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Cortisol Inhibition of Calcium Currents in Guinea Pig Hippocampal
CA1 Neurons via G-Protein-coupled Activation of Protein Kinase C
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The inhibition of voltage-activated Ca?* channel currents by
cortisol (hydrocortisone), the principal glucocorticoid in man
and guinea pig, was examined in freshly dissociated pyra-
midal neurons from the adult guinea pig hippocampal CA1
region using whole-cell voltage-clamp recordings. Steady-
state inhibition by cortisol of the peak Ca?* channel current
evoked by depolarization from —80 to —10 mV increased in
a concentration-dependent fashion, with a maximal inhibi-
tion of 63 + 4% of the total current at 100 uMm. Cortisone had
a maximal 17 + 2% inhibition at 10 uM. Corticosterone and
the metabolite allotetrahydrodeoxycorticosterone exhibited
a plateau of inhibition of around 15% and 25 %, respectively,
between 10 pm and 100 nm; both compounds continued to
inhibit at concentrations >10-" M. Analysis of tail currents
at —80 mV showed that cortisol and corticosterone had no
effect on the voltage-dependent activation or deactivation
of the Ca?* channel current. However, cortisol slowed the
activation of the current. Cortisol inhibited both the N-type
or w-conotoxin (CgTX)-sensitive, and the L-type or nifedipine
(NIF)-sensitive Ca?* channel current but had no effect on
the CgTX/NIF-insensitive Ca?* channel current.

In neurons isolated from pertussis toxin (PTX)-treated an-
imals, the cortisol inhibition was significantly diminished.
Intracellular dialysis with GDP-8-S (500 um) or with the spe-
cific inhibitors of protein kinase C (PKC), the pseudosub-
strate PKC inhibitor (PKCI 19-31) (2 um) and bisindolylmal-
eimide (B!S) (1 um) significantly diminished the cortisol
inhibition of the Ca?* channel current. The specific inhibitor
of cAMP-dependent protein kinase (PKA) inhibitor, Rp-cAMPS
(100 um) had no effect. These results demonstrate that cor-
tisol is a potent modulator of both the CgTX- and NiF-sen-
sitive Ca2* channel current but not the CgTX/NIF-insensitive
current. This inhibition is via a PTX-sensitive G-protein-cou-
pled mechanism associated with the activation of PKC.

[Key words: cortisol, corticosterone, glucocorticoid, cal-
cium channel, w-conotoxin, nifedipine, G-protein, PKC]

The hippocampus has a high density of adrenal corticosteroid
receptors, and is a principal target for the glucocorticoids (Reul
and de Kloet, 1985). Corticosterone (CORT) binding studies in
rodent CNS have identified two receptor types: the mineralo-
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corticoid receptor (MR), which binds CORT with a high affinity
and is primarily in the septohippocampal system, and the glu-
cocorticoid receptor (GR), which has an approximate 10-fold
lower affinity for CORT and has quite a ubiquitous distribution
(Reul and de Kloet, 1985; de Kloet, 1991). Low plasma con-
centrations of CORT predominantly occupy MRs, while in-
creasing CORT levels, such as at the peak circadian cycle and
following stress, will additionally activate GRs in addition to
MRs (Reul and de Kloet, 1985). Cortisol and cortisone bind to
the GRs while CORT binds to GRs and MRs; hippocampal
pyramidal CA 1 neurons contain both MRs and GRs (for review,
see de Kloet, 1991).

The endogenous corticosteroids (cortisol, cortisone, and
CORT) are known to stimulate a number of biochemical and
genomic processes in hippocampal neurons (de Kloet, 1991;
McEwen, 1991). Earlier extracellular recordings revealed a dis-
parity of cortisol and CORT effects, which included excitation,
inhibition, or no change in neuronal firing (for review, see Joéls
and de Kloet, 1992). The effects of the glucocorticoids on CNS
excitability are dependent on their concentration in the external
milieu, as recent electrophysiological findings with CORT in the
rat have demonstrated that these biphasic effects are due to the
status of receptor occupancy, such as MR, or GR, or both (Joéls
and de Kloet, 1993). Studies have shown that MR activation
decreases, whereas GR activation increases with a considerable
time lag, the accommodation and the Ca?*-dependent, K+-me-
diated afterhyperpolarization (AHP) following brief depolariz-
ing pulses (Kerr et al., 1989; Joéls and de Kloet, 1990), and that
protein synthesis is required (Karst and Joéls, 1991). In hip-
pocampal neurons from adrenalectomized animals, Ca2+ action
potentials are reduced (Kerr et al., 1989); however, under single-
electrode voltage clamp, the voltage-activated Ca?* currents were
increased following a prolonged (2 hr) exposure to a high con-
centration (7 um) of the specific GR agonist RU 28362, an effect
that was blocked by a protein synthesis inhibitor (Kerr et al.,
1992).

Synaptic transmission at the rat Schaeffer collateral-CA1 syn-
apses in the hippocampus is enhanced by low levels of CORT
while higher CORT concentrations decrease synaptic transmis-
sion (Rey et al., 1987). It was recently concluded that while
steroid receptor occupation, particularly MR occupancy, is nec-
essary for maintenance of synaptic transmission during repeated
stimulation, higher (30 nM) CORT levels, hence MR and GR
occupancy, rapidly depressed synaptic transmission, reducing
both the EPSP and slow IPSP with no change in membrane
properties (Joéls and de Kloet, 1993). However, >1 um CORT
depressed the fast IPSP in rat hippocampal CA1 and neocortical
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neurons with no change in membrane properties (Zeise et al.,
1992).

Long-term potentiation (LTP), the enhancement of synaptic
transmission following a tetanic priming, has been suggested to
underlie some types of memory and learning functions in the
CNS (Bliss and Lynch, 1988; Lynch and Staubli, 1991). Exper-
imental (behavioral) and clinical studies have shown that glu-
cocorticoids have an important role in learning and memory
processes (McEwen, 1987; Wolkowitz et al., 1990). Acute stress
impairs LTP, and acute and chronic glucocorticoid administra-
fion reduces LTP in both the hippocampal CAl and dentate
fields (Dubrovsky et al., 1993; Pavlides et al., 1993). Prolonged
(lasting for months) elevations of glucocorticoids induced by
either chronic CORT administration or stress are toxic to hip-
pocampal pyramidal neurons, particularly in the CA fields. In-
creased CORT levels have been implicated in the changes seen
in CA fields during aging (Sapolsky et al., 1985; Landfield, 1987).
The hippocampus’s role in human memory and learning is well
established, as is that the hippocampus is essential for the con-
solidation of short-term memory, declarative or explicit mem-
ory, and spatial memory (for review, see Squire, 1992). Blood
cortisol levels are increased in depressed patients, particularly
aged patients (see von Bardeleben and Holsboer, 1991). Aged
patients showing increased cortisol levels also show impaired
cognitive performance (Lupien et al., 1994).

Corticosteroids have a broad spectrum of action and exert
their main actions through specific receptors. Cortisol has a
direct and inhibitory action on the nicotinic cholinergic receptor
(Bouzat and Barrantes, 1992), and some neurosteroids directly
and rapidly depress voltage-gated Caz* channel currents in CAl
neurons (ffrench-Mullen et al., 1994). Cortisol, the prototypic
and principal glucocorticoid in human, is also in the principal
glucocorticoid in guinea pig (Depaolo and Masoro, 1989). This
is in contrast to rat and mouse, which produce predominantly
corticosterone. In this study, cortisol is shown to inhibit rapidly
a fraction of the voltage-gated Ca2+ channel currents, specifi-
cally, the N- and L-type Ca2+* currents. This inhibition is mod-
ulated via PTX-sensitive G-protein(s) and the activation of PKC.

Materials and Methods

Implantation of brain cannulas and osmotic minipumps. Brain cannulas
and osmotic minipumps were implanted as previously described in
detail (ffrench-Mullen et al., 1994). Guinea pigs were allowed to recover
for 7-10 d after surgery before osmotic minipump implantation. Alzet
osmotic minipumps (Alza Corporation, CA) were used to accomplish
the continuous intracerebroventricular microinfusion of pertussis toxin
(1000 ng/24 hr for 48 hr). The nominal pumping rate of the osmotic
minipumps is 1 pl/hr/7 d (model 2001). For minipump implantation,
the guinea pigs were anesthetized with sodium pentobarbital. The filled
minipump was connected, by a short polyethylene tube (1.1 mm i.d.),
to an insert cannula of 29 gauge stainless steel tubing, L-shaped so that
when inserted into the guide cannula its terminal end just reached the
tip of the guide cannula. The minipump was inserted into the subcu-
taneous interscapular space, and the L-shaped steel tubing was cemented
in place with dental acrylic.

Cell preparation and whole-cell patch-clamp recording. Pyramidal
neurons were acutely isolated from the CA1 region of the mature guinea
pig hippocampus as previously described (ffrench-Mullen et al., 1994)
and immediately used in electrophysiological experiments. Macroscopic
whole-cell Ca?+ channel currents were recorded at room temperature
(22-25°C) using 3 mm Ba’+ as the external charge-carrying divalent
cation, and with the Ca2+ chelator Cs,-BAPTA (Molecular Probes, Eu-
gene, OR) in the intracellular solution to reduce Ca2+-promoted Ca2*
channel inactivation (Eckart and Chad, 1984). The bath solution con-
tained (in mm) BaCl,, 3; tetraethylammonium chloride (TEA-CI), 140;
MgCl,, 1; HEPES, 10; and glucose, 6. Tetrodotoxin (2 uM) was added

to the bath solution to block voltage-dependent Na+ channels, and the
solution was adjusted to pH 7.4 with fresh CsOH solution and to an
osmolality of 320 mOsm/kg H,O. The pipette solution contained (in
mM) N- methyl-p-glucamine chloride, 120; Cs,-BAPTA, 5; and Mg-
ATP, 5. The ATP regeneration system Tris-phosphocreatinine (20 mm)
and creatine kinase (20 U/ml) was added to the internal solution to
minimize rundown of the Ca?* currents (firench-Mullen et al., 1994).
The internal solution was adjusted to pH 7.2 with fresh CsOH and to
an osmolality of 315 mOsm/kg H,O. The rate of rundown under these
conditions was <5% over a 30 min period.

Recordings were carried out using the whole-cell patch-clamp tech-
nique as previously described (ffrench-Mullen et al., 1994). Evoked
currents were filtered at 10 kHz (-3 dB, 8-pole low-pass Bessel filter;
Frequency Devices, Haverhill, MA), digitally sampled at 500 usec per
point (50 psec per point for tail current measurements), and stored on
magnetic media in digital form for later analysis. Capacitative and leak-
age currents were digitally subtracted from all records, which was carried
out on line by using pcLaMp 5.51 (Axon Instruments). Capacitative
transients decayed with a time constant of 100 usec. A rapid superfusion
system consisting of a side-by-side array of six 200 um i.d. capillary
tubes was positioned approximately within 500 um of the cell under
study. Drug solutions were applied by gravity feed and flow was com-
puter controlled via solenoid valves (BME Systems, Baltimore, MD).
Solution changes were accomplished within 300-500 msec. Ca2* cur-
rents were typically evoked by 200 msec voltage steps to —10 mV from
a holding potential of —80 mV at 30 sec intervals to examine the
inhibition of cortisol on peak current, and the respective types of Ca2+
currents. The 10 msec voltage steps (evoked at 15 sec intervals) were
generated to examine the tail currents.

Data analysis. For the quantitation of inhibition, peak current values
were used. Percentage inhibition was determined according to the for-
mula 100 x (1 — I/Teonear ) Where I, is the leak-subtracted peak
current amplitude prior to the drug application and I, is the peak
current amplitude in the presence of the test drug. During the drug
applications, the Ca?+ current was examined with the 200 msec duration
depolarizing step protocols. Steady-state inhibition was typically achieved
within 30-240 sec after the onset of the drug superfusion. The I, value
used in the calculation of percentage block was obtained after being at
a steady-state value for 1 min. Concentration—effect data were fitted
with a nonlinear least squares program (NFIT, Island Products, Galves-
ton, TX) according to the logistical equation B = 100/{1 + (IC,,/
[DRUG]))*#}, where [DRUG] is the drug concentration, IC,, is the con-
centration resulting in 50% block, and #H is an empirical parameter
that describes the steepness of the curve and has the same meaning as
the Hill coefficient. Tail current amplitudes were estimated by fitting
the falling phase of the current to a single exponential and extrapolating
the curve to zero time. Activation curves were determined by plotting
tail current amplitudes at —80 mV following activation of current by
test pulses to different voltages, and were fitted by the Boltzmann equa-
tion {1 + exp[(V,, — V)/K]}~', where V,, is the voltage for half-
maximal activation and X is the slope factor. Fitting was done by NFIT
and/or TABLECURVE (Jandel Scientific, Corte Madera, CA). All traces
are the average of three steps and are leak subtracted except where noted;
current—voltage (I-V) data points at each potential are connected by a
cubic spline in siGMApLOT. Final plotting was performed with siG-
MAPLOT. All quantitative data are expressed as mean + SEM; n indicates
the number of cells examined. Statistical analysis was performed using
the paired or unpaired Student’s f test; results were considered significant
only for P < 0.05.

Chemicals. All reagents used in this study, except where noted, were
obtained from Sigma (St. Louis, MO) and included the following: cor-
tisol (hydrocortisone), cortisone, corticosterone, 3a,5a-pregnane-3a,21-
diol-20-one (allotetrahydrodeoxycorticosterone, THDQC), nifedipine,
pertussis toxin (PTX), guanosine 5'-O-(2-thiodiphosphate) (GDP-8-S);
w- conotoxin GVIA (CgTX; Peninsula Laboratories, Belmont, CA); Rp-
cyclic adenosine 3',5'-monophosphothioate (Rp-cAMPS), Sp-cyclic
adenosine 3',5'-monophosphothioate (Sp-cAMPS), 3-[1-(3-dimethyl-
aminopropyl)-indol-3-yl]-3-(indol-3-yl)-maleimide or bisindolylmal-
eimide (BIS) (Calbiochem, San Diego, CA); and PKCI 19-31 pseudo-
substrate inhibitor (Bachem Bioscience, Inc., Philadelphia, PA). Stock
solutions (10 mm) of the steroids in ethanol were prepared daily; with
steroid concentrations of 100 um, final ethanol volume never exceeded
0.1% and the latter had no effect on the Ca2+ current. Stock solutions
(10 mm) of nifedipine and w-conotoxin were prepared weekly in ethanol
and H,O, respectively.
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Figure 1.

Corticosteroid inhibition of whole-cell Ca?+ channel currents in guinea pig hippocampal CA1 neurons. Ca?+ channel currents were

elicited by either 10 msec (4 and B) or 200 msec (C) depolarizing voltage steps over the range of —80 to +60 mV from a holding potential of —80
mV in three different neurons using 3 mMm Ba?* as the charge carrier. The individual (leak-subtracted) step currents recorded at —10 mV are
illustrated. 4,, Reversible, concentration-dependent inhibition of peak and tail currents by cortisol. A,, Peak Ca?* channel current (measured 0.5
msec prior to the end of the step) plotted as a function of membrane potential (current-voltage, I-V) in the absence (@), presence of 10 pM (W) and
100 nM (A) cortisol, and wash (¥). In 4 and B, I-V values were obtained at steady-state values acquired with 200 msec voltage steps. B,, Corticosterone
(CORT) reversibly inhibits the Ca?+ channel current. B,, I-V relationship of the CORT inhibition: control (@), 1 um (M), and wash (¥). C,, The
corticosterone metabolite allotetrahydrodeoxycorticosterone (THDOC) reversibly inhibits the Ca>* channel current in a concentration-dependent
manner. C,, I-V relationship of the concentration-dependent inhibition by THDOC: control (@), 1 pM (), 100 nm (A), and wash (V).

Results

The data presented in this report represent the results of whole-
cell recordings of Ca?* channel current from more than 120
neurons acutely dissociated from adult guinea pig hippocampal
CA1 neurons. Macroscopic voltage-gated Ca?+ channel currents
were recorded using 3 mm Ba2+ as the external charge-carrying
cation.

Inhibition of the Ca** current

Depolarizing voltage steps from —80 mV to various potentials
positive to —60 mV elicited a high-threshold inward current
(HVA) that peaked rapidly, and decayed gradually with main-
tained depolarizations (Fig. 1C). Superfusion with 50 um Cd?*
virtually eliminated the inward current (97 + 3% block, n = §;
not shown), demonstrating that it is carried by Ca?* channels.
Peak Ca?* channel current was reduced in a concentration-de-
pendent fashion by cortisol, corticosterone (CORT), and allote-
trahydrodeoxycorticosterone (THDOC), acquiring steady-state
values over the concentration range examined at 30-240 sec,
with the fastest time to inhibition occurring for the highest con-
centrations (1-100 uM). The concentration-dependent inhibi-
tion by cortisol, CORT, and THDOC is illustrated in Figure 1.

Brief (10 msec) depolarizing voltage steps were acquired over
the range of —80 to +60 mV in 10 mV increments to examine
the effect of cortisol and CORT on the current—voltage (I-V)
relationship of the peak and tail currents, respectively. Between
generation of the I-V traces, 200 msec depolarizing steps from
—80 to —10 mV were acquired to assess control and steady-
state drug values; thus, /-V traces were generated at steady-state

values. Figure 14, illustrates the Ca?* channel current in the
absence and presence of cortisol at —10 mV. In this neuron,
the peak current (measured 0.5 msec prior to the end of the
step) was reversibly inhibited by 10 pm and 100 nm cortisol.
The -V relationship in the presence of cortisol showed a greater
inhibition of peak current between —30 and 0 mV at 10 pm; at
100 nM, cortisol had a greater inhibitory effect between —20
and +50 mV (Fig. 14,). Tail current amplitude measured at
—80 mV following the step to —10 mV was also reversibly
depressed by cortisol. CORT also depressed the Ca?* channel
current, as illustrated in Figure 1B,. In this cell, peak Ca?*
current was reversibly depressed 21% by 1 um CORT. For com-
parison, we also examined the potent GABA, potentiator
THDOC, an endogenous corticosterone metabolite (Fig. 1C).
Here, 200 msec depolarizing voltage steps were acquired over
the range of —80 to +60 mV. As shown in Figure 1C,, THDOC
reversibly depressed the inward Ca?* current: 24% and 31%
peak current depression for 1 pM and 100 nM, respectively, with
a wash to 83% of control.

The concentration—¢ffect relationships for the steady-state in-
hibition of the peak Ca?* channel current by these compounds
were examined with 200 msec depolarizing voltage steps to —10
mV from a holding potential of —80 mV. All three compounds
qualitatively exhibited similar biphasic dose—effect curves (Fig.
2). At low concentrations, all of these steroids reversibly inhibit
the Ca?* channel current in a concentration-dependent manner
(Fig. 2). As the concentrations of all the steroids are increased,
there appears to be a plateau effect of their inhibition of the
current, which is quite pronounced for CORT and THDOC
between 10 pM and 100 nm (Fig. 2). The plateau effect of cortisol
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Figure 2. Concentration-effect curves — 20 -
for the cortisol-, corticosterone-, and INN
allotetrahydrodeoxycorticosterone
(THDOC)-induced inhibition of the
peak Ca?* channel current evoked by
200 msec voltage steps from a holding o

potential of —80 mV to a test potential

of —10 mV. Each point represents the
mean + SEM of 5-11, 5-7, and 9-20
neurons for cortisol, THDOC, and cor-
ticosterone, respectively.

is, however, much less pronounced and over a smaller range of
100 pm to 100 nm. Cortisol gave a maximum inhibition at
saturating concentrations that inhibited a fraction (63 + 4%) of
the total Ca?* channel current at 10 and 100 uM. An apparent
sigmotidal fit (not shown; R = 0.9987) to the data gave an ap-
proximate IC,, of 5 nm and an nH of 0.5, suggesting multiple
binding sites. In addition, at the maximal concentration (100
uM) there was minimal reversibility (79 = 5%, n = 9) of control
in wash with control solution. However, >1 um CORT contin-
ued to inhibit the Ca2* channel current, suggesting a nonselec-
tive mode of action, while THDOC appeared to exhibit another
plateau phase (Fig. 2). Cortisone exhibited a small reversible
inhibition of the peak Ca?* current: 2 + 0.8%, 5 = 2%, 13 =+
1%, 14 = 2%, 16 * 2%, and 17 + 2% inhibition for 10 pm,
100 pM, 1 nM, 10 nm, 1 uM, and 10 uM cortisone, respectively
(n = 5; not shown). Following the 10 uM concentration, the
cortisone inhibition reversed to 95 = 4% of control with wash
(n = 5). There was minimal or no reversibility of the CORT
and THDOC inhibition seen at concentrations > 10 uM.

Activation and deactivation kinetics

The effect of cortisol on the voltage dependence of activation
of the Ca?+ channel conductance was examined. Smooth curves
to the peak tail currents (measured at —80 mV following a
depolarizing voltage step to various potentials) were fit accord-
ing to a Boltzmann distribution (not shown). For the cell in
Figure 14, there was a minimal shift to the right by cortisol,
where the voltage at which half the channels are open (V,,) was
—18.2, —16.2, and —16.3 mV, and slope amplitude (k) was 6,
6.1, and 6.3 mV for control, 10 pm, and 100 nMm cortisol, re-
spectively. For all cells examined with cortisol, there was no
change: V,,, —17.9 + 0.25, —17 + 0.46, and —17 + 0.67 mV,
and k, 6.2 = 0.2, 6.3 = 0.22, and 6.3 = 0.15 mV for control,
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CONCENTRATION [M]

10 pm and 100 nM cortisol, respectively (n = 3). A lack of effect
was also observed with CORT for the cell in Figure 1B, where
the V,, was —17 and —16.4 mV, and k was 8 and 7.5 mV (Fig.
1B). The V,, and k for all cells were not changed with CORT:
V, —17.8 £ 0.2and —17.5 + 0.3 mV, and k, 6.8 = 0.3 and
6.5 + 0.3 mV for control and 1 um CORT, respectively (n =
3).

To determine whether cortisol had an effect on the time course
of deactivation of the Ca2+ channel current, we examined the
tail currents generated at —80 mV following a depolarization
to —10 mV. In control conditions, the tail currents in these
neurons are well fitted by a single exponential function to give
a single time constant (ffrench-Mullen et al., 1994). For the
neuron in Figure 14,, cortisol essentially had no effect on the
deactivation of the tail current, where the time constant (7) was
240, 230, 240, and 240 usec for control, 10 pm and 100 nm
cortisol, and wash, respectively. On a total of three cells ex-
amined, cortisol had no significant effect (P > 0.2) on the de-
activation of the tail current: r was 237 + 8, 228 + §, 225 +
7, 227 + 6, and 230 * 5 psec for control, 1 pM, 10 pm, 100
nM, and 1 uM cortisol, respectively. For the neuron in Figure
1B,, CORT also had no effect on the deactivation of the tail
current, where 7 was 220, 219, and 219 usec for control, 1 um
CORT, and wash, respectively (Fig. 1B,). On the three cells
examined, CORT had no effect on the tail current deactivation;
7 =230 £ 0.02, 225 + 0.02, and 225 + 0.02 usec for control,
1 nMm and 1 um CORT, respectively.

In the presence of cortisol, qualitative observations of the
currents showed an apparent slowing of the rising phase or time
to peak of the inward Ca?* channel current generated by 200
msec depolarizing steps in these CA1 neurons. To examine this,
the activation or time to peak was fitted to a single exponential
function, and was well described by a single = (not shown).



Cortisol significantly (P < 0.02) slowed the time to peak of the
Ca?* channel current at concentrations greater than 100 pm,
where 7 was 0.99 = 0.09, 1.12 + 0.11, 1.18 = 0.03, and 1.27
+ 0.08 msec for control, 1 nMm, 100 nM, and 1 uM cortisol,
respectively (n = 9). CORT also significantly (P < 0.003) slowed
the time to peak of the Ca?* channel current, where = was 0.84
+ 0.08, 0.88 + 0.06,0.96 + 0.04, 1.2 + 0.04, and 1.27 + 0.04
msec for control, 10 pm, 1 nM, 100 nM, and 1 um CORT, re-
spectively (n = 9).

Cortisol and Ca?* channel subtypes

In hippocampal neurons, multiple types of HVA Ca?*+ channels
exist that, at the whole-cell level, have been pharmacologically
classified into various subtypes, including the N-, L-, and P-cur-
rents (Mogul and Fox, 1991; O’Dell and Alger, 1991; Regan et
al., 1991; Mintz et al., 1992). The low-threshold or T-type cur-
rent is not present in the adult guinea pig CA1 cells (Doerner
and Alger, 1988; Thompson and Wong, 1991). Similar to guinea
pig CA3 (Mogul and Fox, 1991) and rat hippocampal CAl
(Reganetal., 1991; Mintz et al., 1992) neurons, the HVA current
in guinea pig CAl neurons consists of an N-type or CgTX-
sensitive current (see Fig. 44, hatched bars) and an L-type or
NIF-sensitive current (see Fig. 4B, hatched bars), which together
inhibit approximately 40% of the total HVA Ca2* current, as
“well as a fraction that is C¢eTX/NIF insensitive (see Fig. 4C). It
was previously reported that the dihydropyridine agonist +Bay
K 8644 (0.1-1 um) increased the peak inward Ca?* current at
test potentials of —50 to +10 mV and shifted the I-V relation-
ship in the hyperpolarizing direction, which was blocked by 10
M NIF, while 10 uMm CgTX produced no shift in the I-V re-
lationship (ffrench-Mullen et al., 1994). For this study, the re-
sistant Ca?* current reflects that current insensitive to both CgTX
and NIF.

The fraction(s) of the Ca?* channel current modulated by
cortisol was first examined by application of cortisol in the
presence of 10 um NIF. As illustrated in Figure 34, following
the inhibition of the L-type current, concomitant increasing
concentrations of cortisol continued to inhibit a fraction of the
Ca?+ channel current. The results of the cortisol inhibition in
the presence of CgTX and NIF are summarized in Figure 4. In
the presence of 10 um CgTX, there was a 2 + 1%, 6 = 2%, 9
+ 4%, and 16 + 5% inhibition of the Ca?+ channel current for
1 pM, 100 pM, 10 nm, and 10 uM cortisol, respectively (Fig. 44).
In the presence of 10 um NIF, there wasa 3 £+ 1%, 7 + 3%, 10
+ 3%, and 12 £+ 3% inhibition for 1 pM, 100 pmM, 10 nM, and
10 um cortisol, respectively (Fig. 4B). However, cortisol had no
effect on the CgTX/NIF-insensitive or resistant current: 0.5 +
1%, 0.8 = 1%, I + 3%, and 1 = 3% inhibition for 1 pm, 100
pM, 10 nM, and 10 um cortisol, respectively (Fig. 4C). These
results suggested that while cortisol had no effect on the CgTX/
NIF-insensitive current, it inhibited both the N- and L-type
Ca?* channel currents. The amount of cortisol inhibition in the
presence of either CgTX or NIF was substantially reduced when
compared with control values (see Fig. 2), which demonstrated
that CgTX and NIF dramatically occluded the inhibitory effect
of cortisol.

G-protein mediation of the cortisol inhibition

The possible involvement of G-proteins in the cortisol inhibi-
tion of the Ca?* channel current was tested by examining neu-
rons treated with pertussis toxin (PTX). Of the G-proteins ex-
pressed in neurons, some are sensitive to PTX (such as Ge; and
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Ga,), which prevents their interaction by catalyzing their ADP
ribosylation (Gilman, 1987). Animals were pretreated for 48 hr
with PTX at 1000 ng/24 hr; following this, neurons were then
acutely isolated from the CA1 region. The characteristics of
neurons (such as peak current amplitude) isolated from PTX-
treated animals were the same as normal or nontreated animals
(ffrench-Mullen et al., 1994). In addition, PTX had no effect on
the NIF inhibition (a channel blocker) of the Ca?* channel cur-
rent (n = 3), as previously reported (ffrench-Mullen et al., 1994).

An example of the effect of PTX on the cortisol inhibition of
the Ca?* channel current is illustrated in Figure 3B, where peak
current inhibition at 10 uM was 15%, compared to 63% in con-
trol (see Fig. 2). PTX significantly diminished the cortisol in-
hibition at all concentrations examined except 1 pm (P < 0.005;
maximum 18 + 3% inhibition at 10 um) (Fig. 54).

Further verification of the possible involvement of G-pro-
tein(s) was obtained with neurons dialyzed with the nonhydo-
lyzable GTP analog GDP-8-S (500 uM), which inhibits the ac-
tivation of G-proteins (Eckstein et al., 1979). GDP-8-S alone
has no effect on the Ca?+ channel current (ffrench-Mullen et al.,
1994). However, GDP-3-S significantly diminished the cortisol
inhibition at all concentrations examined except 1 pMm (P <
0.005; maximum 22 + 5% inhibition at 10 um) (Fig. 54).

Involvement of PKC with the cortisol inhibition

It was concluded from these experiments that the cortisol in-
hibition of the Ca?* channel current(s) was mediated via a
G-protein—coupled mechanism. The modulation of Ca2+* chan-
nels by G-protein—coupled receptors involves a variety of mech-
anisms. This is either by direct action of the activated a-subunit
or via intracellular mediators (for review, see Hille, 1992). To
determine whether cortisol activation of a G-protein(s) and cou-
pling to Ca2+ channels involved intracellular mediators such as
PKC and the cAMP-dependent protein kinase (PKA), we ex-
amined the effects of specific inhibitors of PKC and PKA. A
specific inhibitor of PKC, the synthetic pseudosubstrate inhib-
itor PKCI 19-31 (House and Kemp, 1987), is believed to be
effective against all forms of PKC (Bell and Burns, 1991; Orr
et al., 1992). Bisindolylmaleimide (BIS), a compound related to
staurosporine (a relatively nonspecific PKC inhibitor; Ruég and
Burgess, 1989), is a potent and highly selective inhibitor of PKC
(Toullec et al., 1991). The characteristics of neurons internally
dialyzed with BIS and PKCI 19-31 were the same as those not
dialyzed with these compounds. Following the normal runup
of the Ca2* channel current, PKCI 19-31 and BIS had no effect
on the amplitude and the time to peak of the Ca?* channel
current (not shown; n = 3, respectively). The effect of internal
dialysis of PKCI 19-31 (2 uM) is shown in Figure 3C. The cortisol
inhibition of the peak Ca?* channel current was 9% and 14%
at 10 nM and 10 uMm, respectively, compared with control (see
Fig. 2). Figure 5B summarizes the results of internal dialysis of
both PKCI 19-31 (2 um) and BIS (1 um); there was a significant
diminution (P < 0.006, respectively) of the cortisol inhibition
of the Ca?+ channel current at all concentrations except 1 pMm.
The maximal cortisol inhibition at 10 um was 13 + 4% and 14
+ 2% for PKCI 19-31 and BIS, respectively.

The specific membrane-permeable and competitive inhibitor
of PKA, Rp-cAMPS, which competes with cAMP for the bind-
ing site on the regulatory subunit of PKA, and Sp-cAMPS were
also examined (Dostmann et al., 1990; Frey et al., 1993). Bath
application of Rp-cAMPS (100 uM, n = 4) and Sp-cAMPS (100
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Figure 3. Diminution of the cortisol Ca?* channel current inhibition
by modulators of the L-type Ca?* current, G-proteins, and protein ki-
nase C (PKC). A, cortisol inhibits the Ca?* channel current in the pres-
ence of nifedipine (N/F). Following the perfusion of NIF, concomitant
perfusion of increasing concentrations of cortisol inhibited the current;
this inhibition was reversible with an NIF wash. B, Pertussis toxin (PTX)
greatly diminished the cortisol inhibition of the Ca** channel current.
Neurons were acutely isolated from PTX-treated animals; see Materials
and Methods for details. C, Internal dialysis of the specific pseudosub-
strate PKC inhibitor PKCI 19-31 (2 um) also greatly reduced the amount
of inhibition by cortisol.

| CORTISOL

uM, n = 3) had no effect on the 1 um cortisol inhibition of the
Ca?* channel current: 58 + 3% and 57 + 4% inhibition for Rp-
cAMPS and Sp-cAMPS, respectively, compared with 57 + 4%
inhibition for 1 uM cortisol. This suggested a lack of involvement
of PKA in the cortisol inhibition.

Discussion

In guinea pig and human, cortisol is the principal glucocorticoid
produced, in contrast to the rat and mouse, which predomi-

»
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Figure 4. Cortisol inhibits both the w-conotoxin-GVIA (CgTX)- and
nifedipine (NIF)-sensitive but not the CgTX/NIF-insensitive Ca**
channel currents. Data were taken from the peak current evoked by 200
msec voltage steps from a holding potential of —80 mV to a test potential
of —10 mV. 4, In the presence of 10 um CgTX (inhibition of the N-type
Ca?* channel current; hatched bars), cortisol inhibits an additional frac-
tion but not all the remaining current (open bars). B, In the presence of
10 pm NIF (inhibition of the L-type Ca** channel current; hatched bars),
cortisol continues to inhibit some, but not all, of the remaining current.
Both CgTX and NIF dramatically occlude the inhibitory effect of cor-
tisol. C, In the presence of both CgTX and NIF (inhibition of N-/and
L-type Ca?* channel current; hatched bars), cortisol essentially had no
effect (open bars). Data are expressed as mean = SEM; number of
neurons examined is given in each column.

nantly produce CORT (Depaolo and Masoro, 1989). All of the
glucocorticoids in this study rapidly depressed the HVA Ca?+
channel current in the picomolar range with similar profiles.
Cortisol potently and reversibly inhibited the Ca?* channel cur-
rent, with a maximal inhibition of 63% and an approximate
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Figure 5. A G-protein mechanism coupled to activation of protein kinase C modulates the cortisol Ca?* channel current inhibition. All control
data were taken from Figure 2. 4, Pertussis toxin (PTX)-sensitive G-protein involvement. Neurons were isolated from PTX-treated animals (1000
ng/24 hr for 48 hr; see Materials and Methods for details); GDP-8-S (500 um) was internally dialyzed through the patch pipette. Both PTX and
GDP-3-S significantly (*, P < 0.005) reduced the cortisol Ca** channel current inhibition over the range of 100 pm to 10 M. B, Cortisol inhibition
of the Ca?+ channel current involves activation of PKC. The specific pseudosubstrate PKC inhibitor PKCI 19-31 (2 um) and the specific PKC
inhibitor bisindolylmaleimide (BIS; 1 um) were internally dialyzed through the patch pipette. Both PKCI 19-31 and BIS significantly (*, P < 0.006)
reduced the cortisol inhibition of the Ca?* channel current. Data are expressed as mean = SEM; number of neurons examined is given in each

column,

1C,, value of 5 nMm. Due to the differential affinity, low corti-
costeroid concentrations (pm) predominantly occupy MRs, while
higher concentrations (>10 nm) will also activate GRs in rat
(Reul and de Kloet, 1985). This might explain the biphasic dose—~
effect curves observed with these compounds. In rat, cortisol
binds to the GRs while CORT binds to both MRs and GRs (see
de Kloet, 1991). This would suggest that the cortisol inhibition
of the Ca?* channel current in guinea pig might be mediated
via the GRs; however, this does not exclude the possibility of
MR occupancy in guinea pig, which could also explain the bi-
phasic dose—effect curve for cortisol. At concentrations that oc-
cupy both MRs and GRs (30 nm), CORT reduced the amplitude
of both the EPSP and slow IPSP, and reduced the firing prob-
ability of synaptically driven action potentials at the Schaeffer
collateral-CA 1 synapse (Joéls and de Kloet, 1993). This reduc-
tion could be due to inhibition of voltage-gated Ca?* current(s)
by CORT, presumably at the postsynaptic and/or a presynaptic
site. Furthermore, the CORT (1 um) reduction in synaptic in-
hibition in slices (Zeise et al., 1992) could also be due to Ca**
channel inhibition.

Modulation of Ca2+ channel currents in numerous cell types
is known to change both the time course and voltage dependence
of Ca?* currents (Carbonne and Swandulla, 1989). Cortisol and
CORT slowed the activation or time to peak but did not alter
the voltage dependence of activation or deactivation of the Ca**
channel current. In contrast, while they had no effect on the
voltage dependence of activation, the neurosteroids slowed both
the activation and the deactivation of the Ca** current (ffrench-
Mullen et al., 1994). However, slowing of activation or time to
peak of the Ca?* channel current suggested the possible involve-
ment of a G-protein(s) and/or intracellular mediators.

Guinea pig CA | neurons have a whole-cell Ca®+ channel cur-
rent consisting of three pharmacologically distinguished com-
ponents, a CgTX-sensitive (N-type) current, an NIF-sensitive

(L-type) current, and a fraction resistant to both inhibitors, the
CegTX/NIF-insensitive current. Cortisol inhibited only a frac-
tion of the total whole-cell Ca?* channel current, and while
cortisol had no effect on the CgTX/NIF-insensitive current, it
was nonselective in that it inhibited both the CgTX- and NIF-
sensitive currents. However, both CgTX and NIF dramatically
occluded the inhibitory effect of cortisol, as the amount of cor-
tisol inhibition in the presence of either CgTX or NIF was
substantially reduced. In adrenalectomized rat brain slice CA1
neurons, prolonged exposure (>2 hr) to high concentrations (7
um) of the GR agonist RU 28362 increased the amplitude of
the N- and L-like Ca?* currents via protein synthesis without
affecting the voltage dependence (Kerr et al., 1992). In contrast,
the present results show a rapid inhibitory effect by cortisol and
CORT. A major consideration is species difference as well as
the use of nonadenalectomized animals, as the present results
were obtained from intact guinea pigs and opposite results were
obtained from studies employing adrenalectomized rats (Kerr
et al., 1992).

L-type Ca2* channels in hippocampus appear to be predom-
inantly localized in cell bodies and the proximal portion of the
dendrites on neurons (Westenbroek et al., 1990). The distri-
bution of the N-type Ca?* channels along the CA1-CA3 pyra-
midal neurons is dense in the dendrites relative to the cell bodies
(Westenbroek et al., 1992), and synaptic activation involves the
activation of CgTX-sensitive or N-type Ca?* channels (Kamiya
et al., 1988). Cortisol could have a regulatory effect on synaptic
transmission, as N-type channels are probably important con-
tributors to the generation of dendritic action potentials. How-
ever, in addition to affecting synaptic transmission, cortisol would
also have a regulatory effect on L-type channels, thus mediating
Ca?* influx into cell bodies. The effects of cortisol on synaptic
transmission in guinea pig (and human) remain to be explored.

The actions of cortisol on the CgTX- and NIF-sensitive Ca?*
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currents appear to be mediated through a PTX-sensitive G-pro-
tein(s) since this inhibitory action was drastically reduced by
intracellular dialysis of GDP-3-S and by pretreatment with PTX.
Because PTX blocks the actions of both Ge; and Ge, subclasses,
the identity of the specific G-protein(s) cannot be determined
from these data. In rat cortex, it has been demonstrated that
under physiological conditions, Ge, and Ga;, but not Ge,, are
regulated by CORT (Saito et al., 1989). The present results
further confirm that specific G-protein subunits are under the
coordinated control of glucocorticoids in brain.

The modulation of Ca?+ channels by G-proteins may involve
a variety of mechanisms, including a direct action or intracel-
lular mediators, and more than one G-protein may be involved
(Hille, 1992). There are many reports describing the actions of
PKC and PKA inhibitors on Ca?* channel currents, and the
involvement of PKC in transmitter modulation of neuronal
Ca?* channels has recently been reported for some systems (see
Diversé-Pierlussi and Dunlap, 1993). The G-protein—dependent
cortisol. inhibition of the Ca2* channels appears to be coupled
to the intracellular kinase mediator PKC. The specific inhibitors
of PKC, namely, BIS and PKCI 19-31, significantly diminished
the inhibitory effect of cortisol. Rp-cAMPS, a specific compet-
itive inhibitor of PKA, had no effect on the cortisol inhibition
of the Ca2+ currents, even at a concentration (100 um) known
to inhibit late long-term potentiation in hippocampal slices (Frey
et al., 1993). Application of Sp-CAMPS to activate PKA had
no effect on the cortisol inhibition of the Ca?* channel current.
Similar results were obtained with certain neurosteroids: inhi-
bition of the Ca?* channel current via a PTX-sensitive G-protein
and activation of PKC (ffrench-Mullen et al., 1994). Overall,
the data suggest that there may be a common mechanism of
action of the steroids on neuronal voltage-gated Ca2* channel
currents.

The experiments in this report were conducted on nonadren-
alectomized guinea pigs. In other ixn vitro reports in rat, adren-
alectomy was performed to avoid activation of the corticoste-
roid receptors and binding sites (see Kerr et al., 1989, 1992;
Joéls and de Kloet, 1992, 1993). The glucocorticoid depression
of the voltage-gated Ca?* channel current in guinea pig occurs
rapidly, and by physiological levels of the steroids. Cortisol
levels (such as in stress or depression) could indeed have effects
on neuronal firing (this and other reports; see introductory re-
marks) and consequently LTP and/or celtular dysfunction such
as in aging. Glucocorticoids are released in response to stress
and cortisol levels are elevated in depressed patients (von Bar-
deleben and Holsboer, 1991). Cortisol levels significantly in-
crease in aged patients, who were impaired on tasks measuring
explicit memory and selective attention, hence cognitive per-
formance (Lupien et al.,, 1994). While the glucocorticoids can
affect memory processes and other cognitive functions (McEwen
et al., 1986; McEwen, 1987; Wolkowitz et al., 1990), they also
impair LTP in both adrenalectomized (Dubrovsky et al., 1993)
and nonadrenalectomized animals (Pavlides et al., 1993), and
prolonged glucocorticoid elevations are toxic to hippocampal
pyramidal neurons (Sapolsky et al., 1985; Landfield, 1987). In-
hibition of Ca2* entry to neurons by cortisol would inhibit LTP,
and presumably memory processes overall, as Ca?* entry is a
requirement for the establishment of LTP (Bliss and Lynch,
1988). An additional implication of prolonged glucocorticoid
exposure is an alteration in levels or a downregulation of the
G-protein(s) modulating the Ca?>* channel current inhibition,
which could in turn affect cellular function. Alterations in

G-proteins may represent a general mechanism by which neu-
rons adapt to chronic drug treatments and other chronic per-
turbations in vivo.

Glucocorticoids have been shown to influence hippocampal
physiology acutely, and considerable evidence exists demon-
strating that selective steroids synthesized in brain and adrenal
cortex have rapid membrane-mediated effects on the CNS (for
areview, see Majewska, 1992). In addition, membrane receptors
have been demonstrated (Orchnik et al., 1991). The present
results demonstrate that physiological levels of the glucocorti-
coid cortisol in nonadrenalectomized animals reversibly inhibit
the neuronal somatic voltage-gated N- and L-type Ca?+ currents.
This modulation is via a PTX-sensitive G-protein associated
with the activation of PKC. This inhibition could result in a
reduction of neuronal excitability, which could have profound
effects on cognitive performance, particularly in scenarios known
to raise cortisol levels, such as stress, depression, and aging.
These effects could be further compounded by the additional
genomic modulation with prolonged exposure to high gluco-
corticoid levels.
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