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We have previously shown that glucocorticoids accelerate depolarization-induced *Ca?* influx in
synaptosomes isolated from rat cerebral cortex, indicating that the steroids may modulate voltage-
dependent Ca’* channels. The present study was undertaken to characterize the biochemical action
of glucocorticoids on dihydropyridine-sensitive voltage-dependent Ca’* channels known to be
present in brain synaptosomes. The [PH]dihydropyridine labeled site was used as a marker to
determine the levels of functional Ca’* channels. No effect on equilibrium binding of [PH]JPN 200-110
was found when membranes from disrupted synaptosomes were incubated with corticosterone as
high as 1 pM. However, when intact synaptosomes were first incubated with corticosterone at 37°C
and then disrupted, a significant increase in "H]JPN 200-110 binding was found. Steroid incubation
of synaptosomes at 0°C was ineffective. It appears that metabolic processes requiring intracellular
factors were involved in the steroid action. In examining this possibility, [’H]PN 200-110 binding was
activated in disrupted membranes by MgATP and Ca’*-calmodulin, and corticosterone was found
to enhance the activation in a concentration-dependent manner. [*H]PN 200-110 binding to mem-
branes was also activated by incubation with MgATP and cAMP-dependent protein kinase, but this
activation was not enhanced by the steroid. These findings are consistent with the interpretation that
the steroid promotes Ca’* channel activity by enhancing calmodulin-dependent activation of the
channels. The action on voltage-dependent Ca’* channels in synaptic terminals may well be a
mechanism whereby glucocorticoids modulate neuronal activity.
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INTRODUCTION (12, 13}, o,-adrenergic receptors [14] and ¢ receptors
[15] in vitro, apparently by binding to membrane sites
at or near these receptors. The structural specificity
and the rapid onset of the steroid actions on neuronal
plasma membrane, an excitable membrane, can be
illustrated eloquently by electrophysiological data. For
example, 17f-estradiol, but not 17x-estradiol or testo-
sterone, produces hyperpolarization and an increase of
K* conductance in medial amygdala neurons within
*Correspondence to P. Y. Sze. 2 min after steroid superfusion of the brain slice [16].
Received 19 May 1995; accepted 28 Jul. 1995. . In a behavioral study, progesterone induces lordosis in
o i e s S aptic s female rats, in par through modulation of hypothala-
1,4-dihydro-2,6-dimethyl-5-methoxycarbonylpyridine-3-carboxy-  MIC OXytocin receptors; this rapid and specific effect of
late; PKA, cAMP-dependent protein kinase; CS/PKA, catalytic the steroid is independent of de novo protein synthesis

subunit of PKA; PVP, polyvinylpyrrolidone; PMSF, phenylmethyl- [17]. Clearly, the membrane-mediated actions of
sulfonyl fluoride; CORT, corticosterone; B,,., maximum binding; . . . .
K, dissociation constant; EC, effective concentration at 50%, steroids are emerging as important factors in the

maximal response; CaM, calmodulin. modulation of neuronal activity. In non-neuronal cells,
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In neuronal cells, evidence has mounted in recent years
that hormonal steroids and some of the other metab-
olites in steroidogenesis can act directly on the plasma
membrane in altering membrane functions [1-3]. In
biochemical studies, various steroids have been shown
to modulate neuronal GABA, receptors [4-11],
muscarinic and nicotinic acetylcholine receptors
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it became evident even a decade ago that a variety of
steroid elicited responses can be attributed to direct
actions of the steroids on the plasma membrane
[18,19]. Moreover, specific binding of hormonal
steroids to the plasma membrane has been demon-
strated persistently in several cell types, including liver,
uterus and oocytes [summarized in 20].

In earlier studies, we identified the specific binding
sites for glucocorticoids and gonadal steroids in highly
purified synaptic plasma membranes (SPM) derived
from rat brain synaptosomes [21,22]. The specific
binding sites for glucocorticoids were also character-
ized in SPM from an amphibian brain [23, 24]. These
data provide evidence that neuronal plasma membrane
mediates glucocorticoid actions through membrane
receptors. In a recent study, we found that glucocorti-
coids stimulate “Ca’* influx in synaptosomes upon
membrane depolarization by high extracellular K* or
veratridine, indicating that voltage-dependent Ca’*
channels are a target of the steroid actions on the
synaptic membrane [25]. Such an action of glucocorti-
coids on Ca’* transport across the membrane is obvi-
ously important and may well be a mechanism by
which these steroids modulate synaptic activity in the
brain. As an experimental model, synaptosomes (iso-
lated synaptic terminals) do not contain the cell nucleus
and are thus particularly useful for the analysis of
non-genomic, membrane-mediated actions of steroids.

The present study was undertaken to investigate the
biochemical events underlying the action of glucocorti-
coids on Ca?* channels in synaptosomes. The slow
voltage-dependent Ca®** channels present in brain
synaptosomes are sensitive to dihydropyridine agonists
and antagonists, similar to those in skeletal and cardiac
muscle [26]. It is generally agreed that in the analysis
of these dihydropyridine-sensitive Ca’* channels in
disrupted (depolarized) membranes, there is a corre-
lation between the number of high-affinity dihydro-
pyridine binding sites and the number of functional
Ca’* channels (active channels that can open) [27, 28].
Thus, the [*H]dihydropyridine labeled site has widely
been used as a convenient marker to assess the relative
number of functional Ca?* channels in membrane
preparations. This approach was used in our study.

EXPERIMENTAL
Animals and materials

Male Sprague-Dawley rats (180-220g) were sup-
plied by a commercial breeder (Sasco King Animal
Labs, Oregon, WI). (+)-[5-Methyl-* H]JPN 200-110
(70 Ci/mmol) was obtained from NEN Research
Products (Boston, MA). Calmodulin (bovine brain),
cAMP-dependent protein kinase (PKA) and its cata-
lytic subunit (bovine heart), polyvinylpyrrolidone
(PVP; average My 10,000), phenylmethylsulfonyl
fluoride (PMSF), ATP, cAMP, nifedipine, steroids
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and other biochemicals were supplied by Sigma
Chemical Co. (St Louis, MO).

Preparation of synaptosomes

All animals were sacrificed by decapitation at
9:00-10:00a.m. and the cerebral cortex was homo-
genized in 5 vol of 0.32 M sucrose—10 mM Tris-HCI,
pH 7.4. Synaptosomes were prepared as previously
described [25]. Nuclei and cellular debris were pelleted
by centrifuging at 1000 g for 10 min. The synapto-
somes remaining in the supernatant were pelleted by a
subsequent centrifugation at 10,000 g for 20 min. The
pellet was resuspended in the homogenization buffer
and placed on a discontinuous gradient of 0.85, 1.0, and
1.2M sucrose. After centrifuging at 90,000 g for
90 min, the synaptosomal fraction was removed from
the interface between the 1.0 M and 1.2 M sucrose.
The fraction was diluted with 4vol of 0.25M
sucrose—10 mM Tris—HCl, pH 7.4, and centrifuged at
15,000 g for 20 min to obtain the synaptosomal pellet.

Steroid treatments and synaptic

membranes

of synaptosomes

For experiments where intact synaptosomes were
used, freshly prepared synaptosomes were suspended
in an isotonic buffer 20mM Tris—HCl, pH 7.4,
135mM NaCl, 5mM KCl, 1.2mM MgCl,, 1.2mM
CaCl,, 2.4 mM NaH,PO,, 10 mM glucose, and 2 mM
dithiothreitol) to give a protein concentration of
2 mg/ml. Corticosterone (or other steroids) was dis-
solved in 19, PVP and the final concentration of PVP
in the incubation mixture was 0.05%,. The suspended
synaptosomes were equilibrated with the steroid
at 37°C for 15min. The synaptosomes were then
disrupted by a Polytron (Brinkman Instruments,
Westbury, NY) and the membranes were pelleted at
48,000 g for 10 min for the determination of [PH]PN
200-110 binding. In one experiment, the synaptosomes
were disrupted before they were equilibrated with
corticosterone.

Incubation of synaptic membranes (membranes from
disrupted synaptosomes) with compounds that pro-
mote phosphorylation of Ca?* channels was carried out
by modifications of a procedure previously described
[29]. After equilibration of the membranes with
corticosterone (dissolved in PVP as described above) at
37°C for 15 min, the reaction by the calmodulin-depen-
dent process was carried out in the presence of 50 mM
Tris-HCl, pH7.4, 10mM MgSO,, 0.5mM ATP,
0.5 mM CaCl,, 0.1 uM calmodulin and 0.05%, f-mer-
captoethanol. The reaction by the cAMP-dependent
process was carried out in the presence of 50 mM
Hepes, pH 7.4, 10 mM MgCl,, 2mM EGTA, 0.5 mM
ATP, 1mM cAMP and 10 units/ml! PKA. In both
cases, the incubation (0.3 mg membrane protein per
ml) was allowed to proceed at 37°C for 1-5Smin (as
specified ) and stopped by adding 4 vol of ice-cold stop
buffer (40 mM Na,HPO,, 10mM KH,PO,, 50 mM
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NaF, 20mM EDTA, 1mM iodoacetamide and
0.1 mM PMSF). The membranes were then pelleted at
48,000 g for 10 min for the determination of [*H]PN
200-110 binding.

Assay for dihydropyridine binding

High-affinity binding of dihydropyridine to synaptic
membranes was determined by the procedure de-
scribed in a previous study [25], using P’H]PN 200-110
as the ligand. The membranes (40-60 ug) were incu-
bated with [PH]JPN 200-110 (0.5 nM or as indicated ) in
0.2ml of binding buffer (50 mM Tris~HCI, pH 7.4,
5mM MgCl,, 20 mM NaF, 2 mM dithiothreitol, and
0.1 mM PMSF). The binding was allowed to reach
equilibrium at 22°C (90 min in the dark). The mem-
branes were separated by filtration on a Whatman
GF/C filter and washed twice with 3 ml of ice-cold
binding buffer. Radioactivity bound to the membranes
was determined. Nonspecific binding was defined as
0.5 uM nifedipine (less than 109, of total binding). All
values were shown as mean + SEM derived from the
indicated number of experiments (n). The difference
between values was assessed by Student’s z-test. ECq,
values were determined from the dose-response plots
by computerized nonlinear regression analysis
(KaleidaGraph, Synergy Software, Reading, PA).
Scatchard analysis of [PHJPN 200-110 binding
isotherms, using a one-site model, was performed by
the same computer program.

RESULTS
[P’HJPN 200-110 binding in synaptic membranes

The effect of corticosterone on [PH]JPN 200-110
binding was examined in membranes from disrupted
synaptosomes. The membranes were preincubated
with the steroid (1 uM) at 37°C for 15 min, and [*H]PN
200-110 binding was determined in a ligand concen-
tration range of 0.02-1 nM. As shown in the Scatchard
analysis in Fig. 1(A), corticosterone preincubation of
disrupted membranes produced no effect on [*H]PN
200-110 binding. When intact synaptosomes were
preincubated with corticosterone (1 uM) at 37°C for
15min and then disrupted for the determination of
[*PH]PN 200-110 binding, the binding was found to be
markedly increased [Fig. 1(B)]. Scatchard analysis
shows that steroid stimulation of [PH]PN 200-110
binding was due to an increase in B,,,, (426 fmol/mg as
compared with 255 fmol/mg in the control) without a
significant change in K, for the ligand. Thus, in intact
synaptosomes, but not in disrupted membranes, steroid
preincubation produced an increase in the number of
dihydropyridine binding sites. These data are in agree-
ment with those from a preliminary experiment using
*H]nitrendipine as the dihydropyridine ligand [25]. In
a parallel experiment, intact synaptosomes were prein-
cubated with corticosterone at 0°C instead of 37°C. No
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change in [’H]JPN 200-110 binding was found even
after extended preincubation such as 30min (data
not shown). The fact that preincubation of intact
synaptosomes at 37°C was a necessary condition for the
increase of dihydropyridine binding to occur suggests
that metabolic processes requiring intracellular factors
were involved.
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Fig. 1. Scatchard analysis of [*’H]PN 200-110 binding. Bound:
bound [PH]PN 200-110 in fmol/mg; Free: free [’'H]PN 200-110
in nM. Each value is the mean + SEM (rz = 4). (A) Preincu-
bation of disrupted membranes. [*H]JPN 200-110 binding
was determined after the membranes from disrupted
synaptosomes were preincubated with 1 uM corticosterone
(CORT). For control: B, =248 1+ 12 fmol/mg; K,=0.110 +
0.011nM. For CORT-treated: B, =236+ 13 fmol/mg;
K;=0.106 + 0.012nM. The two lines are not significantly
different (only the control line is shown). (B) Preincubation
of intact synaptosomes. [*H]JPN 200-110 binding was deter-
mined in membranes after intact synaptosomes were prein-
cubated with CORT and then disrupted. For control:
B, =255+ 14fmol/mg; K,=0.114 + 0.009 nM. For CORT-
treated: B, ., =426 + 15 fmol/mg; K;=0.107 £ 0.010 nM. The
B, in the two cases is significantly different (P < 0.001).
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Fig. 2. Concentration effects of corticosterone on [*H]PN
200-110 binding. Intact synaptosomes were preincubated with
various concentrations of corticosterone and then disrupted
for the determination of [*H]JPN 200-110 binding. At the
ligand concentration used (0.5 nM), the control value (zero
corticosterone) was 180 + 12 fmol/mg (normalized to 1009,).
Each value is the mean + SEM (n = 6). Significant difference
from control: *P <0.05, **P < 0.001. EC,, value was deter-
mined as 136 + 31 nM from nonlinear regression analysis.

The concentration-dependency of the corticosterone
effect on [*’HJPN 200-110 binding was determined after
intact synaptosomes were preincubated with the steroid
in the range of 5-2000 nM (Fig. 2). The stimulation of
[P*HJPN 200-110 binding to the membranes was a
sigmoidal function of steroid concentration in the log
dose-response plot. The maximal increase (>709%,
above control) occurred at 1 uM steroid and the EC,,
(effective concentration at 50%, maximal response) was
estimated at 136 nM.

To determine steroid specificity, the effects of a
variety of steroids on ["H]PN 200-110 binding were
compared (Table 1). All the steroids were tested at
1 u M, the concentration that produced maximal stimu-
lation by corticosterone. Cortisol, dexamethasone, and
triamcinolone enhanced binding with an increase simi-
lar in magnitude to that from corticosterone. These
synthetic glucocorticoids are known to bind to the same
specific binding sites on SPM as corticosterone [21]. At
the concentration comparable to that of the hormonal
steroids (1 uM), cholesterol was without an effect on
PHJPN 200-110 binding. Two structural analogs of
corticosterone, 11-deoxycortisol (cortexolone) and 11-
deoxycorticosterone (cortexone), which do not have
glucocorticoid activity and which do not have specific
binding with SPM, were ineffective on *H]PN 200-
110 binding. Similarly, the gonadal steroids progester-
one, 17f-estradiol and testosterone produced no effect
on the binding. It should be noted that these gonadal

Paul Y. Sze and Byung H. Yu

steroids have specific binding sites on SPM, but their
binding sites are distinguishable from those for gluco-
corticoids [21].

Calmodulin-dependent activation of [PHJPN 200-110
binding

Since preincubation of intact synaptosomes with
corticosterone at 37°C was a necessary condition for the
increase of [’H]PN 200-110 binding to occur, it appears
that metabolic reactions were involved in the action of
corticosterone. To examine this possibility, attempts
were made to modulate dihydropyridine binding by
endogenous factors that are known to phosphorylate
and thereby activate Ca’* channels. In this experiment,
membranes from disrupted synaptosomes were incu-
bated at 37°C in the presence of 0.5 mM ATP, 10 mM
Mg?*,0.5mM Ca’* and 0.1 uM calmodulin (‘calmod-
ulin system”). The membranes were then pelleted for
the determination of [PHJPN 200-110 binding. As
shown in the time course (Fig. 3), the activation of
[*’H]PN 200-110 binding by the calmodulin system was
rapid, reaching a near plateau at 5 min after incubation.
At 5 min, the increase of binding was 1709, above the
zero-time value. The requirement for the four com-
ponents (ATP, Mg?*, Ca?* and calmodulin) in the
activation is summarized in Table 2. MgATP alone or
Ca?*—calmodulin alone was not sufficient to produce
the activation. The addition of the Ca’* chelator
EGTA abolished the effect of the calmodulin system.
In Scatchard analysis, the activation resulted in the
increase of B, without a significant change in K, (data
not shown), indicating an increase in the number of
dihydropyridine binding sites. In membranes preincu-
bated with corticosterone, the activation of [PH]PN
200-110 binding was markedly enhanced. At the ster-
oid concentration used (1 M), the increase of binding
after a 5 min incubation was 3259, above the zero-time
value, or nearly twice the amount of activation as in the
absence of the steroid.

Table 1. Effects of various steroids on [PHJPN 200-110 binding
[*'HIPN 200-110 binding

Steroid (fmol/mg)
None (control) 193 +10.5
Corticosterone 344 + 20.0**
Cortisol 328 4+ 22.0**
Dexamethasone 355 4+ 17.8*%*
Triamcinolone 324 4+ 19.2*%*
Cholesterol 188 + 11.0
11-Deoxycortisol 201 +129
11-Deoxycorticosterone 182 +11.5
17p-Estradiol 208 + 13.5
Progesterone 2134104
Testosterone 198 +12.9

All steroids were 1 M. After intact synaptosomes were preincubated
with the steroid (5 min, 37°C), equilibrium binding was deter-
mined in disrupted membranes at 0.5 nM PH]JPN 200-110.

Values are mean + SEM (n = 4).

Significant difference from control: **P < 0.001.



Glucocorticoid Action on Calcium Channels

Control
CORT -4

(=]

{3HJPN 200-110 Binding
(% Control Value)

0 1 1 1 1 L
0 1 2 3 4 5

Time (min)

Fig. 3. Time-course of the activation of [*H]PN 200-110 bind-
ing in disrupted synaptic membranes by the calmodulin-de-
pendent process. The membranes were preincubated in the
presence and absence of 1 uM corticosterone (37°C, 15 min)
and then incubated with the following: 0.5 mM ATP, 10 mM
Mg+, 0.5mM Ca’* and 0.1 yM calmodulin (see text for
details). The membranes were pelleted and [*’H]JPN 200-110
binding was detemined at 0.5 nM ligand. Each value is the
mean + SEM (n =6). The zero-time value was
182 + 10 fmol/mg (100%). Significant difference from zero-
time value: *P < 0.005, **P < 0.001; from corresponding value
in the control line: #P <0.01, # # P < 0.001.

The dose-response relationship of the corticosterone
effects on the activation was determined (Fig. 4). In the
absence of the steroid, the increase of [P"HJPN 200-110
binding after a S min incubation with the calmodulin
system was 1559, above the zero-time value (‘“‘basal
value”). Corticosterone enhanced the activation in a
concentration-dependent manner. Within the steroid
concentration range used (5-2000 nM), the enhance-
ment of the activation was a sigmoidal function of the

Table 2. Requirement in the calmodulin-dependent activation of
[PH]PN 200-110 binding

[PH]PN 200-110 binding

Addition (fmol/mg)
None (control) 210+9.5
ATP 208 £ 10.5
Ca?* + CaM 221 +10.9
ATP + Ca?* + CaM 625 £+ 29.4%*
ATP + Ca?* + CaM + EGTA 199 + 6.7

The basal buffer contained 10 mM MgSO,.

Concentration of the addition: ATP, 0.5mM; CaCl,, 0.5mM;
calmodulin (CaM), 0.1 uM; EGTA, 2 mM. After incubation of
disrupted membranes (5 min, 37°C), equilibrium binding was
determined at 0.5 nM [°’H]PN 200-110.

Values are mean + SEM (n = 4).

Significant difference from control: **P < 0.001.
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Fig. 4. Concentration effects of corticosterone on calmod-
ulin-dependent activation of [PH]JPN 200-110 binding. The
experimental conditions were as described in Fig. 3, and the
incubation time was 5 min. The activation at zero cortico-
sterone was 255 + 16%, of basal value (the value before acti-
vation, see Fig. 3). Each value is the mean + SEM (n =6).
Significant difference from zero corticosterone: *P < 0.05,
**P < 0.001. EC,, value was determined as 145 + 48 nM from
nonlinear regression analysis.

steroid concentration, with the maximal effect occur-
ring at 1 uM and the EC,, estimated as 145 nM. The
log dose-response curve obtained here is in striking
resemblance to that from steroid preincubation of
intact synaptosomes shown in Fig. 2, which gave an
EC;, of 136 nM.

cAMP -dependent activation of [’H]PN 200-110 binding

{*H]PN 200-110 binding to synaptic membranes was
also found to be activated by incubation with 0.5 mM
ATP, 10mM Mg?*, 1 mM cAMP and 10 units/ml
PKA (“cAMP system”). The time-course of this acti-
vation, shown in Fig. 5, was similar to that produced
by the calmodulin system. At 5min after the incu-
bation, the increase of [P’H]PN 200-110 binding was
almost 2009, above the zero-time value. The require-
ment for the four components (ATP, Mg?*, cAMP and
PKA) in the activation is summarized in Table 3. No
activation occurred when cAMP or PKA was absent in
the incubation. The activation was fully produced
when cAMP and PKA were substituted by the catalytic
subunit of PKA. Thus, the addition of exogenous PKA
or its catalytic subunit was an absolute requirement for
the activation to occur. It is possible that certain
endogenous membrane-bound factors, such as PKA,
are labile and could be lost during membrane isolation.
In electrophysiological analysis, the addition of ex-
ogenous PKA and MgATP has been shown to prevent
the rapid rundown of Ca?* channel activity recorded
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Fig. 5. Time-course of the activation of [’H]PN 200-110 bind-
ing in disrupted synaptic membranes by the cAMP-depen-
dent process. The experimental procedure was the same as in
Fig. 3, except that the following incubation system was used:
0.5 mM ATP, 10 mM Mg**, 1 mM cAMP and 10 units/m1 PKA
(see text for details). Each value is the mean + SEM (n =6).
The zero-time value was 205 + 11 fmol/mg (100%,). Signifi-
cant difference from zero-time value: **P < 0.001. Since
there is no significant difference between all corresponding
values in the absence and presence of CORT, only the control
line is shown.

from cell-free membrane patches [30]. Of particular
note is the effect of corticosterone on the activation. In
contrast to the enhancement found in the calmodulin-
dependent activation, the steroid did not affect the
activation of [PH]PN 200-110 binding by the cAMP-
dependent process.

DISCUSSION

The increase of [*H]dihydropyridine labeled sites by
glucocorticoids shown in these experiments, together
with the steroid stimulation of depolarization-induced
“Ca’* influx found in a previous study [25], has clearly
established the voltage-dependent Ca’* channels as a
target of glucocorticoid actions in brain synaptosomes.
The primary objective of our study was to investigate
the biochemical events underlying the steroid action on
these dihydropyridine-sensitive Ca** channels. There
are three relevant findings. First, corticosterone does
not appear to modulate Ca?* channels by direct inter-
action with sites on or near the channels in altering
their functional state. No change in [PH]PN 200-110
binding occurred when disrupted membranes from
synaptosomes were preincubated with the steroid. As
mentioned in the Introduction, the number of high-
affinity dihydropyridine binding sites on the Ca?*
channels is known to parallel the number of functional
channels (i.e. active channels that can open) in mem-
brane preparations [28]. Thus, in disrupted synaptic
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membranes exposed to corticosterone, the alteration of
the functional state of Ca’* channels was not evident
from the data on [PH]JPN 200-110 binding. Instead,
when intact synaptosomes were preincubated with the
steroid at 37°C and then disrupted for the determi-
nation of [*H]JPN 200-110 binding, a significant in-
crease of the dihydropyridine binding sites was found.
Preincubation with the steroid at 0°C was ineffective.
The fact that treatment of whole synaptosomes at 37°C
was a necessary condition to produce the effect suggests
that metabolic reactions requiring intracellular factors
were involved.

Second, in examining the possibility that glucocorti-
coids promote metabolic reactions that regulate Ca**
channel activity, we showed that dihydropyridine-
sensitive Ca?* channels in isolated synaptic membranes
were activated by the addition of MgATP and
Ca’*—almodulin, and that corticosterone enhanced
this activation in a concentration-dependent manner.
In cell-free membrane patches (i.e. isolated mem-
branes), it has been demonstrated that voltage-
dependent Ca?* channels must be phosphorylated in
order to open when the membrane is depolarized [30].
Dihydropyridine-sensitive Ca?* channels in the
membrane-bound state can be phosphorylated in vitro
by calmodulin-dependent and cAMP-dependent pro-
tein kinases as well as by protein kinase C [29]. While
all the three modes of phosphorylation have been
implicated in the regulation of neuronal voltage-depen-
dent Ca?* channels [30-33], direct evidence is still
lacking and the precise operation of phosphorylation by
specific protein kinases in neuronal cells in vivo remains
to be understood. If, however, calmodulin-dependent
phosphorylation does operate iz vivo in the regulation
of voltage-dependent Ca?* channels in synaptic termi-
nals, the stimulation of this process by glucocorticoids
would result in an increase of functional Ca®* channels.
The data on the increase of PHJPN 200-110 binding
following steroid preincubation of intact synaptosomes
are consistent with such a scenario. We further showed

Table 3. Requirement in the cAMP -dependent activation of
[PHJPN 200-110 binding

[PHIPN 200-110 binding

Addition (fmol/mg)
None (control) 190 £ 8.1
ATP 186 +9.5
ATP + cAMP 201 +12.0
PKA + cAMP 180 + 7.2
ATP + cAMP + PKA 589 + 24.3**
ATP + CS/PKA 543 £ 22.2%*

The basal buffer contained 10 mM MgCl,.

Concentration of the additions: ATP, 0.5 mM; cAMP, 1 mM; PKA
and its catalytic subunit (CS/PKA), 10 units/ml. After incubation
of disrupted membranes (5 min, 37°C), equilibrium binding was
determined at 0.5 nM [*H]PN 200-110.

Values are mean + SEM (n = 4).

Significant difference from control: **P < 0.001.
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that [*H]PN 200-110 binding in synaptic membranes
was also activated by the cAMP-dependent process,
which required the addition of an exogenous protein
kinase under our experimental conditions. This cAMP-
dependent activation of [*H]PN 200-110 binding was
not affected by corticosterone. Although the effect of
corticosterone on the possible activation by the protein
kinase C process remains to be determined, we clearly
demonstrated a selectivity in the stimulatory action of
the steroid between the two processes examined. The
selective stimulation of the calmodulin-dependent pro-
cess may be related to the action of glucocorticoids on
membrane binding of calmodulin (see below).

Third, the EC,, of corticosterone in increasing
[*HJPN 200-110 binding to synaptic membranes
(138 nM) is almost identical to the EC;; in the stimu-
lation of ¥*Ca?* influx in synaptosomes (130 nM) [25].
In both cases, the EC,, is similar to the K in specific
binding of the steroid to the membranes (100 nM)
reported earlier [21]. These data are consistent with the
notion that binding of the steroid to the membrane is
the initial and limiting step in the steroid action on
Ca’* channels. Several laboratories have agreed that in
mammalian brain, the affinity of membrane binding for
glucocorticoids and gonadal steroids is lower by one to
two orders than the affinity of the nuclear receptors for
these steroids [discussed in 22). We have proposed that
the lower affinity of the membrane binding allows rapid
association and dissociation of the steroid, thus provid-
ing a rapid mechanism for eliciting and terminating a
membrane response [21]. In this regard, it is relevant
to note that in the action of cortisol on membrane
potential in celiac ganglion neurons {34] and on antag-
onist binding in brain GABA, receptors [6], the
maximal effect is produced only when the steroid
concentration exceeds 100 nM.

Stimulation of Ca?* influx by hormonal steroids has
been shown in several other types of cells: in mouse
thymocytes by dexamethasone [35], in rat endometrial
cells by 17B-estradiol [36], and in Xenopus oocytes
[37, 38] and human sperm [39—41] by progesterone. In
these studies, the notion that the steroid action is
independent of gene expression is based primarily on
the rapid onset of the action. For example, the pro-
gesterone effect in sperm occurs in less than 30 s after
exposure to the steroid [40]; the dexamethasone effect
in thymocytes peaks as early as 5 min after incubation
with the steroid [35]. It is generally assumed that such
rapid effects cannot be mediated by a process involving
gene transcription and protein synthesis, a relatively
slow event. By using a subcellular preparation (synap-
tosomes) where the cell nucleus is absent, the genomic
mechanism is unequivocally excluded. In brain synap-
tosomes, corticosterone does not stimulate the resting
level of Ca?* influx; rather, steroid stimulation occurs
only upon depolarization of the membrane [25]. As
shown in the present study, this effect is related to the
activation of voltage-dependent Ca’* channels (i.e. the
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increase of functional channels), and the action appears
to be specific to glucocorticoids among the variety of
steroids tested.

The selectivity of the glucocorticoid effect on
calmodulin-dependent activation of Ca’* channels is
intriguing. We recently found that binding of a
glucocorticoid to SPM increases the affinity of the
membranes to bind calmodulin [20,42]. A possible
mechanism involving steroid binding sites and the
alteration of lipid fluidity in specific subdomains of the
membrane has been suggested [20]. Regardless of the
underlying mechanism, the alteration of membrane
binding of calmodulin is functionally important, since
calmodulin regulates a variety of biochemical processes
in synaptic membranes. Accordingly, we have postu-
lated thar the promotion of calmodulin binding by
glucocorticoids may lead to a cascade of consequences
in synaptic membrane function. One of the conse-
quences may be the modulation of Ca®* channels, the
subject of this study. Glucocorticoids were found to
enhance calmodulin-dependent activation of Ca®*
channels, and this event may underlie the steroid action
on channel activity. Whether or not the calmodulin-
dependent activation involves phosphorylation, which
remains to be shown, binding of calmodulin to mem-
brane sites would be the initial step in the activation,
and steroid promotion of calmodulin binding would
thus lead to the increase of the activation and hence an
increase of functional Ca’* channels. This scenario
provides a working hypothesis for further investigation
of the glucocorticoid action on neuronal Ca?* channels.
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