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Modulation of neuronal nicotinic acetylcholine receptors

by glucocorticoids
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ABSTRACT

AIM: To investigaie the nongenomic effect of the
glucocorticoid corticosterone ¢n  nicotinic  acetylcholine
receptor { nAChR) in PC12 cells. METHODS: The
acetylcholine ( ACh)-induced current was measured on
nerve growth factor differentiated PCI2 cells using whole-
cell patch-clamp techniques. RESULTS: The ACh-
induced current ( /uc,) proved to be generated through
nearonal nAChR.  When ACh (30 pmol/L) was applied
simultaneously with corticosterone (0.1 — 10 pmol/L),
the decay of [aq, was faster with slight inhibition on the
peak current amplitude, Pretreating PCI2 cells with
corticosterone augmented the inhibition on the peak /5o,
and did not alter receptor desensitization. Bovine serum
albumin-conjugated corticosterone (0.1 - 10 umol/L)
had the inhibition similar to corticosterone. The rapid
effect induced by corticosterons was reversible, concen-
tration-dependent, and voltage-independent.  CON-
CLUSION; Corticosterone has rapid inhibitory effect on
Iy, which is mediated by a nongenomic mechanism.
It indicates that corticosterone binds to the specific site on
the outer cell membrane, probably on the neuronal
Ricotinic receptor-coupled channel, and inhibits the gy,
in a noncompetitive manner, thus controlling the
immediate catecholamine release from the sympathetic
cells.

INTRODUCTION

Evidence for nongenomic actions of steroids is now
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coming from a variety of fields of steroid research. For
example, in recent years, a number of studies have
shown that steroids can have a rapid action in the brain
and can produce clinical anesthesia as well as affecting
mood and performance in humans. These rapid actions
are apparently mediated by binding t membrane
proteins, including ligand-galed ion chapnels. A variety
of steroids can enhance activation of the Y-aminobutyric
acid type A {GABA,) receptor by GABA and may cause
direct gating of this receptor!™) . Cenain sulfated steroids
block GABA, receptors®. and can also emhance the
activity of  N-methyl-D-glutamate-type  glutamate
receptors®),  Finally, steroids are known to inhibit the
muscle*’ and neuronal®® nicotinic receptor.  But
litle is known about the modulation of the natural
glucocorticoids on  neuronal nicotinic  acetylcholine
receptor (nAChR ) in sympathetic cells. When cultured
in the presence of nerve growth factor ( NGF).
pheochromocytoma  ( PC12 ) cells differentiated to
resemble  sympathetic neurons morphologically and
functionally’”. The aim of the present smdy was to
investigate the shon-term effect of corticosterone, a
natural glucocorticoid of rat, on the electrical excitability
and ACh-induced current () in PC12 cells.

MATERIALS AND METHODS

Cell culture PCI2 cells grew in Dulbecco’s
modified Eagle's medium (DMEM, Gibco) supplemented
with 10 % fetal bovine serum and 5 % horse serum
(Gibea). Cells were plated onto collagen-coated cover-
slips which were placed in 35 mm plastic tissue culture
dishes and treated with 2.58-NGEF at 50 pg/L. The
cultures were fed three times a week and were used for
electrophysiclogical experiment 5 — 10 d after being
plated.

Whole-cell patch clamp recording Cover-slips
bearing PC12 cells were removed from culture medium
and placed into the recording chamber { volume



ISSN 16714083 Acta Pharmaro] Sin

+ 238 - E-mail aps @ mail. shene, ac. en

FREEFIR 2002 Mars 23 (%)
Phn/Fax 86-21-6474-262

approximately G.6 mL} which was perfused continuously
with extracellular solution containing NaCl M0, KCl 5,
CaCl 2.5, MgCl, 1, HEPES 10, glucose 11.5 mmol/
L. pH 7.4. The basic patch electrode-filling solution
included KC1 140, egtazic acid 0.5, HEPES 5, MgCl,
1, CaCl, 0.397, NaOH 3, ATP-2Na | mmol/L, pH
7.2-7.3. Recording was obtained from isolated cells
lacking processes using standard patch clamp techni-
ques™ . Parch-recording electrodes were pulled from
borosilicate glass micropipettes on a PC-10 puller ( Nari-
shige, Japan). FElectrode resistance in recording solution
was 2 — 5 M(). Membrane cuments from whole-cell
voltage clamp were recorded using a CEZ-23(0 amplifier
(Nihon Kohden, Japan) and were fed to a pen recorder
(LMS-2B, Chengdu, China, frequency response 5 Hz at
-3 dB). Chemicals were diluted in the extracelullar
perfusing solution.  External solutions were changed by
gravity feed and flow was controiled via some three-way
valves fixed in proximity to the bath. The solution
changing time was minimized to 3 — 8 s. Cells were
voltage-clamped to — 80 mV unless otherwise stated.
All experiments were performed at room temperature
(2T-247).

Statistical analysis Data were expressed as @ =
5. Paired ¢ test was used for festing the significance
between the peak amplitude of Ixq, before and after
perfusion the test drug. ANOVA was used for testing
the significance among the inhibition of
corticosterone  at  various concentrations or holding
poicntials.

rates

RESULTS

Iyon in PC12 cells  PCI2 is a clonal cell line
derived from a catecholamine-secreting tumor { pheo-
chromocytoma) of rat adrenal medulla. When cultured
in the presence of NGF, PC12 cells differentiate 1o
resemble  sympathetic  peurons  morphologically,
accompanied by physiological and biochemical changes
which ultimately endow PC12 cells with neuron-like
function!”’,  After the membrane was ruptured, the
membrane potential was held at —80 mV. Bath applica-
tion of ACh 30 pmol/L produced an inward current
associated with an increase in current noise, a reflection
of siochastic behavior of the activated channels. The
peak amplitude of /4y, was (0.62+0.11) nA (n=24).
The Jum proved to be generated through neuronal
nACHR, as had been reported in our previous work™'!)|

When ACh was continuously present int the bath for 40 s.
the current amplitude gradually decreased w a sustained
level due to the desensitization process (Fig 1). To
ensure recovery from desensitization, an interval of at
least 2 min between repetitive applications of ACh was
used- 12/,

Rapid inhibition by corticosterone on I, in
PC12 cells Corticosterone 21-sulfate { Sigma) had no
effect on the resting membrane conductance (Fig 1),
When voltage clamped at - 80 mV, ACh 30 pmol/L was
applied simultaneously with corticosterone 10 pmol/L.
Ag shown in Fig 1a, the peak amplitude of I, was
inhibited. The rate of inhibition was 15.2 % +4.8 %
(n=8). This inhibition of [s, by corlicosterone was
reversible and was easily eliminated by its washout (Fig
la). When cells were pretreated with corticostetone
(.01 =100 pmol/L for 4 min, the peak amplitude of the
subsequentiy elicited /¢y, in the presence of corticosterone
was greatly inhibited (Fig 1b, Fig 2).

The relationship between inhibition and the concen-

tration of corticosterone is shown in Fig 2. The
inhibition data were fitted with the equation:

where [Cs, is the concentration of steroid { C) producing
half-reduction in the response and n is the Hill
coefficient.  The fit parameters for the data in Fig 2
(responses elicited with ACh 30 umol/L)} were an ICy
(95 % confidence limits) value of 12.5 (11.3 - 13.6)
pmol/L and an n value of 0.6,

Cholesterol (0.03 - 100 pmol/L) had no effect on
I.cn(Fig 1c). Furthermore, inhibition by corticosterone
was not affected by the concomitant application of
cholesterol (10 pmol/L, n =6) (data not shown).
Bovine serum  albumin-conjugated  corticosterone
{B-BSA) is a water-soluble compound that does not enter
the plasma membrane. Pretreating cells with B-BSA
(0.1-10 pmol/L) for 4 min had the inhibition on Iyg,
similar to corticosterene ( Fig 1d). It was also
concentration-dependent. BSA alone had no detectable
effects on the [, when applied before or during the ACh
application (Fig le).

The effect of corticosterone on the desen-
sitization of Iyc, in PC12 cells The decay of 30
pmol/L. ACh-induced current in the controls could be
fitted by a single exponential function in most cases (5 of
6 cells) with time constants of 11.3 s + 0.6 s (7).
Simultaneous application of corticosterone 10 pmol/L and
ACh 30 pmol/L greatly facilitated the falling phase of the
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Rapid inhibition of I,, in PC12 cells by extracellular application of corticosterone (B), cholesterol (Ch},

corticosterone-conjugated BSA (B-BSA) and BSA. Simultaneous application of B and ACh to a PC12 cell (a);

Pretreatment with B (b), Ch (¢), B-BSA (d), BSA

{e) for 4 min respectively {dotted line}, and then application of

ACh and the corresponding substance simultaneously. Bars indicate periods of applications. Holding potential: — 80
mV. ACh: 30 pmol/L; B, Ch, B-BSA, and BSA: 10 pmol/L. Arrows indicate the zero current jevel.

Ty (Fig la), which consisted of two exponential
components with time constanis of 3,6 5+ 0.7 s (1;),
1035+ 1.4 5 (1) {n=>5). The effect was also
reversible, By statistical analysis, it was found that t,
was comparable to T of the control value (P > 0.05).
When the cell pretreated with corticosterone (10 pmol/L)
for 4 min, then applied with ACh and corticostercne
simultaneously, we found the desensitization of Iapy, had
no noticeable change (Fig 1b). There was a single

exponential time course observed, with a time constant of

10.95+£0.85 (n=35). This value was comparable to
the control value (P > 0.05).

Inhibition by corticosterone is not competi-
tive To further clarify the mode of inhibition, the
effects of corticosterone on the concentration-response
relationship of T4y, were examined (Fig 3). The best fir
for the control peak /g, was made with a theoretical line
when it was assumed that the dissociation constant { K )
value 16.5 pmol/L and the Hill coefficient was 1.8.
The data points for the inhibition of 7,py, induced by
corticostefore (10 pmol/L) in the cells pretreated with

corticosterone for 4 min showed a good fit with the same
value of each parameter except for 49 % reduction of the
maximal response. From this result, it is very likely that
corticosterone  inhibits the /aq, in a noncompetitive
manner.

Inhibition by corticosterone is voltage.
independent  To detenmine the influence of the
membrane potential on the inhibition by corticosterone on
Tachs the current-voltage relationship of responses to ACh
was firstly recorded under control conditions and then in
the presence of corticosterone 10 pmol/L afier cells were
pretreated with corticosterone for 4 min (Fig 4). 1t
could be seen that corticosterone had rapid inhibition on
1 5n at various holding potentials from —80 to — 40 mV,
and there was significant difference between the peak
currents before and after pretreatment with corticosterone
{P<0.01). However, ANOVA showed no significant
differences among the rates of the inhibition { £ >0.05).
This result indicates that the inhibition by conticostercne
on [ is voltage-independent.
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Fig 2. Corticosterone concentration-response inhibi-
ton of I,. The peak amplitude of I,y was
novmalized with respect to the value recorded when
using ACh 30 pmol/L alone. Holding potential: — 80
mV. n=6. Tz,
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Fig 3. Effect of corticosterone on concentration-response
relationships of I,y,. Peak magnitudes of current in cells
were plotted against ACh comcemtrations. (O, @)
Before and after pretreatment with corticosterone 10
pmol/L for 4 min, Data of control Iyoy, and I, inhibited
by corticosterone (10 pmol/L) were well fitted to each
theoretical tine: I = Ly, (C*)/(C" + K3}, where I is
observed peak Fyy, Ipey is maximal value of peak I,o
with (0.40 nA} and without (0.82 nA) corticosterone, C
is ACh concentration, K, is a constant corresponding to
concentration of ACh producing a half-maximal current
(16.5 pmol/L), and n is the Hill coefficient. n = 6.
xs. ‘P<0.01 vs the peak amplitude of I,q before
pretreatment with corticosterone.

ment with corticosterone.

DISCUSSION

When cultured in the presence of NGF, PC12 cells
differentiate to resemble sympathetic neurons morpho-
logically and functionally. The ACh-induced current in
PC12 cells proved to be generated through the nicotinic
acetylcholine receptor, which was in agreement with the
report of Boyd™. In present study.
corticosterone, the natural glucocorticoid of rat. could
inhibit fac, rapidly. The rapid onset and short-time
course of the inhibition by corticosterone on / ycp, Suggests
that it is distinct from the genomic mechanism of action
and is a nongenomic effect. As we knmow, glucocor-
ticoids are synthesized from cholesterol in the adrenal
gland. The mode of action of cholesterol has been
attributed to an alteration of the lipid composition of the
plasma membrane surrounding the nAChRs-**' . The lack
of action of cholesterol on nACHR of PCI2 cells indicates
that corticosterone inhibition is unlikely to occur via a
membrane perturbation but rather reflects a direct action
on the recepior. B-BSA is a large molecule and a water-
soluble compound that does not enter the plasma
membrane, while it was effective in reducing the ey,
This result indicates that coricosterone acts via the
extracellular compartment.

Application of corticosterone consistently inhibited
the Jacy in a noncompetitive manner. The magnitude of
the inhibition was little changed over a range of ACh
concentrations from 3 to 100 pmol/L. Therefore, it is
probable that corticosterone suppressed the [ay, with no

we found
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effect on the apparent affinity of ACh for its receplor
complex.  Another possible mode of corticosterone
inhibition of the /., is open channel blocker (OCB),
which has been demonstrated with various kinds of
chemical' ™. In general, OCBs are strongly voliage-
dependent, due to the charge they carry in the trans-
membrane field''® . In addition, OCBs is lack of effec-
tiveness when applied before the agonist challenge. In
the present experiments, the inhibition of corticosterone
on fae was voliage-independent, and the result of
pretreatment  with corticosterone  showed that cortico-
sterone had access to the ACh receplor complex even in
closed conformation, thereby augmented the inhibition of
corticosterone on [acp,. It suggests that the inhibition
produced by corticosterone does not depend on the
conformation of the ACh receptor channel complex. The
results of kinetic analysis of the desensitization process
would provide strong support to this idea. The decay
observed during the simultaneous application of ACh and
corticosterone was fitted well by a double exponential
function with time constants of 1; and z,. In fact, r, was
in comespondence with 7 of the control value, and just
another faster exponential component (t;) was added.
The fast exponential function might reflect a mixed
process of true desensitization and gradual artainment of
corticosterone  binding and its consequent inhibition.
Binding of corticosterone, probably to the nACh receptor
complex, may be a slow process compared with ACh
activation kinetics.  When the interaction between
corticosterone and its binding site reached a steady state,
application of ACh did not modify this stale.  Therefore
the conformational change of the ACh receplor complex
did not affect the affinity of corticosterone for its binding
site.  So the decay patiern of the /.o was almost
identical to the contiol pattemn.

Glucocorticoids have been reported to increase the
production of cAMP in human lymphocytes'’”!, and then
cAMP-dependent protein kinase was activated, which was
demonstrated to be ivolved in the phosphorylation of
nicotinic receptors and the rate of desensitization was
facilitated®'.  But we found there was no effect of
8-Br-cAMP on either peak response or the desensitiza-
tion!"-. Therefore inhibition by corticosterone may not
be mediated by cAMP-dependent phosphorylation.

We postulate that inhibition by corticosterone results
from a negative heterotopic interaction between the ACh
binding site and a specific corticosterone binding site.
The most probable mechanism of inhibitory actions of
corticosterone may be channel block. The channel may

be physically plugged from outside of the membrane by a
corticosterone molecule, and its binding may not be
affected by the conformational change of the receptor
complex. The inhibition by corticosterone may be a
decrease in the total number of the nAChR that can be
activated. During stress, GC increases acutely which
can inhibit /.. thus controlling the immediate
catecholamine release from the sympathetic cells.
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