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BACKGROUND AND PURPOSE

Strong implications in major neurological diseases make the neuronal a4p2 nicotinic ACh receptor (nAChR) a highly
interesting drug target. In this study, we present a detailed electrophysiological characterization of NS9283, a potent positive
allosteric modulator acting selectively at 30::2 stoichiometry of 02* and 04* nAChRs.

EXPERIMENTAL APPROACH

The whole-cell patch-clamp technique equipped with an ultra-fast drug application system was used to perform
electrophysiological characterization of NS9283 modulatory actions on human 0432 nAChRs stably expressed in HEK293 cells
(HEK293-ho4p2).

KEY RESULTS

NS9283 was demonstrated to increase the potency of ACh-evoked currents in HEK293-ho4B2 cells by left-shifting the
concentration-response curve ~60-fold. Interestingly, this modulation did not significantly alter maximal efficacy levels of ACh.
Further, NS9283 did not affect the rate of desensitization of ACh-evoked currents, was incapable of reactivating desensitized
receptors and only moderately slowed recovery from desensitization. However, NS9283 strongly decreased the rate of
deactivation kinetics and also modestly decreased the rate of activation. This resulted in a left-shift of the ACh window current
of (04)3($2), nAChRs in the presence of NS9283.

CONCLUSIONS AND IMPLICATIONS

This study demonstrates that NS9283 increases responsiveness of human (0:4)3($2), nAChR to ACh with no change in
maximum efficacy. We propose that this potentiation is due to a significant slowing of deactivation kinetics. In summary, the
mechanism of action of NS9283 bears high resemblance to that of benzodiazepines at the GABAa receptor and to our
knowledge, NS9283 constitutes the first NnAChR compound of this class.

Abbreviations
AChE, ACh esterase; CRR, concentration-response relationship; HEK293-ho4p2, HEK293 cell line stably expressing
human 04p2 nAChR; nAChR, nicotinic ACh receptor; PAM, positive allosteric modulator

Introduction hyperactivity disorder (ADHD; Potter et al., 2006; Wilens and

Decker, 2007), schizophrenia (Radek et al., 2010), Parkinson’s
Disturbance of cholinergic transmission is implicated in a disease (Perez et al., 2010) and Alzheimer’s disease (Haydar
series of neurological conditions such as attention deficit and Dunlop, 2010). This therapeutic potential founds the
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basis for an ongoing search for ligands selectively targeting
various nAChR subtypes. Among these is the a4p2 nAChR,
which due to its abundant expression in the CNS (Gotti et al.,
2006) is believed to be a key player in neuronal synaptic
communication.

The a4p2 nAChR exists in two functional stoichiometries
determined by the 0:4:$2 subunit ratio. The (04);(32), subtype
is characterized by low sensitivity to the endogenous agonist,
ACh, compared with the high-sensitive subtype, (04).(2)s,
the two receptors exhibiting functional ACh ECs, values of
~100 and ~1 puM, respectively (Nelson et al., 2003; Moroni
et al., 2006; Harpsee et al., 2011; Mazzaferro et al., 2011). The
observed difference in ACh sensitivity between the two sub-
types has recently been shown to arise from the presence of a
third binding site for ACh in the (04);(B2), subtype (Harpsoe
et al., 2011; Mazzaferro et al., 2011). Several studies indicate
the presence of distinct 20::3p and 30.:23 receptor populations
in the CNS (Marks et al., 2007; Gotti et al., 2008; Timmer-
mann et al., 2012), and thus the two 042 subtypes present
another layer of complexity to the heterogeneous family of
neuronal nAChRs.

Several agonists with activity at the a4p2 nAChR have
been identified over the years (Sullivan etal.,, 1997; Coe
et al., 2005). The 04P2 partial agonist varenicline has been
approved in several countries as an aid in smoking cessation
and in the treatment of nicotine addiction (Coe et al., 2005),
and various 0432 agonists have been tested in clinical studies
for the treatment of ADHD (Wilens et al., 1999; 2011; 2006;
Apostol et al., 2012). However, within the field of drug devel-
opment targeting nAChRs, it has been proposed that positive
allosteric modulators (PAMs; Sala et al., 2005; Albrecht et al.,
2008; Pandya and Yakel, 2011; Timmermann et al., 2012)
possess several pharmacological advantages over agonists.
These include higher subtype selectivity (Pandya and Yakel,
2011) as well as maintenance of endogenous spatiotemporal
patterns of cholinergic signalling (Sarter and Bruno, 1997)
due to lack of desensitizing effects as observed with agonists
(Giniatullin ef al., 2005). At the present time, the number of
published PAMs targeting the 04B2 nAChR is rather limited
(Sala et al.,, 2005; Albrecht et al., 2008; Pandya and Yakel,
2011; Timmermann et al., 2012).

The compound NS9283, a potent PAM of a4p2 nAChRs,
has displayed pro-cognitive (Timmermann et al., 2012) and
analgesic effects (Lee et al., 2011; Zhu et al., 2011; Rode et al.,
2012) in a wide range of in vivo assays. Interestingly, two-
electrode voltage-clamp recordings in Xenopus laevis oocytes
have revealed that NS9283 selectively increases ACh potency
at the 3o0:2B receptors while it does not modulate current
conducted by the 2ou:3f receptors (Timmermann et al., 2012).
While these data describe the overall modulatory effects of
NS9283, they do not investigate the fundamental mechanis-
tic actions of the compound at the nAChR current waveform
level.

In the present study, the mechanism behind the modu-
latory effect of NS9283 on human 04p2 nAChR currents was
studied in mammalian cells using whole-cell patch-clamp
techniques in a setup equipped with an ultra-fast application
system. The study reveals that the main effect of NS9283 is
selective modulation of receptor deactivation kinetics, result-
ing in an increased ACh potency and a left-shift of the ACh
window current. This highlights NS9283 as a unique nico-

Positive modulation of 0432 nicotinic receptors

tinic PAM with mechanistic properties resembling those of
benzodiazepines at the GABA, receptor, suggesting a thera-
peutic potential of positive allosteric modulation of 30:2f
0432 nAChRs.

Methods

Materials

All chemicals used in the study, including ACh and ACh
esterase (AChE), were purchased from Sigma-Aldrich
(Brondby, Denmark), except NS9283 (3-[3-(3-pyridyl)-1,2,4-
oxadiazol-5-yl] benzonitrile), which was synthesized at Neu-
roSearch A/S. NS9283 was initially dissolved in DMSO and
diluted to final concentrations thereof, where DMSO concen-
trations were kept below 0.1% in all experiments. Drug
and molecular target nomenclature conforms to the British
Journal of Pharmacology Guide to Receptors and Channels
(Alexander et al., 2011).

Cell culture

HEK293 cells (CRL-1573, American Type Culture Collection,
Manassas, VA, USA) stably expressing human a4p2 nAChRs
were cultured as described in (Timmermann et al., 2012).
Briefly, cells were incubated at 37°C in a humidified
atmosphere with 5% CO, in DMEM (Lonza, Basel, Switzer-
land) supplemented with Gibco® 10% FBS and zeocin
(100 pug-mL™) (Invitrogen, Tastrup, Denmark).

Patch-clamp electrophysiology

The HEK293-ho4f2 cells used for the patch-clamp experi-
ments were grown on poly-D-lysine coated glass coverslips.
The coverslips were placed in a recording chamber fixed at
the stage of an inverted microscope (Olympus, Ballerup,
Denmark). During the experiments, cells were perfused with
an extracellular buffer containing: 140 mM NaCl, 10 mM
HEPES, 4 mM KCl, 2mM CaCl,, 1mM MgCl, (pH 7.4,
adjusted with NaOH). Patch pipettes, made from borosilicate
capillary tubes, were pulled using a horizontal puller (Zeitz-
Instrument, Munich, Germany) and backfilled with intracel-
lular buffer containing: 120 mM KCI, 31 mM KOH, 10 mM
EGTA, 10 mM HEPES, 1.785 MgCl, (pH 7.4, adjusted with
KOH). Pipette resistances were in the range of 1.5-3 MQ
when submerged in extracellular buffer. Patch-clamp experi-
ments were performed in whole-cell configuration at
21-25°C. Data were sampled at minimum 4 kHz with Pulse
software (v8.80) controlling an EPC-9 amplifier (HEKA, Lam-
brecht, Germany) and low-pass filtered at 2.9 kHz. Cells were
held at a holding potential of —-60 mV throughout experi-
ments. Capacitive currents and series resistances were deter-
mined upon establishment of whole-cell configuration. Series
resistance was compensated by 80%. Only cells with series
resistance <10 MQ were accepted for data analysis. Fast appli-
cation of the drugs was managed using a double-barrelled
micropipette made from a theta-glass capillary (World Preci-
sion Instruments, Sarasota, FL, USA) with a tip diameter of
~50-100 um. Using a micromanipulator system (Eppendorf
Nordic, Horsholm, Denmark) the application micropipette
was positioned in the near vicinity of the patch-clamped cell
under visual guidance. This system allows control of the

British Journal of Pharmacology (2013) 168 2000-2010 2001



M Grupe et al.

environment of the cell, which can be rapidly exchanged
upon a fast lateral step between the buffers (with/without
drug) flowing from the two barrels, controlled by a piezo-
ceramic device (Burleigh Instruments, Fishers, NY, USA).
Solution exchange time of the application system was esti-
mated by recording the open tip current caused by differences
in liquid junction potentials when stepping to a solution of
reduced ionic strength. The 10-90% rise time for solution
exchange was ~600-800 ps.

For the experiments, the extracellular buffer supple-
mented with ACh in various concentrations (10 nM to
10 mM) was applied onto the cells. To prevent leftover of
ACh in the application tubing when going from higher to
lower ACh concentrations, the tubings were washed with a 5
unit-mL™' AChE solution. In the majority of experiments with
NS9283, a concentration of 10 uM of the compound was
added to the extracellular buffer. To ensure full recovery of
the receptors from desensitization, exposure of the cells to
ACh (with or without NS9283) was separated by wash steps
for 60-120 s. Specific protocol details are described in the
Results section and in figure legends. All solutions were pre-
pared on the day of the experiment from stock solutions.

Data analysis and statistics

In the patch-clamp concentration-response studies, currents
were quantified by measuring peak current amplitude. Values
were normalized to the peak current amplitude of a control
response evoked by a saturating concentration of 3 mM ACh
as indicated for each experiment. Normalized peak current
amplitudes were graphically depicted and fitted to the
monophasic Hill equation:

Inormalized = Bottom + (Emax - BOttom)/
(1+10"{[log(ECso) —log(X)]nu ),

or biphasic Hill equation:

Tnomalizea = Bottom + (Emax — Bottom) x Frac/
(1+10"{[log(ECso_1)—log(X)]my 1}
+ (Emax — Bottom) x (1 - Frac)/
{(1+10{[log(ECso_»)—1log(X)]ny 2 1)

(where Iiomaizea iS the current response; Bottom and En.x is
minimum and maximum of the fit, respectively; Frac is the
proportion of maximal response due to the more potent
phase; and X is drug concentration) using GraphPad Prism
(v4.03, GraphPad Software Inc., San Diego, CA, USA). If
nothing else is stated constraints for the Hill equation were:
Bottom = 0, Hill coefficient = 1. In the kinetic studies curve
fitting of current traces with single and double exponential
functions was performed using GraphPad Prism to obtain
estimates of deactivation and desensitization time constants.
A double exponential function was used in desensitization
and desensitization recovery experiments. Activation kinetics
were quantified by determining maximum slope in the rising
phase of a current response and calculated as the slope of a
linear regression line through 13 consecutive data points.
Window currents were quantified by calculating AUC. Statis-
tical analysis was mainly performed with Student’s f-test
using GraphPad Prism (o = 0.05). The GraphPad Prism best-
model F-test was used to evaluate whether a given data set
was better represented with one of two models, see the
Results section for details. Results are written as F-values
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(DFn, DFd). Where applicable, statistical errors of averaged
data are given as mean *= SEM. values with the number of
determinations (n).

Results

In this study, modulatory effects of NS9283 on ACh-evoked
signalling through o4p2 nAChRs were investigated using
the whole-cell patch-clamp technology. For this we used
a HEK293 cell line stably expressing human o4p2 nAChR
(Timmermann et al., 2012).

NS§9283 increases potency, but not efficacy of
ACh at the human o042 nAChR

In whole-cell patch-clamp recordings, application of 30 uM
ACh at HEK293-ho4p2 cells elicited inward current responses
with a distinct peak amplitude followed by current decay
(Figure 1A). Application of NS9283 (10 uM) alone did not
elicit any current response whereas preincubating cells with
NS9283 for 90 s resulted in significant potentiation of cur-
rents elicited by non-saturating ACh concentrations when
co-applied with NS9283 (Figure 1A). These modulatory
effects of NS9283 were investigated over a wide range of ACh
concentrations (Figure 1B). The resulting concentration—
response relationships (CRRs) were obtained by fitting data to
the Hill equation by non-linear regression, yielding agonist
potencies and efficacies (with 95% ClIs) in the absence and
presence of NS9283. The best-model F-test revealed that the
ACh CRR was better represented by a biphasic than a
monophasic Hill fit [P < 0.05, F = 3.639 (2,76) ]: ACh: ECs_; =
0.74 uM (0.01-44.7), ECso» = 121.6 uM (65.3-225.9), Frac =
0.10 and Enax = 96% (88-104). These ECs, values and fraction
between the two components closely resembles that observed
for a uniform population of 30::2f stoichiometry 42 recep-
tors reported previously (Harpsge et al., 2011) indicating that
the HEK cell line predominantly, and potentially exclusively,
expresses this receptor stoichiometry. Interestingly, in the
presence of NS9283, the ACh CRR was better represented by
a monophasic Hill equation: ACh + N§9283: ECso = 2.0 uM
(1.1-3.8) and Emaxx = 105% (92-119) (Figure 1B). The ECso
value in presence of 10 uM NS9283 is thus comparable with
ECso; but ~60-fold smaller than ECs,,. The substantial
overlap of En.x 95% Cls obtained with and without NS9283
demonstrates that NS9283 does not alter ACh efficacy at a432
nAChRs. No significant difference was found between Hill
equation fits with unrestricted and restricted En.x = 100
[ACh: P =0.33, F=0.94 (1,76)], suggesting negligible current
rundown.

Finally, in order to determine the potency of NS9283 as a
0432 PAM, a CRR of NS9283 was established in patch-clamp
experiments by preincubating HEK293-ho4f2 cells with dif-
ferent concentrations of NS9283 and applying 10 uM ACh +
NS9283 in the same concentration for 1 s. A monophasic Hill
equation could be fitted to the resulting data points, yielding
an ECs value of 4.0 uM (Figure 1C). It should be mentioned
that here, the ‘Bottom’ of the Hill equation was restricted to
the normalized current amplitude of 10 uM ACh in the
absence of NS9283, whereas “Top’ was unrestricted. This ECs
value resembles what has previously been established for
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Figure 1

NS9283 increases ACh potency in whole-cell patch-clamp experiments in HEK293-ho4B2 cells. Cells were voltage-clamped at -60 mV and
currents recorded in whole-cell mode. Drugs were applied for 1 s using an ultra-fast piezo-ceramic device. Each application step was separated
by 60-120 s of wash with standard extracellular buffer. All experiments with NS9283 included a ~90 s preincubation period with NS9283 before
ACh application. (A) Representative current traces of a voltage-clamped HEK293-ho4B2 cell elicited by ACh (full bar), NS9283 (dotted bar) and
ACh in presence of NS9283. (B) CRR for ACh in the absence and presence of NS9283. Cells were exposed to ACh for 1 s, and the average peak
current amplitude from two to three responses was calculated. Each ACh response was normalized with respect to the peak amplitude of the
average of two to three responses elicited by a saturating ACh concentration (3 mM) prior to the test application. Each data point represents the
mean * SEM. values of 4-12 cells. Mono and biphasic Hill equations were fitted to the data points in presence and absence of NS9283,
respectively. (C) CRR for NS9283. Cells were preincubated with varying concentrations of NS9283 and exposed to 10 uM ACh + NS9283 for 1 s.
The average peak current amplitude from two to three responses was calculated and normalized as in B). Each data point represents the mean
+ SEM. values of 5-7 cells. For illustrative purposes, the data point of 10 uM ACh in the absence of NS9283 is shown (full circle). A monophasic

Hill equation was fitted to the data points.

NS9283 (Timmermann et al., 2012). Based on these observa-
tions, a concentration of 10 uM NS9283 was used for all
further experiments in this study.

NS§9283 has no effect on

ACh-induced desensitization

The influence of NS9283 on 042 desensitization kinetics was
addressed by fitting exponential functions to the current
decay in presence of ACh to obtain estimates of desensitiza-
tion time constants, Teeens. In order to eliminate possible
influence of current amplitude on estimated desensitization
parameters, currents were evoked with 1 mM ACh [~ECig
both in the absence and presence of NS9283 (Figure 1B)].
ACh application time was 10 s, thereby allowing the current
to reach steady state. Both in the absence and presence
of NS9283 double exponential functions provided better
current trace fits compared with single exponential functions
(P < 0.0001, F-test, data not shown). Representative traces
of currents evoked with 1 mM ACh for 10 s in the absence
and presence of NS9283 are given in Figure 2A. As seen in
Figure 2B, NS9283 did not significantly affect any of the two
time constants of ACh-evoked current decay (ACh: Tgesens1 =
67 £ 10 ms, ACh + NS9283: Taesens,1 = 66 = 8 ms, P = 0.944;
ACh: Tgesens2 = 1421 = 188 ms, ACh + NS9283: Taesens, = 1469 *

424 ms, P = 0.923; unpaired t-test, n = 7-8). Furthermore,
NS9283 did not affect the fractions of the current decay
represented by the fast and the slow component (ACh: Span1l
=88 + 1%, ACh + NS9283: Spanl =89 * 1%, P = 0.449; ACh:
Span2 =12 = 1%, ACh + NS9283: Span2 =11 = 1%, P =0.449;
unpaired f-test, n = 7-8) or the estimated current plateau
(ACh: Plateau = 1.8 = 0.3%, ACh + NS9283: Plateau = 1.7 =
0.6%, P = 0.85; unpaired t-test, n = 7-8).

NS§9283 reduces the rate of recovery

from desensitization

The effect of N§9283 on the recovery of a4p2 nAChRs from
ACh-induced desensitization was addressed by measuring
paired-pulse responses. This was carried out by applying two
pulses of 1 mM ACh (1 s) separated by an interpulse interval
of varying lengths (from 0.25 s to 128 s) with NS9283 absent
or present during the pulse and interpulse interval. An ACh
concentration of 1 mM was chosen for this experiment in
order to compare recovery from desensitization at the same
EC value (~ECjo). As can be seen from Figure 3A, the ampli-
tude of the second response was gradually increased with the
duration of the interpulse interval, reflecting recovery from
desensitization. The average recovery (normalized to the
initial response to ACh) in the absence and presence of
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Figure 2

NS9283 does not affect ACh-induced desensitization of a4B2 nAChRs. (A) Representative current responses to 10 s applications of 1T mM ACh at
HEK293-ho4P2 cells in the absence and presence of NS9283. Exponential fits (dashed lines) are made to the current decay in presence of ACh
(from peak amplitude to end of 10 s application). The individual current traces are normalized to their respective peak amplitude. (B) Time
constants of the fast and slow components of desensitization (Tgesens1 aNd Taesens,2, respectively) in the absence and presence of NS9283. Time
constants of desensitization were obtained by double exponential curve fitting of the decaying phase of current traces (Figure 2A). Desensitization
parameters were measured two to three times for each cell and averaged. Each data point represents the mean + SEM values of 7-8 cells.
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Figure 3

NS9283 reduces the rate of recovery of 042 nAChR from desensitization. (A) Representative current responses following paired-pulse applications
(1 s) of ACh in presence of NS9283. The solid line indicates the first ACh pulse and the arrows indicate the time points for the second pulses. The
interpulse interval is indicated at the top and measured as the interval from removal of ACh of the first application to the beginning of the second
application. Each paired-pulse application is separated by a wash step with standard extracellular buffer (ACh alone: 60 s, ACh + NS9283: 120 s).
The time course of recovery could be described by fitting a double exponential curve to the data points (dashed line). (B) Time course of recovery
of a4B2 nAChR from desensitization in the absence and presence of NS9283. The amplitude of the second pulse is normalized to the amplitude

of the first. Each data point represents n = 6-9 cells, and error bars indicate SEM values. The data points were fitted with double exponential
functions.

NS9283 over a period of 4 s is shown in Figure 3B (n = 6-17 was more pronounced at shorter interpulse intervals (0.25 s:
cells). Full recovery of the receptor was obtained within 32 51%, 0.5 s: 29%, 1 5: 20%, 2 s: 12%, 4 s: 7%, 8 s: 7%, 16 s: 9%,
and 128 s in the absence and presence of NS9283, respec- 32s: 12%).

tively (data not shown). The time-course of recovery could be

described with a double exponential function, where the time NS9283 slows the rate Of deactivation

constants of fast and slow recovery were 0.37 and 12.8 s in Deactivation is defined as the current decay in the absence of
the absence of NS9283 and 0.75 and 67.3 s in presence of agonist. When evaluating deactivation kinetics, it is impor-
NS9283. In average, the amplitude of the second pulse was tant to ensure that current decay primarily reflects deactiva-
18% lower in presence of NS9283 than in the absence of the tion and not desensitization. In practical terms, this was
PAM within the first 32 s (P < 0.001, paired t-test). This effect accomplished by comparing two ultra-short 1 ms pulses of

2004 British Journal of Pharmacology (2013) 168 2000-2010



A Application duration: — 1ms
1s

ACh ACh
(1 mM) (1 mM)

ACh,1ms
(1 mM)

l - NS9283

Positive modulation of 04B2 nicotinic receptors

-
-
o

-
(=4
o

o

(=]
i
*

Normalized current
response (%)

o Il

Figure 4

200 ms

1ms 1s
80
* %k
g 60+
F 404
]
(=
204
0-
ACh ACh+
NS9283

NS9283 significantly reduces the rate of deactivation of 042 nAChRs. (A) Representative current responses to two ACh pulses of T ms and 1's
duration. The two pulses were separated by a 4 s wash period. Current traces have been normalized to the peak amplitude of the first pulse.
(B) Average current response of the second of two T mM ACh pulses normalized to the peak amplitude of the first pulse. ACh was applied for 1 ms
(n=5)and 1s(n=7). ***P<0.001, paired t-test. (C) Representative current responses to 1 ms application of ACh in the absence and presence
of NS9283. Currents have been normalized to their respective peak amplitude. (D) Average time constants of deactivation (7geact) Of 042 NAChR
in the absence and presence of NS9283 (n = 5). Tqeact Was obtained by single exponential curve fitting to current decay upon 1 ms application
of T mM ACh (Figure 4B). Time constants of deactivation were measured two to three times for each cell and averaged. ***P < 0.001, paired t-test.

1 mM ACh separated by a brief wash period (4 s). Assuming
that the current decay observed following the first pulse
solely represents transition from an open-bound to a closed-
unbound receptor state, all receptors should theoretically be
available for re-activation at the second pulse. When using
this ultra-short pulsing regime, peak currents elicited by ACh
was fully recovered from first firing after the brief wash period
as seen in Figure 4A. Calculating the ratio between the
amplitudes of the first and the second peak reveals no signifi-
cant difference (103 = 2%, P = 0.184, paired t-test, n = 5)
(Figure 4B). In contrast, a similar experiment carried out
using a longer 1s ACh application duration (Figure 4A)
showed a significant reduction in amplitude of the second
peak with accordingly diminished peak ratio (84 = 3%,
P <0.001, paired t-test, n = 7) (Figure 4B). These data indicate
that 1 ms long applications do not cause significant desensi-
tization and, hence, obtained time constants from such
experiments can be used as an approximated measure of
deactivation kinetics.

In Figure 4C, trace examples of ultra-short applications of
a high concentration of ACh (1 mM) to HEK293-ho4p2 cells

are depicted in the absence and presence of NS9283. It is
clearly seen, that the current decay was substantially slower
in presence of NS9283. Using the same approach as in the
analysis of desensitization kinetics, a single exponential func-
tion was fitted to the current decay to obtain deactivation
time constants, Taect. As seen from Figure 4D, the presence of
NS9283 significantly increased the deactivation time con-
stant for the receptor from 18 * 1.2 ms (ACh) to 65 = 3.5 ms
(ACh + NS§S9283) (P < 0.001, paired t-test, n = 5).

NS§9283 has moderate effects on

activation Kinetics

In addition to desensitization and deactivation Kkinetics,
effects of NS9283 on 042 nAChR activation kinetics were
investigated. This was achieved by calculating the maximum
slope during the current rising phase in response to a 1s
application of 1 mM ACh in absence or presence of NS9283
(Figure 5A). The presence of NS9283 significantly reduced
the maximum slope of this current response (ACh: 0.20 =
0.03 pA-s™, ACh + NS9283: 0.14 = 0.03 pA-s™', P<0.01, paired
t-test, n = 7) (Figure 5B). Furthermore, the maximum slope
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NS9283 modestly affects activation kinetics of 0432 nAChRs. (A) Representative current trace. Time scale (ms) has been offset corrected to the
ACh application. The dashed grey line indicates the maximum slope of the current response to ACh. The dashed arrow indicates the time of
maximum slope. (B) Average maximum slope in the absence and presence of 10 uM NS9283 (n = 7). Maximum slope was calculated from the
rising phase of current responses evoked by 1 s application of T mM ACh. **P < 0.01, paired t-test. (C) Average time to maximum slope after ACh
application onset (1 mM) in the absence and presence of 10 uM NS9283 (n = 7). *P < 0.05, paired t-test.

occurred at a later stage (time to maximum slope after ACh
application onset: ACh: 4.9 = 0.4 ms, ACh + NS§9283: 5.8 =
0.4 ms, P < 0.05, paired t-test, n = 7) (Figure SC). Although
these effects are significant on a grand scale, they only result
in moderate overall changes from application initiation until
the time where maximal current is obtained as observed from
Figure 5A.

NS§9283 cannot rescue o432 receptors from
ACh-induced desensitization

Several PAMs of both a7 (Hurst et al., 2005; Gronlien et al.,
2007; Malysz et al., 2009) and o4p2 nAChRs (Weltzin and
Schulte, 2010) have been demonstrated capable of reactivat-
ing desensitized receptors, releasing them from a non-
conducting state despite continued presence of an agonist. To
investigate whether or not NS9283 was capable of this,
HEK293-ho4B2 cells were exposed to 1 mM ACh for ~90s,
after which NS9283 was co-applied with ACh for 5s. No
current response was observed in any of the recordings made
(n = 5) (Figure 6). In similar experiments using 100 uM ACh
(~ECsp), small and inconsistent responses were observed
(~10% of peak current amplitude in two of five cells, data not
shown).

N§9283 left-shifts the ACh window current

The ‘window current’ of a ligand-gated ion channel describes
an agonist concentration range in which a finite number of
receptors can be recruited for activation despite the presence
of a desensitizing agonist (Lester, 2004). To determine
whether NS9283 affects 04p2 window currents, HEK293-
ha4p2 cells were preincubated with different concentrations
of ACh in absence and presence of NS9283 followed by a
1 mM ACh application (1 s). Based on the desensitization—
reactivation experiments (Figure 6), the incubation step was
set to 90 s and current responses were normalized to a 1 mM
ACh response (1 s) recorded prior to the incubation period.
This provides a measurement of the fraction of receptors
that can be activated after incubation at each given ACh
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Figure 6

NS9283 does not reactivate desensitized 042 nAChRs. Representa-
tive recording. Following long ACh exposure (~90 s) HEK293-hoi432
cells were exposed to NS9283 (5 s).

concentration. As expected, the incubations resulted in a
concentration-dependent inhibition of the 1 mM ACh-
elicited currents (Figure 7A). These CRRs could be fitted to the
Hill equation, yielding the following ICs, values (with 95%
confidence intervals): ACh: ICso = 151 nM (100-228), ACh +
NS§9283: ICso = 40 nM (31-53). Thus, NS9283 left-shifted the
ACh desensitization curve by a factor of ~4.

As can be seen from Figure 7, the overlap of the activation
and desensitization curves depicts a concentration range of
desensitizing agonist where the receptor can still be activated:
this concentration range is the window current. Close com-
parison of the window currents observed in the absence (area
with black vertical lines) and presence of NS9283 (area with
blue oblique lines) in Figure 7B indicates that the peak of the
ACh window current occurs at ~1.75 uM reaching a maximal
response of ~8% of the initial 1 mM ACh response, whereas
the peak of the ACh window current in presence of NS9283
occurs at ~250 nM and reaches a maximal response of ~13%
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Figure 7

NS9283 left-shifts the ACh window current at the o4p2 nAChR.
(A) Desensitization curves for ACh in the absence and presence of
NS9283. The desensitization curves were obtained from experiments
where HEK293-ho42 cells were preincubated with varying concen-
trations of ACh for 90 s in the absence and presence of NS9283 and
then exposed to T mM ACh or T mM ACh + NS9283, respectively.
The evoked responses were normalized to a T mM ACh application
recorded prior to the ACh incubation. Each data point represents the
mean value = SEM of 3-14 cells. The activation curves for ACh in the
absence and presence of NS9283 are given in dotted lines (from
Figure 1B). (B) Detail of Figure 7A: Window current of ACh in the
absence and presence of NS9283.

of the initial 1 mM ACh response. NS9283 did not appear to

alter the ACh window current AUC as this was 1.2-fold larger
in presence of NS9283 (Figure 7B).

Discussion and conclusions

The selective positive allosteric modulation by NS9283 at the
30:2f stoichiometry of human 042 nAChRs (Lee et al., 2011;
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Desensitization:

Activation: \/ no effect

R AR<= AO <= AD

Deactivation: \/ React. from desensitization:

no effect

Recovery from desensitization: \/

Figure 8

Activation scheme of macroscopic ACh-evoked 04p32 currents and
modulation exerted by NS9283. R is the closed unliganded receptor,
AR is the closed agonist-bound receptor, AO is the open agonist-
bound receptor, and AD is the desensitized agonist-bound receptor.
Although not shown in the scheme the possibility of an unliganded
desensitized receptor state is assumed and thereby follows the cycli-
cal model proposed by Katz and Thesleff (1957). The grey dashed
lines indicate the kinetic processes addressed in this study. The pres-
ence of ticks indicate processes that are statistical significantly modu-
lated by NS9283 and ‘no effect’ those not modulated by the PAM as
observed in whole-cell patch-clamp experiments in HEK293-ho432
cells in this study.

Zhu et al., 2011; Rode et al., 2012; Timmermann et al., 2012)
formed the basis for the present study. Using whole-cell
patch-clamp electrophysiology, we carried out an in-depth
analysis of how NS9283 exerts its actions on ACh-evoked
currents in 04p2 nAChR-expressing HEK293 cells. In order to
interpret the mechanism of action of NS9283, various kinetic
parameters were approximated to reflect transitions between
different receptor states.

The modulation of the kinetic processes of macroscopic
ACh-evoked currents through o042 nAChR by NS9283 as
demonstrated in this study is outlined in an activation
scheme in Figure 8. NS9283 was found to exert its potentia-
tion of the receptor predominantly through a marked reduc-
tion of the deactivation rate of macroscopic whole-cell
currents. In contrast, NS9283 only exhibited a modest effect
on the activation rate and had no major effects on desensiti-
zation characteristics, just as it was incapable of reactivating
desensitized receptors. This separates NS9283 functionally
from many previously published nAChR PAMs, which appear
to exert their effects by modulating receptor desensitization
characteristics (Hurst et al., 2005; Gronlien etal., 2007;
Malysz et al., 2009; Weltzin and Schulte, 2010; Dinklo et al.,
2011). In contrast, NS9283 appeared to moderately decrease
the rate of receptor recovery from a desensitized state. This
was especially apparent at shorter interpulse intervals, an
effect possibly explained by the profound effect of NS9283 on
deactivation.

In previous studies, nAChR PAMs have been speculated to
affect receptor deactivation kinetics without any further
investigation or quantification (Hurst et al., 2005; Dinklo
etal.,, 2011). To our knowledge, this is the first study to
address deactivation kinetics of a nAChR PAM using ultra-
fast application. Analogously to the pronounced effects of
NS9283 on 04p2 deactivation kinetics, PAMs targeting the
AMPA-type glutamate receptors, for example aniracetam and
CX614, have been shown to primarily exert their effects
through modulation of deactivation rather than desensitiza-
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tion Kkinetics (Arai and Lynch, 1998). Aniracetam has thus
been proposed to stabilize an agonist-bound activated AMPA
receptor state that ultimately results in a slowed channel
deactivation and agonist release (Jin et al., 2005).

A number of PAMs of other Cys-loop receptors exerting
their effects by increasing mean channel open time have been
shown also to decrease macroscopic desensitization (Hill
et al., 1998; Hurst et al., 2005; Sala et al., 2005; Weltzin and
Schulte, 2010; daCosta et al., 2011; Nardou et al., 2011). Fur-
thermore, an increase in mean channel open time also
appears to result in an increased agonist efficacy (Hurst et al.,
2005; Weltzin and Schulte, 2010). In contrast to these PAMs,
diazepam, the prototypic benzodiazepine acting as a PAM
of GABA, receptors, has a distinct modulation profile as it
neither affects macroscopic desensitization at saturating
levels (Ghansah and Weiss, 1999; Bianchi et al., 2009) nor
agonist efficacy, but exclusively alters agonist potency at the
receptors. Furthermore, diazepam has been demonstrated to
delay deactivation of GABA-evoked currents (Bianchi and
Macdonald, 2001). Thus, at the macroscopic level diazepam
modulation of GABA, receptors appears similar to that of
NS9283. In single-channel recordings, diazepam has been
demonstrated to increase channel opening frequency of
GABA, receptors (MacDonald and Twyman, 1992; Macdon-
ald and Olsen, 1994), supposedly through an effect mainly on
Ko (Bianchi and Macdonald, 2001). The delayed deactivation
has been used as an argument for the GABA-‘trapping’
hypothesis, which suggests that GABA dissociation is pre-
vented by the open and desensitized states (Bianchi and Mac-
donald, 2001). It is tempting to speculate that NS9283 could
exert its potentiation of 042 signalling in a similar manner.
The slowing of deactivation rate arising from NS§9283 binding
prolongs the duration of the agonist-bound receptor state,
and due to the limited effects of NS9283 at desensitization
kinetics, this would ultimately result in increased charge
transfer. This would also explain the unaltered ACh efficacy
with NS9283 at maximal ACh-evoked currents, because the
equilibrium is heavily shifted towards agonist association
rather than dissociation at high ACh concentrations. It is
interesting to note that while a close to maximal concentra-
tion of NS9283 results in a ~60-fold left-shift of the ACh
concentration-response curve at o4p2 (Figure 1B), the
diazepam-induced increase in GABA potency at the GABA,
receptor is substantially more subtle (apprpoximately two- to
fivefold) (Verdoorn, 1994). This difference is likely to be
rooted in inherent differences between the two receptors.

NS9283 was previously shown to enhance ACh respon-
siveness of 30:2f, but not 20:3p stoichiometry 0482 nAChRs
(Timmermann et al., 2012). Given this unique stoichiometry
selectivity, it appears likely that only the 3c:2B receptor
presents a binding site for NS9283. A major difference
between the two stoichiometries is the presence of an o404
subunit interface in the 30:2f receptor, and it was recently
shown that this interface has a third ACh binding site
(Harpsge etal.,, 2011; Mazzaferro etal., 2011). From the
monophasic ACh CRR in presence of N§S9283, with an ECs,
value mimicking the one for a receptor only activated by its
two af} sites (at low ACh concentrations), occupation of all
three binding sites appears necessary for not only full recep-
tor activation, but also NS9283 modulation. Hence, it is
tempting to speculate that binding of NS9283 increases the

2008 British Journal of Pharmacology (2013) 168 2000-2010

affinity of ACh in the orthosteric o404 site. However, func-
tionally, the data could also be consistent with a hypothesis
where NS9283 substitutes for ACh binding in the a4a4 site
albeit this will require a clarification of the apparent lack of
cytisine and epibatidine displacement in binding studies
(Timmermann ef al.,, 2012). In either case, the linkage of
NS9283 actions to the o4o4 subunit interface provides an
explanation to why NS9283 at 042 nAChRs give functional
readouts that are highly comparable with that of benzodi-
azepines at GABA, receptors, as these are known to act
through a binding site located in the interface between an o-
and a y subunit (Wieland et al., 1992).

With regards to the biphasic ACh CRR observed in the
HEK293-ho4B2 cell line in this study, it is important to stress
that a significant contribution from 20:3p receptors to the
reported findings is considered unlikely based on the follow-
ing: (i) NS9283 only has effect on 30:2f receptors (Timmer-
mann et al., 2012); (ii) a high-sensitive component is an
inherent quality of 30:2P receptors (Harpsee et al., 2011); and
(iii) in this study the high-sensitive component of the ACh
CRR comprises 10% of the maximal response, which is less
than the high-sensitive component reported by Harpsee et al.
in Xenopus oocytes expressing exclusively 3o:2f receptors
(Harpsge etal., 2011). Combined, these findings strongly
speak in favour of the HEK293-ha4f2 cell line predomi-
nantly, if not solely, expressing 30:2f3 receptors.

Finally, the impact of NS9283 on 0432 window currents
was addressed in this study. The experimental demonstration
of an ACh window current suggests the possibility of the
nAChRs maintaining residual activity in a certain ACh con-
centration range despite the concurrent ACh-induced desen-
sitization. This has previously been described for o7 PAMs
(Gronlien et al., 2007), but not for a4p2 PAMs. NS9283 was
found to left-shift the window current of 04p2, but had no
effect on window current AUC (Figure 7B). Any interpreta-
tion of how this profile translates into effects on synaptic
042 signalling is bound to be speculative. However, in light
of reported ACh resting levels in the rat brain in the nanomo-
lar (Vinson and Justice, 1997) to low micromolar (Mattinson
etal., 2011) range, we note that this physiologically relevant
ACh range to a higher degree is covered by the window
current in presence of NS9283 than in absence of the com-
pound. This could speak in favour of NS9283 enhancing
cholinergic volume transmission. It should be mentioned
that the ACh incubation time used in our experiments is
shorter than the one used in a study by Marks et al., in which
window currents of a4p2 nAChRs were investigated (Marks
et al., 2010). This could potentially give rise to higher ‘desen-
sitization’ ICs values and thereby a larger window current. In
contrast to diffuse volume transmission, ‘wired’ transmission
assumes ACh signalling is restricted to the classical synapse.
As NS9283 displays no intrinsic agonist activity, in this
setting NS9283 would be expected to only augment the
responsiveness of 04f2 nAChRs as the ACh concentration
decays following a synaptic release, thereby maintaining the
spatiotemporal patterns of cholinergic transmission. It has
been demonstrated that transient increases in ACh in pre-
frontal cortex (at the scale of seconds) is necessary for cue
detection in a rat attention task (Parikh et al., 2007), involv-
ing especially a4p2 nAChRs (Parikh et al., 2008; Howe et al.,
2010). Whether NS9283 exerts its demonstrated behavioural



effects (Lee etal., 2011; Zhu et al., 2011; Rode et al., 2012;
Timmermann et al., 2012) through one or both of these trans-
mission modes is at present not clear.

In conclusion, we propose that NS9283 increase ACh
responsiveness of the 3a:2f stoichiometry 0432 nAChR pri-
marily by reducing deactivation kinetics. Besides being a
highly useful tool for delineation of specific physiological
functions governed by 30:28 a4p2 nAChRs, we propose that
NS9283 could be an efficacious modulator of cholinergic sig-
nalling in a synaptic setting and that the compound repre-
sents an interesting candidate for future explorations of the
drug potential of a4B2 nAChR PAMs.
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