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Abstract: Objective: To determine whether actions on nicotine acetylcholine receptors (nAChRs) contribute to etha-
nol’s depressant effects on the autonomic nervous system. Methods: The acute effects of ethanol on nAChRs were
examined in primary cultured superior cervical ganglion (SCGs) by whole-cell patch clamp recordings. After the
whole-cell configuration was formed, drugs diluted to various concentrations with extracellular solution were applied
directly to single neurons. Results: Held at -70 mV, ethanol significantly and reversibly inhibited nicotine-evoked
currents (I ;) with a maximum inhibition rate of ~80% and an IC_; of 232.88+40.66 mM. At 50 mM, ethanol accel-
erated the slow decay, but did not affect the quick decay and rising time of | . There was neither use-dependence
nor voltage-dependence of ethanol on suppressing |, in SCGs. Conclusion: Ethanol inhibited the whole-cell | sig-

nificantly, probably through noncompetitive inhibition at the binding sites outside of the cell membrane.
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Introduction

Ethanol is one of the most commonly used psy-
chotropic drugs, and the small ethanol mole-
cule displays wide and complex effects by inter-
acting with biological membranes and proteins.
The alcohol modulation of many channels and
receptors has been studied extensively; for
example, it has been studied in sodium chan-
nels [1], BK channels [2], NMDA receptors [3],
GABA-A receptor chloride channel complexes
[4], and glycine receptor channels [5], as well
as in the inhibition of Ca?* channels [6, 7]. In
the case of nicotinic acetylcholine receptors
(nAChRs), the action of alcohol is more
complex.

Alcohols appear to have two predominant
actions on the nAChR. Ethanol and other short-
chain n-alkanols potentiate ion current or ion
flux through these receptor-channels. In addi-
tion to alcohol-induced potentiation of nAChR
function, an additional channel-blocking action
of alcohols has been described. Different
nAChR has different response to different

Alcohols [8]. The present research aimed to
investigate the effect of ethanol to superior cer-
vical ganglion neurons (SCQ), the direct target
to ethanol.

Ligand-gated ion channels are important regu-
lators of neuronal excitability and are likely
molecular targets for anesthetics and alcohols
acting on in the central nervous system.
Peripheral nicotinic acetylcholine receptors,
such as the ligand-gated ion channels found in
the central nervous system, are sensitive to
anesthetics [9]. nAChR is the best characterized
member of the superfamily of cysteine-loop
ligand-gated ion channels [10]. Similar to alco-
hol, nicotine (NIC) is a substance that is widely
used and is present in smoking and chewing
tobacco products. Approximately 29.9% of the
population in China admitted to using a form of
tobacco product (the principal method of nico-
tine intake) in 2008.

It is a well-known fact that both alcohol and
nicotine are frequently used simultaneously; it
has been reported that alcoholics commonly
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engage in heavy cigarette smoking [11-13].
From a toxicology standpoint, it is therefore
important to understand how these drugs inter-
act to exert their effects on the organ tissues
and cells. Currently, there is evidence to sug-
gest that nicotine, when administered in con-
junction with alcohol, may be capable of pro-
tecting against alcohol-mediated deleterious
effects. In an in vitro model system [14], found
that pretreatment of primary cultures of cere-
bellar granule cells with nicotine was capable
of protecting the cells against alcohol-induced
cytotoxicity and that this effect was blocked by
NAChR antagonists. Alternately, in vivo studies
have suggested that nicotine-mediated attenu-
ations of alcohol-induced damage may be a
result of nicotine’s ability to decrease blood
alcohol concentration, possibly through the
action of gastric alcohol dehydrogenase [15].

Materials and methods
Cell preparation

The SCGs were dissociated from the of pl
Wistar rats of either sex in accordance with the
NIH Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80-23). In brief,
freshly dissected SCGs were transferred to a
35-mM culture dish containing dissection solu-
tion. The ganglia were individually trimmed to
remove the peripheral nerves and excessive
tissues under a Zeiss operating microscope in
DMEM (Gibico, Carlsbad, CA, USA) with trypsin
(5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA).
After enzymatic treatment for 30 to 40 min at
37°C equilibrated with 95% air and 5% COz, the
suspension was centrifuged at 500xg for 2
min. Next, the ganglia were rinsed with stop
solution, and SCGs were mechanically dissoci-
ated by trituration in a fire-polished Pasteur
pipette. The pellet was gently resuspended in
DMEM containing insulin (1 mg/mL, Sigma-
Aldrich), transferrin (1 mg/mL, Sigma-Aldrich),
penicillin (100 U/ml), streptomycin (100 U/ml)
and nerve growth factor (50 ng/ml; Alomone
Labs, Jerusalem, Israel). The cell suspension
was plated into a 24-well culture plate with a
poly (D-lysine)-coated (50 pg/ml; Sigma-Aldrich)
glass coverslip (12-mm diameter; Fisher
Scientific Co., Fair Lawn, NJ, USA) in each well
and incubated with air containing 5% CO, at
37°C. Half of the growth medium was changed
every 3 days.

Electrophysiological recordings

At 3-7 days after plating, SCGs were bathed
with physiological solution containing 140 mM
NaCl, 5 mM KCI, 1 mM MgCI2, 3 mM CaCI2, 10
mM glucose, and 10 mM HEPES; pH was
adjusted to 7.3 with NaOH, osmolarity was
adjusted to 310 mOsm/L with glucose.
Nicotine-evoked currents were measured from
cultured SCGs with a conventional whole-cell
patch clamp technique. Data were acquired
with an Axopatch 1-D. The pClamp 8.2 software
package was interfaced to a Digidata 1322A
acquisition board (Axon Instruments, Inc.,
Foster City, CA), and signals were filtered at 5
kHz, digitized at 10 kHz and stored in a PC for
analysis. Patch electrodes were pulled from
borosilicate capillaries using PP-830 (Narishige
CO., Tokyo, Japan) micropipette puller, and the
tips were heat-polished. The pipette resistanc-
es were 2-4 MQ when filled with 140 mM KClI,
10 mM HEPES, 2 mM Na,ATP, and 10 mM EGTA
intracellular solution; pH was adjusted to 7.3
with KOH and osmolarity was adjusted to 300
mOsm/L with glucose. The membrane poten-
tial was held at-70 mV.

Applications of agonists and antagonists

All drugs were applied by a puff pipette, which
was connected to a pressure ejector (BH-2,
Medical Systems Corp.). N, pressure was
adjusted to approximately 50-60 kPa. The puff
pipette consisted of 3 microtubes. One of
microtubes was filled with the agonist nicotine
(Sigma-Aldrich) as the control group. The other
microtubes were filled with a mixture of the
same concentration of the agonist and differ-
ent concentrations of ethanol. The diameter of
a microtube was 5-10 uym. The distance
between the pipette and the recorded neuron
was 20-30 ym. The duration of drug application
was 1 s, and the interval time between the
applications was 3 min. We had detected that
the 3 min interval was sufficient for nAChRs
recovering from the desensitization and the
residual inhibition of ethanol. After each appli-
cation of a drug, the pipette must be moved out
of the extracellular solution at once to avoid a
possible diffusion of the drugs.

Data analysis

The peak amplitude, and the exponential decay
time constant (t) of the whole-cell currents
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Figure 1. Inhibition and its reversibility by ethanol on nicotine-evoked currents in cultured superior cervical gangli-
ons (SCGs). A: Representative whole-cell inward currents elicited by brief nicotine pulses (1 s) on a single SCG before
(left) and after (middle) the application of ethanol. Note that the current amplitude completely recovered after 3
min of washout (right). B: Mean normalized inhibition rate with increasing ethanol concentrations. Data fitted to a

Bolzmann equation with IC_ =45.55+3.62 mM (P<0.05, n=7).

were determined using the pCLAMP 8.2 pro-
gram. The software Origin 7.0 (MicroCal
Software, Inc.) was used for curve fitting and
graphic display. Data were obtained from 7
cells taken from at least three different rats for
each experiment. Data were shown as
means+S.E.M. Statistical analysis was con-
ducted by one-way analysis of variance (ANOVA)
for multiple comparisons between two groups
and by paired-t test for comparisons in the
presence and absence of ethanol using the
SPSS software. Differences were considered to
be statistically significant at P values of less
than 0.05.

IC,, values corresponded to the concentration
of inhibiting agent causing a 50% reduction in
the current evoked by a pulse of nicotine near
the EC50 value (80 uM). The nicotine-evoked
currents in the presence of the ethanol were
measured at -70 mV and normalized to the
amplitude of the current elicited by nicotine
alone. IC,, was fitted with the Boltzmann
Equation by the pCLAMP 8.2 program.

Results

Concentration-dependent blockade of ethanol
on the nicotine-evoked current

Robust inward currents were produced when
the receptors were stimulated with 80 yM nico-
tine at a holding potential of -70 mV. The stimu-
lation lasted for 1 s, and the interval between
stimulations was 3 min.
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The agonist-induced current inhibited by etha-
nol () was compared with the control current
(I,) at -70 mV, and the inhibitory rate (%) was
equal to 1*100/1,. When mixtures of nicotine
and different concentrations of ethanol were
puffed onto the neuron, the amplitudes of nico-
tine-induced currents were obviously depressed
with a maximum inhibition rate of ~80%, and
an IC, of 45.55+3.62 mmol/L (Figure 1). The
differences among the inhibitory rates induced
by various concentrations of ethanol were sig-
nificant (P<0.001). The results showed that
ethanol could dose-dependently block neuro-
nal nAChRs.

Effect of ethanol on kinetics of neuronal
nAChRs

To observe the effect of ethanol on the desen-
sitization of nAChRs, the application time was
prolonged to 15 s, and the interval was accord-
ingly increased to 6 min. The membrane poten-
tial was held at -70 mV. The effect of the etha-
nol at its IC,, concentration (50 mM) on the
rise, and the decay phase of the currents was
studied. The currents recorded in the presence
of the ethanol (50 mM) were normalized at their
peak amplitude to the corresponding control
current (Figure 2). The rise time (10-90%) of an
80 pM nicotine-evoked current ranged from
81.2 to 213.1 ms (143.45+13.77 ms, n=10)
and was not affected significantly by ethanol at
its IC,, concentration (193.76+11.2 ms, n=10;
P>0.05).
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Figure 2. Effect of ethanol on the rise and decay times of nicotine-evoked currents. A: Representitive recordings
evoked by the application (15 s) of nicotine (80 uM) in the absence and the presence of 50 mmol/L ethanol to a
cell held at -70 mV. B: The bar graph shows a comparison of the rise time and decay time constants of the nicotine-
induced currents evoked in the absence and presence of ethanol. *Ethanol significantly decreases the time of slow
decay (P<0.05) without affecting the rise time and fast decay. The results are presented as means+S.E.M. (n=10).
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Figure 3. Use dependence of the inhibitory effect of ethanol on nicotine-evoked currents. A: Three pulses of the
mixture of ethanol (50 mM) and nicotine (80 uM) separated by three pulses of the control nicotine (80 uM, 1 's)
were delivered to the representative cell every 3 min. Nic refers to nicotine, Eth refers to the mixture of ethanol (50
mM) and nicotine. B: The bar graph shows that the inhibitory effect of ethanol in nicotine-induced currents is not
use-dependent (n=7).

firmed that ethanol could only accelerate the
slow decay rate of nicotine-induced currents.

The decay rate of the nicotine-induced currents
basically displayed the desensitization rate of
the nAChRs. We fitted the descendent phases
of the currents with a double-exponential curve. Use-independent blockade of nAchRs by etha-
The results showed that the fast decay time nol

constants (tl) of the currents were intact from

1.83+0.38 s to 1.36+0.38 s (n=7, P>0.05) in
the presence of ethanol, while the slow decay
time constants (12) changed from 13.1+2.17 s
10 9.23%1.98 s (n=7, P<0.05). This finding con-

To study the use-dependence phenomenon of
inhibition by ethanol, we measured the respons-
es to six pulses (1 s) held at -70 mV and spaced
3 min apart. Three pulses of the ethanol (50
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Figure 4. Voltage dependence of the inhibitory effect of ethanol in nicotine-evoked currents. A: Representitive cur-
rent traces evoked by the application of nicotine (N, 80 uM) or ethanol (E, 50 mM) plus nicotine (80 uM) to the cells
held at various potentials of -110, -90, -70, -50 and -30 mV. B: The relationship between the holding potential and
the ratio of the amplitudes evoked in the presence or absence of ethanol at the corresponding holding potential is
summarized for four cells on the right. Symbols and bars represent the mean+S.E.M. (n=7).

mM) and nicotine (80 uM) mixture were sepa-
rated by three control pulses of nicotine (80
MM). The nicotine-induced current inhibited by
ethanol (I) was compared with the preceding
control current (I,). It could be observed that in
spite of the difference in current magnitude
obtained with the mixture and control, the inhi-
bition rate is roughly the same (49.8+10.53,
59.142.0, 52.23+7.89, P>0.05, n=7), regard-
less of the use time (Figure 3).

Voltage-independent blockade of nAchRs by
ethanol

To determine whether the ethanol binding site
on AChRs is located externally or within the ion
channel, we studied the inhibition of nicotine-
currents by ethanol as a function of membrane
potential. The effect of the membrane potential
on the inhibition of ethanol was observed at
various holding membrane potentials. The
drugs were puffed for 1 s, and the interval
between puffs was 3 min.

The inhibition rates of ethanol on nicotine-
evoked current at different holding potentials
(-1120 mV, -90 mV, -70 mV, -50 mV and -30 mV)
were 51.46+5.98%, 49.04+8.23%, 48.39+
3.04, 37.86+4.78%, and 46.73+6.78%, respec-
tively (P>0.05, n=7). The statistical results
revealed that the interaction between the
change of membrane potentials and the inhibi-
tion rate was not significant, which meant that

the blockade of ethanol on neuronal AChRs
was not notably affected by the hyperpolariza-
tion of the membrane potentials (Figure 4).

Discussion

In the present research, ethanol dose-depend-
ently depressed the nicotine-induced currents.
In the presence of ethanol (50 mM), the slow
decay time constants of nicotine-induced cur-
rents decreased remarkably (P<0.05), while
the fast decay was intact. This result means
that ethanol could speed up the desensitiza-
tion of the SCG neuronal nAChRs. The phenom-
enon of desensitization meant a reversible
decline in the conductance of responses to the
agonists. In the presence of an antagonist
interacting with the agonist action site, a num-
ber of the receptors will be inhibited and stay in
a refractory condition, while other receptors
may still be competitively excited by agonists.
For the antagonists that act competitively on
the recognition sites of nAChRs, their influence
on the receptor activities such as channel
opening, closing, and desensitization are short-
lived in the presence of agonists. However, allo-
steric antagonists can influence the desensiti-
zation of receptors, even in the presence of
agonists because their binding sites on neuro-
nal nAChR are different from agonist recogni-
tion sites [16]. As ethanol could speed up the
decay of nicotine-induced current, i.e., acceler-
ate the desensitization of neuronal nAChR, it
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was deduced that ethanol might depress
nAChR by interacting with allosteric sites, rath-
er than acetylcholine recognition sites.

It was found that ethanol’s inhibition of nico-
tine-activated currents was independent of
membrane voltage between -110 and -30 mV,
with no statistically significant differences
being observed between the inhibition rates of
the peak currents (Figure 4). The fact that the
|-V relationships remained unaltered suggests
that ethanol inhibits nicotinic currents by a
mechanism other than blocking the channel
core [17].

The use dependence of blocking ACh receptors
has been attributed to drug trapping in the
receptor channel [18]. Inhibition of nicotine-
evoked currents by ethanol at 50 mM was use-
independent, which indicated that the interac-
tions of ethanol with nAChRs were on the extra-
cellular domain.

Our previous research has shown that ethanol
(100 mmol/L) inhibits the Ca?* influx through
the voltage-gated calcium channel (VDCC) and
the ionophore channel, as well as the voltage-
gated sodium channel (VDSC) [1, 6]. It is well-
known that 1,1-dimethyl-4-phenylpiperazinium
iodide (DMPP), a nicotinic acetylcholine recep-
tor (nAChR) agonist [19], nicotine [20] and Ach
[21]induce calcium and sodium influx. Inhibition
of nAChR function decreases Ach induced cal-
cium and sodium influx. It was speculated that
the inhibition of VDCC and VDSC is a conse-
quence of inhibiting NAChRs.

Several o and 3 subunits that can contribute to
the formation of neuronal nAChRs have been
cloned. The a2-6 subunits appear to partici-
pate with the 32-4 subunits in forming neuronal
nicotinic receptors that are insensitive to the
antagonist o-bungarotoxin. These receptors
appear to be formed from the confluence of «
and [ subunits, sometimes with more than one
o subunit type per receptor. Two o subunits (7
and 8) have been identified that form the
a-bungarotoxin sensitive neuronal nicotinic
receptors [22]. These subunits can form fully
functional homomeric receptor channels in het-
erologous expression systems and may do so in
neurons, as well. One notable feature of the
neuronal a-bungarotoxin sensitive receptors is
the high calcium permeability of their channels.
Superior cervical sympathetic ganglion neu-

rons of rat express predominantly o7, 3, and
a4 subunits [23]. Therefore, this study’s results
might be explained by a7-mediated inhibition of
VDCC by ethanol. Some investigations have
concentrated on examining alcohol effects on
the neuronal nAChR subtypes including the
o-bungarotoxin-sensitive o7 subunit. These
studies indicate that ethanol inhibits the func-
tion of these receptors at pharmacologically
relevant concentrations. It might be the mecha-
nisms ethanol inhibiteed nAChR in SCGs [8].
Further experiments may be necessary to con-
firm this hypothesis.

The blood concentration of ethanol at which
most people undergo acute alcohol intoxication
is approximately 100-150 mg/L (22-33 mM). A
concentration higher than 400-500 mg/ml (85-
100 mM) could be lethal [24]. Given that con-
centrations as high as 300 mM had been
encountered [25, 26], the 50-mM ethanol con-
centration used in the present study is a clini-
cally pathological dose. The inhibition of
nAChRs by ethanol may explain the toxicity
caused by alcoholism. However, it is still not
clear if the toxic effects are only due to the
blockage of nAChRs, and what the functional
relationships of VDCC, VDSC and nAChRs are.
Further studies will be required to address
these questions.

Currently, there is evidence to suggest that nic-
otine, when administered in conjunction with
alcohol, may be capable of protecting against
alcohol-mediated deleterious effects [27]. In
an in vitro model system, it was found that pre-
treatment with nicotine on cerebellar granule
and cerebral cortical cells was capable of pro-
tecting against alcohol-induced cytotoxicity and
that this effect was blocked by nicotinic acetyl-
choline receptor (nAChR) antagonists [14].
Alternately, in vivo studies have suggested that
nicotine-mediated attenuations of alcohol-
induced damage may be a result of nicotine’s
ability to decrease blood alcohol concentration,
possibly through the action of gastric alcohol
dehydrogenase [15].

Conclusion

In conclusion, these experiments demonstrate
that a pathological dose of ethanol noncom-
petitively blocks nicotinic currents from nAchRs
expressed on SCGs in culture. Ethanol acceler-
ated the slow decay but did not affect the quick
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decay and rising time. There was no use depen-
dence and voltage dependence of ethanol in
suppressing | . in SCGs. This study provided
the evidence that the observed toxic effects of
ethanol on the SCGs nAchRs could be respon-
sible for the autonomic dysfunction in alco-
holics.
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