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Several lines of evidence suggest a link between the a7 neuronal nicotinic acetylcholine receptor (nAChR) and brain disorders including
schizophrenia, Alzheimer’s disease, and traumatic brain injury. The present work describes a novel molecule, 1-(5-chloro-2,4-
dimethoxy-phenyl)-3-(5-methyl-isoxazol-3-yl)-urea (PNU-120596), which acts as a powerful positive allosteric modulator of the a7
nAChR. Discovered in a high-throughput screen, PNU-120596 increased agonist-evoked calcium flux mediated by an engineered variant
of the human «7 nAChR. Electrophysiology studies confirmed that PNU-120596 increased peak agonist-evoked currents mediated by
wild-type receptors and also demonstrated a pronounced prolongation of the evoked response in the continued presence of agonist. In
contrast, PNU-120596 produced no detectable change in currents mediated by a432, o334, and 910 nAChRs. PNU-120596 increased
the channel mean open time of &7 nAChRs but had no effect on ion selectivity and relatively little, if any, effect on unitary conductance.
When applied to acute hippocampal slices, PNU-120596 increased the frequency of ACh-evoked GABAergic postsynaptic currents mea-
sured in pyramidal neurons; this effect was suppressed by TTX, suggesting that PNU-120596 modulated the function of o7 nAChRs
located on the somatodendritic membrane of hippocampal interneurons. Accordingly, PNU-120596 greatly enhanced the ACh-evoked
inward currents in these interneurons. Systemic administration of PNU-120596 to rats improved the auditory gating deficit caused by
amphetamine, a model proposed to reflect a circuit level disturbance associated with schizophrenia. Together, these results suggest that
PNU-120596 represents a new class of molecule that enhances a7 nAChR function and thus has the potential to treat psychiatric and

neurological disorders.
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Introduction

Among the neuronal nicotinic acetylcholine receptors
(nAChRs), the a7 subtype is distinguished by its high permeabil-
ity to Ca*™, its affinity for the antagonists a-bungarotoxin and
methyllycaconitine (MLA), and rapid desensitization (Couturier
etal., 1990; Séguéla et al., 1993). Several studies have shown that
a7 nAChRs can modulate the release of various neurotransmit-
ters including glutamate, GABA, dopamine, and norepinephrine
and thus have the potential to participate in a range of neurolog-
ical functions (McGehee et al., 1995; Gray et al., 1996; Alkondon
etal., 1997, 1999; Summers et al., 1997; Li et al., 1998; Schilstrom
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et al., 1998; Maggi et al., 2001). For example, activation of a7
nAChRs can improve cognitive performance in rats (Arendash et
al., 1995; Meyer et al., 1998; Levin et al., 1999; Van Kampen et al.,
2004), rabbits (Woodruff-Pak et al., 1994; Woodruff-Pak, 2003),
and monkeys (Briggs et al., 1997), whereas blockade of those
receptors impairs performance (Felix and Levin, 1997; Bettany
and Levin, 2001). Consistent with these animal studies, recent
data from a small clinical study suggest that the «7 nAChR partial
agonist GTS-21 (DMXB) positively influenced memory and at-
tention in healthy volunteers (Kitagawa et al., 2003).

In view of these findings, pharmacological agents that selec-
tively activate &7 nAChRs have been proposed as potential new
strategies to treat several neurological and psychiatric disorders
(for review, see Levin, 2002; Martin et al., 2004). In particular,
schizophrenia has been associated with up to a 50% reduction of
a7 nAChR protein in specific brain regions (Freedman et al,,
1995; Court et al., 1999; Guan et al., 1999; Marutle et al., 2001),
and it has been suggested that the high prevalence of smoking
among schizophrenics may be a form of self-medication. More
recently, an association between smoking and the a7 nAChR
gene was found in schizophrenic patients (De Luca et al., 2004).
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In addition, a polymorphism in the 7 nAChR gene (CHRNA?7)
was found to be linked to the auditory gating deficit common in
the schizophrenic patient population (Freedman et al., 1997).
Consistent with its proposed involvement in sensory gating, se-
lective agonists of &7 nAChRs have been shown to restore audi-
tory gating deficits in rodent models of this impairment (Stevens
etal., 1998; O’Neill et al., 2003; Hajos et al., 2005).

Although nicotinic agonists have shown some beneficial ef-
fects, chronic treatment of humans with such compounds has not
been thoroughly characterized and may provide suboptimal ben-
efit because of sustained activation and/or desensitization of the
target receptor (Smith et al., 2002; Harris et al., 2004; White and
Levin, 2004). A different approach would be to administer a nic-
otinic positive allosteric modulator (PAM) that can reinforce the
endogenous cholinergic neurotransmission without directly
stimulating the target receptors (for review, see Maelicke, 2000;
Albuquerqueetal., 2001). Several PAMs have been identified that
increase the potency and/or maximal efficacy of agonists for the
a7 nAChR; however, none of these agents has been shown to
modify neuronal or circuit level activity in vivo (Krause et al.,
1998; Zwart et al., 2002; Chimienti et al., 2003; Conroy et al.,
2003; Zbarsky et al., 2004). Here, we report the discovery of a
novel PAM of the a7 nAChR, 1-(5-chloro-2,4-dimethoxy-
phenyl)-3-(5-methyl-isoxazol-3-yl)-urea (PNU-120596), which
not only increases the potency and maximal efficacy of agonists
butalso dramatically prolongs the duration of the agonist-evoked
macroscopic currents. Importantly, this work demonstrates that
systemic administration of PNU-120596 improves auditory gat-
ing in rats impaired by amphetamine and thus provides the first
demonstration of in vivo efficacy for an a7 nAChR PAM.

Materials and Methods

Ca?* fluorescence assay. SH-EP1 human epithelial cells expressing a vari-
ant of the a7 nAChR (a7*) were grown in minimal essential medium
(MEM) containing nonessential amino acids supplemented with 10%
fetal bovine serum, L-glutamine, 100 U/ml penicillin/streptomycin, 250
ng/ml fungizone, 400 pg/ml hygromycin B, and 800 wg/ml geneticin.
a7* isavariant of the human a7 nAChR, with two point mutations in the
first transmembrane domain (T230P and C241S) that allow for high
functional expression in SH-EP1 cells [Groppi VE, Wolfe ML, Berkenpas
MB (2003) U.S. Patent 6,693,172 B1]. Cells were grown in a 37°C incu-
bator with 6% CO,. Cells were trypsinized and plated in 96-well plates
with dark side walls and clear bottoms at a density of 2 X 10* cells/well 2 d
before analysis. Cells were loaded with a mixture of Calcium Green-1 AM
(Molecular Probes, Eugene, OR) in anhydrous dimethylsulfoxide and
20% pluronic F-127 (Molecular Probes). This reagent was added directly
to the growth medium of each well to achieve a final concentration of 2
uM Calcium Green-1 AM. Cells were then incubated in the dye for 1 h at
37°C and then washed four times with Mark’s modified Earle’s balanced
salt solution (MMEBSS) composed of the following (in mm): 4 CaCl,, 0.8
MgSO,, 20 NaCl, 5.3 KCl, 5.6 p-glucose, 20 Tris-HEPES, and 120
N-methyl-p-glucamine, pH 7.4. After the fourth cycle, the cells were
allowed to incubate at 37°C for at least 10 min. The final volume of
MMEBSS in each well was 100 wl and atropine was added to all wells for
a final concentration of 1 um.

A fluorometric imaging plate reader (FLIPR; Molecular Devices,
Union City, CA) was set up to excite Calcium Green at 488 nm using 500
mW of power and reading fluorescence emission of >525 nm. A 0.5 s
exposure was used to illuminate each well. Fluorescence was detected
using an F-stop set of either 2.0 or 1.2. After 30 s of baseline recording,
test compounds were added to each well of a 96-well plate in 50 ul of a 3 X
stock. In each experiment, four wells were used as vehicle (0.2% DMSO)
controls.

Oocyte preparation and recording. Xenopus oocytes were prepared as
described previously (Bertrand et al., 1991). Briefly, ovaries were dis-
sected from a Xenopus laevis female after anesthesia, and oocytes were
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isolated by mechanical and enzymatic treatments. On the following day,
stage 5—6 oocytes were selected under the microscope, and 2 ng of ex-
pression vectors containing the desired cDNAs were injected into the
oocyte nucleus. Oocytes were then placed in individual wells of a 96-well
plate and incubated for 2-3 d at 18°C in BARTH solution that contained
(in mm) 88 NaCl, 1 KCl, 2.4 NaHCO,, 10 HEPES, 0.82 MgSO,, 0.33
Ca(NO;),, and 0.41 CaCl,, pH 7.4, supplemented with 20 ug/ml kana-
mycin, 100 U/ml penicillin, and 100 ug/ml streptomycin.

Properties of oocytes were investigated using two-electrode voltage
clamp (GeneClamp; Molecular Devices). During the recordings, oocytes
were superfused at 6 ml/min with oocyte Ringer’s solution (OR2) that
contained the following (in mm): 82.5NaCl, 2.5 KCl, 5 HEPES, 2.5 CaCl,,
and 1 MgClL,, pH 7.4, and 0.5 uM atropine was added to block endoge-
nous muscarinic receptors. Bovine serum albumin (20 mg/ml) was
added to the perfusion media to prevent adsorption of the compounds to
the plastic. All compounds were diluted in OR2 medium just before the
experiment; delivery of perfusion medium was made through electrov-
alves. To prevent contamination of the ACh-evoked responses by the
contribution of endogenous Ca?"-activated chloride currents, oocytes
were treated with 100 um BAPTA-AM for at least 3 h.

Concentration-response curves were fit using the empirical Hill equa-
tion:

y =1+ (ECso/x)", (1)

where y is the fraction of remaining current, EC5, is the concentration of
half-maximal efficacy, n,; is the Hill coefficient, and x is agonist concen-
tration. Values indicated throughout the text are given with their respec-
tive SEM. Current—voltage (I-V) relationships were fit according to the
following equation:

y = (G + Gcte) X (V_ Ve)/(l + eXp - a(V— Vo)) > (2)

where y is the membrane current, G is the maximal voltage-dependent
conductance, G, is the voltage-independent conductance, « is the slope
of the Boltzman equation, V is the voltage for half-activation, V is the
reversal potential, and Vis the transmembrane potential. Statistical com-
parisons were performed with a two-tailed Student’s # test.

Neuronisolation and culture conditions. Sprague Dawley rats [postnatal
day 3 (P3)] were decapitated, and the brains were removed and placed in
ice-cold Hibernate A medium. Hippocampal regions were gently re-
moved, cut into small pieces, and placed in Hibernate-A medium with 1
mg/ml papain for 60 min at 35°C. After digestion, the tissues were washed
several times in Hibernate A media and transferred to a 50 ml conical
tube containing 6 ml of Hibernate A medium with B27 supplement (2%).
Neurons were dissociated by gentle trituration through a series of three
9-inch Pasteur pipettes with decreasing tip diameters. Cells were purified
over a Nycoprep gradient according to the methods of Brewer (1997).
Cells were plated onto poly-p-lysine/laminin-coated coverslips at a den-
sity of 300-700 cells/mm 2 allowed to adhere for 1 h at room tempera-
ture, and then transferred to 24-well tissue-culture plates containing
warmed culture medium composed of Neurobasal-A medium, B27 sup-
plement (2%), L-glutamine (0.5 mm), 100 U/ml penicillin, 100 mg/ml
streptomycin, and 0.25 mg/ml fungizone. Cells were maintained in a
humidified incubator at 37°C and 6% CO, for 1-2 weeks. The medium
was changed after 24 h and then approximately every 3 d thereafter. Cell
culture reagents were purchased from Invitrogen (Carlsbad, CA).

Brain slice preparation. Sprague Dawley rats ranging from P16 to P21
were anesthetized with halothane or pentobarbital (50 mg/kg, i.p.) and
decapitated. The brain was removed, and a block containing the hip-
pocampus was prepared. Coronal slices (350 wm thick) were cut using
either a Microslicer (DSK 1500E; Dosaka, Tokyo, Japan) or a vibrating
microtome (Campden Instruments, Loughborough, UK) in ice-cold
slicing buffer composed of the following (in mm): 130 NaCl, 26 NaHCO;,
1.25NaH,PO,, 3 KCl, 0.5 CaCl,, 10 MgCl,, 10 glucose, 0.4 ascorbic acid,
and 0.2 lidocaine, continuously bubbled with a mixture of 95% O,/5%
CO,.

Patch-clamp electrophysiology. Membrane currents were recorded us-
ing an Axopatch 200B amplifier (Molecular Devices). Analog signals
were filtered at one-fifth the sampling frequency, digitized, stored, and
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measured using pClamp software (Molecular Devices). Patch pipettes
were pulled from borosilicate capillary glass using a Flaming/Brown mi-
cropipette puller (P97; Sutter Instrument, Novato, CA). Cultured neu-
rons were continuously superfused with an external bath solution con-
taining the following (in mm): 140 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10
HEPES, and 10 glucose, pH 7.4. Bicuculline (10 um), CNQX (5 um), and
tetrodotoxin (0.5 um) were included in the bath solution to inhibit syn-
aptic activity. Patch pipettes were filled with an internal solution com-
posed of the following (in mm): 126 CsCH;SO;, 10 CsCl, 4 NaCl, 1
MgCl,, 0.5 CaCl,, 5 EGTA, 10 HEPES, 3 ATP-Mg, 0.3 GTP-Na, and 4
phosphocreatin, pH 7.2. Solutions containing test compounds were de-
livered via a multibarrel fast perfusion exchange system (Warner Instru-
ments, Hamden, CT).

Recordings from acutely isolated brain slices were performed using a
Zeiss (Oberkochen, Germany) Axioskop or a Nikon (Tokyo, Japan)
Eclipse E600FN equipped with infrared (IR)-differential interference
contrast optics and water-immersion objectives. Neurons were visual-
ized using an IR video camera [type C 25400-07 (Hamamatsu, Schiipfen,
Switzerland) or type C2400-77E (Hamamatsu, Shizuoka, Japan)]. The
preparation was continuously superfused (2—4 ml/min) with a recording
buffer composed of the following (in mm): 130 NaCl, 26 NaHCO,, 1.25
NaH,PO,, 3 KCl, 2 CaCl,, 1 MgCl,, 10 glucose, and 0.4 ascorbic acid,
saturated with a mixture of 95% 0,/5% CO,. p-AP-5 (10-20 um),
CNQX or 6,7-dinitroquinoxaline-2,3-dione (5 um), and atropine (1-5
uM) were present in the perfusion solution throughout most experi-
ments. ACh was either added to the perfusion solution or pressure-
ejected from a patch-type pipette (100-500 ms; one to two bars) posi-
tioned near the neuron tested. To record IPSCs, patch pipettes were filled
with a high chloride solution composed of the following (in mm): 136
CsCl, 4 NaCl, 1 MgCl,, 0.5 CaCl,, 5 EGTA, 10 HEPES, 3 ATP-Mg, 0.3
GTP-Na, and 4 phosphocreatin, pH 7.2. Some recordings were made
using patch pipettes filled with the following solution (in mm): 150 CsCl,
10 HEPES, 4 MgCl,, 0.1 BAPTA, 2 Na,-ATP, and 0.4 Na,-GTP, pH 7.2.
N-(2,6-dimethylphenylcarbamoylmethyl) triethylammonium bromide
(1 or 4 mm) was included in the pipette solution for experiments mea-
suring synaptic activity in brain slices. The resistance of the patch pipettes
when filled with internal solution ranged from 3 to 6 M{). For experi-
ments measuring ACh-evoked inward current in interneurons of acutely
isolated hippocampal slices, patch pipettes were filled with the same
solution as above, except that CsCl was replaced with 140 mm
K-gluconate and 10 mm KCI. All data are reported as mean = SEM.

Auditory gating experiments in anesthetized rats. Experiments were per-
formed as described previously (Krause et al., 2003; Hajos et al., 2005). In
brief, male Sprague Dawley rats (weighing 250300 g) were anesthetized
with chloral hydrate (400 mg/kg, i.p.). The femoral artery and vein were
cannulated for monitoring of arterial blood pressure and administration
of additional anesthetic and test agents, respectively. The anesthetized rat
was placed in a Kopf stereotaxic frame (David Kopf Instruments, Tu-
junga, CA), and unilateral craniotomy was performed above the hip-
pocampus. Body temperature of the rat was maintained at 37°C. Field
potentials (electroencephalogram) were recorded from the CA3 region
of the left hippocampus, 3.8 mm ventral, 3.5 mm posterior, and 3.0 mm
lateral from bregma (Paxinos and Watson, 1986), using a monopolar
stainless-steel macroelectrode (Rhodes Medical Instruments, Woodland
Hills, CA). Data were digitized and stored using the Spike2 software
package (Cambridge Electronic Design, Cambridge, UK). Auditory
stimulation consisted of two consecutive tone bursts, 10 ms in duration,
atafrequency of 5 kHz, delivered through hollow ear bars. Delay between
the first “conditioning stimulus” and second “test stimulus” was 0.5 s,
and the time interval between tone pairs was 10 s. Auditory evoked
potentials (EPs) were determined by measuring the potential difference
between the positive and the negative deflections 20 and 40 ms after
stimulation (P20 and N40), respectively. For quantification, 50 sweeps
were averaged, amplitudes of EPs were determined, and the level of sen-
sory gating was expressed as percentage of gating: (1 — test amplitude/
conditioning amplitude) X 100. Amphetamine (D-amphetamine sulfate,
1 mg/kg, i.v.) was administered to disrupt sensory gating. PNU-120596
or its vehicle (5% DMSO and 5% Solutol in PBS) was applied subse-
quently, and auditory gating measurements started 5 min after com-
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Figure 1. PNU-120596 enhances Ca>™ flux mediated by an engineered variant of the hu-

man c7 nAChR. 4, Chemical structure of PNU-120596. B, Plot of the change in relative fluores-
cence units (ARFU) mediated by 7% expressed in SH-EP1 cells. Cells were pretreated with
either vehicle (0.2% DMSO) or 3 pum PNU-120596 (first arrow) and subsequently challenged
with either buffer or 100 um ACh (second arrow). Open circles indicate cells treated first with
DMSO and then challenged with buffer, gray squares indicate cells treated first with DMSO and
then challenged with ACh, and black diamonds indicate cells treated first with PNU-120596 and
then challenged with ACh. C, Concentration—response relationship of PNU-120596 determined
from ae7*-expressing SH-EP1 cells (EC5, = 216 == 64 nw; n = 51). Error bars represent SEM.

pound or vehicle administration; efficacy was calculated as percentage of
reversal of amphetamine-induced gating deficit (percentage reversal).
Statistical significance was determined by means of a two-tailed paired
Student’s # test.

All procedures involving animals were conducted under an approved
animal use protocol in compliance with the Animal Welfare Act Regula-
tions (Code of Federal Regulations, Title 9, parts 1-3) and with the Guide
for the Care and Use of Laboratory Animals, National Institutes of Health
guidelines, or the Swiss Federal Veterinary Office.

Results

PNU-120596 selectively enhances the function of & 7 nAChRs
PNU-120596, shown in Figure 1 A, was discovered in a cell-based
Ca** flux assay using an engineered variant of the human a7
nAChR stably expressed in SH-EP1 cells (see Materials and Meth-
ods). As illustrated in Figure 1B, ACh (100 uMm) added alone to
a7*-expressing SH-EP1 cells evoked a small transient increase in
Ca®" plotted as the change in relative fluorescence units com-
pared with baseline. Pretreatment of the same cells with PNU-
120596 (3 um) produced no change in fluorescence when added
alone but markedly increased the Ca®"-mediated signal in re-
sponse to a subsequent challenge with ACh. Atropine was present
at a concentration of 1 uM throughout the experiment to block
endogenous muscarinic receptors. Concentration-response
measurements of PNU-120596 for enhancing ACh-evoked Ca**
flux in a7*-expressing SH-EP1 cells yielded an EC5, of 216 * 64
nM (n = 51) (Fig. 1C).

To further characterize the effects and mechanisms of action
of PNU-120596, we examined its action on agonist-evoked cur-
rents in Xenopus oocytes expressing the wild-type human o7
nAChR. When PNU-120596 was preapplied for 20 s, a marked
increase in the response to the agonists choline and ACh was
observed together with an important prolongation of the current
duration (Fig. 2A). Incubation with PNU-120596 resulted in a
large increase in the agonist-evoked currents, even at concentra-
tions of agonist that evoked maximal responses in control condi-
tions (Fig. 2 B). Figure 2C shows the concentration—response re-
lationships for ACh measured in control conditions and during
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Figure 2.  PNU-120596 selectively enhances the function of human a7 nAChRs. 4, Typical

currents recorded in response to a brief test pulse (3 s) of either choline (1 mm) or ACh (100 rum)
inan oocyte expressing the human a7 nAChR. Time course of typical responses recorded before
and after 20 s of pretreatment with 1 pm PNU-120596. B, Plot of the mean current amplitude
evoked by choline and ACh in the absence and presence of PNU-120596 (1 rm). G, Plot of the
average peak current as a function of ACh concentration (n = 4). Currents evoked by a series of
ACh pulses were recorded firstin control and then after PNU-120596 exposure (same protocol as
in A). Data points are the average of three cells, and error bars indicate the SDs. Curves through
the data points are the best fit obtained with the empirical Hill equation. The EC;, and n,, values
were 33.7 = 5.3and 2.2 == 0.4 um (n = 4) for control conditions and 3.8 = 0.5and 4 = 0.4
M (n = 5)inthe presence of PNU-120596. D, The effects of PNU-120596 are specific to the a7
subtype of nAChR. Ratios of peak current amplitude expressed as fold change recorded before
and after PNU-120596 (1 wum) incubation were measured in another batch of oocytes express-
ing different human nAChR subtypes. ACh test pulses were 100 wum for 7 (n = 4), 50 pum for
o432 (n = 4),50 umfor o384 (n = 4),and 10 pum for a9cr10 (n = 4). Error bars represent
SEM.

continuous exposure to PNU-120596. These data revealed that
PNU-120596 increased the maximal response and potency of the
agonist and increased the apparent cooperativity (Hill coeffi-
cient). To assess the specificity of PNU-120596 for the a7
nAChR, effects of this compound were tested at other neuronal
nicotinic acetylcholine receptors expressed in oocytes. As shown
in Figure 2 D, PNU-120596 exposure caused a potentiation only
at o7 nAChRs.

Although oocytes provide a clear demonstration of the selec-
tivity of PNU-120596 and suggest that this compound slows
down the ACh-evoked current, this preparation does not allow
conclusions to be made about the kinetic properties of native
receptors. To overcome this limitation, we therefore examined
the effects of PNU-120596 on native receptors in neurons. Con-
sistent with the results using the expressed human receptor, 1 um
PNU-120596 markedly enhanced the ACh-evoked currents re-
corded from cultured rat hippocampal neurons (Fig. 3Aa). Fig-
ure 3Ab shows the same data as Figure 3Aa, but the current am-
plitudes are normalized to highlight the effects of PNU-120596
on the decay of the currents in the continued presence of agonist.
In the absence of PNU-120596, the currents decayed to baseline
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Figure 3.  PNU-120596 potentiates endogenous o7 nAChRs of cultured rat hippocampal

neurons. Aa, Example of currents evoked by 1 mm ACh alone (top trace) and in the presence of
0.1 pum PNU-120596 (middle trace) or T um PNU-120596 (bottom trace); PNU-120596 was
added ~30 s before ACh in each case. Ab, The same data as in Aa but on an expanded time
scale; the current amplitudes have been normalized. The gray trace shows the currents evoked
by 1 mmAChin the absence of PNU-120596. B, Consecutive responses to 1s challenges with ACh
(arrows; 1 mwm) repeated once per minute. PNU-120596 was applied continuously for ~5minas
indicated by the horizontal bar. ¢, Currents evoked by 100 m ACh alone (left) and in the
presence of 1 s PNU-120596 (right). Currents recorded in the presence of PNU-120596 were
recorded in the absence (black trace) and presence (gray trace) of 10 nm MLA.

within a few hundred milliseconds during exposure to 1 mm
ACh. Pretreatment and cotreatment with 100 nm PNU-120596
produced little or no change in the peak ACh-evoked current but
significantly slowed the current decay. Treatment with 1 um
PNU-120596 virtually eliminated the decay of current during the
1 s challenge with ACh. This property of PNU-120596 is in con-
trast to that of other PAMs described previously for the a7
nAChR, which appear to have relatively little or no effect on the
decay of the macroscopic currents (Krause et al., 1998; Zwart et
al., 2002; Chimienti et al., 2003; Conroy et al., 2003; Zbarsky et al.,
2004). Asillustrated in Figure 3B, the effects of PNU-120596 were
maintained during a prolonged exposure. In this example, PNU-
120596 was applied continuously for ~5 min while ACh (1 mm)
was applied repeatedly at 1 min intervals; each application was 1 s
in duration. On average, the amplitude of the first ACh-evoked
response measured in the presence of PNU-120596 was 625 =+
165% (n = 4) of the control ACh response and was indistinguish-
able from the responses recorded after ~5 min of continuous
exposure to PNU-120596 (678 = 213%; n = 4). The effects of
PNU-120596 rapidly reversed during washout, and the ACh-
evoked currents returned to baseline levels. To test whether
PNU-120596 acted on a7-containing nAChRs in the cultured
neurons, ACh was applied to cells pretreated and cotreated with
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PNU-120596 (1 pM)

Nicotine (100 pM)

vd 002

30s

PNU-120596 can activate desensitized o7 nAChRs. Nicotine (100 wum) was applied

Figure4.
to cultured rat hippocampal neurons for a duration of 2.5 min. After 30 s of continuous exposure
tonicotine, PNU-120596 (1 ) was coapplied for an additional 2 min. The duration of exposure
to nicotine and PNU-120596 is indicated by the black horizontal bars above the top trace. The
initial response to nicotine is shown by the bottom trace (gray); the small gray bar indicates the
region from the top trace that is expanded in the bottom trace.

both PNU-120596 (1 uM) and the selective @7 nAChR antagonist
MLA (10 nm). As illustrated in Figure 3C, PNU-120596 failed to
potentiate the ACh-evoked response when measured in the pres-
ence of MLA (n = 3). The cell used for this example was typical of
most cultured hippocampal neurons and predominantly ex-
pressed MLA-sensitive ACh-evoked currents (Alkondon and Al-
buquerque, 1993; Zarei et al., 1999). Thus, these data, in combi-
nation with the results shown in Figure 2D, provide good
evidence that PNU-120596 enhanced the function only of
nAChRs containing the &7 subunit.

A substantial difference between PNU-120596 and previously
described PAMs of the 7 nAChR is that PNU-120596 greatly
prolongs the whole-cell response evoked by agonist. We further
explored this property by testing whether PNU-120596 could
convert a7 nAChRs that were already desensitized by a high con-
centration of an agonist back to a conducting state. For this ex-
periment, cultured rat hippocampal neurons were exposed to a
relatively high concentration of nicotine (100 um) for 30 s to
activate and fully desensitize the a7 nAChRs. Subsequently, in
the continued presence of nicotine, PNU-120596 (1 um) was
coapplied for an additional 2 min. As illustrated in Figure 4, the
subsequent addition of PNU-120596 resulted in a large and sus-
tained inward current that was readily reversed during washout.
The current evoked by PNU-120596 developed slowly and was,
on average, 475 & 85% (n = 4) of the peak current evoked by the
initial application of nicotine. These results suggest that PNU-
120596 activated receptors that were presumably agonist-bound
but desensitized.

The effects caused by PNU-120596 can be attributed to differ-
ent mechanisms that include reduction of desensitization, allo-
steric potentiation, modification of the channel properties, etc.
To examine whether PNU-120596 modifies the channel proper-
ties of the 7 nAChR, we first tested whether PNU-120596 altered
the reversal potential of the ACh-evoked currents and then de-
termined how single-channel properties were affected. Voltage
ramps from —100 to 40 mV were applied during the peak re-
sponse evoked by 10 um ACh with and without 1 um PNU-
120596 in the bath solution (Fig. 5A). As expected for an allosteric
modulator, PNU-120596 caused an important increase in the
current amplitude but no detectable change in either the reversal
potential or the voltage dependency. The solid lines in Figure 5B
are the best fit obtained with Equation 2; both curves have iden-
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Figure5.  PNU-120596 does not modify the ion selectivity of o7 nAChRs. A, Currents evoked
by low ACh concentration (10 wum) were recorded first in control conditions and after exposure
to PNU-120596. Application of a voltage ramp during the ACh application allowed the determi-
nation of the current—voltage relationship shown in B. Lines through the data points are the
best fits obtained using Ohm’s Law and a Boltzman equation to mimic the voltage dependency
(see Materials and Methods). Parameters for the equation were not statistically different (V, =
0mV; o = 0.88; V/, = —21.8mV) in the two conditions, except for the conductances G = 2.3
nS, G4 = 0.4nSin controland 6 = 13.3nS, G, = 4.5 nSafter PNU-120596 exposure. Values
are the mean results obtained from six oocytes.
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Figure6.  PNU-120596increases the open time of 7 nAChRs. Aa, Ba, Examples of nicotine-
evoked currents recorded from the same outside-out membrane patch in the absence (Aa) and
presence (Ba) of 1 v PNU-120596. Membrane patches were pulled from GH4-C1 cells express-
ing the rat &7 nAChR. In this example, nicotine was applied for 1s when given alone and for 250
ms in the presence of PNU-120596; a shorter application of nicotine was required in the pres-
ence of PNU-120596 to capture the complete decay of current. Ab, Bb, Expanded regions of the
same data as above. Note the 10-fold difference in the time scale between Ab and Bb.

tical parameters except for the conductance. This illustrates that
the effects PNU-120596 do not involve an alteration of the ion
selectivity of a7 nAChRs.

The effects of PNU-120596 on single-channel properties were
evaluated with outside-out patch recordings from GH4-C1 cells
expressing the rat o7 nAChR. Nicotine-evoked currents were
recorded from membrane patches before and during continuous
exposure to PNU-120596 (1 um). When applied alone, nicotine
evoked a briefinitial spike in channel activity reflecting the simul-
taneous opening of several channels, followed by brief unitary
events occurring for the duration of the 1 s application of agonist
(Fig. 6A). Figure 6 B shows a nicotine-evoked current (250 ms
application) from the same membrane patch as Figure 6 A but in
the presence of 1 um PNU-120596. As expected, the peak re-
sponse was greatly increased, and the response was markedly
prolonged. Even after the removal of nicotine, the currents slowly
returned to baseline levels in the continued presence of PNU-
120596. Careful examination of the currents as they returned to
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Figure 7.  PNU-120596 enhances the excitatory actions of ACh on hippocampal interneurons in isolated slices. A, Effect of
PNU-120596 on the ACh-evoked current in a stratum radiatum hippocampal interneuron. The voltage-clamp records show the
inward current evoked by ACh (0.2 mu) in control conditions (top trace) and after the addition of PNU-120596 (2 um) to the
perfusion solution (bottom trace). The horizontal bar above the current traces indicates the time during which ACh was pressure
ejected. The patch pipette was filled with a K-gluconate-containing solution, and the holding potential was —70 mV. B, Contin-
uous recording from pyramidal neurons showing spontaneously occurring GABAergic synaptic activity. After 3 min of baseline
measurement, ACh (10 rem), PNU-120596 (0.3 um), or the combination of ACh (10 wm) and PNU-120596 (0.3 um) was bath
applied for an additional 10 min. C, Plot of the change in synaptic activity relative to the baseline period measured for the three
experimental groups. Data points are the average number of events recorded during consecutive 60 s bins for ACh alone (open
squares; n = 5), PNU-120596 alone (open circles; n = 5), and ACh plus PNU-120596 (filled circles; n = 6). In each case, baseline
activity was measured over a 3 min period, and test solutions were bath applied for 10 min. D, Effect of ACh on spontaneous
GABAergic IPSCs in a CA1 pyramidal neuron. All recordings were performed in the presence of PNU-120596 (2 rum). The synaptic
activity was recorded in the absence (first and third traces) and in the presence (second and fourth traces) of ACh (50 pum). TTX (1
fum) was present when the third and fourth traces were recorded. Patch pipettes were filled with a CsCl-containing solution, and
the holding potential was —70 mV. Note that TTX suppressed the ACh-dependent increase in inhibitory synaptic activity. Error
bars represent SEM.

J. Neurosci., April 27, 2005 - 25(17):4396 — 4405 - 4401

little if any effect on either the ion selectiv-
ity or the unitary conductance.

PNU-120596 enhances 7 nAChR
function in rat hippocampal
interneurons and modulates GABAergic
synaptic transmission in isolated

brain slices

Rat hippocampal interneurons are known
to express a7 nAChR subunit protein, and
it has been proposed that these cells ex-
press functional nAChRs that resemble
homomeric a7 receptors expressed in cell
lines (Alkondon et al., 1997; Jones and
Yakel, 1997; Frazier et al., 1998; Ji and
Dani, 2000). To assess the effects of PNU-
120596 on native receptors, we recorded
ACh-evoked currents in CAl stratum ra-
diatum interneurons. As expected, pres-
sure application of ACh (0.2 mMm) evoked
fast inward currents, which showed rapid
desensitization in six of seven interneu-
rons voltage clamped at —70 mV, with an
average peak amplitude of 209 = 86 pA
(range, 39-676 pA) (Fig. 7A, top trace).
Adding PNU-120596 (2 uMm for 12-20
min) in the perfusing solution enhanced
the ACh-evoked currents in all interneu-
rons investigated. Moreover, in one cell,
an ACh-evoked response was observed in
the presence of PNU-120596, whereas no
detectable current could be observed in
control conditions. The average ACh-
evoked response was increased by more
than four times to 867 = 259 pA; p < 0.05
(range, 132-2098 pA) (Fig. 7A, bottom
trace). Concomitantly, PNU-120596
caused a significant increase in the re-
sponse duration. In control conditions,
ACh currents returned to baseline levels
within 1.35 = 0.08 s, whereas in the pres-
ence of PNU-120596, complete decay was
observed only after 3.5 = 0.4s ( p <0.01).
Both responses recorded in control and
during superfusion with PNU-120596
were suppressed by the a7-selective antag-
onist MLA at 10 nM (n = 3), confirming
that, as in oocytes and cultured neurons,

baseline revealed discrete unitary events of ~4.5 pA and of a long
open time. Openings of such long duration were never observed
in the absence of PNU-120596. Unitary current amplitudes esti-
mated by nonstationary noise analysis were —2.7 = 0.8 pA (n =
5) and —4.4 £ 0.5 pA (n = 4) in the absence and presence of
PNU-120596, respectively. The estimated unitary amplitude of
—4.4 pA in the presence of PNU-120596 is consistent with the
measured amplitude of the resolved events. It is difficult to draw
a conclusion regarding the effect of PNU-120596 on the unitary
conductance. The amplitude of the very brief events measured in
the absence of PNU-120596 is likely underestimated because of
the cutoff frequency of the recording conditions. Thus, the uni-
tary currents were either slightly increased by PNU-120596 or not
affected. Together, these data suggest that the major effect of
PNU-120596 was to increase the mean open time while having

PNU-120596 potentiated the ACh responses mediated by a7-
containing nAChRs.

The ability of PNU-120596 to influence synaptic transmission
was evaluated by recording spontaneously occurring GABAergic
synaptic events from CA1 pyramidal neurons in response to chal-
lenges with ACh (10 uMm), PNU-120596 (300 nMm), or the combi-
nation of ACh and PNU-120596 (Fig. 7B, C). GABAergic synap-
tic events were recorded in the presence of glutamate receptor
antagonists and with high intracellular chloride (see Materials
and Methods). Under these conditions, the recorded synaptic
events should be exclusively GABAergic, and it was shown previ-
ously that they can be blocked by bicuculline (Zaninetti and
Raggenbass, 2000; Ogier and Raggenbass, 2003). When applied
alone, PNU-120596 produced no detectable change in the fre-
quency of spontaneously occurring synaptic events (baseline ac-
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tivity of 19.7 = 2.7 vs 16.2 * 7.8 events/min in the presence of
PNU-120596; n = 5).In the same configuration, continuous bath
application of ACh produced a transient increase in synaptic ac-
tivity that declined toward baseline levels after ~3 min (baseline
activity of 38.9 * 11.6 events/min vs peak activity of 151.4 = 67.3
events/min in the presence of ACh; n = 5). PNU-120596 mark-
edly enhanced the actions of ACh on synaptic transmission, re-
sulting in a large and long-lasting increase in GABAergic synaptic
activity (baseline activity of 22.3 =+ 4.2 events/min vs peak activity
of 442.8 £ 97.2 events/min in the presence of ACh plus PNU-
120596; n = 6).

Neuronal nAChRs can be located on cell somata or dendrites,
where they can mediate direct postsynaptic effects, or on axon
terminals, where they can modulate neurotransmitter release (for
review, see Alkondon and Albuquerque, 2004). Thus, the positive
modulation by PNU-120596 of the ACh-stimulated synaptic
transmission in hippocampal slices could be attributable to PNU-
120596 acting on nAChRs located on the somatodendritic mem-
brane or on axon terminals of GABAergic interneurons. To dis-
tinguish between these possibilities, we compared the effects of
PNU-120596 and ACh on both spontaneous and miniature
GABAergic IPSCs (mIPSCs) in CA1 pyramidal neurons. All re-
cordings were performed while PNU-120596 (2 uM) was present
in the bath solution. In an initial series of experiments, ACh (50
M) was bath applied in the absence and presence of TTX (1 uM).
In the absence of TTX, ACh increased the frequency of events and
thus decreased the mean IPSC interevent interval from 83 * 47 to
47 * 12 ms (Fig. 7D, first and second traces). In addition, ACh
increased the mean IPSC amplitude from 32 £ 1 to 77 = 9 pA
(n = 3; p < 0.01 in all cases). In contrast, when applied in the
presence of TTX, ACh did not significantly affect either the inter-
event interval (130 = 58 ms) or the amplitude (35 = 3 pA) of
action potential-independent mIPSCs recorded from the same
three pyramidal neurons (Fig. 7D, third and fourth traces). In a
second series of experiments, pyramidal neurons were recorded
while ACh (200 uMm) was pressure ejected on a nearby stratum
radiatum interneuron; as above, PNU-120596 was present at 2
uM throughout. ACh caused an increase in the frequency of
IPSCs in all of the pyramidal neurons tested in this configuration
(n=9; p <0.01 in all cases). In control conditions, the mean
IPSC interevent interval was 197 * 54 ms, whereas after ACh
ejection, the interevent interval decreased to 52 *= 11 ms. The
amplitude of the IPSCs was increased in three of these neurons by
185-770% (p < 0.01 in all cases) and was decreased in one neu-
ron by 47% ( p < 0.01). It remained unchanged in the five re-
maining neurons. mIPSCs were recorded in the presence of TTX
(1 wM) in five of nine pyramidal neurons. In these five neurons,
the mean mIPSC interevent interval was 164 * 36 ms, and the
mean mIPSC amplitude was 22 = 4 pA. Pressure ejection of ACh
did not significantly affect the interevent interval or the ampli-
tude of mIPSCs in any of these neurons. Together, these data
suggest that PNU-120596 positively modulated the ACh-
dependent increase in hippocampal inhibitory transmission by
reinforcing the direct excitatory effect of ACh on GABAergic
interneurons.

Effects of PNU-120596 on hippocampal auditory gating in
anesthetized rats

Recordings of hippocampal field potentials revealed responses
evoked by auditory stimuli in anesthetized rats (Fig. 8 A). As has
been reported previously, the second of two evoked responses
spaced 500 ms apart is reduced relative to the first, a process
known as auditory gating (Bickford-Wimer et al., 1990). Audi-
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Figure 8.  PNU-120596 improves auditory gating deficits induced by p-amphetamine in

anesthetized rats. A, Hippocampal auditory evoked potentials (summation of 50 consecutive
evoked potentials, displayed at a continuous 1's sweep) in response to conditioning and test
auditory tones (indicated by dashed lines; intertone interval, 0.5 s) in control conditions (black
trace) and after administration of p-amphetamine (gray trace; 1.0 mg/kg, i.v.). B, Typical hip-
pocampal auditory evoked potentials (summation of 50 consecutive evoked potentials) in re-
sponse to conditioning (black trace) and test (gray trace) auditory tones in control conditions
after administration of p-amphetamine (Amph; 1.0 mg/kg, i.v.) and after a subsequent admin-
istration of vehicle (PBS) or PNU-120596 (1 mg/kg, i.v.). C, Average of hippocampal auditory
gating in rats (expressed as a percentage) during the control period, after p-amphetamine (1.0
mg/kg, i.v.), and after subsequent administration of vehicle (PBS; 1 ml/kg, i.v.; n = 8) or
PNU-120596 (1 mg/kg, i.v.; n = 7). Each point represents mean == SEM percentage gating;
auditory gating was calculated from 50 consecutive evoked potentials (’p < 0.01vs AMP; *p < 0.01
vs control). D, Dose—response effect of PNU-120596 administered subcutaneously on an amphet-
amine-induced gating deficit expressed as percentage of reversal (*p << 0.05 vs AMP; *p << 0.05 vs
vehicle; total of 46 animals included in dose—response). Error bars represent SEM.

tory gating can be impaired by administration of b-amphetamine
(1 mg/kg, i.v.) in the majority of treated rats, as indicated by a
significant decrease in the ratio of the test response to the condi-
tioning response (Fig. 8 A, B). As shown in Figure 8C, intravenous
administration of PNU-120596 (1 mg/kg; n = 7) significantly
reversed the amphetamine-induced gating deficit, whereas ad-
ministration of the vehicle (1 ml/kg, i.v.; n = 8) produced no
improvement in gating over the same period of time. PNU-
120596 also reversed the amphetamine-induced gating deficits
with intravenous administration of 0.3 mg/kg (47 = 3.8% rever-
sal; n = 6; p < 0.01) and 0.1 mg/kg (37 * 4.2% reversal; n = 6;
p < 0.05). The concentrations of PNU-120596 measured in the
brains of rats receiving intravenous doses of 0.1, 0.3, and 1 mg/kg
were 81 *= 31, 348 *= 189, and 1554 * 584 nM, respectively.
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Consistent with the results obtained with intravenous doses, Fig-
ure 8 D shows the dose—response relationship achieved with sub-
cutaneous administration of PNU-120596. The minimal effective
dose under these conditions was 0.3 mg/kg and was associated
with a brain exposure of 76 * 17 nM (Fig. 8 D).

Discussion

Like all ligand-gated ion channels, the &7 nAChR is both acti-
vated and desensitized by agonists in a concentration-dependent
manner, and it can become desensitized at lower agonist concen-
trations than those required to substantially activate the receptor
(for review, see Quick and Lester, 2002). Thus, under conditions
of continuous exposure, such as those that may be approached
with chronic drug treatment, a7 nAChR agonists may have a
relatively narrow effective-concentration range limited to the re-
gion of overlap in which the receptors are activated but not fully
desensitized (for review, see Hogg and Bertrand, 2004). Consis-
tent with this idea, it has been suggested that receptor desensiti-
zation may contribute to the relatively modest effects of nicotine
on specific neurocognitive measures in human clinical studies
(Smith et al., 2002; Harris et al., 2004).

Unlike agonists, PAMs do not directly activate or desensitize
ligand-gated receptors; instead, they enhance the sensitivity
and/or efficacy of the receptor during agonist activation. Several
compounds have been identified previously that are PAMs of the
a7 nAChR, including ivermectin (Krause et al., 1998),
5-hydroxyindole (Zwart et al., 2002), and peptides including se-
rum albumins (Conroy et al., 2003), SLURP (secreted mamma-
lian Ly-6/uPAR-related protein) (Chimienti et al., 2003), and a
peptide fragment of acetylcholinesterase (Zbarsky et al., 2004).
All of these compounds potentiate the peak agonist-evoked re-
sponse mediated by the a7 nAChR, but none of these agents
substantially modifies the duration of the response. Thus, PNU-
120596 represents a new class of allosteric modulator of the a7
nAChR. Similar to the actions of some allosteric modulators of
AMPA receptors (for review, see O’Neill et al., 2004), PNU-
120596 increased the peak agonist-evoked response and mark-
edly prolonged the macrosopic currents in the presence of ago-
nist, possibly by interfering with the desensitization process.
Thus, the net effect of PNU-120596 was to substantially increase
total ion flux at all effective agonist concentrations. PNU-120596
also significantly increased the slope of the ACh concentration—
response relationship (Hill coefficient increased from 2.2 to 4)
and increased the potency of ACh by ~10-fold. The present work
provides good evidence that a major effect of PNU-120596 was to
increase the mean open time while having relatively little or no
effect on either the unitary conductance or ion selectivity of the
channel. These results suggest that PNU-120596 does not pro-
duce major structural changes in the ion-conduction pathway
such as those that might be obtained with the formation of a new
conducting state. One possible explanation is that PNU-120596
stabilizes the existing open state of the channel, a mechanism
distinct from that produced by the L247T mutation that converts
the desensitized state of the receptor into a conducting state (Ber-
trand et al., 1992).

It has been well established that, within the rat hippocampus,
a7 nAChRs are located on inhibitory interneurons and that acti-
vation of those receptors can increase hippocampal GABAergic
neurotransmission (Alkondon et al., 1997; Radcliffe et al., 1999;
Kofalvi et al., 2000; Buhler and Dunwiddie, 2002). In the present
study, PNU-120596 was found to increase and prolong the a7
nAChR-mediated currents recorded from hippocampal inter-
neurons and substantially enhance the ACh-evoked GABAergic
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synaptic transmission measured in pyramidal cells. To determine
whether PNU-120596 could also enhance o7 nAChR function in
response to endogenously released ACh, in vivo electrophysiol-
ogy recordings were used to evaluate its effects on auditory gating
in rats. Auditory gating is measured as the suppression of the
second of paired auditory evoked potentials when the stimuli are
given at sufficiently short intervals, a process proposed to result
from local release of GABA after the initial auditory stimulation
(for review, see Martin et al., 1994). Previous work has shown that
agonists of the @7 nAChR can improve gating deficits in rats
regardless of whether they are induced pharmacologically
(Stevens et al., 1999; Hajos et al., 2005), genetically (Stevens and
Wear, 1997), or behaviorally (O’Neill et al., 2003). However, un-
like agonists, PNU-120596 has no detectable activity when added
alone and can only enhance receptor function in the presence of
an agonist. Two conclusions can be drawn from the present re-
sults showing that PNU-120596 reversed the amphetamine-
induced auditory gating deficit. First, sufficient levels of an en-
dogenous agonist (ACh or choline) must have been present at the
relevant receptors at the time of the measurements. Second, the
positive outcome indicates that a sufficient concentration of
PNU-120596 entered the brain and reached the target receptor
when administered systemically (intravenously or subcutane-
ously). Brain concentrations of PNU-120596 associated with
minimally effective doses were ~81 and 76 nM for intravenous
and subcutaneous administration, respectively. This exposure is
comparable with the concentration that produced a measurable
modulation of ACh-evoked currents in hippocampal neurons
(100 nm) (Fig. 3Ab) and overlaps with the lower range of the
concentration—response determined from a7*-expressing SH-
EP1 cells (Fig. 1C).

In summary, the data presented in this study demonstrate that
PNU-120596 represents a novel PAM of the a7 nAChR that can
increase the maximal agonist-evoked current and markedly slow
the decay of the currents in the continued presence of agonist.
PNU-120596 produces these effects in part by increasing the
channel mean open time, but it has no effect on the ion selectivity
and relatively little, if any, effect on the unitary conductance.
Importantly, this work demonstrates that PAMs such as PNU-
120596 can positively influence the function of brain circuitry in
vivo and thus represents a potential new therapy for a variety of
psychiatric and neurological disorders that are associated with a7
nAChR dysfunction.
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