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ARTICLE INFO ABSTRACT

Article history: A common historical strategy to the discovery of nicotinic receptor ligands has involved the
Received 11 May 2007 use of radioligand-binding assays for ligand identification in combination with two-electrode
Accepted 3 July 2007 voltage clamp in Xenopus oocytes for electrophysiological characterization. More recently,

higher-throughput methodologies have replaced these approaches to accommodate screen-
ing of large compound libraries and to provide increased capacity for electrophysiological

Keywords: profiling in mammalian cell lines. We, and others, have implemented cell-based screening
Nicotinic assays using the fluorometric imaging plate reader (FLIPRTM) for primary and lead optimiza-
Electrophysiology tion screening of nicotinic receptor agonists and positive allosteric modulators (PAMs). Using
Calcium flux GH4Cl1 cells expressing the rat o7 nicotinic receptor, both acetylcholine and nicotine produced
Membrane potential concentration-dependent elevations of intracellular calcium with ECso values of 5.5 and
Acetylcholine 1.6 uM, respectively. PAM activity was robustly detected using the FLIPR assay; for example,
o7 the known o7 receptor PAM 5-hydroxyindole failed to directly activate the receptor but

produced a leftward shift of the nicotine concentration-response curve in combination with
a potentiation of the maximum evoked response to nicotine. Electrophysiological confirma-
tion of agonist activity was achieved using the Dynaflow rapid perfusion system and patch
clamp in the same GH4C1 cell expression system. Estimated ECso values for acetylcholine-
evoked currents in GH4C1/a7 cells were 55 and 576 uM for area-under-the-curve (AUC) and
maximum peak height calculations, respectively. Similarly, PAM activity was confirmed using
electrophysiological recordings while also allowing for the mechanistic discrimination of
compounds, not possible using the FLIPR assay. Specifically, PAMs capable of slowing the rapid
desensitization of a7 receptors to different extents were discernable in these studies. Further
improvements in the capacity to screen compounds using electrophysiology has been
achieved by implementation of high-throughput gigaohm quality recording systems such
as the QPatch and PatchXpress where agonist ECso values are highly comparable to those
obtained using conventional manual patch clamp.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction involved in a wide variety of complex brain functions such

as memory, attention and cognition as well as in pathological
Nicotinic acetylcholine receptors (nAChRs), members of the conditions such as Alzheimer’s and Parkinson’s disease,
neurotransmitter-gated ion channel superfamily [1], are schizophrenia, epilepsy and nicotine addiction [2]. At least
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16 different genes code for nAChR subunits, which can
assemble as pentamers in different combinations to form
diverse nAChR subtypes. Unlike other nAChR subunits, a7
subunits efficiently assemble into functional homopenta-
meric acetylcholine-gated nonselective cation channels when
heterologously expressed in Xenopus oocytes or mammalian
cells [3,4]. Electrophysiological studies revealed that these
channels display highest permeability for Ca?* and exhibit fast
activation/inactivation kinetics [5].

Historically, industrial screening for identification of novel
drugs acting on nAChRs was mainly based on the use of easy-
to-automate radioactive displacement binding assays, which
do not allow a distinction between agonists and antagonists
[6]. Most of the first generation of nAChR agonists and
antagonists has been identified employing such binding
assays (for reviews see [7] and references therein) by screening
compounds mainly designed by chemical modification of
natural nAChRs ligands, such as nicotine, acetylcholine,
epibatidine and anabaseine. For example, Abbott, Targacept
and Sanofi-Aventis have all described series of nicotinic
agonists and antagonists for either «7 and/or a4/82 receptors
with receptor affinities determined using a variety of
radioligands, including [*H]nicotine, [*H]alpha-bungarotoxin
and [*H]epibatidine [8-11]. A significant disadvantage of
binding assays is the need for radioisotopes such as *H and
1251 and the associated costs, safety hazards and environ-
mental (e.g. disposal) problems. Also, because compounds
identified in binding assays will typically reflect the mode of
action of the ligand used, compounds with novel mechanisms
of channel modulation cannot be identified. Thus, for HTS and
lead optimization, ligand binding assays have largely been
abandoned in favor of functional cell-based assays (see below).

A number of options are available for the cell-based
functional assessment of a7 receptor ligand activity. These
include radioactive and non-radioactive rubidium ion flux
assays [12-14], other flux assays using ion specific fluorescent
dyes for ions that are conducted by nAChRs such as K*, Na*
and Ca?* [15-19] (although only Ca**specific fluorescence dyes
have found widespread screening applications) or membrane
potential sensitive fluorescent dyes [20-22]. For screening of a7
nAChRs that display a high conductivity for Ca®* ions, Ca?* flux
assays represent the main HTS technology at present for
which highly specialized fluorescence plate reader instru-
mentation (e.g. Fluorescence Imaging Plate Reader; FLIPR™) is
available [23]. Since this technology allows not only end point
measurements but also kinetic analysis with high-through-
put, it is possible to identify agonists, antagonists and positive
allosteric modulators (PAMs) by simple sequential compound
addition protocols in a single experiment on the same
microplate. We (see below) and others [24-29] have success-
fully employed FLIPR based calcium flux screening protocols
for the initial identification of a7 receptor modulators in high-
throughput screening and in subsequent support of lead
optimization. In addition, we have successfully implemented
a membrane potential fluorescent dye based screening assay
for the a1 receptor subtype as an important selectivity assay.

Traditionally, compounds identified using radioligand-bind-
ing assays were subsequently evaluated using electrophysio-
logical recording procedures, most commonly the two-
electrode voltage clamp (TEVC) technique in the Xenopus oocyte

expression systems [30-32]. More recently, many studies have
been reported that utilize mammalian cell expression systems,
thus, complementing the use of the same expression systems
for cell-based higher-throughput screens as discussed above,
instead of oocytes, and patch clamp techniques instead of TEVC
[33,34]. GH4C1 cells have proven to be readily amenable to
heterologous expression of a7 receptors [33] and upon further
investigation, a7 receptors have been found to require the co-
expression of ric-3, which coincidentally is endogenously
expressed in both GH4C1 cells and oocytes [35].

All of the electrophysiological methods require some
ability to bath apply ligand while recording the responses.
In receptors such as the a7 nicotinic receptor, however, very
fast desensitization occurs upon activation. To achieve the
bestresponses, fast ligand application onto the cells is critical.
One method used in several labs is the ‘U-tube’, a method used
to switch flows very quickly across the cell being tested
[36-39]. Ligand can also be applied by ‘puffing’ into slices [40],
although dilution of the ligand concentration occurs, thus,
obscuring the exact concentration. Cells in slices are generally
identified by ‘blind patch’ [41] or DIC-IR optics [42], both of
which can provide detailed information regarding the role of
nicotinic receptors in synaptic transmission and plasticity
[43].

A more recent innovation for reasonably fast solution flow
is the Dynaflow system (Cellectricon) [44—47]. While limited in
its possible applications to dissociated cells, up to 48 solutions
can be loaded into the plate, thus, enabling automated control
of up to 24 test solutions and 24 buffer washes, or any
combination desired. One of the newest methods to automate
the electrophysiological measurement of nicotinic receptors is
the application of the multi-channel high-throughput giga-
ohm quality recording systems such as the QPatch and
PatchXpress [48,49]. Experiments comparing PatchXpress with
Dynaflow have been performed on a7 expressing GH4C1 cells.
Currents appear similar in these two systems when stimu-
lated with acetylcholine. While the utility of these systems for
nicotinic receptors is still developing, the future looks very
promising for this technology.

In combination, high-throughput approaches to calcium
flux measurements using FLIPR and electrophysiological
recordings are a highly effective strategy for the identification
of a7 nicotinic receptor modulators. The majority of these
molecules subsequently go on to show efficacy in animal
models of cognition, sensory gating and neuroprotection.

2. Methods
2.1.  Measurements of calcium flux using FLIPR

GH4C1 cells stably transfected with pCEP4/rat o7 nAChR were
used as test system and maintained in poly-p-lysine coated
flasks in F10 medium supplemented with 15% horse serum
and 2.5% FBS, 1% penicillin-streptomycin, 200 mg/ml hygro-
mycin B at 37 °C in a humidified 5% CO, incubator. Cells were
seeded at a density of 20,000 cells/well (384-well format) and
cultured for 48 h prior to experiment in the presence of 0.5 mM
sodium butyrate. On the day of the experiment, cells were
loaded with Fluo-4 AM for 30 min at 37 °C. After the dye was
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washed, intracellular calcium fluxes in presence and absence
of compounds were measured on FLIPR. Agonist responses
were directly assessed while the effects of a7 nAChR PAMs
were determined by first adding compound and subsequent
challenge with an EC,o concentration of nicotine. Concentra-
tion-response data are expressed in terms of percent response
relative to a maximum test concentration of nicotine (10 uM)
while ECso values were determined by nonlinear regression
analysis using the GraphPad Prism software package.

2.2.  Measurements of membrane potential using FLIPR

TE671 rhabdomyosarcoma cells were used as endogenous
sources of muscle «lBlyd [22] receptors, and SH-SYS5Y
neuroblastoma cells were used as an endogenous source of
ganglionic a3 receptors. Cells were plated at a density of 50,000
cells/well (96-well format) 24 h prior to the day of the assay.
For evaluation of compound-evoked changes in membrane
potential, growth media was removed from the cells and
membrane potential dye (Molecular Devices) loading solution,
reconstituted in HBSS according to the manufacturer’s
instructions, was added to the wells. Plates were incubated
for 60 min at 37 °C and then directly transferred to the FLIPR.
Baseline fluorescence was monitored for the first 10 s followed
by the addition of agonists and subsequent monitoring of
fluorescence changes for up to 4 min. Agonist responses were
normalized to a maximally effective concentration of acet-
ylcholine for the estimation of ECso values and (when studied)
antagonists were added for 10 min at the end of the dye
loading procedure but prior to transfer to the FLIPR.

2.3.  Electrophysiology studies

GH4C1 cells stably expressing rat a7 nAChR were treated with
0.5 mM Na-butyrate added to the medium for 2 days before
patch clamp recording. Patch pipettes had resistances of
~7 MQ when filled with (in mM): 5 EGTA, 120 K-Gluconate, 5
KCl, 10 HEPES, 5 K,ATP, 5 Na,-phosphocreatine, 1 CaCl, and 2
MgCL. Cells were voltage clamped at —60 mV with a HEKA
EPC-9 amplifier. To measure the activation and desensitiza-
tion of a7 current, the Dynaflow (Cellectricon) perfusion
system with 16- or 48-well chips was used. Different
concentrations of acetylcholine and other a7 agonists were
applied to cells in between washes with bath solution (Hanks’
Balanced Salt Solution + 10 mM HEPES). Data were acquired
and filtered at 1kHz for 2-s episodes (500 ms bath, 500 ms
agonist, 1000 ms wash) with a 10-s interval between episodes.
Peak current amplitude and total charge (area-under-the-
curve) were measured with the HEKA Pulse program. Con-
centration-response curves and ECs, values were plotted and
calculated with Origin (MicroCal).

Acetylcholine-evoked currents were also measured using
the automated electrophysiology platform PatchXpress 7000 A
using the GH4C1/a7 cells. Cells were held at —60 mV and
identical internal solution was used as in the manual patch
clamp experiments. Sequential application of increasing
concentrations of acetylcholine was applied to cells success-
fully achieving gigaohm seals and total charge measured as
area-under-the-curve was compared to maximum peak
current amplitude.

2.4. [*H]Epibatidine binding studies

Membranes derived from GH4C1 cells stably expressing rat a7
nAChR were thawed, combined with binding buffer (50 mM
HEPES, pH 7.4, 3 mM KCl, 70 mM NaCl, 10 mM MgCl,), 5 nM
[*H]epibatidine (GE Healthcare; S.A. =53 Ci/mmol) and test
compound or 300 pM nicotine (for nonspecific binding) to
achieve a final volume of 200 pl in a 96-well polypropylene
plate. Following incubation at room temperature (23 °C) for
1 h, the samples were rapidly filtered over Unifilter GF/B filters
using a Filtermate (Perkin-Elmer) and washed 5x with ice-cold
binding buffer. Samples were processed and counted for
radioactivity using a TopCount NXT (Perkin-Elmer). Competi-
tion binding curves were fitted with a four-parameter logistic
model that defined ICsps, and K; values were calculated by the
Cheng-Prusoff equation using the GraphPad Prism software
package.

3. Results

The ability of the cell-based FLIPR calcium flux assay to detect
both a7 agonist and PAM activity is shown in Fig. 1. The two-
step addition protocol for determining the pharmacological
activity of a compound is illustrated (Fig. 1A) with the test
compound added prior to an EC,, concentration of nicotine,
thus, allowing for the detection of agonist activity in the first
addition or a PAM in the second addition. Fig. 1A further
illustrates another key property of a PAM molecule, the
absence of any direct stimulatory response when applied
alone to the cells. Concentration-dependent responses are
typically observed for the agonist activation, as illustrated for
both nicotine and acetylcholine (Fig. 1B), allowing for estima-
tion of ECs values and intrinsic activities (or Emax relative to
acetylcholine). In the FLIPR assay, ECsos were determined as
1.6 and 5.5 pM, respectively, for nicotine and acetylcholine,
with nicotine behaving as a full agonist in this system. A more
detailed pharmacological characterization of a series of a7
agonists and antagonists is shown in Table 1, demonstrating a
good agreement with published data and (most importantly
for screening) confirming rank order of compounds. Further
characterization of PAM activity can be achieved by determin-
ing the effect on the full concentration-response relationship
for the agonist where, in the case of the known o7 PAM 5-
hydroxyindole, both a leftward shift in the nicotine concen-
tration-response, and potentiation of the maximum evoked
response is observed (Fig. 1C).

In any drug discovery effort, it is critical not only to enable
assays to evaluate compound activity on the primary target of
interest, but also to enable assays on closely related targets,
especially those that might represent a potential liability.
Using the membrane potential sensitive fluorescent dye in
combination with FLIPR we successfully developed an assay
for monitoring compound activity on the a1p1y3d receptors in
TE671 cells, and the o3 receptors in SH-SYS5Y cells. Functional
activity for representative agonists and antagonists is pre-
sented in Table 2 for a1Blyd receptors in TE671 cells and
Table 3 for a3 receptors in SH-SYSY cells validating the
appropriate pharmacology and rank order agreement with
published data.
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Fig. 1 - a7 nicotinic receptor agonist and PAM activity
evaluated using the FLIPR and calcium flux
measurements. (A) Two-step addition protocol illustrates
the activity of an agonist in the first addition (dotted line),
while a PAM is only revealed by the subsequent addition
of a sub-maximal (EC,c) concentration of nicotine; PAM
profile shown in solid grey line and effect of EC5o
concentration of nicotine under non-potentiated
conditions as black line. (B) Concentration-dependent
responses to the agonists ACh and nicotine are expressed
as a percentage of the maximum response to ACh. (C)
Potentiation of the nicotine concentration-response in the

Confirmation of compound activity using an electrophy-
siological approach is a key next step, especially when using
the less direct FLIPR calcium flux assay for initial compound
profiling. Using manual patch clamp in GH4C1/a7 cells, the
Dynaflow rapid perfusion system was found to be a reliable
solution to the electrophysiological characterization of agonist
and PAM activity. Currents evoked by sequential application of
increasing concentrations of ACh to the same cell are
illustrated (Fig. 2A) revealing a concentration-dependent
response with the characteristic property of rapid desensiti-
zation, a hallmark feature of the a7 receptor. Quantification of
evoked responses was compared using a total charge transfer,
or an area-under-the-curve (AUC) measure (Fig. 2B), and
maximum current amplitude, or a peak height measure
(Fig. 2C). The AUC calculation represented a more sensitive
index of compound potency than the peak height, as
calculated in this example for ACh, with ECso values of 55
and 576 pM, respectively. This greater sensitivity of the AUC
calculation was observed universally for a broad range of a7
receptor agonist chemotypes (data not shown). Interestingly,
nicotine (ECso, AUC, 9.9 pM) exhibited partial agonist activity
in the electrophysiological recordings (Fig. 2B, inset), yet
appeared as a full agonist in the FLIPR studies. Results
presented in Fig. 2B, and to a lesser extent Fig. 2C, also
demonstrate a characteristic inverted U-shaped concentra-
tion-response relationship for ACh, which was also seen with
other agonists (not shown). This behavior is likely attributed to
both the rapid desensitization of the channels preventing
accurate estimation of full activation, and the blocking or
gating effect of ACh seen for a7 receptors at high concentra-
tions [50-53].

Notably, functional profiling of nicotine and acdetylcholine
using the FLIPR assay generated ECsg values approximately 5-
10 fold more potent than those obtained with the electro-
physiological studies, a relationship that also was consistent
for other o7 agonists from diverse chemotypes (data not
shown). To explore this further we determined the a7 receptor
affinities of both nicotine and acetylcholine using displace-
ment of the high-affinity ligand [*H]epibatidine from o7
binding sites in membranes prepared from GH4C1/a7 cells.
Table 4 provides a comparison between the o7 receptor
functional potencies and binding affinities for nicotine and
acetylcholine. Both nicotine and acetylcholine exhibited
binding affinities similar to the FLIPR functional potencies
and approximately 5-10 fold more potent that the functional
potency by electrophysiology. Comparing the binding affinity
of eight reference agonists with their functional ECs, esti-
mates determined using FLIPR generated a highly significant
correlation (r? = 0.95) between the two [54].

In the case of compounds acting via a PAM mechanism the
use of electrophysiological assessment for follow-up studies
provides a powerful illustration of this approach, while also

presence of the PAM, 5-hydroxyindole. Maximum
responses to nicotine were potentiated to 123, 160 and
201%, respectively, in the combined presence of 0.1, 0.3
and 1 mM 5-hydroxyindole. The ECs, for nicotine was
shifted from 2.3 to 0.7 uM in the presence of 1 mM 5-
hydroxyindole.
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Table 1 - Estimated ECso and ICs, values for activation of a7 receptors in GH4C1 cells by reference a7 agonists and

antagonists using the FLIPR calcium flux assay

GH4C1, ECso (1M) n ECsp (uM)? ECso (}LM)b
(+)-Epibatidine 0.012 + 0.002 7 0.17 £ 0.03 0.045
(—)-Nicotine 1.6+0.24 22 20+04 1.78
Acetylcholine 5.5+0.16 6 17.0£3.3 5.50
Choline 29.25 +£9.17 4 54.95
DMPP 0.98 £0.51 6 54+1.2 1.23
GTS21 2.92 £2.05 4 191
AR-R17779 0.27 £ 0.06 5 0.39
(-)-Cytisine 1.21 +£0.13 5 10.0 +2.3 2.09
ICso (nM) ICso (1M)
Methyllycaconitine 0.00203 + 0.00233 10 0.015
a-Bungarotoxine 0.012 + 0.005 4 0.040

Total numbers of concentration-response curves (or assay plates) are indicated (n) performed in a minimum of three independent

experiments.
# Comparative data from [19].
> Comparative data from [56] (data converted from pECsp).

Table 2 — Estimated ECs¢ and ICs, values for activation of
a1B1yd receptors in TE671 cells by reference nicotinic

agonists and antagonists using the FLIPR membrane
potential assay

TE671, ECsp (M) n ECso (uM)?
(—)-Cytisine 22.2+3.6 5 77 £17
DMPP 0.29 £ 0.03 9 1.1+04
(+)-Epibatidine 0.061 +0.013 9 0.27 +0.03
ICso (uM)
a-Bungarotoxine 45.0 +21.2 8

Total numbers of concentration-response curves (or assay plates)
are indicated (n) performed in three independent experiments.
# Comparative data from [22].

highlighting one of the limitations of the FLIPR calcium flux
assay. Since the FLIPR assay does not directly report the
current passing through the channel, mechanistic insight into
PAM activity using this method is lacking. Specifically, the
FLIPR assay can only reveal the potentiating activity of a PAM
without the ability to discern mechanistic information.
Electrophysiological studies have clearly allowed for the
discrimination of different PAM mechanisms (Fig. 3). In the

Table 3 - Estimated ECso and ICs, values for activation of
a3 receptors in SH-SY5Y cells by reference nicotinic

agonists and antagonists using the FLIPR membrane
potential assay

SH‘SYSY, ECSO (}.LM) n ECSO (MM)a
(—)-Nicotine 8.0+4.2 9 6.2+0.2
(—)-Cytisine 9.3+45 9 83+22
DMPP 35+1.0 9 4.6 £0.6
(+)-Epibatidine 0.0021 + 0.0004 7 0.008 + 0.0005
ICso (ILM)
Mecamylamine 1.7 +£0.8 9

Total numbers of concentration-response curves (or assay plates)
are indicated (n) performed in three independent experiments.
# Comparative data from [22].

example of PAM1 (Fig. 3A), the compound potentiated
maximum responses to ACh, while simultaneously slowing
the rapid desensitization normally observed with agonists. In
comparison, PAM2 (Fig. 3B) potentiates ACh responses with a
reduced effect on the desensitization kinetics, and also
potentiated maximum responses to ACh (Fig. 3B, inset). Such
mechanistic distinction was not determined via the FLIPR
studies; both compounds could only be detected to enhance
agonist-stimulated calcium flux.

A final, and evolving, advance in the electrophysiological
characterization of compounds is the implementation of high-
throughput and fully automated gigaohm quality recording
systems such as PatchXpress and QPatch. We have found both
the QPatch (manuscript in preparation) and PatchXpress
(Fig. 4) able to reliably detect the rapidly desensitizing ACh-
mediated current in GH4C1l/a7 cells. Similar to manual
recordings with the Dynaflow system, the AUC calculation
was more sensitive for ECs, calculations; ECso values for ACh
in PatchXpress were estimated as 10.5 and >500 pM, respec-
tively. Full integration of these automated systems in drug
discovery efforts is predicted to have a large impact on
nicotinic ligand discovery.

4, Discussion

In vitro screening strategies for nicotinic receptor ligands have
evolved to take advantage of high-throughput cell-based assays
of both calcium flux and membrane potential asillustrated here
and by others [21,22,25-29,55]. This has provided the ability to
profile multiple compound mechanisms, e.g. full and partial
agonist, positive allosteric modulator, antagonist, in the same
experiment and has enabled early screening of large compound
libraries with subsequent support of lead optimization efforts.
Combined with more direct measurements of compound
activity using electrophysiology, both with rapid perfusion
systems [44-47] and high-throughput gigaohm quality record-
ing technology [48,49], this represents an efficient process for
triaging compounds and selecting candidates for further testing
in preclinical models of cognition, sensory gating and neuro-
protection.
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Fig. 2 - a7 nicotinic receptor agonist activity evaluated using whole-cell manual patch clamp electrophysiology and the
Dynaflow rapid perfusion system. (A) Currents evoked by sequential application of ACh, at the indicated concentrations, to
GHA4C1/a7 cells were quantified using an AUC (B) and peak height (C) calculation yielding ECs, values of 55 and 576 pM,
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Table 4 - Comparison of a7 receptor functional potencies using FLIPR and electrophysiological recordings with receptor

binding affinity

FLIPR, ECs (M) Electrophysiology, ECso (M) [PH]Epibatidine, K; (M)
Nicotine 1.6 9.9 1.3
Acetylcholine 5.5 55 8.2

Electrophysiological recordings were performed using manual patch clamp with the Dynaflow perfusion system and data were calculated
based on the area-under-the-curve. In all cases data are presented as means from at least three independent experiments.

It is important to emphasize the use of these assay binding site being probed, i.e., that of the agonist ligand

platforms in an integrated manner since each approach has epibatidine, can be assessed to determine overlap with this

its own strengths and limitations. In the case of the affinity binding site and to allow elucidation of a structure-activity

binding assay discussed here, the interaction with the specific relationship (SAR) for the chemical series being assessed.
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Fig. 3 - a7 nicotinic receptor PAM activity evaluated using manual patch clamp electrophysiology and the Dynaflow rapid
perfusion system. (A) Left panel indicates responses to EC,, (17 M) and EC100 (124 pM) concentrations of ACh illustrated
for reference, while right panel shows the effect of PAM1 to potentiate the maximum current produced with an EC100 of
ACh, combined with a slowing of the rapid desensitization. Currents are overlaid for comparison purposes. (B) PAM2
potentiates the EC,, responses to ACh only to a magnitude comparable to the EC100 response observed for ACh and has a
less prominent effect on the desensitization kinetics. (B) (Inset) effect of PAM2 on the response evoked by a maximally
effective concentration of ACh.



BIOCHEMICAL PHARMACOLOGY 74 (2007) 1172-1181

1179

AUC Response ACh

+ Area Response
— Fit: Area Response
<« EC50

Area Response (%)
o
o
1

T T ; T T T
0.1 1 10 100 1000 10000

Compound Concentration (uM)

Fig. 4 - a7 Nicotinic receptor agonist activity evaluated
using high-throughput patch clamp electrophysiology
with the PatchXpress system. Currents were evoked by
sequential application of increasing concentrations of
ACh, producing an ECs, of 10.5 pM based upon an AUC
calculation.

Moreover, the determination of the binding affinity can be
used in concert with the functional assays to determine
relationships between receptor affinity and functional activ-
ity. The main limitations of the receptor binding assay is the
ability to probe only the binding site of the radiolabed ligand
used and the lack of ability to determine novel mechanisms of
action such as allosteric modulation. Consequently, com-
pounds acting via different mechanisms are best revealed
using functional assays of receptor activation.

The two main approaches described here for the functional
assessment of a7 receptor activation, FLIPR and electrophy-
siology, provide for an efficient and comprehensive assess-
ment of compound activity. In the case of the FLIPR assay, the
high-throughput afforded by this technology allows for an
initial assessment of large numbers of compounds, for both
agonist and positive allosteric modulator activity. Interest-
ingly, and despite the fact that a7 receptor mediated calcium
flux in GH4C1 cells occurs via both the a7 receptor directly and
indirectly through voltage-gated calcium channels [56], we
found the FLIPR assay to be well correlated with the receptor
binding affinity for agonists, allowing this functional assay to
also be used for determination of SAR for agonist chemical
series. On the other hand, positive allosteric modulators
discovered in the FLIPR assay failed to displace epibatidine
binding (data not shown) suggesting an interaction with novel
binding sites and the need for new radioligand development to
enable assessment of these sites. Finally, although the FLIPR
assay successfully identifies positive modulators, it fails to
provide any mechanistic insight for these agents, and poorly
discriminates partial agonist activity, as revealed for nicotine
in the current analysis.

In the case of the electrophysiological recordings to assess
receptor activation, the main limitation is clearly in the
throughput of compounds that can be studied. Although
initial attempts to use automated electrophysiology plat-
forms in this regard appear promising, it is anticipated that
even these automated systems will never achieve the
capacity supported by the FLIPR. The strength of the
electrophysiological approach lies in its information rich

nature as demonstrated by the ability to discern mechanistic
insight into the action of positive modulators and to reveal
partial agonist activity of nicotine, relative to the efficacy
observed with acetylcholine. An unexpected finding in the
electrophysiological recordings, and potential limitation, was
theright shifted nature of compound potency compared with
both the receptor binding affinity and FLIPR functional
assessment of agonists. As discussed above, the rapid
desensitization of the «7 receptor, and the direct block
observed with higher concentrations of agonists, likely places
some limitations on the accurate assessment of compound
potency using this method.

Use of the integrated approach described here provides a
strategy for the discovery of novel o7 nicotinic receptor
modulators targeted toward clinical development with the
ultimate goal being the introduction of new and effective
therapeutics for schizophrenia and Alzheimer’s disease. No
approach can be used in isolation of the others given the
merits and limitations of each discussed.
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