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Abstract

Nicotinic acetylcholine receptors (nAChRs) belong to the superfamily of pentameric ligand-gated ion channels, and in
neuronal tissues, are assembled from various types of a- and -subunits. Furthermore, the subunits a4 and 2 assemble in
two predominant stoichiometric forms, (a4),(f2); and (a4);(B2),, forming receptors with dramatically different sensitivity
to agonists and allosteric modulators. However, mechanisms by which the two stoichiometric forms are regulated are not
known. Here, using heterologous expression in mammalian cells, single-channel patch-clamp electrophysiology, and calcium
imaging, we show that the ER-resident protein NACHO selectively promotes the expression of the (a4),(B2); stoichiometry,
whereas the cytosolic molecular chaperone 14-3-3n selectively promotes the expression of the (a4);(B2), stoichiometry.
Thus, NACHO and 14-3-3n are potential physiological regulators of subunit stoichiometry, and are potential drug targets for
re-balancing the stoichiometry in pathological conditions involving a4p2 nAChRs such as nicotine dependence and epilepsy.
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Introduction

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated
ion channels that mediate rapid excitatory synaptic transmis-
sion in the central and peripheral nervous systems [1, 2].
They participate in a wide variety of physiological processes,
including skeletal muscle contraction, neurosecretion and
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synaptic plasticity [3—6]. nAChRs also contribute to higher-
order processes such as cognition, working memory, atten-
tion, and reward [7—11]. Dysfunction of nAChRs contrib-
utes to epilepsy, schizophrenia, neurodegenerative diseases,
and nicotine addiction [2, 12—-15]. nAChRs belong to the
superfamily of pentameric ligand-gated ion channels, and
in mammalian neuronal tissues, are assembled from various
combinations of eight types of a-subunits and three types
of B-subunits. This combinatorial assembly is significant
because the types, stoichiometry, and positioning of subunits
determine the function and pharmacology of the pentameric
unit [1, 16]. For example, the a4p2 nAChR, the most abun-
dant type of nicotinic receptor in the brain [17-20], assem-
bles in two predominant stoichiometric forms, (a4),(2);
and (a4);(B2),, which differ dramatically in their sensitivity
to agonists and allosteric modulators [21-28]. In heterolo-
gous expression systems, biasing the ratio of cDNAs encod-
ing o4 and B2 subunits is often used to produce a receptor
population enriched in a single stoichiometric form [25, 26,
29]. Also, small exogenous molecules such as nicotine or its
metabolite cotinine act as intracellular chaperones to bias the
receptor population toward a single stoichiometric form [21,
25, 30-35]. However, cellular mechanisms that regulate the
balance of the stoichiometric forms of nAChRs are largely
unexplored.
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Recently the ER-resident protein NACHO was shown
to increase trafficking of several types of nAChRs to the
plasma membrane, including the homomeric o7 and the het-
eromeric o4p2, a3p2 and a3p4 nAChRs [36-38]. NACHO
is highly expressed in the central nervous system, and in
primary cultures of hippocampal neurons, siRNA targeted
against NACHO reduced ACh-elicited whole-cell currents
[37]. However, whether NACHO affects the subunit stoichi-
ometry of heteromeric nAChRs has not been investigated.

The 14-3-3 protein family comprises ~ 1% of the total
soluble protein in the central nervous system [39], and the
subtype 14-3-31 is expressed predominantly in the cerebral
cortex [40, 41]. In vitro, 14-3-3n increases expression of
a4p2 nAChRs [42], and decreases ACh sensitivity of the
resulting nAChRs [43]. Whether the decreased ACh sensi-
tivity arose through a change in the functional state of the
o4p2 nAChR or a change in subunit stoichiometry [43], has
not been distinguished.

To investigate whether NACHO and 14-3-3n affect the
subunit stoichiometry of functional a4p2 nAChRs, we trans-
fected human a4 and 2 subunits into clonal mammalian
cells, without or with either NACHO or 14-3-3n. We then
used single-channel patch-clamp recording and fluorescence
imaging of intracellular Ca’* to assess the subunit stoichi-
ometry of functional a4p2 nAChRs. The results reveal that
NACHO and 14-3-3n exert opposing effects on the subunit
stoichiometry of functional a4p2 nAChRs. NACHO and
14-3-3n thus emerge as potential physiological regulators
of subunit stoichiometry, as well as potential drug targets
for re-balancing the subunit stoichiometry in pathological
conditions involving a4f2 nAChRs.

Materials and methods
Expression of human a4$2 nAChRs

cDNAs encoding the human a4 and p2 subunits and
the protein 14-3-3n were individually sub-cloned into a
modified pCI mammalian expression vector (Promega),
as previously described [27, 44]. A cDNA encoding the
protein NACHO was synthesized by GenScript and sub-
cloned into the mammalian expression vector pRBG4
[45]. BOSC 23 cells, a cell line derived from the HEK
293 cell line [46], were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco) containing 10%
fetal bovine serum, and transfected by calcium phosphate
precipitation, as previously described [47-49]. For each
35 mm plate of cells, the following quantities of cDNAs
were transfected: a4 + p2 ratio 1:1 (3 pg a4 +3 pg p2);
o4 + P2+ NACHO ratio 1:1:0.3 B pgad+3 pg 2+ 1 pg
NACHO); a4 + p2 + 14331 ratio 1:1:1 (3 pg a4 +3 pg
B2 +3 pg 1433n); ad + P2+ 14331 ratio 10:1:10 (6 pg
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a4+ 0.6 pg P2 +6 pg 1433n). For patch-clamp experi-
ments, a cDNA encoding green fluorescent protein was
included in all transfections, whereas for calcium imag-
ing experiments, a cDNA encoding the calcium sensor
GCaMP5G (1 pg/pl, Addgene #31788) was included.
Transfections were carried out for 4 to 6 h, followed by the
medium exchange. Single-channel recordings and calcium
imaging experiments were done 48—72 h post-transfection.

Drugs

Nicotine and acetylcholine (ACh) were purchased
from Sigma-Aldrich (St Louis, MO, USA), and
3-[3-(3-Pyridinyl)-1,2,4-oxadiazol-5-yl]benzonitrile
(NS9283) from Tocris (UK).

Patch-clamp recordings and analysis

Single-channel recordings were obtained in the cell-
attached patch configuration at a membrane potential
of —70 mV and a temperature of 23 °C, as previously
described [26, 49]. For both patch-clamp and calcium
imaging experiments, the extracellular bath solution con-
tained (mM): 142 KCl, 5.4 NaCl, 1.8 CaCl,, 1.7 MgCl,,
and 10 HEPES, adjusted to pH 7.4 with NaOH. The solu-
tion within the patch pipette contained (mM): 80 KF,
20 KCl, 40 K-aspartate, 2 MgCl,, 1 EGTA, 10 HEPES,
adjusted to pH 7.4 with KOH [50, 51]. Concentrated stock
solutions of ACh were made in patch pipette solution and
stored at — 80 °C until the day of each experiment. Patch
pipettes were pulled from glass capillary tubes (No.7052,
King Precision Glass) and coated with Sylgard (Dow
Corning).

Single-channel currents were recorded using an Axopatch
200B patch-clamp amplifier (Molecular Devices), with the
gain set at 100 mV/pA and the cut-off frequency of the inter-
nal Bessel filter at 10 kHz. Continuous stretches of single-
channel currents were sampled at intervals of 20 ps using
a PCI-6111E acquisition card (National Instruments), and
recorded to hard disk using the program Acquire (Bruxton
Corporation). The current amplitude of each single-channel
opening event was detected using the variable amplitude
option within TAC 4.2.0 software (Bruxton Corporation),
as previously described [26]. The detected amplitudes were
entered into histogram bins, and the histograms were fitted
by one or two Gaussian functions by maximum likelihood
using the program TACFit 4.2.0 [52], yielding the mean,
standard deviation, and fractional area for each component.
An unpaired ¢ test with the Welch correction was used to
determine whether the fitted mean current amplitudes and
fractional areas for the two Gaussian components were



NACHO and 14-3-3 promote expression of distinct subunit stoichiometries of the a4f2... 1567

different from each other, or different across experiments
done under the same experimental conditions. Parameters
were considered different if the p-value was less than 0.05.

Calcium imaging and analysis

Transfected BOSC 23 cells were seeded on MatTek
dishes (MatTeK corporation), placed on an inverted
Olympus IX70 epifluorescence microscope, and imaged
using a 16-bit high-speed ORCA Flash4.0 sCMOS cam-
era (Hamamatsu). Cells were continuously perfused with
extracellular bath solution (5 ml/min) using a gravity-
driven perfusion system. Transfected cells were iden-
tified by GCaMP5G fluorescence using an excitation
wavelength of 480-505 nm and an emission wavelength
of 525 nm. Images were taken using a 40X objective and
acquired at a rate of three frames per second (100 ms
exposure/frame) using a CoolLED pE-300Ultra illumi-
nation system (CoolLED limited, UK) and Metamorph
software (Molecular Devices) for acquisition, driven by
pClamp 10 software (Molecular Devices). Responses
were triggered by 5 s applications of extracellular bath
solution containing 1 pM nicotine, either without or with
30 pM NS9283, every 15 min. Concentrated stock solu-
tions of nicotine and NS9283 were stored at -80 °C until
the day of each experiment. Due to the limited solubility
NS9283 in H,0, the NS9283 stock solution was prepared
in 100% DMSO. All experimental solutions contained an
equivalent concentration of DMSO (0.6%). All experi-
ments were performed at room temperature (23 °C).

BOSC 23 cells were perfused with extracellular bath
solution containing 1 pM nicotine, and the fluorescence
time course was recorded. After a washout period of
15 min, the same cells were perfused with extracellu-
lar bath solution containing 1 pM nicotine plus 30 pM
NS9283, and a second fluorescence time course was
recorded. Each fluorescence time course was exported to
Microsoft Excel, and the change in fluorescence intensity
as a function of time was expressed as (F — F))/F,) or,
AF/F,, where F is the total fluorescence and F|, is the
baseline fluorescence. The extent of NS9283 potentiation
was defined as the change in fluorescence in response to
nicotine plus NS9283 relative to the response to nicotine
alone:

Extent of potentiation by

_ AFNicotine plus NS9283 /' AFNicotine |
Ns9283 = (| L [ ANetne| _ 1),

A paired t test was used to determine whether the dif-
ference between AFyicotine plus Ns9283/ o a0d AFicorine/ Fo
within the same cell was significant. An unpaired t test
with the Welch correction was used to determine whether
the extent of NS9283 potentiation was different across
different experimental conditions. Parameters were

considered different if the p-value was less than 0.05.
Graphing and statistical analysis were performed using
Prism 8 (GraphPad).

Results

Stoichiometric forms of a4f2 nAChRs distinguished
by single-channel current amplitude

We previously established that the two predominant sto-
ichiometric forms of the a4p2 nAChR could be distin-
guished by their single-channel current amplitudes [26].
Indeed, following co-transfection of equal amounts of a4
and B2 subunit cDNAs into BOSC 23 cells, recordings
of ACh-elicited single-channel currents exhibit channel
openings with two distinct current amplitudes (Fig. 1a).
After measuring the amplitude of each channel opening
event and compiling the amplitudes into a histogram, fit-
ting the sum of two Gaussian functions to the histogram
reveals two peaks with mean amplitudes of 3.3 and 4.1
pA (Fig. 1b). Previous studies using concatemeric a4p2
nAChRs demonstrated that channel openings with the
larger unitary current amplitude arose from receptors with
the (a4);(B2), stoichiometry, whereas channel openings
with the smaller unitary amplitude arose from receptors
with the (a4),(p2); stoichiometry [26]. For the experi-
ment illustrated, the relative areas of the two Gaussian
components are similar, and statistical analysis of multi-
ple experiments shows that the relative areas of the two
components are not different (Fig. 1c, Table 1). Although
the observation of two Gaussian components of current
amplitudes indicates the presence of each stoichiometric
form, the relative areas do not necessarily indicate the
relative amounts of the two forms. The reason is that the
two forms differ in their sensitivity to ACh and in their
extent of steady-state desensitization. Nevertheless, under
conditions of a 1:1 transfection ratio of a4 to f2 subunit
cDNAs, each of the two stoichiometric forms is clearly
present and functional on the cell surface.

NACHO promotes the (a4),(B2); stoichiometry

Following co-transfection with equal amounts of a4 and
B2 subunit cDNAs, plus the cDNA encoding NACHO,
recordings of ACh-elicited single-channel currents reveal
channel openings with a single predominant current ampli-
tude (Fig. 1d). After measuring the amplitude of each
channel opening event and compiling the amplitudes into
a histogram, fitting a single Gaussian function to the his-
togram provides a good fit with a mean current amplitude
of 3.25 pA (Fig. le). In addition, the standard deviation
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Fig. 1 Stoichiometric forms

of a4f2 nAChRs determined

by unitary current amplitude.
BOSC 23 cells were transfected
with a4 and B2 subunits without
(a—c) and either with NACHO
(D-F) or 14-3-31 (G-I). Single-
channel currents were recorded
in the cell-attached patch con-
figuration with a concentration
of 10 pM ACh in the pipette
and a holding potential of

—70 mV. Representative traces
with different magnifications
are shown for each experimental
condition (a, d, g). Below the
traces is a histogram of detected
single-channel currents that
reached full amplitude with

the indicated means and S.D.
of each Gaussian peak (left
panels) (b, e, h). Mean and 95%
CI of the relative areas, along
with a statistical comparison

of the Gaussian components,
are shown for multiple patches
(right panel) (c, f, i). Measure-
ments from individual patches
are indicated with different
symbols. Statistical differences
are indicated as *** (signifi-
cantly different, p <0.001) and
ns (not significantly different,
p>0.05)
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Table 1 Single-channel currents amplitudes of (a4),(B2); and (a4);(B2), stoichiometries without and with NACHO or 14-3-3n

Stoichiometric o4+ P2 [1:1] (6 patches; 423 openings) o4+ P2+ Nacho [1:1:0.3] (14 patches; a4+ B2+ 14-3-3n [1:1:1] (18 patches;
variant 1532 openings) 705 openings)
Amplitude (pA Area (Weight Amplitude (pA Area (Weight Amplitude (pA Area (Weight [95%
[95% CI]) [95% C1]) [95% CI1]) [95% C1]) [95% CI]) CI))
(04),(B2)4 3.2[3.0;3.4] 0.411[0.07;0.74]  3.3[3.2;3.4] 0.88 [0.75; 1] 3.4 [3.16; 3.56] 0.14 [0.009; 0.28]
(04)5(B2), 4.0[3.8;4.1] 0.59 [0.26-0.93] 4.1[3.7;4.4] 0.12 [0.008; 0.24] 4.0 [3.85;4.09] 0.86 [0.72; 1]
Statistical differ- Yes; p<0.0001 No; p=0.33 Yes; p<0.0001 Yes; p<0.007 Yes; p<0.0001 Yes; p<0.0001

ences between
pairs; p<0.05

Amplitudes and fractional areas are given along with 95% CI. Statistical differences in amplitudes and fractional areas between stoichiometric

variants and corresponding p-values are shown in the bottom row

of the fitted Gaussian function is somewhat smaller than
that for the corresponding component in the absence of
either NACHO or 14-3-3n where both receptor stoichio-
metries were present (Fig. 1b), further indicating a single
population of current amplitudes. The results of recordings
from multiple patches show that NACHO strongly biases
the receptor population toward the stoichiometry with a
unitary current amplitude of 3.3 pA (Table 1) and that the
prevalence of the small over the large current amplitude
is significant (Fig. 1f, Table 1). Thus, NACHO biases the
population of functional receptors towards the (a4),(2);
stoichiometry.

14-3-3n promotes the (a4);(B2), stoichiometry

Following co-transfection with equal amounts of a4 and 2
subunit cDNAs, plus the cDNA encoding 14-3-3n, record-
ings of ACh-elicited single-channel currents reveal chan-
nel openings with a single predominant current amplitude
(Fig. 1g), but the amplitude is greater than observed with
NACHO. After measuring the amplitude of each channel
opening episode and compiling the amplitudes into a histo-
gram, a single Gaussian function provides a good fit with a
mean amplitude of 4 pA (Fig. 1h). The standard deviation
of the fitted Gaussian function is the same as that obtained
for the component with the larger current amplitude in
absence of either NACHO or 14-3-3n where both recep-
tor stoichiometries were present (Fig. 1b). The results of
recordings from multiple patches show that 14-3-3n strongly
biases the receptor population toward that with a unitary
current amplitude of 4 pA (Table 1) and that the prevalence
of the larger over the smaller current amplitude is significant
(Fig. 11, Table 1). Thus, 14-3-3n biases the receptor popula-
tion towards the (04);(B2), stoichiometry.

Stoichiometric variants assessed by calcium
imaging

In the cell-attached patch mode, the patch-clamp technique
monitors functional receptors within a small fraction of the
total plasma membrane of the cell. Thus, our conclusions
that NACHO and 14-3-3n promote a single stoichiomet-
ric variant of the a4p2 nAChR rely on sampling a suffi-
cient number of membrane patches. To monitor functional
receptors from the entire cell, we transfected BOSC 23
cells with cDNA encoding GCaMP5G, a cytosolic protein
that increases fluorescence upon binding calcium, together
with cDNAs encoding a4 and 2 subunits, without or with
NACHO or 14-3-3n. We then perfused cells with a solution
containing the agonist nicotine and measured the increase
in fluorescence within individual cells (Fig. 2a); we chose
nicotine as the agonist, rather than ACh, to avoid potential
activation of muscarinic AChRs. To distinguish between the
two stoichiometric forms, the potentiator NS9283, which
selectively potentiates the (a4);(p2), stoichiometry [26,
53], was co-applied with nicotine. A positive difference
between the fluorescence elicited by nicotine plus NS9283
and that elicited by nicotine alone indicates the presence of
the (a4);(B2), stoichiometry (Fig. 2a).

For an exemplar cell transfected with equal amounts of o4
and P2 subunits, application of nicotine alone elicits a robust
fluorescence signal that rises rapidly and decays more slowly
(Fig. 2b, left panel). Our patch clamp recordings show that
both stoichiometric forms are present under these condi-
tions, and because both forms are permeable to calcium [54],
we conclude that the fluorescence signal arises from both
stoichiometric forms. After a recovery period in the absence
of nicotine, application of nicotine plus NS9283 elicits a
fluorescence signal with an amplitude approximately 50%
greater than elicited by nicotine alone, with the difference
representing the additional calcium influx due to potentiation
of the fraction of the receptor population with stoichiometry
(04)5(B2), (Fig. 2b, left panel).
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Fig.2 Stoichiometric forms

of a4f2 nAChRs determined
by calcium imaging. BOSC

23 cells were transfected with
cDNAs encoding GCaMP5G,
o4, and B2 subunits, either
without or with NACHO or
14-3-3n. Fluorescence changes
(AF/F) in response to nicotine
alone followed by nicotine plus
NS9283 were recorded from
the same cell (a). Repre-
sentative responses to nicotine
(black) and nicotine plus
NS9283 (green) are overlaid
for single-cells expressing o4
and B2 without (b, left panel)
and with either NACHO (b,
middle panel) or 14-3-3n (b,
right panel). Means of the
difference between responses
to nicotine plus NS9283 and
nicotine alone (¢) and the extent
of potentiation by NS9283 (d)
are shown, with the error bars
indicating the 95% CI. Open
circles represent responses from
cells in which the fluorescence
changes indicated potentiation
by NS9283, whereas the filled
circles represent responses
from cells in which the changes
indicated no potentiation by
NS9283. Statistical differences
between the peaks (c¢) and
extents of potentiation (d) are
indicated as *** (significantly
different, p <0.001), ** (signifi-
cantly different, p <0.05) and
ns (not significantly different,
p>0.05)
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For an exemplar cell transfected with equal amounts of
o4 and P2 subunits plus NACHO, application of nicotine
alone elicits a fluorescence response with an amplitude
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that is equivalent to that elicited by nicotine plus NS9382
(Fig. 2b, middle panel). The absence of a detectable increase
by NS9283 indicates that receptors with stoichiometry
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(a4)5(p2), are markedly reduced or absent, in agreement
with our observation of a single class of receptors with a
reduced current amplitude corresponding to the (a4),(2);
stoichiometry (Fig. 1d—f). On the other hand, for an exem-
plar cell transfected with equal amounts of a4 and p2 subu-
nits plus 14-3-3n, nicotine plus NS9283 elicits a fluores-
cence increase approximately twice that elicited by nicotine
alone (Fig. 2b, right panel). The difference between the two
responses is about twice that observed in the absence of
either NACHO or 14-3-31, indicating a population of recep-
tors enriched in the (a4);(B2), stoichiometry.

The compiled results from fluorescence imaging of mul-
tiple cells support the results from exemplar cells. With-
out either NACHO or 14-3-31, the response to nicotine is
greater in the presence of NS9283 than in its absence, and
the difference between the two responses is statistically dif-
ferent from zero, confirming the presence of a mixed popu-
lation of the two stoichiometric forms (Fig. 2c, Table 2).
However, with NACHO, the response to nicotine is the same
in either the presence or absence of NS9283; the difference
between the two responses is not statistically different from
zero, confirming the receptor population is enriched in the
(04),(B2); stoichiometry (Table 2). By contrast, with 14-3-
31, the response to nicotine is much greater in the presence
of NS9283 than in its absence, and the difference is approxi-
mately twice that observed in the absence of 14-3-3n, con-
firming the receptor population is enriched in the (04);(p2),
stoichiometry (Table 2).

To quantify the extent of potentiation, we computed the
ratio of the peak fluorescence increase elicited by nicotine
plus NS9283 to that elicited by nicotine alone and subtracted
the number one from that ratio (Fig. 2d, Table 2). Without
NACHO, the extent of potentiation is ~ 0.8, whereas, with

NACHO, the extent of potentiation is not different from
zero. Moreover, the extent of potentiation is greater with-
out compared to NACHO. Analogously, with 14-3-31, the
extent of potentiation ranges between 2 and 3, and in some
cells is greater than 10, and is greater than that observed
with NACHO (Table 2). Thus, results from calcium imag-
ing, which monitors functional receptors from the entire cell,
support the results from patch-clamp recording: NACHO
biases the receptor population toward the stoichiometric
form (04),(p2);, whereas 14-3-3n biases the receptor popu-
lation toward the form (a4);(p2),.

Discussion

The a4p2 nAChR is the most abundant type of nicotinic
receptor in the brain and assembles in two predominant stoi-
chiometric forms. The two forms differ dramatically in their
sensitivity to ACh and the potentiator NS9283, and they also
differ in their regional distributions. While functional differ-
ences between the two forms are significant toward synaptic
signaling and therapeutics, mechanisms by which the two
stoichiometric forms are regulated are equally significant.
The chaperones NACHO and 14-3-3n have been shown to
increase trafficking of a4p2 nAChRs to the plasma mem-
brane, but whether they alter the balance of the two stoi-
chiometric forms was not known. By exploiting the different
single-channel current amplitudes of the two stoichiometric
forms, and the selective potentiation of one form by NS9283,
we show that NACHO and 14-3-3n have opposing effects
on expression of the two stoichiometric forms. In cells
transfected with equimolar amounts of cDNAs encoding a4
and B2 subunits, both stoichiometric forms are present and

Table 2 Effect of NACHO and 14-3-31n on the expression of the a4p2 stoichiometries measured by calcium imaging

cDNA transfection ratios

AFNicoline/FO [95% CI] AFNicoline plus NS9283/F0 AFNicoline plus NS9283/F0 -

NS9283 potentiation [95% CI]

[95% CI] AF yicotine/ Fo [95% CI] (Statistical difference between

(Statistical difference between pairs; p <0.05)

responses to nicotine and nico-

tine plus NS9283; p <0.05)
A:od+p2[1:1] 0.63 [0.4; 0.8] 1[0.7; 1.3] 0.41 [0.08; 0.74] +0.82[0.2; 1.4]
n=10 (Yes; p=0.02)
B: a4+ p2+NACHO [1:1:0.3] 1.45[-0.6;3.5] 1.36 [-0.9; 3.6] —0.09 [-0.35; 0.16] —0.19 [-0.4; —0.03]
n=6 (No; p=0.39) (B vs C, yes; p=0.02)

(B vs A, yes; p=0.005)

C: a4 +p2+14-3-3[10:1:10] 1[0.6; 1.5] 1.84 [1.2;2.4] 0.79 [0.12; 1.5] +2.43[0.3; 4.6]

n=15

(Yes; p=0.02) (Cvs A, No; p=0.14)

cDNA transfection ratios for o4, f2, NACHO, and 14-3-31 and the number of cells assayed (n) are specified in the left column. For each cell, the
change in fluorescence in response to 1 pM nicotine alone (AFy;qine/Fo) followed by 1 pM nicotine plus the stoichiometry-selective potentiator
NS9283  (AFNicotine plus Nso2s3/Fo) Was determined. Means of AFyioine/Fo and  AFNicoine plus Nso2s3/Fo along with their differences
(AFNicotine plus Ns9283/Fo = AFNicorine/Fp) and NS9283 potentiation are (‘rown with 95% CI/\I 59283 ]Ttentiation was defined as the response to

N . o AFNicotine plus NS9283 / AFNicoti P
nicotine plus NS9283 relative to the response to nicotine alone as: 0 meF%"b ol 1). Statistical differences and p-values

are shown in brackets
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functional on the cell surface, as shown the presence of two
distinct amplitudes of ACh-evoked single-channel currents
and the ability of NS9283 to enhance nicotine-evoked cal-
cium uptake. However, in the presence of NACHO, only the
smaller of the two amplitude classes of currents is observed,
and NS9283 does not enhance nicotine-evoked calcium
uptake. Thus, NACHO promotes the (a4),(p2); stoichiom-
etry, and to our knowledge, is the first endogenous protein
shown to promote this stoichiometry. On the other hand,
in the presence of 14-3-3n, only the larger amplitude class
of single-channel currents is observed, and NS9283 mark-
edly enhances nicotine-evoked calcium uptake. Although
14-3-3n has been shown to reduce the ACh sensitivity of
a4p2 nAChRs [43], this is the first demonstration at the
single-channel level that 14-3-3n promotes the (a4);(f2),
stoichiometry. Thus, in addition to the prototoxin Lynx1
[55, 56], 14-3-3n becomes the second endogenous protein
shown to promote the (04);(p2), stoichiometry. The overall
results suggest that in pathological conditions such as nico-
tine dependence and epilepsy, NACHO, 14-3-3n, and their
molecular partners are potential drug targets toward rebal-
ancing the subunit stoichiometry of a42 AChRs.

Herein the functional consequences of NACHO and 14-3-
3n are monitored at the level of fully assembled, functional
a4p2 nAChRs on the cell surface, yet both chaperones act
intracellularly: NACHO is an ER-resident transmembrane
protein [36, 37], whereas 14-3-3n is a cytosolic protein [42].
The action of 14-3-3n on a4p2 nAChRs was discovered by
using the large intracellular domain of the a4 subunit as bait
in a yeast two-hybrid screen, and the resulting hit was shown
to increase steady-state amounts of the a4 subunit within
the ER and increase a4p2 nAChRs on the cell surface [42].
Our observation that 14-3-31 enriches cell surface recep-
tors in the (a4);(p2), stoichiometry suggests that 14-3-3n
either slows the degradation of the a4 subunit, and by mass
action increases the (a4);(p2), stoichiometry, or enhances
the ability of the a4 subunit to oligomerize with individual
subunits or higher-order assembly intermediates. NACHO
was discovered by a genetic screen for the ability to promote
expression of functional homomeric a7 nAChRs, which
in the absence of chaperones are retained intracellularly.
NACHO was also tested on a variety of neurotransmitter
activated receptors, revealing that it increased expression
of a4p2 nAChRs, as assessed by ACh-elicited macroscopic
currents and radiolabeled epibatidine binding [37]. However,
whether NACHO affects the stability of a4 or f2 subunits
or their ability to form oligomers was not investigated. Our
observation that NACHO promotes the (a4),($2); stoichi-
ometry suggests it either stabilizes the f2 subunit within the
ER or enhances its ability to oligomerize with other subunits
or assembly intermediates.

Recent ex vivo studies using a genetically encoded flu-
orescent a4 subunit revealed differences in the regional
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distributions of the two stoichiometric forms [22]. In addi-
tion, immunochemical determination of the ratio of a4 to
2 subunits also revealed differences in regional distribu-
tions [21]. The (a4);(p2), stoichiometry is enriched in the
cerebral cortex, hippocampus, and cerebellum, whereas
the (a4),(B2); stoichiometry predominates in the thalamus
[21, 22]. The (a4);(p2), stoichiometry is also enriched in
Renshaw cells of the spinal cord [24]. mRNA encoding
NACHO is abundant in the cerebral cortex, hippocampus
and olfactory bulb [37], whereas 14-3-3n protein is abun-
dant in the cerebral cortex [40]. Thus, physiologically,
NACHO and 14-3-3n may fine-tune the two stoichiometric
forms, and this interplay may be disrupted in pathological
conditions. Future studies of the localization of receptor
subunits and chaperone proteins with cellular resolution
could potentially test these possibilities.

Previous work showed that nicotine crosses the plasma
membrane and affects the assembly of a4p2 nAChRs
within the ER and Golgi [32], increasing receptor expres-
sion on the cell surface and promoting the (a4),(p2); stoi-
chiometry in vitro [25, 33] and in vivo [21, 22]. Follow-
ing nicotine administration, a shift from the (a4);(p2),
to the (a4),(B2); stoichiometry has also been observed in
the cerebral cortex and hippocampus [21, 22]. Interest-
ingly, perinatal nicotine administration increases levels
of NACHO protein [57], suggesting that in addition to its
direct actions as a pharmacological chaperone, nicotine
may also act through NACHO to promote the (a4),(f2),
stoichiometry.

Mutations in the genes encoding the a4 and B2 subu-
nits cause Autosomal Dominant Nocturnal Frontal Lobe
Epilepsy (ADNFLE) [58]. In vitro studies of ADNFLE
mutations, using fluorescence energy transfer methods,
showed that a variety of ADNFLE mutations increased the
(a4);(p2), stoichiometry and that this increase was coun-
tered by nicotine [59]. Nicotine patches or cigarette smoking
have also been shown to reduce the incidence of seizures in
patients with ADNFLE [60-64]. Thus, NACHO, 14-3-3n
and their interacting molecular partners emerge as potential
drug targets to reestablish imbalances in the stoichiometry
of a4p2 nAChRs caused by ADNFLE mutations.

In summary, our single-channel and calcium imaging
measurements show that NACHO and 14-3-3n exert oppos-
ing effects in biasing the subunit stoichiometry of functional,
cell surface a4p2 nAChRs. The findings have implications
toward the physiology of synaptic signaling and the develop-
ment of therapeutics to rebalance the subunit stoichiometry
in pathological conditions involving a4p2 nAChRs.
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