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Abstract

Neuronal nicotinic acetylcholine receptors containing a6 subunits (a6*-nAChRs) show highly restricted distribution in midbrain neurons
associated with pleasure, reward, and mood control, suggesting an important impact of a6*-nAChRs in modulating mesolimbic functions.
However, the function and pharmacology of a6*-nAChRs remain poorly understood because of the lack of selective agonists for a6*-
nAChRs and the challenging heterologous expression of functional a6*-nAChRs in mammalian cell lines. In particular, the a6 subunit

is commonly co-expressed with a4 *-nAChRs in the midbrain, which masks a6*-nAChR (without a4) function and pharmacology. In this
study, we systematically profiled the pharmacology and function of a6*-nAChRs and compared these properties with those of o432
nAChRs expressed in the same cell line. Heterologously expressed human a6/a3 chimeric subunits (a6 N-terminal domain joined with &3
trans-membrane domains and intracellular loops) with 2 and 33 subunits in the human SH-EP1 cell line (a6*-nAChRs) were used. Patch-
clamp whole-cell recordings were performed to measure these receptor-mediated currents. Functionally, the heterologously expressed
a6*-nAChRs exhibited excellent function and showed distinct nicotine-induced current responses, such as kinetics, inward rectification
and recovery from desensitization, compared with a432-nAChRs. Pharmacologically, a6*-nAChR was highly sensitive to the a6 subunit-
selective antagonist a-conotoxin Ml but had lower sensitivity to mecamylamine and dihydro-B-erythroidine. Nicotine and acetylcholine
were found to be full agonists for a6*-nAChRs, whereas epibatidine and cytisine were determined to be partial agonists. Heterologously
expressed a6*-nAChRs exhibited pharmacology and function distinct from those of a4p2-nAChRs, suggesting that a6*-nAChRs may
mediate different cholinergic signals. Our a6*-nAChR expression system can be used as an excellent cell model for future investigations
of a6*-nAChR function and pharmacology.
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Introduction

Nicotinic acetylcholine receptors (nAChRs) in mammals exist
as a diverse family of molecules composed of different com-
binations of subunits derived from at least sixteen genes!"”.
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Nicotinic receptors containing a6 subunits are not widely
expressed in the brain, but they are prevalent in midbrain dopa-
minergic (DA) regions associated with pleasure, reward, and
mood control® .. This suggests that a6*-nAChRs play critical
roles in nicotine dependence and in modulating mood and emo-
tion attributed to nicotine exposure!®. The functional and phar-
macological properties of a6*-nAChRs are largely unknown
due to the lack of selective a6*-nAChR agonists. Furthermore,
a6 subunits are typically co-expressed with other a nAChR
subunits (eg, a4) to form natural a4a6*-nAChRs, which could
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mask the properties of a6 subunits alone. Because the heter-
ologous expression of functional a6 nAChRs has been difficult
to achieve, a6-nAChRs were initially given “orphan subunit”
status. Lindstrom’s laboratory first reported heterologous
expression in oocytes of a functional a6*-nAChR with poor and
variable function”. Kuryatov et al observed functional expres-
sion of human a6 plus 34 plus B3 subunits in an oocyte system;
however, the functional expression of that system was poor
for other combinations and was unremarkable for responses
to nicotine when compared with those for ACh®.. An efficient
heterologous expression of the a6 subunit in any combination
involving B2 subunits (resulting in functional ion channels)
has proven extremely difficult. Grinevich ef al succeeded in
establishing a cell line stably transfected with a6, a5, 3 and
B4 subunits that yielded radioligand-binding nAChRs with
such properties as a-conotoxin MII sensitivity (as expected for
a6*-nAChRs) and identified candidate ligands selective for
the expressed receptor”. However, chimeric subunits where
the N-terminal (ligand-binding) domain of a6 is fused to the
transmembrane domain of a3 or a4 (a6/a3 or a6/ad) were
found to produce functional receptors when co-expressing 2
or B4 subunits®. The B3 subunit appears to play a significant
part in stabilizing/ promoting correctly assembled a6-nAChR
complexes in mammalian cells and impacting expression in
Xenopus oocytes!"” "'l For other heteromeric nAChRs, encour-
aging results for heterologous receptor expression levels have
been achieved: by introducing a single point mutation in the
9'-position of the pore-lining transmembrane region of the 3
subunit (V9'S), a conserved hydrophobic valine residue in the
second transmembrane domain of the subunit was changed
to a hydrophilic serinel™ . This evidence supports the idea
that a chimeric construct comprising a6/a3, p2 and g3*°
may produce functional receptors which could be considered
surrogates of natural a6p2p3 nAChRs. The development of
a high-throughput Ca® imaging (FLIPR™) assay based on a
HEK293 cell line stably expressing such an a6/a3@2p3""* con-
struct was reported, and a number of well-known, as well as
novel, nAChR agonists were evaluated in this assay*. Studies
by Dash and co-workers have identified subunit interactions
and a6 subunit modifications that promote functional expres-
sion in oocytes of different a6*-nAChR subtypes” > ', Using
electrophysiological approaches, the native and functional
a6*-nAChRs in midbrain dopamine (DA) neurons have been
reported[”'n]. However, these a6*-nAChRs are often assem-
bled with a4 subunit"* .

We have established functional a6*-nAChRs by co-transfect-
ing a a6/a3 chimera and 2 and 3 subunits into the human
SH-EP1 cell line. This transfected a6*-nAChR exhibits excellent
function (Figure 1) and has been used for drug screening due to
its ability to avoid enhanced agonist potency and efficacy effects
associated with a 9’S mutant subunit®!. However, detailed
functions and pharmacology of this a6*-nAChR have not been
described. Considering that the native a6 subunit is commonly
co-assembled with a4*-nAChRs in the rodent midbrain, the aim
of this study was to systematically evaluate the function and
pharmacology of the a6*-nAChR and compare these with those
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of a4p2-nAChRs transfected in the same human SH-EP1 cell
line using patch-clamp whole-cell recording techniques. Our
results demonstrated that the heterologously expressed a6/
a3 chimera (a6 N-terminal extracellular domain plus a3 trans-
membrane domains and intracellular loops) with p2 and 3
subunits formed functional a6*-nAChRs that exhibited distinct
current kinetics, desensitization, and recovery from desensiti-
zation when compared with a4p2-nAChR. These results sug-
gested that this a6*-nAChR can serve as an excellent cell model
to investigate a6*-nAChR function and pharmacology and
can be used to screen for new compounds that modulate a6*-
nAChRs.

Materials and methods

Expression of human neuronal a6/a3p2p33-nAChR in human SH-
EP1 cells

Construction of the cell line expressing a6/ a3p2p3-nAChR was

first described by Breining et al™

. a6/ a3 denotes a chimeric
subunit composed of the extracellular, ligand-binding domain
of the human a6 subunit fused to the first transmembrane
domain, following the sequence of the human a3 nAChR sub-
unit (Figure 1A). This approach reproducibly increased expres-
sion compared with that seen for native a6 subunits while
retaining a6-like pharmacology™. Consensus-sequence 32 and
3 human nAChR subunit clones were also used. To sum-
marize the salient details, wild-type SHEP1 cells were trans-
fected with nAChR subunit clones using a cationic polymer
(Qiagen, Valencia, CA, USA). nAChR subunit genes optimized
for mammalian expression were synthesized by GeneArt, Inc
(Thermo Fisher Scientific, Inc, Waltham, MA, USA) and were
delivered in pcDNA3.1 expression vectors (Invitrogen, Thermo
Fisher Scientific, Inc, Waltham, MA, USA. pcDNA3.1zeo for
the a6/a3 subunit, pcDNA3.1hygro for the $2 subunit, and
pcDNAB3.1neo for the B3 subunit). Triple transfectants express-
ing a6/a3, B2, and 3 subunits (Figure 1B) were selected for
using zeocin (0.25 mg/mL, Invitrogen), hygromycin B (0.4
mg/mL, 0.13 mg/mL biologically active hygromycin, Calbio-
chem, EMD Millipore, Billerica, MA, USA), and G418 sulfate
at a final concentration of 0.6 mg/mL (AG Scientific, San
Diego, CA, USA). The polyclonal pool of survivors from this
selection round was then used to pick monoclones. Clones
were screened for radioligand binding using [*H]epibatidine

2451 A clone

binding and for function using *Rb" efflux assays
exhibiting consistently high functional nAChR expression was
selected. These cells were maintained in Dulbecco’s modified
Eagle’s medium (Invitrogen) with 10% horse serum (Invitro-
gen), 5% fetal bovine serum (HyClone, GE Healthcare Life Sci-
ences, Pittsburg, PA, USA), 1 mmol/L sodium pyruvate, and 4
mmol/L L-glutamine supplemented with 0.25 mg/mL zeocin,
0.13 mg/mL hygromycin B, and G418 at 0.6 mg/mL, ensuring
positive selection of transfectants. Low-passage-number (1-40
from our frozen stocks) cultures were used to ensure stable
phenotype expression. Cells were typically passaged once
weekly by splitting just-confluent cultures 1/20-1/40 to main-
tain cells in proliferative growth phase.
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Figure 1. Heterologous expression of a6a3B2B3-nAChR in human SH-EP1 cells. (A) a6/a3 chimera: Left, the chimera sequence with the ligand-binding
N-terminal domain of the human a6, colored cyan, and C-terminal domain of the human a3, colored red. Right, the homology model of the a6/a3
chimera without the signal peptide with the colors matching the colors in the sequence. (B) A cartoon figure shows the process of the stably transfected
a6/3B2B3 cell line. (C) A phase-contrast picture of SH-EP1-a6*-nAChR cells before patch-clamp recording. (D) A typical trace shows an ACh-induced
inward whole-cell current in SH-EP1 cell transfected with this chimeric a6*-nAChR.

Patch-clamp recordings

Conventional patch-clamp whole-cell current recordings
coupled with a computer-controlled fast-drug application and
removal system were implemented in this study as previously
described®.. Briefly, cells plated on 35-mm culture dishes
were placed on the stage of an inverted microscope (Olympus
IX7, Lake Success, NY, USA) and continuously superfused
with standard external solution (2 mL/min). Glass microelec-
trodes (1.5 mmx100 mm, Narishige, East Meadow, NY, USA)
were made in two steps using a vertical electrode puller (P83,
Narishige, East Meadow, NY, USA). Electrodes with a resis-
tance of 3-5 MQ were used to form tight seals (>1 GQ) on the
cell surface until suction was applied to break the membrane
and convert to conventional whole-cell recording. Thereafter,
the recorded cell was lifted and voltage-clamped at a holding
potential (Vi) of -40 mV (unless specifically mentioned), and
ionic currents in response to the application of nicotinic ligands
were measured (Axopatch 200B amplifier, Axon Instruments,
Foster City, CA, USA). The whole-cell access resistance was less
than 20 MQ before series resistance compensation and moni-
tored throughout the experiment. If access resistance varied by

more than 20%, the data were discarded. Pipette and whole-cell
current capacitances were minimized, and series resistance was
routinely compensated to 80%. Typically, the current output
was filtered at 2 kHz, displayed and digitized at 10 kHz on-
line (Digidata 1440 series A/D board, Axon Instruments, Foster
City, CA, USA), and streamed to disk. Data acquisition and
analyses of whole-cell currents were done using Clampex v10.2
(Axon Instruments, Foster City, CA, USA), and results were
plotted using Origin 8.0 (Microcal, North Hampton, MA, USA)
or Prism 5.0 (GraphPad Software, Inc, San Diego, CA, USA).
Concentration-response curves were fitted to the Hill equation.
Acute nAChR desensitization was analyzed for decay time
constant (1), peak current (I,), and steady-state current (I;) using
fits to a single exponential function: I = [(I, - L) "] + L, or to its
double-exponential variant as appropriate, using data from 90%
to 10% of the period between the peak amplitude of the inward
current and the termination of the typical 1-s period of agonist
exposure. Replicate determinations of t (a measure of the rate
of acute desensitization) and peak current amplitude are pre-
sented as the mean#standard error of the mean (SEM) and were
analyzed for significance using Student’s t-test (paired or inde-
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pendent). All experiments were performed at room tempera-
ture (221 ° C).

Solutions and drug application

The standard external solution contained 120 mmol/L NaCl, 3
mmol/L KCl, 2 mmol/L MgCl,, 2 mmol/L CaCl,, 25 mmol/L
D-glucose, and 10 mmol/L HEPES at pH 7.4 with Tris-base. In
some experiments using ACh as an agonist, 1 pmol/L atropine
sulfate was added to the standard solution to exclude any pos-
sible influences of muscarinic receptors. The pipette solutions
used for conventional whole-cell recordings were (in mmol/L):
Tris phosphate dibasic 110, Tris base 28, EGTA 11, MgCl, 2,
CaCl, 0.1, Na-ATP 4, pH 7.3. This “Tris*” electrode solution
was used by Huguenard & Prince®™ to prevent nAChR recep-
tor functional run-down. To study the current (I) and volt-
age (V) relationship of nAChR-mediated whole-cell currents,
the internal pipette solution was a high K* solution containing
(mmol/L) 140 KCI, 4 MgSO,, 0.1 EGTA, 4 Mg-ATP and 10
HEPES adjusted to pH 7.2 with Tris-base.

To initiate whole-cell current responses under constant per-
fusion in the recording chamber, nicotinic drugs were rapidly
delivered to the recorded cell using a computer-controlled 'U-tube'
application system. The applied drug completely surrounded the
recorded cell within 20 ms. The intervals between drug applica-
tions (1 min) were specifically adjusted to ensure the stability
of nAChR responsiveness (absence of functional rundown).
The selections of pipette solutions used in most of the studies
described here were made with the same objective. The drugs
used in the present study were (-) nicotine, ACh, epibatidine,
cytisine, lobeline, dihydro-p-erythroidine (DHPE), and meca-
mylamine (MEC) (Sigma Chemical Co, St Louis, MO, USA).
a-Conotoxin MII was synthesized as previously described™”.

Homology modeling

A homology model of the a6/a3 chimera built using the
sequence in Figure 1A without signal peptide was submitted
to the I-TASSER server (http://zhanglab.ccmb.med.umich.
edu/I-TASSER/). One of the five top-scored models was used
for presentation. The 3D structural presentation of the a6/
a3 chimera was made using Discovery Studio Visualizer 4.0
(Accelrys, San Diego, CA, USA).

Data analysis and statistics

Data are reported as the mean+SEM with numbers shown in
parentheses (n). Probability levels P<0.05 were considered
significant. Significant differences were determined using the
two-tailed Student’s t-test or one-way ANOVA as appropriate
with Origin 8.0 (Microcal Software, Inc, Northampton, MA,
USA) or GraphPad Prism 5.0 (GraphPad Software, Inc, La
Jolla, CA, USA).

Results

Nicotine concentration-response relationship of «6*-nAChRs
Initial experiments were designed to compare the affinity of
a6*- or a4PB2-nAChRs for nicotine. To obtain the concentration-
response relationship of nicotine-induced current, a6*-nAChR
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(Figure 2A)- or a4p2-nAChR (Figure 2B)-mediated whole-cell
currents induced by different concentrations of nicotine were
recorded using Tris" electrodes at a holding potential (V) of
-40 mV (the resting membrane potential of SH-EP1 cell is close
to -40 mV). Normalized (to 100 pmol/L nicotine as indicated
with an asterisk; Figure 2C) peak whole-cell current responses
to nicotine, when plotted as a function of nicotine concentra-
tions, were sigmoidal and were fit by a single-site logistic
equation model. Fits to the nicotine data yielded EC5, values
and Hill coefficients of 1.34+0.02 umol/L and 0.7 for a6*-
nAChR (n=12) and 3.320.6 pmol/L and 0.8 for a4p2-nAChR
(n=10). Unpaired t-test analyses revealed that the difference
between these two subtype receptor ECs, values was highly
significant (P<0.01). These results demonstrated a higher
affinity for nicotine acting on a6*-nAChRs when compared
with a42 nAChRs. Therefore, in the following experiments,
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Figure 2. Nicotine concentration-response relationships for a6*-
nAChR-mediated whole-cell current in SH-EP1 cells. Five typical whole-
cell current traces elicited in response to nicotine exposure (0.01-100
umol/L) are shown for cells expressing either a6*-nAChR (A) or a4B2-
nAChR (B). (C) Nicotine concentration-response curves plotted for peak
currents normalized to those evoked in response to 100 ymol/L nicotine
show differences at a6*-nAChRs and a432-nAChRs in agonist potency.
Each symbol represents the average from 10-12 cells, and vertical bars
represent standard errors.



the ECs, concentration of nicotine used was 1 pmol/L for a6*-
nAChRs and 3 pmol/L for a4p2-nAChR.

Nicotinic agonist properties of a6*-nAChRs

To profile the efficacy and potency of a6*-nAChR agonists,
including NIC, ACh, epibatidine (EPBD), cytosine and lobeline
(Figure 3A), we constructed agonist concentration-response
relationship curves and normalized them to the maximal
response to nicotine (at 100 pmol/L; Figure 3A). These pro-
files indicated ACh, similar to NIC, was a full agonist for a6*-
nAChRs, whereas EPBD (~25%) and cytisine (~20%) were
partial agonists (Figure 3B). The lobeline-induced current was
nearly undetectable with a6*-nAChRs even at high concen-
trations (Supplementary Figure S1). When responses to indi-
vidual agonists were normalized to the maximum effect at a
given a6*-nAChR (Figure 3C), it became evident that the ECs,
and Hill coefficient values of ACh, epibatidine, and cytisine
were 1.36+0.15 pmol/L and 1.1 (#=11), 10.745.7 nmol/L and
0.72 (n=6), and 89.1+33.8 nmol/L and 0.84 (1=6), respectively.
These results indicated that for transfected a6*-nAChRs, nico-
tine and ACh were full agonists, whereas epibatidine and cyti-
sine were partial agonists with high receptor binding affinity.

Nicotinic antagonist properties of a6*-nAChRs
A main pharmacological feature of a6*-nAChRs is their sensi-
tivity to snail toxins, such as a-Ctx MII. Thus, we examined the

A
NIC 10 umol/L ACh 10 umol/L
" /
|
|
|
|
B
15— —*NIC
—8— ACh
2,::\ —a— EPBD
w 107 o Cyt i
<
5 | b
% 05
& ,
T
- cr s > $ ®
U S—

9 8 7 6 5 4
Agonists (Log mol/L)

www.chinaphar.com
Chen DJ et al

1575

effects of a-Ctx MII on 1 pmol/L nicotine-induced current. As
shown in Figure 4A, a 5-min pretreatment with 100 nmol/L
a-Ctx MII nearly abolished nicotine-induced currents. After a
5-min washout of a-Ctx MII, the nicotine-induced current was
partially recovered. When plotted as a function of a-Ctx MII
concentrations, the curve showed a typical sigmoidal shape
and was fit well with a single-site model of the logistic equa-
tion for nicotine-induced currents (Figure 4B). Fits to the data
yielded ICs, values and Hill coefficients of 10.3+1.2 nmol/L
and 0.9 for nicotine-induced current plus a-Ctx MII (Fig-
ure 4B). These results demonstrated that the heterologously
expressed a6*-nAChRs were highly sensitive to the selective
a6*-nAChR blocker a-Ctx MII. To further evaluate the antago-
nist profile of a6*-nAChRs, we examined the inhibitory effects
of two other nAChR antagonists, dihydro-p-erythroidine
(DhE, Figure 4B) and mecamylamine (MEC, Figure 4C) on
a6*-nAChR-mediated current (Figure 4C). We found that the
IG5, values and Hill coefficients of DHBE and MEC to 1 pmol/L
nicotine-induced currents were -5.9+0.05 mol/L and 0.6+0.06
(n=6-11) and -4.9+0.09 mol/L and 0.7+0.09 (n=6-22), respec-
tively. Figure 4D summarizes the concentration-inhibition
curves of a-Ctx MII, DHBE and MEC. Therefore, transfected
a6*-nAChRs in SH-EP1 cells were highly sensitive to a-Ctx
MII but relatively insensitive to DHBE and MEC, suggesting
the chimeric receptor exhibited typical a6*-nAChRs antagonist
properties.
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Figure 3. Concentration-response curves for NIC, ACh, epibatidine (EPBD) and cytisine acting at a6*-nAChR. (A) Representative traces showing a6*-
nAChR-mediated whole-cell currents elicited by select nAChR agonists nicotine (NIC), ACh, EPBD, and cytisine. (B) Peak current amplitudes of a6*-
nAChR evoked by NIC, ACh, EPBD and cytisine are plotted to the real current peak current amplitudes, and show the different efficacy of these nAChR
agonists tested. (C) a6*-nAChR-mediated whole-cell currents responses evoked by those agonists were normalized to their maximal response. Each
symbol represents the average from 6-8 cells tested, and vertical bars represent standard errors.
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Figure 4. Effects of a6*-nAChR antagonists. Representative typical traces showing antagonism of a6*-nAChR-mediated currents (induced by 1 pmol/L
NIC) by the a-Ctx MII (100 nmol/L with 5-min pretreatment (A), the DHBE (0.1, 1, 10 pmol/L with 1-min pretreatment (B), and the MEC (1, 30, 300

umol/L without pretreatment (C). After washout for 5 min, the inhibition by a-Ctx MIl can be partially recovered (A).

(D) Three nAChR antagonists, a-Ctx

MIl, DHBE and MEC are superimposed and are plotted as concentration-response curves. Each symbol represents the average from 6-8 cells, and

vertical bars represent standard errors.

Kinetics of a6*- nAChR-mediated whole-cell current

Comparisons of whole-cell current kinetics between a6*-
nAChR (1 pmol/L nicotine, close to the EC5, concentration)
and a4PB2-nAChR (3 pmol/L nicotine, close to the ECs, con-
centration) expressed in SH-EP1 cells revealed that the rate of
current decay of a6*-nAChRs induced by 1 pmol/L nicotine
was faster, as represented by a significantly smaller decay
time constant compared with that of the 3 pmol/L nicotine-
induced whole-cell current in a4p2-nAChR (Figure 5A and
5B, right panel). Based on previous reports, a6*-nAChR-
mediated whole-cell currents exhibited two components of
decay constant, ie, fast and slow components®. We examined
whether our a6*-nAChR-mediated currents exhibited these
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two decay components. In the 22 cells tested, 1 pmol/L nico-
tine induced inward whole-cell currents showed the fast and
slow decay constants (t values were measured using Clampfit,
a double standard exponential fitting). The fast and slow t
values were 149.3+£9.2 ms and 1621.6+240.6 ms, respectively.
Another difference was the whole-cell current rise time. The
a6*-nAChR-mediated current (induced by 1 pmol/L nicotine)
had a shorter duration than the a4p2-nAChR-mediated cur-
rent (induced by 3 pmol/L nicotine). The whole-cell current
amplitudes of a6*-nAChR and a4p2-nAChR were not different
(Figure 5B, left panel). These results indicated the more rapid
acute desensitization of a6*-nAChR compared with a4p2-
nAChR.
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Figure 5. Kinetics of a6*-nAChR-mediated whole-cell current in human SH-EP1 cells. ECs, (1 pmol/L for a6*-nAChR, (A), or 3 umol/L for a4p2-nAChR, (B)
concentrations of nicotine were applied to induce whole-cell inward currents in transfected SH-EP1 cells stably expressing either the human a6*-nAChR (A)
or the human a4p2-nAChR (B). (C) Bar graphs summarizing results of replicate studies (10 cells for a6*-nAChR and 8 cells for a432-nAChR) illustrating
differences between the a6*-nAChR (red columns) and the a432-nAChR (black columns) nAChR responses in the rising times of whole-cell currents
(B, middle panel) and whole-cell current decay constants (B, right panel). There was no significant difference in peak nicotine current amplitudes, but
there was a significant difference in the rise time (B, left panel). Data were represented as the means, and vertical bars represent SEMs. Asterisks ***

represent significance level P<0.001 between a6*- and a4pB2-nAChRs.

Recovery from desensitization of a6*-nAChR-mediated whole-cell
current

To determine the kinetics of a6*-nAChR recovery from acute
desensitization, we applied 1 pmol/L nicotine for 5 s followed
by 1 s nicotine exposures at intervals of 5, 10, 20 and 40 s for
a6*-nAChR (Figure 6A) or application of 3 pmol/L nicotine
for 5 s followed by 1 s nicotine exposure at the intervals of 5,
10, 20 and 40 s for a4p2-nAChR (Figure 6B). When fit with a
single exponential function, the results showed a time constant
(T) of 22.6 ms for a6*-nAChR-mediated current recovery from
desensitization, whereas the 1 value for recovery from desen-
sitization in heterologously expressed a4p2-nAChR was 7.3
ms (1=30, and a6*-nAChR vs a432-nAChR P<0.01, Figure 6C).
These results suggested that a6*-nAChR readily desensitized
and required longer intervals to recover when compared with
a4f32-nAChR.

Current-voltage (I-V) relationships for a6*-nAChRs

Whole-cell current traces recorded using a K" electrode solu-
tion (see methods) and obtained with a 100 pmol/L nicotine-
induced activation of a6*-nAChRs after step changes (-80 to
+60 mV) in holding potential (V};) showed an inward rectifica-
tion at positive Vy (Figure 7A). a4p2-nAChR-mediated current
(100 pmol/L nicotine) using the same experimental protocol
showed a stronger whole-cell current inward rectification
(Figure 7B). Figure 7C summarizes the pooled data of steady-
state current-voltage (I-V) relationship curves obtained from
a6*-nAChRs (red)- and a4f2 (black)-nAChR-mediated cur-
rents held at different holding potentials. One-way ANOVA
showed high significance between a6*- and a4p2-nAChR-
mediated I-V curves (F;,=197.8, P<0.001). Newman-Keuls

comparisons between a6*- and a4p2-nAChR-mediated cur-
rents at each holding potential showed significant differences
at Vi values of -20 mV (P<0.05), 0 mV (P<0.05) and +60 mV
(P<0.001). These results indicated that nicotine-induced a6*-
nAChR-mediated currents exhibited weaker inward rectifica-
tion than a4p2-nAChR-mediated currents.

Discussion

The present study systematically evaluated and compared the
pharmacology and physiology of heterologously expressed
a6*- and a4f32-nAChRs in a human SH-EP1 cell line. Pharma-
cologically, a6*-nAChRs demonstrated approximately 3-fold
higher affinity for nicotine than a432-nAChRs. Nicotine and
ACh are full agonists, whereas EPBD and cytisine are partial
agonists for a6*-nAChRs. a6*-nAChRs were highly sensitive to
the selective antagonist, a-Ctx MII but less sensitive to DHBE
and MEC. Functionally, these stably expressed a6*-nAChRs
exhibited nicotine-induced inward whole-cell currents with
more rapid kinetics of current decay and slower recovery
from receptor desensitization compared with a42-nAChRs
expressed in the same cell line. The a6*-nAChR current-
voltage (I-V) curve showed slightly lower inward rectifica-
tion when compared with that of a4p2-nAChR. Collectively,
these results suggested that stably transfected a6*-nAChR in
SH-EP1 cell line was an ideal cell model for evaluating a6*-
nAChR function and for developing new compounds for
pharmacological manipulations of a6*-nAChRs. Additionally,
a6*-nAChRs exhibited some functional and pharmacological
properties different from those of a4B2-nAChRs, suggesting
that this type of nAChR may play a special role in choliner-
gic modulations in midbrain dopamine-associated signaling,
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Figure 6. Recovery from desensitization of a6*-nAChR-mediated whole-
cell current in SH-EP1 cells. Time course for recovery from desensitization
of a6*-nAChRs after a 5-s desensitizing pulse. Typical whole-cell current
responses are illustrated for SH-EP1-a6*-nAChR cells subjected to paired
5 s desensitizing pulses of 1 uymol/L NIC followed by 1 s test pulses of
the same agonist and dose after an inter-pulse interval of 5, 10, 20 and
40 s (A) or 3 uymol/L NIC using the same protocol for a4B2-nAChR (B).
Recordings were obtained at a holding potential of -40 mV. Averaged
current net charge (pA/pF) for responses to test pulses normalized to
the amplitude of the desensitizing pulse response (ordinate) are plotted
for NIC responses to a6*-nAChR (C, red curve) or a4p2-nAChR (C, black
curve) as a function of inter-pulse interval (s; abscissa). Data were fit to
mono-exponential equations yielding values for extent of rate constants
for recovery indicated in Figure 6C.

behavior and diseases.

a6*-nAChRs are highly expressed in midbrain DA neurons,
but their functions remain poorly understood”". Thus far,
there have been three experimental approaches for evaluating
a6*-nAChR function: gene manipulation (ie, the transgenic
knockout of the a6 subunit or the transgenic expression of
highly sensitive a6*-nAChR); the heterologous expression of
a6*-nAChRs in recombinant expression systems, which has
been successfully demonstrated in Xenopus oocytes; and the
use of a6*-nAChR selective antagonists a-conotoxin (a-Ctx)
MII, MIIH9L15A or PIA. Ideally, the heterologous expres-
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sion of a6*-nAChRs is a good model that allows the direct
measurements of a6*-nAChR-mediated currents. Lindstrom’s
laboratory first reported the heterologous expression of nAChR
containing a6 subunits in oocytes”.. Studies from Clementi’s
and Gotti’s laboratories reported interesting properties of natu-
rally expressed a6*-nAChRs in chick retina, suggesting a vari-
ety of subunit combinations for a6*-nAChRs; these subtypes
exhibited high affinity agonist binding and interactions with
a-Ctx MII antagonist. These data suggested that there are func-
tional a6-containing nAChRs in vivo®™. In general, wild-type
(WT) nAChR a6 expressed with B subunits (eg, B2, B3, and p4)
in oocytes does not express high levels of functional receptors.
To improve a6*nAChR function, the beta subunit (eg, 3"
was incorporated. The combination of the a6 subunit with 4
and B3"?® subunits produced approximately 10-fold enhanced
nicotine efficacy™ *!. a6*-nAChR function was also increased
by using an a6 subunit chimera with the a3 subunit; the a6 sub-
unit N-terminal ligand-binding domain was combined with the
a3 transmembrane domain plus B2p3"”%, resulting in enhanced
a6*-nAChR function in oocytes™ in transiently expressed HEK
293 cells™ and tsA201 cells™.

In the present study, we applied the same approach to form
chimeric, stably expressed human a6*-nAChRs in human
SH-EP1 cells without the V9'S mutation in the 3 subunit.
Our approach avoided enhanced agonist potency and efficacy
effects associated with the 9’S mutant subunit®!. Patch-clamp
recording demonstrated robust sensitivity to nicotinic ago-
nists. Whole-cell currents showed faster decay constant kinet-
ics, more profound desensitization and slower recovery from
receptor desensitization compared with those of a4p2 nAChRs
expressed in the same SH-EP1 cell line. These functional prop-
erties were consistent with previous reports using patch-clamp
recordings from similar chimeric combinations of a6/a3@283""*
nAChRs expressed in HEK 293 cells™.. These data suggested
that our stably transfected a6*-nAChR was a good model for
studying a6*-nAChR pharmacology and function.

Of the five nAChR agonists tested, (-) nicotine, ACh, EPBD,
and cytisine induced inward currents mediated by human
a6*-nAChRs. Lobeline induced only a small current even at
high concentrations. The ECs, for a nicotine-induced current
of ~1 pmol/L was approximately 3-fold higher than that (~3
pmol/L) for human a4p2-nAChR-mediated whole-cell cur-
rent heterologously expressed in the same SH-EP1 cell line
(Figure 2C). Compared with heterologously expressed a6/
a3p2p3'’5-nAChRs in HEK-293 cells (ECs=0.14 umol/L)P*,
our a6*-nAChR cells exhibited approximately 10-fold lower
affinity®", suggesting that the B3 subunit mutation (p3"°*)
increased agonist affinity when co-expressed with a6/a3 and
B2 subunits. Therefore, compared with a6/a3p2p3""*, our
transfected a6/ a3p2p3-nAChR may be closer to the native a6*-
nAChR. Nicotine and ACh displayed comparable peak current
efficacies (at maximum agonist dose) in human a6*-nAChRs
expressed in SH-EP1 cells, whereas the EPBD- and cytisine-
induced maximum current amplitude was approximately 20%
of the ACh maximum response, suggesting that EPBD and
cytisine were partial agonists for a6*-nAChR. Interestingly, the
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Figure 7. Current-voltage (I-V) relationship curve for a6*-nAChR-mediated whole-cell current in SH-EP1 cells. (A) Typical traces of current-voltage (I-
V) relationship using K" electrodes at a different (from -80 to +60 mV) holding potentials (Vy), 100 umol/L NIC was repetitively applied for 2 s at 2-min
intervals to SH-EP1 cells expressing a6*-nAChR (A). (B) Under the same experimental protocol, 100 ymol/L NIC was repetitively applied for 5 s at
2-min intervals to SH-EP1 cells expressing a432-nAChR (B). Peak nicotine currents from whole-cell current traces were normalized to the peak current
amplitude at the V, of -80 mV (indicated as #) and plotted against the peak currents at different holding potentials. Each symbol represents the average
from 6 cells tested, and vertical bars represent standard errors. Asterisks * and *** represent significance levels of P<0.05 and P<0.001, respectively,

for a6*-nAChR (red symbols) vs a4B2-nAChR (black symbols).

a432-nAChR partial agonist lobeline failed to induce a detect-
able current response in the a6*-nAChRs. This new finding will
allow us to distinguish a6*-nAChRs from a432-nAChR based
on agonist property. Collectively, these results indicated that
heterologously expressed human a6*-nAChRs in SH-EP1 cells
exhibited some agonist properties that differed from those of
a6/a3p2p3""*-nAChRs heterologously expressed in HEK 293
cells®™.

Previous studies have shown that natural a6*-nAChRs
exhibit high affinities for a-Ctx MII or PIAP", which are major
characteristics of functional a6*-nAChRs. Our studies show,
at least for human a6*-nAChRs heterologously expressed in
SH-EP1 cells, that the highest functional inactivation poten-
cies for a-Ctx MII required pre-exposure of receptors to the
antagonists prior to agonist challenge. The pretreatment time
of a-Ctx MII was approximately 5 min for 1 pumol/L nicotine-
induced currents. From the concentration-inhibition curve, the
IG5, value of a-Ctx MI was approximately 10 nmol/L, which
was lower than that of a6/a3p2p3"”*-nAChRs in HEK-293
cells (IC5=44 nmol/L)P. a-Ctx MII was recognized to have
slow on-rate kinetics for a6*-nAChR. In our experiments, we
applied a 5-min a-Ctx MII pretreatment. An efficient inhibi-
tion under our experimental conditions was observed. How-
ever, we remain unsure whether a 5-min pretreatment was of
sufficient duration to reach a-Ctx MII equilibrium.

In the present study, a6*-nAChR-mediated nicotine
responses were also inhibited by MEC (ICs, ~35 pmol/L), but
the affinity was 3500-fold lower than that of a-Ctx MIIL. The
relatively selective a4p2-nAChR antagonist DHBE showed
an ICsy value of 0.18 umol/L, which had 18-fold lower affinity
than a-Ctx MIIL. Collectively, these antagonist properties sug-

gested that while the a6*-nAChR-mediated nicotine response
can be blocked by different nAChR antagonists, a-Ctx MII
showed the highest affinity.

Although the a6-containing subtype of nAChRs is highly
expressed in midbrain dopamine neurons, its detailed func-
tion in the modulation of the mesolimbic DA system activity
and roles in diseases remain largely unknown. In this study,
we heterologously expressed human a6/a3B2p3-nAChRs into
human epithelial SH-EP1 cells and obtained a transfected a6*-
nAChR with robust function. By using this a6*-nAChR cell
model, we provided a detailed description of a6*-nAChR func-
tion and pharmacology and compared these to a4p2-nAChR
expressed in the same SH-EP1 cell line. These functional and
pharmacological properties of a6*-nAChR suggested different
roles played in native cholinergic modulations. For example,
due to a higher agonist affinity, a6*-nAChR may mediate
modulation effects at nicotinic concentrations low enough to
not activate a4p2-nAChR. The kinetics of rapid receptor desen-
sitization and slow recovery implied that brain nicotine levels
produced by cigarette smoking may readily desensitize a6*-
nAChRs. Considering that native a6*-nAChRs in the nucleus
accumbens play a critical role in the modulation of DA release,
the high affinity of a6*-nAChRs to nicotine was consistent with
an important role of this type of nAChR in nicotine reward and
dependence. Collectively, our data suggested that the artificial
a6*-nAChRs may serve as an excellent cell model to investigate
a6*-nAChR function and pharmacology and may enable the
development of new compounds for a6*-nAChRs. However, we
realize that a limitation of this study was that this transfected
a6*-nAChR did not contain a full-length a6 subunit. Instead, we
used a a6 subunit N-terminal ligand-binding domain with an
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a3 subunit transmembrane domain chimera co-transfected with
2 and B3 subunits. To date, the use of full-length a6 co-trans-
fected with  subunits in mammalian systems has not yielded
functional a6*-nAChRs. However, functional a6*-nAChRs have
been produced in a Xenopus oocyte expression system, which
contained co-transfections of the full-length a6 subunit with
one mutation in the transmembrane domain and with the sec-
ond internal loop of the a3 subunit plus B2 and B3 subunits®!.
Therefore, whether our described function and pharmacology
of a6*-nAChR can behave like natural a6*-nAChRs in animal or
even human brain remains unclear. Further research is neces-
sary to heterologously express more physiological (full-length)
a6*-nAChRs in mammalian cells.
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