregulates p53 expression, via unknown mechanisms (Schreiber et al., 1994; Maiyar et al.,
1997; Meberg et al., 1996). Activated p53 inhibits the apoptosis blocker bcl-2 (Miyashiti et al., 1994) and stim-
ulates the apoptosis promotor bax (Miyashita and Reed), leading to cell death. For further details see text.

and in vitro (Schaaf et al., 1997). Although neu-
rotrophins thus seem to be important for corti-
costeroid-regulated neuronal vulnerability in
the rat hippocampus, their role in ADX-induced
apoptosis should probably be considered as a
cofactor and not as the primary factor of the
apoptotic process. This is indicated by the
observation that ADX by itself has no clear
effect on BDNF expression (Chao and McEwen,
1994) and that hippocampal subfields other
than the dentate gyrus also exhibit altered neu-
rotrophin and neurotrophin-receptor gene ex-
pression in response to corticosteroids (Chao
and McEwen, 1994; Smith et al., 1995; Schaaf et
al., 1997).

The process of ADX is not only linked to cell
death, but also promotes the rate of cell birth
(Smith et al., 1995; Cameron and Gould, 1994).
As a number of cell-cycle-related genes are
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capable of directing both cell division and apop-
tosis, these genes may also be a target of MR
and/or GR action. Indeed, recent data show
specific upregulation of the tumor-suppressor
p53 mRNA in apoptotic cells of the rat dentate
gyrus (Schreiber et al., 1994) as well as in other
damaged cells of the hippocampus (Sakhi et al.,
1994). Interestingly, p53 decreases the apopto-
sis-blocker gene bcl-2 (Miyashiti et al., 1994) in
cell lines, whereas the human apoptosis-pro-
moting bax gene is induced as a primary p53-
responsive target gene (Miyashita and Reed).
Since members of the bcl-2 family are involved
in neuronal vulnerability, these data suggest a
molecular mechanism by which corticosteroids
repress p53-gene expression, thereby indirectly
blocking apoptosis-promoting factors such as
bax and inducing survival factors such as bcl-2.
This process is summarized in Fig. 5. The mech-
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anism by which corticosteroids regulate p53
expression is presently unknown. As no GREs
are present in the promoter region of the p53
gene, an indirect (type II) activation mecha-
nism may take place (Maiyar et al., 1997). This
may involve various transcription factors, as
was described before for the immune system
(Defie et al., 1993; Meberg et al., 1996; Lipton,
1997; O'Neill and Kaltschmidt, 1997; Auphan
et al., 1995).

In conclusion, corticosteroids seem to affect
hippocampal cell viability via a complex mech-
anism involving an interacting cascade of pro-
teins such as neurotrophins, cell cycle genes
and oncogenes. Inactivation of GR and/or MR
may result in inactivation of primary corticos-
teroid-responsive genes or may activate other
transcription factors indirectly, by removal of a
physical block. In this respect it is interesting to
note that NMDA-receptor activation is an im-
portant factor for precipitation of the apoptotic
process, not only induced by ADX but also by
other, in general excitatory stimuli (Gould and
McEwen, 1993; Gould et al., 1994; Sloviter et
al., 1996). Thus, cell fate in the hippocampus
may depend on the cross talk between GR
and/or MR on the one hand and other cellular-
transcription factors, e.g., activated by NMDA
receptors, on the other hand.

Concluding Remarks

Experimental studies over the past decade
have clearly shown that corticosteroid receptors
in the brain mediate persistent effects on signal
transduction and, over a longer period of time,
on structure and viability of neurons. Particu-
larly, hippocampal neurons seem to be largely
modulated in function by corticosteroid hor-
mones. In general predominant MR activation
is associated with stability of hippocampal-net-
work function and maintenance of cellular
structure. Additional GR occupation restricts
hippocampal excitability but also introduces
instability in hippocampal networks, e.g., by
reducing inhibitory transmission and impairing
cellular Ca? homeostasis. When this condition
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persists over a longer period of time or when it
is coupled to additional challenges to the tis-
sue, e.g., during ischemic insults or epileptic
episodes, the GR-mediated events may put
hippocampal neurons in a vulnerable position
for degeneration. A comparable increased vul-
nerability seems to be associated with the situ-
ation in which corticosteroid hormones are
chronically absent, implying a U-shaped dose
dependency of hippocampal function on corti-
costeroid levels. The combined electrophysio-
logical and morphological data indicate that
a condition of predominant MR activation,
which is linked to the average daily level of
circulating corticosteroids (Dallman, 1993), is
beneficial for signal transduction and neuronal
integrity. Chronically elevated or reduced cor-
ticosteroid levels, however, put neurons at risk
for impaired network function and neurode-
generative processes (Joéls and de Kloet, 1992;
1994; Joéls, 1997; Gould and McEwen, 1993;
McEwen and Sapolsky, 1995).

The described steroid actions will clearly
affect functional processes in which hippocam-
pal networks play a key role, e.g., learning and
memory ability (Chan Palay and Kohler, 1989).
This was indeed observed in a variety of learn-
ing paradigms. Thus, MR activation appears to
be important for behavioral reactivity and the
choice of response strategy when animals are
exposed to a novel situation. Additional GR
activation plays a role in storage of informa-
tion (Oitzl and de Kloet, 1992). However, not
only processes in which hippocampal net-
works are directly involved will be influenced
by corticosteroid actions. Functional processes
that indirectly depend on hippocampal output
will also exhibit steroid dependence. One of
the most intriguing examples of such processes
is the activity of the paraventricular nucleus in
the hypothalamus, the major negative feed-
back site for corticosteroids (Fig. 3; Dallman,
1993). It was found that the hippocampal for-
mation, via transsynaptic contacts, exerts an
inhibitory effect on paraventricular activity
(Herman and Cullivan, 1997). Maintenance of
basal hippocampal output via MR activation
will therefore indirectly contribute to the con-
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trol of the hypothalamo-pituitary-adrenal sys-
tem. Short-lasting activation of GRs potentially
increases the activity of the system, although
extensive GR occupation in paraventricular
neurons at the same time will counteract and
probably dominate the hippocampal influence.
In this way, higher brain structures can con-
tribute to steroid feedback function (de Kloet et
al., 1997).

The molecular mechanism underlying these
corticosteroid effects in higher brain regions is
far from being resolved (Fig. 2). The general
view that activation of corticosteroid receptors
leads to transcriptional activation or repression
of specific genes does not seem to hold for the
conditions that were studied. This is, e.g., sug-
gested by the fact that mRNA changes for a spe-
cific protein, i.e., the 5-HT1a receptor, seem to
follow rather than precede changes in the func-
tion of the protein. Moreover, many functional
responses of hippocampal neurons were found
to be affected all in the same way by corticos-
teroid treatment, which points to a common
denominator as putative target for steroid
action. At present, the data suggest that corti-
costeroid actions on signal transduction, which
develop generally within an hour, are caused by
altered expression of genes involved in general
cell characteristics, e.g., a phosphorylation pro-
cess or the function of G proteins (Saito et
al., 1989; Okuhara et al.,, 1997). This assumes
that corticosteroids induce membrane-protein-
modifying enzymes—such as kinases or pro-
tein phosphatases—affecting an array of cell
features involved in signal transduction, e.g.,
Ca?*-channel function or transmitter—receptor
sensitivity. Clearly, experimental studies specifi-
cally addressing this point are required.

More prolonged aberrations of corticos-
teroid level, however, may lead to actions that
are accomplished through a different mecha-
nism. This was indicated by recent studies in
which adrenalectomized rats chronically re-
ceived either high or low corticosterone doses
via the drinking water (Nair et al., 1998). This
replacement regime allows daily fluctuations
in corticosterone intake (linked to the drinking
pattern) within the range set by the supplied
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corticosterone concentration. Whereas Ca?*-cur-
rent amplitude correlated well with the short-
term, daily alterations in steroid level, mRNA
expression of CaZ*-channel subunits closely fol-
lowed the chronic changes in overall daily corti-
costerone intake. This suggests that more
prolonged perturbations of the corticosterone
level may specifically alter the gene expression
for the protein under study.

Specific changes in gene transcription also
seem to take place during steroid-dependent
structural changes of neurons. There is evi-
dence that the p53 gene is one of the target
genes during ADX-linked apoptosis. How-
ever, this area is only starting to be explored.
For an overall impression of steroid-depen-
dent changes in gene transcription, it will be
necessary to compare gene transcripts from
apoptotic versus nonapoptotic cells. Even
more importantly, it will be necessary to iden-
tify neurons in an early phase of apoptosis,
since the most marked changes in gene tran-
scription are expected to take place during
this phase.

Although data about the molecular mecha-
nism underlying corticosteroid actions in the
brain are still fragmentary, there is indirect evi-
dence that these actions may not simply
involve type I activation of CRGs via receptor
homodimers (Fig. 2). For instance, data from
genetically modified animals suggest that the
presence of GRs is a prerequisite for the devel-
opment of certain MR-mediated events (Hesen
et al.,, 1996), supporting the existence of type Il
activation of CRGs. Other studies indicated
that functional antagonism or synergism bet-
ween MR- and GR-mediated actions exists
(Karst et al., 1994; Joéls and de Kloet, 1992),
which points to type Il activation of CRGs.
These hypotheses can be tested more directly
in animals with genetically modified GR or
MR genes, preventing interaction of GRs with
hormone-responsive elements (type I activa-
tion) but leaving the possibility for protein-
protein interactions (type II activation) intact.
Also, it will be important to test neuronal
properties in neurons that predominantly ex-
press MRs or GRs; particularly the latter is a
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very relevant situation since most neurons in
the brain express GRs in excess of MRs.

In conclusion, numerous studies over the
past years have supplied ample evidence that
brain corticosteroid receptors have profound
and long-lasting regulatory effects on signal
transduction and viability of neurons in the
brain. These effects cannot be fully explained
by the formation of MR and GR homodimers
acting independently on glucocorticoid-res-
ponsive elements in the DNA. Clearly, more
complex mechanisms are involved. Similarly,
the nature of the genes forming a target for MR
and GR actions and the extent to which these
genes are affected is presently largely un-
known. This is caused by the limited accessi-
bility of neurons in situ and the lack of
sensitive methods to measure changes in gene
products in small amounts of tissue, ie., in
individual neurons. The recent development
and combination of several molecular biologi-
cal techniques such as differential display
(Liang and Pardee, 1992), serial analysis of
gene expression (Velculescu et al., 1995), in-
verse Northern blot analysis, single-cell RNA
amplification (Eberwine et al., 1992), and hy-
bridization of high-density DNA arrays (Chee
et al., 1996) should, however, soon allow the
screening of corticosteroid-related gene ex-
pression profiles in individual neurons. Pre-
liminary studies with these approaches have
already revealed some of the genes affected by
corticosteroid-receptor actions (Nair et al.,
1998; Vreugdenhil et al., 1996). If corticosteroid
hormones, like estrogens (Yang et al., 1996),
indeed make use of multiple signaling path-
ways in different tissues, knowledge of these
processes can be very useful for the de-
velopment of analogs that exert beneficial
effects in brain tissue, in the absence of delete-
rious effects in other, peripheral organs.

Acknowledgments
The critical reading by Ron de Kloet is grate-

fully acknowledged. M. ]. is supported by
grant #900-95-312 (NWO).

Molecular Neurobiology

Joels and Vreugdenhil

References

Ahima R. S. and Harlan R. E. (1990) Charting of
Type II glucocorticoid receptor-like immunoreac-
tivity in the rat central nervous system. Neuro-
science 39, 579-604.

Ahima R., Krozowski Z., and Harlan, R. (1991) Type
[ corticosteroid receptor-like immunoreactivity in
the rat CNS: distribution and regulation by corti-
costeroids. J. Comp. Neurol. 313, 522-538.

Andrade R. and Nicoll R. A. (1997) Pharmacologi-
cally distinct actions of serotonin on single pyra-
midal neurones of the rat hippocampus recorded
in vitro. J. Physiol. 394, 99-124.

Aronsson M., Fuxe K., Dong Y., Agnati L. F.,, Okret
S., and Gustafsson J. A. (1988) Localization of
glucocorticoid receptor mRNA in the male rat
brain by in situ hybridization. Proc. Natl. Acad.
Sci. USA 85, 9331-9335.

Arriza J. L., Simerly R. B, Swanson L. W,, and
Evans R. M. (1988) The neuronal mineralocorti-
coid receptor as a mediator of glucocorticoid
response. Neuron 1, 887-900.

Arriza J. L., Weinberger C., Cerelli G., Glaser T. M.,
Handelin B. L., Housman D. E., and Evans R. M.
(1987) Cloning of human mineralocorticoid
receptor complementary DNA: structural and
functional kinship with the glucocorticoid recep-
tors. Science 237, 268-275.

Auerbach J. M. and Segal M. (1996) Muscarinic
receptor mediated depression and LTP in rat hip-
pocampus. J. Physiol. 492, 479-493.

Auphan N., Didonato J. A, Rosette C., Helmberg
A., and Karin M. (1995) Immunosuppression by
glucocorticoids: inhibition of NF-kappa B activ-
ity through induction of I kappa B synthesis. Sci-
ence 270, 286-90.

Bamberger C. M., Schulte H. M., and Chrousos G. P.
(1996) Molecular determinants of glucocorticoid
receptor function and tissue sensitivity to gluco-
corticoids. Endocrinol. Rev. 17, 245-261.

Bamberger C. M., Bamberger A. M., de Castro M.,
and Chrousos G. P. (1995) Glucocorticoid recep-
tor B, a potential endogeneous inhibitor of gluco-
corticoid action in humans. J. Clin. Invest. 95,
2435-2441.

Barbany G. and Perrson H. (1993) Adrenalectomy
attenuates kainic acid-elicited increases of mes-
senger RNAs for neurotrophins and their recep-
tors in the rat brain. Neuroscience 54, 909-922.

Beck S. G., Choi K. C,, List T. J., Okuhara D. Y. and
Birnstiel S. (1996) Corticosterone alters 5-HT1a
receptor-mediated hyperpolarization in area

Volume 17, 1998



Corticosteroids in the Brain

CAl hippocampal pyramidal neurons. Neuropsy-
chopharmacol. 14, 27-33.

Beck S. G, List T. J., and Choi K. C. (1994) Long-
and short-term administration of corticosterone
alters CA1 hippocampal neuronal properties.
Neuroendocrinology 60, 261-272.

Birnstiel S. and Beck S. G. (1995) Modulation of the
5-hydroxytryptamine (4) receptor-mediated res-
ponse by short-term and long-term administra-
tion of corticosterone in rat CAl hippocampal
pyramidal neurons. |. Pharmacol. Exp. Ther. 273,
1132-1138.

Bloem L. J., Guo C., and Pratt J. H. (1995) Identifica-
tion of a splice variant of the rat and human min-
eralocorticoid receptor genes. J. Steroid Biochem.
Molec. Biol. 55, 159~162.

Cameron H. A. and Gould E. (1994) Adult neuroge-
nesis is regulated by adrenal steroids in the den-
tate gyrus. Neuroscience 61, 203-209.

Chalmers D. T., Kwak S. P, Mansour A., and Wat-
son S. J. (1993) Corticosteroids regulate brain hip-
pocampal 5HT1a receptor mRNA expression. |.
Neurosci. 13, 914-923.

Chan Palay V. and Kohler Ch. (1989) The Hippocam-
pus: New Vistas. Allan R. Liss, New York.

Chao H. M. and McEwen B. S. (1994) Glucocorti-
coids and the expression of mRNAs for neu-
rotrophins, their receptors and GAP-43 in the rat
hippocampus. Mol. Brain Res. 26, 271-276.

Chao H. M., Choo P. H,, and McEwen B. S. (1989)
Glucocorticoid and mineralocorticoid receptor
mRNA expression in rat brain. Neuroendocrinol-
ogy 50, 365-372.

Chee M., Yang R., Hubbell E., Berno A., Huang X.
S., Sern D., Winkler J., Lockhart D. J., Morris M.
S., and Fodor S. P. (1996) Accessing genetic infor-
mation with high-density DNA arrays. Science
274, 610-614.

Coirini H., Magarinos A. M., DeNicola A. F,, Rain-
bow T., and McEwen B. S. (1985). Further studies
of brain aldosterone binding sites employing
new mineralocorticoid and glucocorticoid recep-
tor markers in vitro. Brain Res. 361, 212-216.

Cole T. J., Blendy J. A., Monaghan A. P, Krieglstein
K., Schmid W., Aguzzi A., Fantuzzi G., Hummler
E., Unsicker K., and Schiitz G. (1995) Targeted
disruption of the glucocorticoid receptor gene
blocks adrenergic chromaffin cell development
and severely retards lung maturation. Genes Dev.
9, 1608-1621.

Dallman M. F (1993) Stress update. Adaptation of
the hypothalamic-pituitary adrenal axis to
chronic stress. Trends Endocrinol. Metab. 4, 62-69.

Molecular Neurobiology

103

Defie A., Wu H., Reinke V., and Lozano G. (1993)
The tumor suppressor p53 regulates its own tran-
scrition. Mol. Cell. Biol. 13, 3415-3423.

De Kloet E. R. (1991) Brain corticosteroid receptor
balance and homeostatic control. Front. Neuroen-
docrinol. 12, 95-164.

De Kloet E. R., Vreugdenhil E., Oitzl M. S., and Joéls
M. (1997) Glucocorticoid feedback resistance.
Trends Endocrinol. Metab. 8, 26-33.

De Kloet E. R, Wallach G., and McEwen B. S. (1975)
Differences in corticosterone and dexamethasone
binding to rat brain and pituitary. Endocrinology
96, 598-609.

Drouin J., Sun Y. L., Chamberland M., Gauthier Y.,
De L. A., Nemer M., and Schmidt T. J. (1993)
Novel glucocorticoid receptor complex with
DNA element of the hormone-repressed POMC
gene. EMBO . 12, 145-156.

Eberwine, J., Spencer, C., Miyashiro, K., Mackler, S.
and Finnell, R. (1992) cDNA synthesis in situ:
methods and applications, in Methods in Enzymol-
ogy, Recombinant DNA, vol. 216 (Wu, G. R. ed.),
Academic, pp. 80-100.

Elliot E. M. and Sapolsky R. M. (1992) Corticos-
terone enhances kainic acid induced calcium ele-
vation in cultured hippocampal neurons. J.
Neurochem. 59, 1033-1040.

Elliot E. M. and Sapolsky R. M. (1993) Corticos-
terone impairs hippocampal neuronal calcium
regulation-possible  mediating  mechanisms.
Brain Res. 602, 84-90.

Encio 1. J. and Detera-Wadleigh S. D. (1991) The
genomic structure of the human glucocorticoid
receptor. J. Biol. Chem. 266, 7182-7188.

Evans R. M. (1988) The steroid and thyroid
hormone receptor superfamily. Science 240,
889-895.

Funder J. W. (1993) Mineralocorticoids, glucocorti-
coids, receptors and response elements. Science
259, 1132-1133.

Fuxe K., Wikstrom A. C., Okret S., Agnatie L. F,
Harfstrand A., Yu Z-Y., Granholm L., Zoli M.,
Vale W., and Gustafsson, ]J-A. (1985) Mapping of
glucocorticoid receptor immunoreactive neurons
in the rat tel- and diencephalon using a mono-
clonal antibody against rat liver glucocnrticoid
receptors. Endocrinology 117, 1803-1812.

Gould E., Cameron H. A., and McEwen B. S. (1994)
Blockade of NMDA receptors increases cell death
and birth in the developing rat dentate gyrus. |
Comp. Neurol. 340, 551-565.

Gould E. and McEwen B. S. (1993) Neuronal birth
and death. Curr. Opi. Neurobiol. 3, 676-682.

Volume 17, 1998



104

Guardiola-Diaz H. M., Kolinske |. S., Gates L. H., and
Seasholtz A. F. (1996) Negative glucocorticoid
regulation of cyclic adenosine 3',5-monophos-
phate-stimulated corticotropin-releasing hormone-
reporter expression in AtT-20 cells. Mol. Endocr. 10,
317-329.

Hassan A. H., von Rosenstiel P, Patchev V. K., Hols-
boer E, and Almeida O. F. (1996) Exacerbation of
apoptosis in the dentate gyrus of the aged rat by
dexamethasone and the protective role of corti-
costerone. Exp. Neurol. 140, 43-52.

Heck S., Kullmann M., Gast A., Ponta H., Rahms-
dorf H. J., Herrlich P, and Cato A. C. B. (1994) A
distinct modulating domain in glucocorticoid
receptor monomers in the repression of activity
of transcription factor AP-1. EMBO ]. 13,
4087-4095.

Herman ]. P, Patel P. D., Akil H., and Watson S. J.
(1989) Localization and regulation of glucocorti-
coid and mineralocorticoid receptor messenger
RNAs in the hippocampal formation of the rat.
Mol. Endocrinol. 3, 1886-1894.

Herman J. P. and Cullivan W. E. (1997) Neurocir-
cuitry of stress: central control of the hypothal-
amo-pituitary-adrenocortical axis. Trends Neurosci.
20, 78-84.

Hesen W., Karst H., Meijer O., Cole T. J., Schmid W.,
de Kloet E. R., Schiitz G., and Joéls M. (1996) Hip-
pocampal cell responses in mice with a targeted
glucocorticoid receptor gene disruption. J. Neu-
rosci. 16, 6766-6774.

Hesen W., Karten Y. J. G., van de Witte S. V.,
and Joéls M. (1998) Serotonin and carbachol
induced suppression of synaptic excitability in
rat CA1 hippocampal area: effects of corticos-
teroid receptor activation. |. Neuroendocrinol., 10,
9-19.

Hesen W. and Joéls M. (1993) Modulation of carba-
chol responsiveness in rat CAl pyramidal neu-
rons by corticosteroid hormones. Brain Res. 627,
159-167.

Hesen W. and Joéls M. (1996) Modulation of 5SHT1A
responsiveness in CAl pyramidal neurons by in
vivo activation of corticosteroid receptors. J. Neu-
roendocrinol. 8, 433-438.

Hesen W. and Joéls M. (1996) Cholinergic respon-
siveness of rat CAl hippocampal neurons in
vitro: modulation by corticosterone and stress.
Stress 1, 65-73.

Hollenberg S. M., Weinberger C., Ong E. S., Cerelli
G., Oro A,, Lebo R., Thompson E. B., Rosenfeld
M. G., and Evans R. M. (1985) Primary structure

Molecular Neurobiology

Joéls and Vreugdenhil

and expression of a functional human glucocorti-
coid receptor cDNA. Nature 318, 635-641.

Holmes M. C., Yau J. L., French K. L., and Seckl]. R.
(1995) The effect of adrenalectomy on 5-hydrox-
ytryptamine and corticosteroid receptor subtype
messenger RNA expression in the rat. Neuro-
science 64, 327-337.

Hornsby C. D. and de Kloet E. R. (1994) Dexam-
ethasone does not prevent apoptosis in the hip-
pocampus of the rat, in Brain Corticosteroid
receptors, (de Kloet E. R., Azmitia E. C., and Land-
field P. W,, eds.) New York Acadamy of Sciences,
New York, pp. 470-472.

Hornsby C. D., Grootendorst J., and de Kloet E. R.
(1996) Dexamethasone does not prevent seven-
day ADX-induced apoptosis in the dentate gyrus
of the rat hippocampus. Stress 1, 51-64.

Jaarsma D., Postema F., and Korf J. (1992) Time
course and distribution of neuronal degeneration
in the dentate gyrus of rat after adrenalectomy:
a silver impregnation study. Hippocampus 2,
143-150.

Joéls M. and de Kloet E. R. (1992) Control of neu-
ronal excitability by corticosteroid hormones.
Trends Neurosci. 15, 25-30.

Joéls M. and de Kloet E. R. (1994) Mineralocorticoid
and glucocorticoid receptors in the brain. Impli-
cations for ion permeability and transmitter sys-
tems. Progr. Neurobiol. 43, 1-36.

Joéls M. (1997) Steroid hormones and excitability in
the mammalian brain. Front. Neuroendocrinol. 18,
2-48.

Joéls M. and de Kloet E. R. (1989) Effects of gluco-
corticoids and norepinephrine on the excitabil-
ity in the hippocampus. Science 245, 1502-1505.

Joéls M., Werkman T., Karst H., Juta T., and Wad-
man W. (1998) Corticosteroids and calcium
homeostasis: implication for neuroprotection
and neurodegeneration, in New Frontiers in
Stress Research, Modulation of Brain Function, 40th
OHOLO Conference, (de Kloet E. R., Ben Nathan
D., Grauer E., and Levy D., eds.) Harwood,
Chichester, UK, pp. 95-104.

Joéls M. and de Kloet E. R. (1990) Mineralocorti-
coid receptor-mediated changes in membrane
properties of rat CAl pyramidal neurons in
vitro. Proc. Natl. Acad. Sci. USA 87, 4495-4498.

Joéls M., Hesen W., and de Kloet E. R. (1991) Min-
eralocorticoid hormones suppress serotonin-
induced hyperpolarization of rat hippocampal
CA1 neurons. J. Neurosi. 11, 2288-2294.

Volume 17, 1998



Corticosteroids in the Brain

Joéls M. and de Kloet E. R. (1992) Coordinative
mineralocorticoid and glucocorticoid receptor-
mediated control of responses to serotonin
in rat hippocampus. Neuroendocrinology 55,
344-350.

Karst H., Wadman W. J., and Joéls M. (1994) Corti-
costeroid receptor-dependent modulation of cal-
cium currents in rat hippocampal CA1l neurons.
Brain Res. 649, 234-242.

Karst H., Werkman T. R., Struik M., Bosma A., and
Joéls M. (1997) Influence of adrenalectomy on
Ca?*-currents and Ca?*-channel subunit mRNA
expression in hippocampal CA1l neurons of
young rats. Synapse 26, 155-164.

Karst H., Wadman W. ], and Joéls M. (1993) Long-
term control by corticosteroids of the inward rec-
tifier in rat CAl pyramidal neurons, in vitro.
Brain Res. 612. 172-179.

Karst H., and Joéls M. (1991) The induction of corti-
costeroid actions on membrane properties of hip-
pocampal CA1l neurons requires protein
synthesis. Neurosci. Lett. 130, 27-32.

Kerr D. S., Campbell L. W.,, Hao S-Y., and Landfield
P. W. (1989) Corticosteroid modulation of hip-
pocampal potentials: increased effect with aging.
Science 245, 1505-1507.

Kerr D. S., Campbell L. W., Thibault O., and Land-
field P. W. (1992) Hippocampal glucocorticoid
receptor activation enhances voltage-dependent
Ca conductances: relevance to brain aging. Proc.
Natl. Acad. Sci. USA 89, 8527-8531.

Knopfel T., Vranesic I., Gahwiler B. H., and Brown
D. A. (1995) Muscarinic and B-adrenergic depres-
sion of the slow Ca?*-activated potassium con-
ductance in hippocampal CA3 pyramidal cells is
not mediated by a reduction of depolarization-
induced cytosolic Ca?* transients. Proc. Natl.
Acad. Sci. USA 87, 4083-4087.

Krozowski Z. K. and Funder, J. W. (1983) Renal
mineralocorticoid receptors and hippocampal
corticosterone binding species have intrinsic
steroid specificity. Proc. Natl. Acad. Sci. USA 80,
6056-6060.

Kwak S. P, Patel P. D., Thompson R. C., Akil H., and
Watson S. J. (1993) 5’-Heterogeneity of the miner-
alocorticoid receptor messenger ribonucleic acid:
differential expression and regulation of splice
variants within the rat hippocampus. Endocrinol-
ogy 133, 2344~2350.

Lambert J. ]., Belelli D., Hill-Venning C., and Peters
J. A. (1995) Neurosteroids and GABAa receptor
function. Trends Pharmacol. Sci. 16, 295-303.

Molecular Neurobiology

105

Leach Scully J. and Otten U. (1997) Glucocorticoid
modulation of neurotrophin expression in
immortalized mouse hippocampal neurons. Neu-
rosci. Lett. 155, 11-14.

Lefstin J. A., Thomas ]. R., and Yamamoto K. R.
(1994) Influence of a steroid receptor DNA-bind-
ing domain on transcriptional regulatory func-
tions. Genes Dev. 8, 2842-2856.

Liang P. and Pardee A. B. (1992) Differential display
of eukaryotic messenger RNA by means of the
polymerase chain reaction. Science 257, 967-971.

Liao B., Miesak B., and Azmitia E. C. (1993) Loss of
5-HT1A receptor mRNA in the dentate gyrus of
the long-term adrenalectomized rats and rapid
reversal by dexamethasone. Mol. Brain Res. 19,
328-332.

Lipton S. A. (1997) Janus faces of NF-kappa B: Neu-
rodestruction versus neuroprotection. Nature
Medicine 3, 20-22.

Liu W, Wang ]., Sauter N. K., and Pearce D. (1995)
Steroid receptor heterodimerization demon-
strated in vitro and in vivo. Proc. Natl. Acad. Sci.
USA 92, 12480-12484.

Luine V., Martinez C., Villegas M., Magarinos A.
M., and McEwen B. S. (1996) Restraint stress
reversibly enhances spatial memory perfor-
mance. Physiol. Behav. 59, 27-32.

Magarinos A. M., McEwen B. S., Flugge G., and
Fuchs E. (1996) Chronic psychosocial stress
causes apical dendritic atrophy of hippocampal
CA3 pyramidal neurons in subordinate tree
shrews. J. Neurosci. 16, 3534-3540.

Maiyar A. C,, Phu P. T, Huang A. J., and Firestone
G. L. (1997) Repression of glucocorticoid receptor
transactivation and DNA binding of a glucocorti-
coid responsive element within the serum/glu-
cocorticoid-inducible protein kiase (SKG) gene
promotor by the p53 tumor suppressor protein.
Mol. Endocrinol. 11, 312-329.

Majewska M. D. (1992) Neurosteroids: Endogenous
bimodal modulators of the GABAa receptor.
Mechanism of action and physiological signifi-
cance. Prog. Neurobiol. 38, 379-395.

McEwen B. S., de Kloet E. R., and Rostene W. (1986)
Adrenal steroid receptors and actions in the ner-
vous system. Physiol. Rev. 66, 1121-1188.

McEwen B. S., Weiss ]. M., and Schwartz L. S. (1968)
Selective retention of corticosterone by limbic
structures in rat brain. Nature 220, 911-912.

McEwen B. S. and Sapolsky R. M. (1995) Stress and
cognitive function. Curr. Opi. Neurobiol. 5,
205-216.

Volume 17, 1998



106

Meberg P. J., Kinney W. R., Valcourt E. G., and Rout-
tenberg A. (1996) Gene expression of the tran-
scription factor NF-kappa B in hippocampus:
regulation by synaptic activity. Mol. Brain Res. 38,
179-190.

Meijer O. C. and de Kloet E. R. (1994) Corticos-
terone suppresses the expression of 5-HTla
receptor mRNA in rat dentate gyrus. Eur. |. Phar-
macol. 266, 255-261.

Meijer O. C. and de Kloet E. R. (1998) Corticos-
terone and serotonergic neurotransmission in the
hippocampus: functional implications of central
corticosteroid receptor diversity. Critical Rev.
Neurobiol., 12, 1-20.

Mendelsohn S. D. and McEwen B. S. (1992) Autora-
diographic analyses of the effects of adrenalec-
tomy and corticosterone on 5HT1A and 5HT1B
receptors in the dorsal hippocampus and cortex
of the rat. Neuroendocrinology 55, 444-451.

Meyer ]. S. (1985) Biochemical effects of corti-
costeroids on neural tissues. Physiol. Rev. 65,
946-1020.

Minichiello L. and Klein R. (1996) TrkB and TrkC
neurotrophin receptors cooperatein promoting
survival of hippocampal and cerebellar granule
neurons. Genes Devel. 10, 2849-2858.

Miyashiti T., Krajewski S., Krajewski M., Wang H.
G., Lin H. K., Liebermann D. A., Hoffman B., and
Reed J. C. (1994) Tumor suppressor gene p53 is a
regulator of bcl-2 and bax gene expression in
vitro and in vivo. Oncogene 9, 1799-1805.

Miyashita T. and Reed J. C. (1995) Tumor Suppres-
sor p53 is a direct transcriptional activator of the
human bax gene. Cell 80, 293-299.

Nair 5. M., Werkman T. R., Craig J., Finnell R., Joéls
M., and Eberwine J. H. (1998) Corticosteroid reg-
ulation of ion channel conductances and mRNA
levels in individual hippocampal CA1 neurons. J.
Neurosci. 18, 2685-2696.

Nicoll R. A., Malenka R. C., and Kauer J. A. (1990)
functional comparison of neurotransmitter
receptor subtypes in mammalian central nervous
system. Physiol. Rev. 70, 513-565.

Oakley R. H., Sar M., and Cidlowski J. A. (1996) The
human  glucocorticoid receptor B-isoform.
Expression, biochemical properties and putative
function. J. Biol. Chem. 271, 9550-9559.

Oitzl M. S. and de Kloet E. R. (1992) Selective corti-
costeroid antagonists modulate specific aspects
of spatial orientation learning. Behav. Neuro-
science 106, 62-71.

Molecular Neurobiology

Joéls and Vreugdenhil

Okuhara D. Y., Beck S. G., and Muma N. A. (1997)
Corticosterone alters G protein a-subunit levels
in the rat hippocampus. Brain Res 745, 144-151.

O'Neill L. A. ]. and Kaltschmidt C. (1997) NF-kappaB:
a crucial transcription factor for glial and neuronal
cell function. Trends Neurosci. 20, 252-258.

Packan D. R. and Sapolsky R. M. (1990) Glucocorti-
coid endangerment of the hippocampus: tissue,
steroid and receptor specificity. Neuroendocrinol-
ogy 51, 613-618.

Paul 5. M. and Purdy R. H. (1992) Neuroective
steroids. FASEB J. 6, 2311-2322.

Pearce D. and Yamamoto K. R. (1993) Mineralocor-
ticoid and glucocorticoid receptor activities dis-
tinguished by nonreceptor factors at a composite
response element. Science 259, 1161-1165.

Pfaff D. W, Silva M. T. A, and Weiss J. M. (1971)
Telemetered recording of hormone effects on hip-
pocampal neurons. Science 171, 394-395.

Pfahl M. (1993) Nuclear receptor/AP-1 interaction.
Endocrinol. Rev. 14, 651-658.

Qiao, X. X., Hughes P. E., Venero ]. L., Dugichdjevic
M. M., Nichols N. R., Hefti F, and Knusel B.
(1996) NT 4/5 protects against adrenalectomy
induced apoptosis of rat hippocampal granule
cells. Neuroreport 7, 682-686.

Ray A. and Prefontaine K. E. (1994) Physical inter-
action and functional antagonism between the
p65 subunit of transcrition factor NF-kappaB and
the glucocorticoid receptor. Proc. Natl. Acad. Sci.
USA 91, 752-756.

Reul . M. H. M. and de Kloet E. R. (1985) Two
receptor systems for corticosterone in rat brain:
microdissection and differential occupation.
Endocrinology 117, 2505-2512.

Reul J. M. H. M., Van den Bosch J. R., and de Kloet,
E. R. (1987a) Differential response of type 1 and
type 2 corticosteroid receptors to changes in
plasma steroid levels and circadian rhythmicity.
Neuroendocrinology 45, 407-412.

Reul . M. H. M., Van den Bosch J. R., and de Kloet,
E. R. (1987b) Relative occupation of type 1 and
type 2 corticosteroid receptors in rat brain follow-
ing stress and dexamethasone treatment: func-
tional implications. J. Endocrinol. 115, 459-467.

Saito N., Guitart X.,, Hayward M., Tallman J. F,
Duman R. S., and Nestler E.]. 1989 Corticosterone
differentially regulates the expression of Gsa and
Gia messenger RNA and protein in rat cerebral
cortex. Proc. Natl, Acad. Sci. USA 86, 3906-3910.

Sakhi S., Bruce A., Sun N., Tocco G., Baudry M.,
Schreiber S. S. (1994) p53 induction is associated

Volume 17, 1998



Corticosteroids in the Brain

with neuronal damage in the central nervous sys-
tem. Proc. Natl. Acad. Sci. USA 91, 7525-7579.

Sapolsky R., Krey L., and McEwen B. (1985) Pro-
longed glucocorticoid exposure reduces hip-
pocampal neuron number: implications for
aging. J. Neurosci. 5, 1221-1227.

Sapolsky R. M. (1996) Stress, glucocorticoids, and
damage to the nervous system: the current state
of confusion. Stress 1, 1-19.

Schaaf M. J. M., Hoetelmans R. W. M., de Kloet E. R.
and Vreugdenhil E. (1997) Corticosterone regu-
lates expression of BDNF and trkB, but not NT-3
and trkC mRNA in the rat hippocampus. ]. Neu-
rosci. Res., in press.

Schmitz D., Empson R. M., and Heinemann U.
(1995) Serotonin and 8-OH-DPAT reduce excita-
tory synaptic transmission in rat hippocampal
area via reduction in presumed presynaptic Ca?*
entry. Brain Res. 701, 249-254.

Schreiber S. S., Sakhi S., Dugichdjordjevic M. M.,
and Nichols N. R. (1994) Tumor suppressor p53
induction and DNA damage in hippocampal
granule cells after adrenalectomy. Exp. Neurol. 30,
368-376.

Sloviter R. S., Dean E., Sollas A. L., and Goodman J.
H. (1996) Apoptosis and necrosis induced in dif-
ferent hippocampal neuron populations by
repetitive perforant path stimulation in the rat. |
Comp. Neurol. 366, 516~533.

Sloviter R. S., Sollas A. L., Dean E., and Neubort S.
(1993) Adrenalectomy-induced granule cell
degeneration in the rat hippocampal dentate
gyrus: characterization of an in vivo model of
controlled neuronal death. | Comp. Neurol. 330,
324-336.

Sloviter R. S., Sollas A. L., and Neubort S. (1995)
Hippocampal dentate granule cell degeneration
after adrenalectomy in the rat is not reversed by
dexamethasone. Brain Res. 682, 227-230.

Sloviter R. S., Valiquette G., Abrams G. M., Ronk E.,
Sollas A., Paul L. A., and Neubort S. (1989) Selec-
tive loss of hippocampal granule cells in the
mature rat brain after adrenalectomy. Science 243,
535-538.

Smith D. F and Toft D. O. (1993) Steroid receptors
and their associated proteins. Mol. Endocrinol. 7,
4-11.

Smith M. A., Makino S., Kvefnansky R., and Post R.
M. (1995) Stress and glucocorticoids affect the
expression of Brain Derived Neurotrophic Factor
and Neurotrophin 3 mRNAs in the hippocam-
pus. J. Neurosci. 15, 1768-1777.

Molecular Neurobiology

107

Storm J. F. (1990) Potassium currents in hippocam-
pal pyramidal cells. Progr. Brain Res. 83, 161-187.

Thibault O., and Landfield P. W. (1996) Increase in
single L-type calcium channels in hippocampal
neurons during aging. Science 272, 1017-1020.

Trapp T., Rupprecht R., Castren M., Reul J. M., and
Holsboer E. (1994) Heterodimerization between
mineralocorticoid and glucocorticoid receptor: a
new principle of glucocorticoid action in the
CNS. Neuron 13, 1457-1462.

Truss M. and Beato M. (1993) Steroid hormone
receptors: interaction with deoxyribonucleic
acid and transcription factors. Endocr. Rev. 14,
459-479.

Unlap T. and Jope R. S. (1994) Dexamethasone
attenuates kainate-induced AP-1 activation in rat
brain. Mol. Brain Res. 24, 275-282.

Unlap T. and Jope R. S. (1995) Diurnal variation in
kainate-induced AP-1 activation in rat brain:
influence of glucocorticoids. Mol. Brain Res. 28,
193-200.

Van Eekelen, J. A. M,, Jiang, W.,, de Kloet, E. R,,
and Bohn, M. C. (1988) Distribution of the min-
eralocorticoid and glucocorticoid receptor
mRNAs in the rat hippocampus. . Neurosci. Res.
21, 88-94.

Van Eekelen J. A. M., Kiss J. Z., Westphal H. M., and
de Kloet, E. R. (1987) Immunocytochemical study
on the intracellular localization of the Type 2 glu-
cocorticoid receptor in the rat brain. Brain Res.
436, 120-128.

Van Steensel B., van Binnendijk E. P., Hornsby C.
D., van der Voort H. T. M., de Kloet E. R, and van
Driel R. (1995) Partial cocalization of glucocorti-
coid and mineralocorticoid receptors in discrete
compartments in nuclei of rat hippocampal neu-
rons. [.Cell Sci. 109, 787-792.

Velculescu V. U., Zhang L., Vogelstein B., and Kin-
zler K. W. (1995) Serial analysis of gene expres-
sion. Science 270, 484-487.

Vreugdenhil E., de Jong ., Schaaf M. ]. M., Meijer O.
C., Busscher J., Vuijst C., and de Kloet E. R. (1996)
Molecular dissection of corticosteroid action in
the rat hippocampus. |. Mol. Neurosci. 7, 135-146.

Werkman T. R., van der Linden S., and Joéls M.
(1997) Corticosteroid effects on Nat and Ca?* cur-
rents in acutely dissociated rat CA1 hippocampal
neurons. Neuroscience 78, 663-672.

Woolley C. S., Gould E., and McEwen B. S. (1990)
Exposure to excess glucocorticoids alters den-
dritic morphology of adult hippocampal pyrami-
dal neurons. Brain Res. 531, 225-231.

Volume 17, 1998



108

Woolley C. S., Gould E., Sakai R. R., Spencer R. L.,
and McEwen B. S. (1991) Effects of aldosterone or
RU28362 treatment on adrenalectomy-induced
cell death in the dentate gyrus of the adult rat.
Brain Res. 554, 312-315.

Yang N. N., Venugopalan M., Hardikar S., and
Glasebrook A. (1996) Identification of an estro-
gen response element activated by metabolites
of 17--estradiol amd raloxifene. Science 273,
1222-1225.

Zeise M. L., Teschemacher A., Arriagada J., and Zie-
glgdnsberger W. (1992) Corticosterone reduces

Molecular Neurobiology

Joéls and Vreugdenhil

synaptic inhibition in rat hippocampal and neo-
cortical neurons in vitro. J. Neuroendocrinol. 4,
107-112.

Zennaro M., Keightley C., Kotelevtsev Y., Conway
G. S., Soubrier F, and Fuller P. J. (1995) Human
mineralocorticoid receptor genomic structure
and identification of expressed isoforms. J. Biol.
Chem. 270 21016-21020.

Zilliacus J., Wright A. P. H., Carlstedt-Duke J., and
Gustafsson J-A. (1995) Structural determinants of
DNA-binding specificity by steroid receptors.
Mol. Endocrinol. 9, 389-400.

Volume 17, 1998



