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Abstract

The pharmacological properties of the rat a7 nicotinic acetylcholine receptor endogenously expressed in PC12 cells and recombinantly
expressed in GH4Cl1 cells (a7-GH4C1 cells) were characterized and compared. Patch-clamp recordings demonstrated that activation by
choline and block by methyllycaconitine and dihydro-p-erythroidine were similar, but block by mecamylamine was different. Whereas in a7-
GHA4CI cells the inhibition curve for mecamylamine was monophasic (ICs, of 1.6 pM), it was biphasic in PC12 cells (ICsq values of 341 nM
and 9.6 pM). The same rank order of potency was obtained for various nicotinic agonists, while acetylcholine was 3.7-fold less potent and
1.5-fold more effective in PC12 cells. Dihydro-pB-erythroidine differentially blocked acetylcholine-evoked currents in both systems. Since
reverse transcriptase polymerase chain reaction (RT-PCR) experiments revealed expression of a3, a4, a5, a7 and 34 subunits in PC12 cells,
whereas GH4CI1 cells express only the 34 subunit, our results suggest that more than one form of a7 containing heteromeric nicotinic
receptors might be functionally expressed in PC12 cells. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Clinical and laboratory studies indicate the involvement
of nicotinic acetylcholine receptors in complex brain
functions such as memory, attention and cognition and in
diseases such as Alzheimer’s and Parkinson’s, Tourette’s
syndrome, schizophrenia, and epilepsy as well as nicotine
addiction (Dani and Heinemann, 1996; Lindstrom, 1997,
Jones et al., 1999; Weiland et al., 2000; Mihailescu and
Drucker-Colin, 2000; Dani, 2001). These receptors form a
large family whose members display quite distinct patterns
of expression and physiological and pharmacological prop-
erties (McGehee and Role, 1995; McGehee, 1999; Pic-
ciotto et al., 2000). The subunit composition of nicotinic
acetylcholine receptors in neurons is a matter of current
studies. Since subunits confer distinct pharmacological and
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biophysical properties to the nicotinic receptors that they
form (Sudweeks and Yakel, 2000; Klink et al., 2001),
neuronal responses to exogenous nicotine or to endoge-
nous acetylcholine are likely to be influenced by the
particular receptor subtypes expressed. With few excep-
tions, subunit compositions, stoichiometries, and arrange-
ments of naturally expressed nicotinic acetylcholine recep-
tor types are not known with certainty (Lukas et al., 1999).
Identification of the nicotinic acetylcholine receptor sub-
types expressed in neuronal pathways implicated in neuro-
logical disorders and their pharmacology can be useful in
the development of subtype-specific nicotinic receptor
ligands for therapeutic purposes. Current studies particu-
larly address the question of whether native a7 nicotinic
acetylcholine receptor subtypes are homomeric or hetero-
meric assemblies of subunits. Whereas some data, based
on biochemical evidence, favour a homomeric structure
(Quik et al.,, 1996; Rakhilin et al., 1999; Drisdel and
Green, 2000), others, based on biochemical, pharmacolog-
ical and biophysical evidences, favour a heteromeric
assembly (Anand et al., 1993; Yu and Role, 1998; Girod
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et al., 1999; Palma et al., 1999; Crabtree et al., 1997, 2000,
2001; Ferreira et al., 2001; Yakel et al., 2001).

In the present study, we used the perforated patch-clamp
technique to pharmacologically characterize the rat o7
nicotinic acetylcholine receptor endogenously expressed in
PCI12 cells and stably expressed as a recombinant receptor
in GH4C1 cells. In order to investigate the possibility that
the a7 subunit might assemble with other subunits to form
heteromeric populations of a7-containing receptors, we
took advantage of the finding that PC12 cells express not
only the a7 but also several other nicotinic acetylcholine
receptor subunits, whereas GH4C1 cells express only the p4
subunit. Preliminary data have been published in abstract
form (Virginio et al., 2000, 2001).

2. Materials and methods
2.1. Materials

[*H]methyllycaconitine was purchased from Tocris. Cul-
ture media, Superscript II reverse transcriptase and Lip-
ofectamine 2000 were purchased from Life Technologies,
Gold Taq polymerase was obtained from Roche and pCEP4
expression vector from Invitrogen. All other compounds
were obtained from Sigma. Stock solutions of all drugs were
made in distilled water.

2.2. Cell culture

Rat adrenal medulla pheochromocytoma cells (PC12)
were obtained from the original clonal line maintained at
the American Type Culture Collection (ATCC, Rockville,
MD). These cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated foetal bovine serum and a final concentration
of 35 mg/l proline. Rat pituitary tumor-derived cells
(GH4C1) were purchased from the European collection
of cell cultures (ECACC, Salisbury, UK). These cells were
grown in Ham’s F10 medium supplemented with 15%
heat-inactivated horse serum, 2.5% foetal bovine serum
and 1 mM glutamine. PC12 and GH4CI1 cells were main-
tained at 37 °C in a humidified atmosphere containing
10% and 5% CO,, respectively. Trypsin-EDTA was used to
detach cells during cell passages. Cells were plated on
surfaces treated with poly-p-lysine (25 mg/l, MW 70,000—
150,000).

2.3. RT-PCR

Total RNA was isolated from PCI12 cells by LiCl/urea
extraction (Auffray and Rougeon, 1980). Total RNA was
purified from GH4C1 cells with the Qiagen RNeasy mini kit
according to the manufacturer’s instructions. RNA (5 pg)
was converted into single-stranded cDNA with Superscript
II reverse transcriptase in 20 pl and afterwards increased to

100 pl with water, using 1 pl in each PCR analysis. The
following oligonucleotides were used:

rat a3 fwd 5 -ATAACCATCATTGACACCAGGAC-3'
rat o3 rev 5 -GCTTGACACTTGAAGGCTTCTTA-3
rat o4 fwd 5 -TGGTCTTCTATCTGCCTTCAGAG-3'
rat a4 rev 5 -CATCTTGTGCATGGACTCAATAA-3
rat a5 fwd 5 -AGTGCTGGCTTACAGTTTTTGAG-3
rat a5 rev 5 -TGGGCCTACGATGTTTCTAGTTA-3
rat a7 fwd 5 -TGAAGAATGTTCGTTTTCCAGAT-3
rat o7 rev 5" -GCATGGTTACTGTGTAGGTGACA-3
rat B2 fwd 5 -CGTTCAGTGAGCACTTTAGACCT-3
rat P2 rev 5" -ACTCTTGTAGATGGCAGGTGGTA-3¥
rat 4 fwd 5 -GCCCTAAGTAAAGCCGTGACTAT-3
rat P4 rev 5" -AAGCTGGAGATTTGATGTGGTTA-3

The reactions were carried out with 1.5 uM of each
forward and reverse primer, 1.5 mM MgCl,, and 1.25 units
of Gold Taq polymerase in a total volume of 50 ul. The
reaction mixture was heated for 12 min at 94 °C, cycled 35
times for 30 s at 94 °C, 1 min at 58 °C and 1 min at 72 °C.
A final extension was carried out for 10 min at 72 °C. PCR
products were analyzed on 2% agarose gels. The following
numbers indicate the predicted nucleotide sizes of the
amplification products for each of the nicotinic acetylcho-
line receptor subunits: a3, 534; a4, 347; o5, 354; a7, 390;
2 588; P4, 524. The PCR product amplified from GH4Cl1
cells was identified as R4 by restriction analysis with Sacl
(Roche) and DNA sequencing.

2.4. Stable expression of the rat a7 nicotinic acetylcholine
receptor subunit in GH4CI cells

The pCEP4 vector was used to express the a7 nicotinic
acetylcholine receptor in GH4C1 cells (Quik et al., 1996). A
c¢DNA encoding the rat a7 nicotinic acetylcholine receptor,
generated by PCR, was inserted into the BamHI site of the
pCEP4 vector. The day before transfection, 10° cells were
plated in a 35 mm Petri dish. Transfection was performed
with linearised DNA and Lipofectamine 2000 according to
the manufacturer’s protocol (Life Technologies). Twenty-
four hours later, selection in hygromycin (200 pg/ml) was
started. Fifteen days later, 63 colonies were picked and
transferred to a 96-well plate. The a7 receptor expression of
clones was measured by [°H]methyllycaconitine binding on
whole cells. Twenty-four hours prior to binding experi-
ments, cells were plated in a 24-well plate (300,000 cells/
well). At the day of experiment, cells were washed twice
with phosphate buffer saline (PBS) (140 mM NaCl, 10 mM
KH,PO,, 10 mM Na,HPO,, 2 mM KCl, pH=7.4), and
incubated for 30 min at 37 °C in presence of 2 nM
[*H]methyllycaconitine (total binding). Cells were then
washed twice with PBS and lysed with 1% Triton X-100
in PBS. Samples were transferred to vials and radioactivity
measured with a B-counter. Non-specific binding was meas-
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ured in the presence of 1 mM nicotine. The clone that
displayed the highest specific binding was further expanded
in a 175 ecm® T-flask, divided into aliquots and frozen in
liquid nitrogen until further use.

2.5. Electrophysiological recordings

For electrophysiological experiments, cells were plated at
a density of 60,000 cells/13 mm dish glass cover slips. Cells
were used 2—4 days after plating. PC12 cells were treated
with 10 uM nicotine 1-2 days before recording because an
increase in the amplitude of the fast-desensitizing choline-
activated current was observed following this treatment
(data not shown). Experiments were carried out at room
temperature. Whole-cell currents were recorded from cells
applying the perforated patch-clamp technique (Hamill et
al., 1981; Shermann-Gold, 1993) using the EPC9 patch-
clamp system and the Pulse program (HEKA elektronik,
Germany). Patch pipettes were pulled from thin-wall bor-
osilicate glass capillary (1.5 mm outer diameter) using a P-
97 pipette puller (Sutter Instruments) and had resistances of
4—7 MQ). The intracellular solution contained (in mM) 140
CsCl, 2 EGTA, and 10 HEPES, pH 7.3 (with CsOH).
Intracellular solution containing 240 pg/ml amphotericin B
was used to backfill the pipette while intracellular solution
alone was used to fill the tip. Cells were discarded unless the
seal formation permitted low resistance access within 20—
30 min (series resistance < 20 M{)) due to the amphotericin
B. Results were not used when the access resistance
changed significantly during the experiment. The external
solution was (in mM) 135 NaCl, 2 KC1, 1 MgCl,, 2 CaCl,,
10 glucose, and 10 HEPES, pH 7.3 (with NaOH). Agonists
were applied using a fast flow U-tube delivery system
(Fenwick et al., 1982). Except for the agonist, superfusion
and U-tube solutions were always of the same composition.
The holding potential was — 60 mV throughout the experi-
ment except during agonist application in which the poten-
tial was held at — 80 mV. Cells were stimulated with 300—
500 ms pulses of agonist delivered at intervals > 2 min.

2.6. Data analysis

Peak current amplitudes were measured on-line. Con-
centration—response curves for agonists and antagonists
were fitted to the Hill equation of the form:

I = Inax /1 + (ECso/Ag)"™"

and

I = Inax /1 + (ICso/An) ™™

wherein [,,, = maximal normalized current response (in the
absence of antagonist for the inhibitory curves), Ag=agonist
concentration, An = antagonist concentration, ECs,=agonist
concentration eliciting half-maximal current, ICs, = antagon-

ist concentration blocking half-maximal current, and
nH=Hill coefficient.

Alternatively, antagonist concentration—response curves
were fitted using the sum of two equations in the form:

I = Inax{r/[1 + (HICso/An) "]
+ (1 =7)/[1 + (ICso/An) "]}

where 7 corresponds to the percentage of high sensitive
state, while AICsy, hnH and /ICsy, [nH the midpoint of
activation and Hill coefficient of the high and low-affinity
states, respectively. Antagonist curves were constrained to
Ihax=1. For agonist efficacy curves I,,x was not con-
strained. Values stated in the text and the tables are mean-
s £ S.E.M. from individual cells, except for mecamylamine
experiments. Graphs were constructed by averaging the
results from all experiments and fitting a single curve to
the pooled data. Results were compared for their statistical
significance by one-way analysis of variance (ANOVA).

3. Results
3.1. RT-PCR

It has been reported that different PC12 cell lines express
different nicotinic acetylcholine receptor subunits (Blumen-
thal et al., 1997). Using RT-PCR to detect the expression of
various subunits, we found that the PC12 cell line used in
our laboratory expresses variable amounts of a3, a4, a5, o7
and 34 nicotinic receptor subunits gene transcripts, whereas
32 subunit mRNA was undetectable (Fig. 1A). We per-
formed the same analysis on untransfected GH4Cl1 cells and
only the p4 subunit mRNA was detected (Fig. 1B).

3.2. Pharmacological properties of choline-activated cur-
rents in PC12 cells and in GH4CI cells stably expressing
recombinant rat o7 nicotinic acetylcholine receptor

In 83.6% of the PC12 cells tested (n=67), 10 mM
choline activated a biphasic inward current composed of a
rapidly desensitizing portion, followed by a steady-state
component with an amplitude corresponding to 21.2 £2.4%
(n=56) of the fast portion, probably due to the activation of
a3-subunit-containing nicotinic acetylcholine receptor to
which choline acts as a partial agonist (Alkondon et al.,
1997). The mean peak current amplitude and the mean
steady-state current amplitude were 354.9+36.4 (n=289)
and 38.4 £ 7.1 pA (n=65), respectively (Fig. 2A). In all
a7-GHA4CI1 cells tested, application of 10 mM choline elicited
a desensitizing inward current with a mean peak current
amplitude of 1405.5 £ 100.7 pA (n=55) (Fig. 2B). The
choline activated current in a7-GH4C1 cells and the
rapidly desensitizing current elicited by this agonist in
PC12 cells were almost completely and reversibly blocked
by 1 nM methyllycaconitine, an «7-selective antagonist
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A PCI2
a3 a4 o5 sd a7 B2 P4

500 bp

250 bp

B GH4cC1
a3 a4 o5 sd a7 B2 p4

500 bp

250 bp

Fig. 1. RT-PCR analysis of the indicated nicotinic acetylcholine receptor
subunit mRNAs from PCI12 cells (A) and GH4CI1 cells (B). Ethidium
bromide stained agarose gel showing the amplified PCR fragments which
have been obtained using subunit specific primers. The middle lane
corresponds to 50 base pair ladder standards (Boehringer Mannheim).

(Fig. 2). Concentration—response curves for choline were
obtained for each cell line (Fig. 3). Peak current responses
to increasing concentrations of choline were normalized to

A rci2
in I nM MLA wash-out
10 mM CHOL 10 mM CHOL 10 mM CHOL
200 pA
300 ms
B «7-GH4C1
in 1 nM MLA ‘wash-out
10 mM CHOL 10 mM CHOL 10 mM CHOL
300 pA
300 ms

Fig. 2. Whole-cell perforated patch-clamp recording of choline-induced
currents showing the block of the fast component by methyllycaconitine.
(A) Sample current recorded from a PC12 cell. The slowly desensitizing
response was resistant to 1 nM methyllycaconitine and therefore
attributable to a3-containing nicotinic acetylcholine receptors. (B) In a
GHA4C1 cell stably expressing the a7 nicotinic acetylcholine receptor
subunit, choline evoked a fast-desensitizing current reversibly blocked by
methyllycaconitine.
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Fig. 3. Concentration—response curves for choline-evoked currents in
whole-cell voltage-clamped PC12 and a7-GH4Cl cells. (A) Choline-
induced currents recorded from a PCI12 cell (upper traces) and an o7-
GHA4C1 cell (lower traces) activated with increasing concentrations of
agonist. Choline was applied to and removed from the cell using a fast
application system (see Materials and methods) during the time indicated
by the horizontal bars. A 2—4-min wash-out in agonist-free extracellular
solution was carried out between successive agonist applications. (B)
Averaged concentration—response curves obtained from all PC12 (O) and
all a7-GH4C1 cells (@). Peak current responses to varying concentrations
of choline were normalized to the current response elicited in the same cell
by the application of 10 mM choline. Data points were fitted to the Hill
equation (see Materials and methods). Each data point represents the
means + S.E.M. of 7—18 cells. The EC5 values, Hill coefficients and values
of maximum activated current were 2.1 +£ 0.2, 1.5+ 0.12and 1.1 £+ 0.02 mM
(n=13), respectively for PC12 cellsand 2.1 £ 0.1, 1.4 + 0.21 and 1.1 £ 0.04
mM (n=4), respectively for a7-GH4C1 cells.

the current response elicited in the same cell by the
application of 10 mM choline. The ECs,, Hill coefficient
and 7, values for choline were 2.1 + 0.2, 1.5+ 0.12 and
1.1 £0.02 mM (n=13), respectively for PC12 cells and
2.1£0.1, 1.4+0.21 and 1.1£0.04 mM (n=4), respectively
for a7-GH4C1 cells. These parameters are not significantly
different (P>0.5) for the two cell lines. Choline-activated
currents in PC12 and o7-GH4C1 cells were blocked by
methyllycaconitine and by the non-selective nicotinic
antagonist dihydro-p-erythroidine. The ICs, values for
methyllycaconitine and dihydro-p-erythroidine block of
responses elicited by an EC,, concentration of choline (3
mM) are listed in Table 1. No significant differences in the
sensitivity to methyllycaconitine and dihydro-p-erythroi-
dine were observed in the two cell lines (P >0.5).
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Table 1

Parameter values of fitted concentration—inhibition curves for methyllycaconitine and dihydro-p-erythroidine on choline-activated current

Methyllycaconitine Dihydro-R-erythroidine

PC12 cells (3) a7-GHA4CI1 cells (3) PC12 cells (6) a7-GHA4CI cells (3)
1Csg 193+ 11.7 pM 178.9 £ 27.4 pM 4.0+ 0.39 uM 4.6 +0.90 uM
nH 2.1+0.10 1.4+0.22 1.5+0.18 1.4+0.14

Another blocker, mecamylamine, was also tested on
choline-activated currents. In order to avoid a possible
interference of a3-containing nicotinic acetylcholine recep-
tors in the inhibition of a7-containing receptor by meca-
mylamine in PC12 cells, experiments were only performed
in those cells showing a steady-state component amplitude
less than 5% of the fast portion. Due to its mechanism of
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Fig. 4. Blockade of choline-activated currents in PC12 cells and a7-GH4C1
cells by mecamylamine. (A) Time course of mecamylamine blockade of
current evoked by 10 mM choline in PC12 cells (left panel) and a7-GH4C1
cells (right panel). Peak currents elicited by choline were plotted as a
function of time. The horizontal bar indicates the addition of mecamyl-
amine at the indicated concentrations. The current amplitudes recorded in
the presence of mecamylamine were normalized to the amplitude of the
current recorded at time zero. (B) Normalized peak current responses
elicited in the presence of increasing concentrations of mecamylamine were
plotted as a function of mecamylamine concentration. For each mecamyl-
amine concentration, the plotted value was the mean of the last four
recorded currents (at 14, 16, 18 and 20 min). Data points for a7-GH4C1
cells (@) could be fitted to a single Hill equation yielding an ICsy of 1.6
puM. Data points for PC12 cells (O) could be fitted to the sum of two Hill
equations (see Materials and methods). Fit by a single Hill equation is also
presented (dashed line) to illustrate the relevance of the two-component fit.
The single Hill equation corresponds to an ICsy of 602 nM, whereas the
ICs, values of the high- and low-affinity mecamylamine components were
341 nM and 9.6 uM, respectively. Individual components of the fit are
shown as dotted lines; the high- and low-affinity mecamylamine
components had relative amplitudes of 80% and 20%, respectively. Each
data point represents the means + S.E.M. of three to four experiments.

blockade, a single mecamylamine concentration was tested
for each cell. Currents evoked by 500 ms pulses of 10 mM
choline were recorded once every 2 min for several
applications and only cells showing a stable peak current
amplitude were used. Following this test period, the antag-
onist was applied continuously in the bath while the cell
was activated with choline at 2-min intervals. A slow
decline of the choline-evoked current was observed for
concentrations of mecamylamine above 100 nM for PC12
cells and 300 nM for a7-GH4C1 cells. About 10 min after
the application of mecamylamine, the decline of the current
showed a progressive stabilization in which a steady-state
condition was obtained within 20 min. Plots of the choline-
evoked currents as a function of time for different antag-
onist concentrations are shown for the two cell lines in Fig.
4a. Concentration—inhibition curves were obtained by
plotting the normalized peak current amplitude of the
blocked steady condition as a function of the mecamyl-
amine concentration (Fig. 4b). Data points could be fitted
with a single Hill equation with an ICsy of 1.6 = 0.08 pM

Table 2
Parameter values of fitted concentration—response curves for the selected
agonists

Agonist PC12 cells a7-GHA4C1 cells
Cytisine

(m) 3 3

Iinax 1.0+ 0.11 0.9 £0.04
ECsg 51.5+13.09 pM 32.1+233 uM
nH 1.5+ 0.32 251052
Nicotine

(m) “ “

Iinax 1.0£0.10 1.1+0.03
ECsg 523 +£5.7 uM 41.0+5.02 pM
nH 1.6 £ 0.31 1.6 +0.24
Acetylcholine

(m) ©)] 3

Linax 1.5+ 0.06" 1.0 £0.003
ECsg 389.4 + 86.42 pM* 105.4 + 14.7 uM
nH 1 £0.06" 1.6 £0.07
Choline

(m) (13) @

Tinax 1.1 £0.02 1.1 £0.04
ECsg 2.1+02mM 2.1+0.1 mM
nH 1.5+£0.12 1.4+0.21

? P<0.05 compared to the corresponding I,,,.x, ICso and nH values in

a7-GH4C1 cells.
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(n=3) for a7-GH4CI1 cells while a dual Hill equation was
used for PC12 cells. The high and low-affinity components
had ICs, values 0f 341+116 nM and 9.6+5.4 uM (n=3-4),
respectively. The high-affinity component represented
79.9 £ 12.5%.
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Fig. 5. Pharmacological characterization of the low affinity mecamylamine
component in PC12 cells and recombinant a7 nicotinic acetylcholine
receptor expressed in GH4C1 cells. (A), (B) Concentration—response
curves for the agonists cytisine (CYT V), nicotine (NIC O), acetylcholine
(ACh O) and choline (CHOL A). Responses to the various agonists were
normalized to the amplitude of the response elicited by 10 mM choline in
the same cell. In PC12 cells, experiments were performed in the presence of
3 uM mecamylamine (A), whereas in o7-GH4C1 cells mecamylamine was
omitted (B). Concentration—response curves were fitted to the Hill equation
(see Materials and methods). Each data point represents the means
+ S.E.M. of 2—18 experiments. The ECs, values, Hill coefficients and
values of maximum activated current are summarized in Table 2. (C)
Concentration—response curves for acetylcholine obtained with PC12 cells
(in the presence of 3 uM mecamylamine) (O) and with a7-GH4C1 cells
(@). Peak current responses to varying concentrations of acetylcholine were
normalized to the current response elicited in the same cell by the
application of 3 and 1 mM acetylcholine in PC12 and a7-GH4Cl1 cells,
respectively. Data points were fitted to the Hill equation (see Materials and
methods). The ECs, values and Hill coefficients were 389.4 uM and 1 for
the PCI12 cells, and 105.4 uM and 1.6 for a7-GH4Cl1 cells, respectively.
Each data point represents the means = S.E.M. of three to six cells. (D)
Blockade of acetylcholine activated current by dihydro-p-erythroidine in
PCI12 cells (in the presence of 3 uM mecamylamine) (O) and in a7-GH4C1
cells (@). Cells were incubated with increasing concentrations of dihydro-
p-erythroidine for 4—8 min prior to the application of acetylcholine. Peak
current responses evoked in the presence of increasing concentrations of
antagonists were normalized to the current response elicited in the same cell
by the application of an ECs, concentration of acetylcholine (300 pM for
PC12 cells and 100 uM for o7-GH4C]1 cells). Data points were fitted to the
Hill equation (see Materials and methods). Each data point represents the
means = S.E.M. of two to four experiments. The ICs, values were 8.6 uM
for PC12 cells, and 2.5 pM for o7-GH4C1 cells, respectively.

3.3. Pharmacological characterization of the o7 nicotinic
acetylcholine receptor stably expressed in GH4C1 cells and
of the mecamylamine low-affinity component in PC12 cells

Further pharmacological characterization was carried out
to analyze the relative potencies and efficacies of various
cholinergic agonists at a7 nicotinic acetylcholine receptors
heterologously and endogenously expressed in GH4C1 and
PC12 cells. PC12 cells express different nicotinic acetylcho-
line receptor subunits that are activated by non-selective
nicotinic agonists. Therefore, the presence of a blocker of
the non-a7 nicotinic receptors was required in order to study
the agonist profile of the a7 nicotinic acetylcholine recep-
tors in these cells. Since antagonists that block all the
nicotinic acetylcholine receptors without affecting o7 recep-
tors are not yet available, the study in PC12 cells was
limited to the a7-mediated low-affinity mecamylamine
component. Accordingly, all further experiments performed
with PC12 cells were carried out in the presence of 1-3 uM
mecamylamine, a concentration able to block the high-
affinity mecamylamine o7 component and all other non-
a7 receptors (Giniatullin et al., 2000).

Concentration—response curves were obtained for ace-
tylcholine, nicotine and cytisine (Fig. 5a and b). Peak
current responses to increasing concentrations of agonist
were normalized to the current response elicited in the same
cell by 10 mM choline. Data are summarized in Table 2. The
rank order of ECs, values in both cell lines was cytisine =
nicotine>acetylcholine>choline. Acetylcholine was 3.7-fold
more potent in a7-GH4Cl1 cells (P <0.05) (Fig. 5¢) and had
an efficacy which was 1.5-fold higher in PC12 cells
(P<0.01) (Fig. 5a and b). Acetylcholine activated currents
in PC12 cells (in the presence of 3 UM mecamylamine) and
in a7-GH4CI cells were blocked by dihydro-p-erythroidine
(Fig. 5d). The ICs, values for dihydro-p-erythroidine block
of responses elicited by an acetylcholine concentration close
to its ECso (300 uM for PC12 and 100 pM for a7-GH4Cl1
cells) were 8.6 £ 2.5 uM (n=3) for PC12 cells and 2.5 +
0.6 uM (n=4) for a7-GH4C1 cells. These differences
which are statistically significant (P<0.05) show that
dihydro-B-erythroidine was 3.4-fold more potent on «7-
GHA4CI1 cells. On the other hand, block of nicotine-evoked
currents by dihydro-p-erythroidine was not significantly
different in the two cell lines (data not shown).

4. Discussion

The purpose of the present study was to compare the
pharmacology of the a7 nicotinic acetylcholine receptors
endogenously expressed in PC12 cells with the recombinant
a7 receptor expressed in GH4C1 cells. PC12 cells express
the a7 gene product along with other nicotinic receptor
subunit mRNAs (a3, a4, a5 and P4) (present work and
Blumenthal et al., 1997), whereas GH4C1 cells express only
P4 mRNA. Previous results showed that GH4C1 cells do
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not contain detectable mRNA for a2, a3, a4, o5, a7, B2
and B3 subunits (Quik et al., 1996; Sweileh et al., 2000).

The main functional nicotinic acetylcholine receptors in
PCI12 cells are the a3-containing and the a7-containing
nicotinic acetylcholine receptors. In order to study only the
latter, the activated current had to meet the following
properties: (i) activation by the selective agonist choline,
(ii) inhibition by the selective antagonist methyllycaconitine
(Alkondon et al., 1997, 1992; Palma et al., 1996) and (iii)
fast kinetic properties (Klink et al., 2001).

The pharmacological properties of the recombinant o7
nicotinic acetylcholine receptor are very similar to those of
the a7-containing nicotinic acetylcholine receptors natively
expressed in PC12 cells. The receptors expressed in the two
cell lines showed the same affinity for choline and the same
sensitivity to methyllycaconitine and dihydro-pB-erythroi-
dine of the choline-activated currents.

Mecamylamine, an open channel blocker, revealed dif-
ferent populations of a7-containing receptors in PC12 cells
and o7-GH4C1 cells. Inhibition of choline-activated cur-
rents by mecamylamine yielded a monophasic concentra-
tion—response curve in a7-GH4Cl1 cells and a biphasic
concentration—response curve that was best fitted using
the sum of two Hill equations in PC12 cells. The biphasic
nature of the concentration—response curve suggests the
presence of at least two receptor populations displaying high
affinity and low affinity for mecamylamine. Since PC12
cells express other nicotinic acetylcholine receptor subunits,
the two receptor populations may be composed of hetero-
meric a7 receptors. Furthermore, the high- and low-affinity
mecamylamine components displayed ICsq values different
from that obtained with «7-GH4C1 cells, which is consis-
tent with this hypothesis.

The comparison of concentration—response curves for
various nicotinic agonists of a7-GH4Cl1 cells and the low-
affinity mecamylamine component of PC12 cells, revealed
differences in potency between the two cell lines while the
rank order was the same (cytisine =nicotine > acetylcholi-
ne > choline). This rank order is different from that reported
for the rat a7 nicotinic acetylcholine receptor expressed
in Xenopus oocytes (nicotine > cytisine > acetylcholine)
(Seguela et al., 1993) and might be due to the different
expression systems. Acetylcholine differentiated the
recombinant and native o7 receptors. In the functional
assay, acetylcholine had a 1.5-fold higher efficacy in
PC12 cells and was 3.7-fold more potent on a7-GH4Cl1
cells. Concentration—response relationships yielded a half-
maximal effective concentration (ECsy) of 389 uM for
acetylcholine in PC12 cells and 105 pM in o7-GH4ClI
cells. Zaninetti et al. (2000) found that acetylcholine had an
ECj5( value of 288 pM on neurons of the supraoptic nucleus
in hypothalamic slices, a value similar to that obtained in
PC12 cells. Furthermore, they found an acetylcholine effi-
cacy higher than nicotine, similar to our results in PC12
cells. In other cells expressing a7 receptors, acetylcholine
had a higher potency, similar to that we have obtained on

a7-GHA4C1 cells (105 pM). For instance, in human neuro-
blastoma cells expressing rat a7 nicotinic acetylcholine
receptors, the ECsy value for acetylcholine was 150 pM
(Puchacz et al., 1994) and in cultured foetal rat hippocampal
neurons which express methyllycaconitine-sensitive nico-
tinic acetylcholine receptors, the ECso value for acetylcho-
line was 126 uM (Alkondon et al., 1992). The difference in
acetylcholine sensitivity and efficacy between PC12 cells
we have studied and the systems examined by others could
be due to the association of various nicotinic acetylcholine
receptor subunits with an o7 subunit, thus modifying its
pharmacological profile as proposed by Zaninetti et al.
(2000) for the nicotinic acetylcholine receptors expressed
in supraoptic nucleus neurons.

The dihydro-p-erythroidine sensitivity of the acetylcho-
line-evoked current also differentiated the native and
recombinant nicotinic acetylcholine receptors. The antago-
nist blocked the acetylcholine-evoked current in both recep-
tors, but was 3.4-fold more potent on a7-GH4C1 cells. The
sensitivity of the recombinant o7 receptor to dihydro-f-
erythroidine (ICsq of 2.5 uM at 100 uM acetylcholine;
present results) is similar to that of the recombinant chick
a7 nicotinic acetylcholine receptor expressed in Xenopus
oocytes (ICso of 1.6 uM at 100 pM acetylcholine; Bertrand
et al., 1992). In PC12 cells, 1 uM dihydro-B-erythroidine
blocked only 15% of the current evoked by 300 uM
acetylcholine, close to its ECsy, whereas in a7-GH4Cl1
cells, the same concentration of dihydro-p-erythroidine
blocked 36% of the current evoked by 100 pM acetylcho-
line, again close to its ECsy. In neurons of the supraoptic
nucleus in hypothalamic slices, which are hypothesized to
express heteromeric a7 receptors, the current evoked by 300
uM acetylcholine was unaffected by 1 pM dihydro-p-
erythroidine (Zaninetti et al., 2000). In our experiments,
10 pM dihydro-p-erythroidine was able to reduce the
amplitude of the a7 nicotinic acetylcholine receptor-medi-
ated current evoked by 3 mM choline in either PC12 cells or
a7-GHA4C1 cells by 76%. For comparison in interneurons of
rat hippocampal slices, 10 pM dihydro-p-erythroidine was
able to reduce the amplitude of o7 nicotinic acetylcholine
receptor-mediated current evoked by 10 mM choline by
40% (Alkondon et al., 1999). Since dihydro-pB-erythroidine
is a competitive antagonist (Bertrand et al., 1992), the
discrepancy in the percentage of block might be due to
the different agonist concentrations used (3 mM choline
versus 10 mM choline).

The differences between the native a7 nicotinic acetyl-
choline receptors in PC12 cells and the recombinant o7
receptor in GH4Cl1 cells revealed by mecamylamine, ace-
tylcholine and dihydro-p-erythroidine, are all consistent
with different populations of a7 receptors in the two cell
lines. Since PC12 cells express other nicotinic acetylcholine
receptor subunits, the a7 subunit may form heteromeric
receptors. The existence of native nicotinic acetylcholine
receptors forming heteromeric complexes containing o7
subunits has previously been supported by binding experi-
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ments with ['*°I]a-bungarotoxin demonstrating that endo-
genously expressed a7 nicotinic receptors in chick brain are
physiologically and pharmacologically different from heter-
ologously expressed recombinant a7 homomeric channels
expressed in Xenopus oocytes (Anand et al., 1993). More
recently, Yu and Role (1998) presented evidence that the a7
subunit contributes to the function of at least three subtypes
of native nicotinic acetylcholine receptors expressed in
embryonic chick sympathetic neurons, proposing that these
three populations of o7-containing nicotinic acetylcholine
receptors are distinct heteromeric complexes that include
other a and/or B subunits. Palma et al. (1999) showed that
after injection of Xenopus oocytes with a mixture of chick
a7 and B3 cDNAs, clear evidence was obtained for the
plasma membrane assembly of heteromeric nicotinic ace-
tylcholine receptors, although acetylcholine could not acti-
vate these receptors, suggesting that the B3 subunit
negatively regulated the receptor. Crabtree et al. (1997,
2000, 2001) and Yakel et al. (2001) found that heteromeric
combinations of chick o7 with a5 and/or 32 subunits can be
expressed in heterologous systems and Ferreira et al. (2001)
showed that there is a nicotinic acetylcholine receptor con-
taining the a7 subunit in motoneurons of the dorsal motor
nucleus of the vagus that is pharmacologically different from
the homomeric a7 subtype. Other members of the nicotinic
acetylcholine receptor family form heteromeric receptors.
For instance, a4p2 and ada5p2 receptors are found in the
central nervous system, a3a5p4, a3a5p2p4 and a3p4-
containing receptors are expressed in the autonomic ganglia
and alp1vyd and alB1ed receptors have been described in
foetal and adult skeletal muscles (Lukas et al., 1999).

In conclusion, the results presented in this work indicate
that in PC12 cells, at least two o7-containing nicotinic
acetylcholine receptors are functionally expressed which
can be distinguished on the basis of their affinity to meca-
mylamine. Moreover, the pharmacological properties of the
recombinant a7 nicotinic acetylcholine receptor expressed
in GH4C1 cells and of the mecamylamine low-affinity o7-
containing receptors in PC12 cells were not identical but
similar. In fact, different sensitivities to acetylcholine and to
dihydro-p-erythroidine block of the acetylcholine-activated
current suggest the existence of a7-containing nicotinic
receptors in PC12 cells different from the o7 receptor
expressed in the heterologous systems. Although it cannot
be ruled out that such differences are also influenced by
differentially processed a7 subunits (Drisdel and Green,
2000) our results provide further evidence for a7 containing
heteromeric nicotinic acetylcholine receptors.

Acknowledgements

We thank Dr. Andrea Caricasole for providing the rat o7
nicotinic acetylcholine receptor cDNA and Roberto Bene-
detti and Paolo Rollo for skillful technical assistance with

cell culture and binding experiments. We are grateful to Dr.
Mauro Corsi and Prof. Eric Franke for valuable discussions.

References

Alkondon, M., Pereira, E.F.R., Wonnacott, S., Albuquerque, E.X., 1992.
Blockade of nicotinic current in hippocampal neurons defines methyl-
lycaconitine as a potent and specific receptor antagonist. Mol. Pharma-
col. 41, 802—808.

Alkondon, M., Pereira, E.F.R., Cortes, W.S., Maelicke, A., Albuquerque,
E.X., 1997. Choline is a selective agonist of a7 nicotinic acetylcholine
receptors in the rat brain neurons. Eur. J. Neurosci. 9, 2734-2742.

Alkondon, M., Pereira, E.F.R., Eisemberg, H.M., Albuquerque, E.X., 1999.
Choline and selective antagonists identify two subtypes of nicotinic
acetylcholine receptors that modulate GABA release from CAl inter-
neurons in rat hippocampal slices. J. Neurosci. 19, 2693-2705.

Anand, R., Peng, X., Lindstrom, J., 1993. Homomeric and native a7 ace-
tylcholine receptors exhibit remarkably similar but non-identical phar-
macological properties, suggesting that the native receptor is a
heteromeric protein complex. FEBS Lett. 327, 241-246.

Auffray, C., Rougeon, F., 1980. Purification of mouse immunoglobulin
heavy-chain messenger RNAs from total myeloma tumor RNA. Eur.
J. Biochem. 107, 303-314.

Bertrand, D., Bertrand, S., Ballivet, M., 1992. Pharmacological properties
of the homomeric o7 receptor. Neurosci. Lett. 146, 87—90.

Blumenthal, E.M., Conroy, W.G., Romano, S.J., Kassner, P.D., Berg, D.K.,
1997. Detection of functional nicotinic receptors blocked by a-Bungar-
otoxin on PC12 cells and dependence of their expression on post-trans-
lational events. J. Neurosci. 17, 6094—6104.

Crabtree, G., Ramirez-Latorre, J., Role, L.W., 1997. Assembly and Ca?*
regulation of neuronal nicotinic receptors including the a7 and a5
subunits. Soc. Neurosci. Abstr. 157.5.

Crabtree, G.W., Chen, J., Ramirez-Latorre, J.A., Davis, T.I., Role, L.W.,
2000. o7-containing heteromeric neuronal nicotinic acethylcholine re-
ceptors expressed in Xenopus oocytes. Soc. Neurosci. Abstr. 613.1.

Crabtree, G.W., Chen, J., Ramirez-Latorre, J.A., Davis, T.I., Role, L.W.,
2001. a7-containing heteromeric neuronal nicotinic acethylcholine re-
ceptors expressed in Xenopus oocytes. Soc. Neurosci. Abstr. 144.7.

Dani, J.A., 2001. Overview of nicotinic receptors and their roles in the
central nervous system. Biol. Psychiatry 49, 166—174.

Dani, J.A., Heinemann, S., 1996. Molecular and cellular aspects of nicotine
abuse. Neuron 16, 905-908.

Drisdel, R.C., Green, W.N., 2000. Neuronal a-bungarotoxin receptors are
o7 subunit homomers. J. Neurosci. 20, 133—139.

Fenwick, E.M., Marty, A., Neher, E., 1982. A patch-clamp study of bovine
chromaffin cells and of their sensitivity to acetylcholine. J. Physiol.
(London) 331, 577-597.

Ferreira, M., Ebert, S.N., Perry, D.C., Yasuda, R.P., Baker, C.M., Davila-
Garcia, M.1., Kellar, K.J., Gillis, R.A., 2001. Evidence of a functional
a7-neuronal nicotinic receptor subtype on motoneurons of the dorsal
motor nucleus of the vagus. J. Pharmacol. Exp. Ther. 296, 260—269.

Giniatullin, R.A., Sokolova, E.M., Di Angelantonio, S., Skorinkin, A.,
Talantova, M.V., Nistri, A., 2000. Rapid relief of block by mecamyl-
amine of neuronal nicotinic acetylcholine receptors of rat chromaffin
cells in vitro: an electrophysiological and modeling study. Mol. Phar-
macol. 58, 778—787.

Girod, R., Crabtree, G., Ernstrom, G., Ramirez-Latorre, J., McGehee, D.,
Turner, J., Role, L., 1999. Heteromeric complexes of alpha5 and/or
alpha7 subunits. Effect of calcium and potential role in nicotine-induced
presynaptic facilitation. Ann. N.Y. Acad. Sci. 868, 578—590.

Hamill, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth, F.J., 1981.
Improved patch-clamp techniques for high resolution current recording
from cells and cell-free membrane patches. Pflugers Arch. Eur. J. Phys-
iol. 391, 85-100.



C. Virginio et al. / European Journal of Pharmacology 445 (2002) 153—161 161

Jones, S., Sudweeks, S., Yakel, J.L., 1999. Nicotinic receptors in the brain:
correlating physiology with function. Trends Neurosci. 22, 555-561.

Klink, R., de Kerchove d’Exerde, A., Zoli, M., Changeux, J.P., 2001.
Molecular and physiological diversity of nicotinic acetylcholine re-
ceptors in the midbrain dopaminergic nuclei. J. Neurosci. 21, 1452—
1463.

Lindstrom, J., 1997. Nicotinic acethylcholine receptors in health and dis-
ease. Mol. Neurobiol. 15, 193-222.

Lukas, R., Changeux, J.P., Le Novere, N., Albuquerque, E.X., Balfour,
D.J.K., Berg, D.K., Bertrand, D., Chiappinelli, V.A., Clarke, P.B.,
Collins, A.C., Dani, J.A., Grady, S.R., Kellar, K.J., Lindstrom, J.M.,
Marks, M.J., Quik, M., Taylor, P.W., Wonnacott, S., 1999. Interna-
tional union of pharmacology: XX. Current status of the nomenclature
for nicotinic acetylcholine receptors and their subunits. Pharmacol.
Rev. 51, 397-401.

McGehee, D.S., 1999. Molecular diversity of neuronal nicotinic acetylcho-
line receptors. Ann. N.Y. Acad. Sci. 868, 565—577.

McGehee, D.S., Role, L.W., 1995. Physiological diversity of nicotinic ace-
tylcholine receptors expressed by vertebrate neurons. Annu. Rev. Phys-
iol. 57, 521-546.

Mihailescu, S., Drucker-Colin, R., 2000. Nicotine, brain nicotinic receptors,
and neuropsychiatric disorders. Arch. Med. Res. 31, 131-144.

Palma, E., Bertrand, S., Binzoni, T., Bertrand, D., 1996. Neuronal nicotinic
o7 receptor expressed in Xenopus oocytes presents five putative binding
sites for methyllycaconitine. J. Physiol. (London) 491, 151-161.

Palma, E., Maggi, L., Barabino, B., Eusebi, F., Ballivet, M., 1999. Nicotinic
acethylcholine receptors assembled from the o7 and B3 subunits. J.
Biol. Chem. 274, 18335-18340.

Picciotto, M.R., Caldarone, B.J., King, S.L., Zachariou, V., 2000. Nicotinic
receptors in the brain: links between molecular biology and behaviour.
Neuropsychopharmacology 22, 451—-465.

Puchacz, E., Buisson, B., Bertrand, D., Lukas, R.J., 1994. Functional ex-
pression of nicotinic acethylcholine receptors containing rat a7 subunits
in human SH-SY5Y neuroblastoma cells. FEBS Lett. 354, 155—159.

Quik, M., Choremis, J., Komourian, J., Lukas, R.J., Puchacz, E., 1996.
Similarity between rat brain nicotinic a-bungarotoxin receptors and
stably expressed a-bungarotoxin binding sites. J. Neurochem. 67,
145-154.

Rakhilin, S., Drisdel, R.C., Sagher, D., McGehee, D.S., Vallejo, Y., Green,

W.N., 1999. a-Bungarotoxin receptors contain a7 subunits in two dif-
ferent disulfide-bonded conformations. J. Cell Biol. 146, 203-217.
Seguela, P., Wadiche, J., Dineley-Miller, K., Dani, J.A., Patrick, J.W., 1993.
Molecular cloning, functional properties and distribution of rat brain
o7: a nicotinic cation channel highly permeable to calcium. J. Neurosci.

13, 596-604.

Shermann-Gold, R., 1993. Recording from perforated patches and perfo-
rated vesicles. In: Shermann-Gold, R. (Ed.), The Axon Guide. Axon
Instruments, Foster City, CA, pp. 114—121.

Sudweeks, S.N., Yakel, J.L., 2000. Functional and molecular characteriza-
tion of neuronal nicotinic ACh receptors in rat CA1 hippocampal neu-
rons. J. Physiol. (London) 527, 515—528.

Sweileh, W., Wenberg, K., Xu, J., Forsayeth, J., Hardy, S., Loring, R.H.,
2000. Multistep expression and assembly of neuronal nicotinic recep-
tors is both host—cell- and receptor-subtype-dependent. Mol. Brain Res.
75, 293-302.

Virginio, C., Aldegheri, L., Graziani, F., Caricasole, A., Gevi, M., Terstap-
pen, G.C., Rimland, J.M., 2000. Dihydro-p-erythroidine (DHRE)
blocks methyllycaconitine-sensitive choline activated currents in PC12
cells and CA1 hippocampal interneurons. Neuronal Nicotinic Recep-
tors, the 10th Neuropharmacology Conference, New Orleans, P1.16.

Virginio, C., Giacometti, A., Aldegheri, L., Graziani, F., Gevi, M., Rimland,
J.M., Terstappen, G.C., 2001. Rat alpha7 nicotinic acetylcholine recep-
tors, endogenously and heterologously expressed in two mammalian
cell lines, exhibit similar but not identical pharmacological properties.
Ital. Soc. Neurosci., Torino B-17.

Weiland, S., Bertrand, D., Leonard, S., 2000. Neuronal nicotinic acetylcho-
line receptors: from the gene to the disease. Behav. Brain Res. 113, 43—
56.

Yakel, J.L., Khiroug, S.S., Sudweeks, S.N., 2001. The rat nicotinic a7 and
b2 receptor co-assemble to form functional nicotinic receptor channels.
Soc. Neurosci. Abstr. 144.6.

Yu, C.R., Role, L.W., 1998. Functional contribution of the a7 subunit to
multiple subtypes of nicotinic receptors in embryonic chick sympathetic
neurones. J. Physiol. (London) 509, 651-665.

Zaninetti, M., Blanchet, C., Tribollet, E., Berstrand, D., Raggenbass, M.,
2000. Magnocellular neurons of the rat supraoptic nucleus are endowed
with functional nicotinic acetylcholine receptors. Neuroscience 95,
319-323.



	Introduction
	Materials and methods
	Materials
	Cell culture
	RT-PCR
	Stable expression of the rat alpha7 nicotinic acetylcholine receptor subunit in GH4C1 cells
	Electrophysiological recordings
	Data analysis

	Results
	RT-PCR
	Pharmacological properties of choline-activated currents in PC12 cells and in GH4C1 cells stably expressing recombinant rat alpha7 nicotinic acetylcholine receptor
	Pharmacological characterization of the alpha7 nicotinic acetylcholine receptor stably expressed in GH4C1 cells and of the mecamylamine low-affinity component in PC12 cells

	Discussion
	Acknowledgements
	References

