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The  activity  of  positive  allosteric  modulators  (PAMs)  of �7 nicotinic  acetylcholine  receptors  (AChRs),
including  3-furan-2-yl-N-p-tolyl-acrylamide  (PAM-2),  3-furan-2-yl-N-o-tolylacrylamide  (PAM-3),  and
3-furan-2-yl-N-phenylacrylamide  (PAM-4),  was  tested  on a variety  of  ligand-  [i.e.,  human  (h)  �7,  rat
(r)  �9�10,  h�3-containing  AChRs,  mouse  (m)  5-HT3AR,  and  several  glutamate  receptors  (GluRs)]  and
voltage-gated  (i.e.,  sodium  and  potassium)  ion  channels,  as  well  as  on acetylcholinesterase  (AChE)  and
�-amyloid  (A�)  content.  The  functional  results  indicate  that  PAM-2  inhibits  h�3-containing  AChRs
(IC50 =  26  ± 6 �M)  with  higher  potency  than  that  for NR1aNR2B  and  NR1aNR2A,  two  NMDA-sensitive
GluRs.  PAM-2  affects  neither  the  activity  of m5-HT3ARs,  GluR5/KA2  (a kainate-sensitive  GluR),  nor  AChE,
and  PAM-4  does  not  affect  agonist-activated  r�9�10  AChRs.  Relevant  clinical  concentrations  of PAM-
2–4  do  not  inhibit  Nav1.2  and  Kv3.1  ion channels.  These  PAMs  slightly  enhance  the  activity  of  GluR1  and
-Amyloid
olecular docking and molecular dynamics

GluR2,  two  AMPA-sensitive  GluRs.  PAM-2  does  not  change  the  levels  of A�42 in  an  Alzheimer’s  disease
mouse  model  (i.e., 5XFAD).  The  molecular  docking  and  dynamics  results  using  the  h�7  model  suggest  that
the active  sites  for PAM-2  include  the  intrasubunit  (i.e.,  PNU-120596  locus)  and  intersubunit  sites.  These
results  support  our  previous  study  showing  that  these  PAMs  are  selective  for  the  �7  AChR,  and  clarify
that  the  procognitive/promnesic/antidepressant  activity  of  PAM-2  is  not  mediated  by other  targets.

© 2016  Elsevier  Ltd. All  rights  reserved.
Abbreviations: 5-HT, 5-hydroxytryptamine (serotonin); m5-HT3AR, murine seroton
MDAR, N-methyl-D-aspartate receptor; AMPAR, �-amino-3-hydroxy-5-methyl-4-iso
cetyltiocholine; AChE, acetylcholinesterase; ECD, extracellular domain; TMD, transmem
crylamide; PAM-3, 3-furan-2-yl-N-o-tolylacrylamide; PAM-4, 3-furan-2-yl-N-phenylacr
-methyl-D-aspartic acid; KA, kainate; Nav1.2, voltage-gated sodium channel type 1.2;
aximum rate of enzymatic reaction; Km,  Michaelis constant; IC50, ligand concentration
ulbecco’s Modified Eagle Medium; FBS, fetal bovine serum.
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ylamide; AMPA, �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA,

 Kv3.1, voltage-gated potassium channel type 3.1; RT, room temperature; Vmax,
 that produces 50% inhibition; Ki, inhibition constant; nH, Hill coefficient; DMEM,
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. Introduction

In recent years, many agonists, antagonists, and positive
llosteric modulators (PAMs) with selectivity for the �7 nicotinic
cetylcholine receptor (AChR) have been recently studied as poten-
ial treatments for different neurological disorders (reviewed in
rias, 2010; Malysz et al., 2009; Chatzidaki and Millar, 2015). In
articular, PAMs have generated a lot of expectation since these
ompounds can potentiate the �7 AChR activity elicited by endoge-
ous neurotransmitters, ACh and choline, potentially producing

ewer side effects than exogenous agonists. In previous studies,
he activity of three �7-PAMs (PAM-2–4) was characterized (Arias
t al., 2011; Targowska-Duda et al., 2014; Andersen et al., 2016).
hese PAMs enhance agonist-induced �7 AChR activity (Arias et al.,
011) and reactivate desensitized �7 AChRs (Targowska-Duda

t al., 2014) supporting a type II PAM classification. Additional
icroscopic current results showed that these PAMs behave as type

 PAM at 22 ◦C, whereas this activity decreased at higher temper-
tures (i.e., 34 ◦C), coincident with type II PAMs (Andersen et al.,
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ig. 1. Effect of PAM-2 on agonist-induced Ca2+ influx in CH3-h�7 and N1E115-
5-HT3 cells. (A) Increased concentrations of (±)-epibatidine (�) activate h�7

ChRs with potency EC50 = 52 ± 4 nM (n = 28). PAM-2 (10 �M)  (�) increases
±)-epibatidine-induced h�7 AChR activity with apparent EC50 = 17 ± 5 nM and
max = 190 ± 5% (n = 3). Statistical analysis was performed by a paired t-test with
idak-Bonferroni correction for repeated measurements. The results indicated that
oth curves are different (P < 0.02) in the concentration range labeled with *. (B)

ncreased concentrations of 5-HT (�) activate m5-HT3Rs with EC50 = 0.55 ± 0.03 �M
n  = 47). Subsequently, cells were pre-treated with several concentrations of PAM-2
�)  followed by addition of 1 �M 5-HT (n = 3). Agonist responses were normalized
o  the maximal response which was set as 100%. Each data point is the mean ± SEM.
he  apparent EC50, Emax, and nH values are summarized in Table 1.
chemistry & Cell Biology 76 (2016) 19–30

2016). In conclusion, PAM-2–4, present pharmacological proper-
ties of both type I and type II PAMs, that make them different to
other �7 PAMs.

To complete the initial studies on receptor selectivity performed
on several human (h) AChR subtypes (Arias et al., 2011, 2015a), the
activity of PAM-2 was  tested on other members of the Cys-loop
family, including rat (r)�9�10 and h�3-containing AChRs as well
as mouse (m)5-HT3ARs. We  also determined whether PAM-2 can
modulate choline-evoked �7 nAChR currents when low concen-
trations of choline are used.

Since PAM-2 has procognitive (Potasiewicz et al., 2015) and
promnesic (Targowska-Duda et al., 2016) activities, and glutamate
receptors (GluRs) are important for learning and memory processes
(Gécz, 2010; Collingridge et al., 2013), the activity of PAM-2 was
determined on several GluR subtypes, including those sensitive to
N-methyl-d-aspartate (NMDA) (i.e., hNR1aNR2A and hNR1aNR2B),
�-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
(i.e., GluR1 and GluR2), and kainate (KA) (i.e., GluR5/KA2).

Since Nav1.2 (Ahn et al., 2007) and Kv3.1 (Perney et al., 1992)
channels are found in the hippocampus, and this brain area is con-
sidered very important for cognitive and memory functions, the
activity of these PAMs was tested on these channels.

Taking into account that some acetylcholinesterase (AChE)
inhibitors used in the treatment of Alzheimer’s disease (i.e., tacrine
and galantamine) are also PAMs at different AChRs (Storch et al.,
1995; reviewed in Arias, 2010, 2011), the activity of PAM-2 was also
tested on the AChE. Since the chronic application of galantamine
reduces the plaque density in 5XFAD transgenic mice (Bhattacharya
et al., 2014), an Alzheimer’s disease animal model (Oakley et al.,
2006), the effect of PAM-2 on brain levels of A�42 (i.e., active species)
was also determined in the same transgenic mice.

Our previous molecular docking results suggest that PAM-2–4
may  bind to either the extracellular domain (ECD), transmembrane
domain (TMD), and/or the ECD-TMD junction (Arias et al., 2011).
To determine what domain is the most important, PAM-2 activity
was correlated with the structural components (i.e., determined by
molecular docking and molecular dynamics) of the binding sites at
the h�7 AChR and mouse (m)5-HT3ARs. Based on our study, PAM-
2–4 are selective for the h�7 AChR, where they bind to the TMD
at the intrasubunit (i.e., the PNU-120596 locus) and intersubunit
sites.

2. Material and methods

2.1. Materials

(±)-Epibatidine hydrochloride and serotonin hydrochloride (5-
HT) were obtained from Tocris Bioscience (Ellisville, Missouri, USA).
Fetal bovine serum (FBS) and trypsin/EDTA were purchased form
Gibco BRL (Paisley, UK). Acetylthiocholine (ACTh), 5,5′-dithiobis(2-
nitrobenzoic acid) (DTNB), acetylcholinesterase from Electrophorus
electricus, poly-ornithine coated 24-well dishes, methyllycaconi-
tine (MLA), (−)-nicotine hemisulfate (NIC), N-methyl-d-aspartic
acid (NMDA), �-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), kainate (KA), glycine hydrochloride, choline chlo-
ride, PEG200, and acetylcholine chloride (ACh) were obtained
from Sigma-Aldrich (St. Louis, MO,  USA), whereas probenecid was
obtained from Sigma-Aldrich (Buchs, Switzerland). Trypsin–EDTA
was obtained from Euroclone (Milan, Italy). Dulbecco’s Modified
Eagle Medium (DMEM) was obtained from Seromed (Biochrom,

Berlin, Germany), and Fluo-4 was  purchased from Molecular Probes
(Eugene, Oregon, USA). PAM-2–4 were synthesized as described
previously (Arias et al., 2011). Salts, solvents, and reagents were
purchased from commercial suppliers and used as received.
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Fig. 2. PAM-2-induced inhibition of nicotine(NIC)-evoked currents in SH-SY5Y cells. (A) Representative electrophysiological recordings showing the effect of PAM-2 on the
current  evoked by 10 and 100 �M NIC, respectively. The bars ( ) indicate the duration of the drug application. (B) Effect of 10 �M PAM-2 on NIC-evoked currents in the
absence and the presence of 0.1 �M MLA. (C) Histogram showing the effect of PAM-2 (10 �M) on the peak and plateau currents evoked by 10 �M NIC in the absence and the
presence of 0.1 �M MLA. Plateau currents are measured when the currents reach a steady value. Each data point is the mean ± SEM for 4–5 cells. No statistical differences
were  detected between the effect of PAM-2 with or without MLA  (t-test; P > 0.05). (D) Concentration-response curves for PAM-2 on SH-SY5Y-AChRs activated by either
10  �M (©) or 100 �M (�) NIC. Each data point is the mean ± SEM for at least 6 cells. The obtained r2 values are 0.92 (©) and 0.81 (�). The calculated IC and n values are
s
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ummarized in Table 1.

.2. Ca2+ influx measurements using the CH3-ha7 and
1E115-m5-HT3A cell lines

The CH3-ha7 (Arias et al., 2011) and N1E115-m5-HT3A (Hussy
t al., 1994) cells were cultured as described previously. The Ca2+

nflux experiments using the CH3-ha7 cells are described else-
here (Arias et al., 2011). On the day of the experiment, the medium
as removed by flicking the plates and replaced with 100 �L DMEM

3.7 g/L NaHCO3; 1.0 g/L glucose; with stable glutamine) supple-
ented with 10% (v/v) FBS, containing 2 �M Fluo-4 and 2.5 mM

robenecid. The cells were then incubated at 37 ◦C in a humidified
tmosphere (5% CO2/95% air) for 1 h. Plates were flicked to remove
xcess of Fluo-4, cells washed once with HBSS buffer (130 mM NaCl,
.5 mM KCl, 2 mM CaCl2, 0.8 mM MgSO4, 0.9 mM NaH2PO4, 25 mM
lucose, 20 mM HEPES, pH 7.4). The N1E115-m5-HT3A cell plates
ere refilled (100 �L) with different concentrations of PAM-2 and

ncubated for 5 min  at RT. Plates were then placed in the cell plate
tage of the fluorimetric imaging plate reader (Molecular Devices,
unnyvale, CA, USA). A baseline consisting of 5 measurements of
.4 s each was recorded. Agonists (i.e., 1 �M 5-HT to the N1E115-
5-HT3A cells, and different concentrations of (±)-epibatidine to

he GH3-h�7 cells) were then added to the cell plate using the 96-
ip pipettor simultaneously to fluorescence recordings for 3 min.
he laser excitation and emission wavelengths are 488 and 510 nm,
t 1 W,  with a CCD camera opening of 0.4 s. The potentiating EC
50
nd nH values were determined by nonlinear regression.
50 H

2.3. Patch-clamp experiments using the SH-SY5Y, SH-SY5Y-h˛7,
JM4C, and HEK293 cell lines

The human neuroblastoma SH-SY5Y cells (Dunckley and Lukas,
2006), the SH-SY5Y-h�7 cells overexpressing the h�7 AChR (Arias
et al., 2011), and the JM4C fibroblasts (kindly provided by Dr.
Whiting) stably expressing the hNR1a and hNR2A or hNR1a and
hNR2B subunits were cultured as previously described (Losi et al.,
2008). HEK293 cells were transiently transfected with the respec-
tive GluR1, GluR2, GluR5, and GluR/K2 plasmids (generous gifts
from Prof. Seeburg). For the electrophysiological experiments, cells
were plated on glass coverslips in 35 mm  dishes.

Patch-clamp recordings were performed at RT in the whole-cell
configuration. During the experiments the cells were continuously
perfused at 5 mL/min with standard solution containing: 145 mM
NaCl, 5 mM KCl, 1 mM CaCl2, 5 mM HEPES, 5 mM glucose, and
20 mM sucrose, pH 7.4. Patch electrodes had a resistance of 3–5 M�,
and were filled with 140 mM KCl, 5 mM HEPES, 5 mM EGTA, 3 mM
MgCl2, and 2 mM  Na2ATP, pH 7.2. Cells were clamped at −60 mV
and access resistance was  monitored throughout the recordings.
Currents were amplified with an Axopatch 1D amplifier, filtered
at 5 kHz, digitized at 10 kHz. Drug application has a fast onset and
achieves complete local perfusion (Y-tube system) of the recorded
cell. Off-line data analysis and curve fitting were performed with
pClamp 8 (Axon Instruments, Foster City, CA, USA).
The modulatory effect of PAM-2 was  measured following this
protocol: first, application of the agonist (choline, NMDA, Glu, or
KA), and after 1 min, application of the agonist together with PAM-2
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at different concentrations). After 1–2 min  of washout, the agonist
as applied to check the complete recovery of the receptor.

.4. Patch-clamp experiments using the neuroblastoma N1E115
nd L929 cells expressing the respective Nav1.2 and Kv3.1 ion
hannels

Experiments were conducted either manually with an EPC-10
mplifier (HEKA, Lambrecht/Pfalz, Germany) or on a QPatch-
6 automated electrophysiology platform (Sophion Biosciences,
enmark). Kv3.1 expressing L292 cells were cultured as previously
escribed (Grissmer et al., 1994), and subsequently trypsinized,
lated onto poly-l-lysine coated coverslips and typically recorded
0–240 min  after plating. Kv3.1 currents were elicited by 200-ms
epolarizing pulses to 40 mV  applied every 10 s (Schmitz et al.,
005) and recorded in normal Ringer solution [in mM:  160 NaCl,
.5 KCl, 1 MgCl2, 2CaCl2 and 10HEPES; pH 7.4 (310 mOsm)  with
ipette solution containing 145 KF, 10HEPES, 10 EGTA, 2 MgCl2, pH
.2 (300 mOsm)].

Neuroblastoma N1E115 cells expressing Nav1.2 channels were
rown to ∼70% confluency, rinsed in sterile PBS containing 0.02%
DTA, and lifted with 2 mL  of TrypLETM Express (Gibco, Grand

sland, NY, USA) for ∼2 min. Cells were dislodged by gentle tap-
ing, suspended in DMEM, centrifuged and resuspended in 1 mL
f external solution, placed into the Qfuge tube and resuspended

n 150–200 �L extracellular solution after one additional spin on
he QPatch. Whole-cell patch-clamp experiments were then car-
ied out using disposable 16-channel planar patch chip plates
QPlates; patch hole diameter approximately 1 �m,  resistance
.00 ± 0.02 M�).  Parameters were set as follows: positioning pres-
ure −70 mbar, resistance increase for success 750%, minimum
eal resistance 0.1 G�, holding potential −80 mV,  holding pressure
20 mbar. Nav1.2 were recorded with 20-ms pulses from −90 mV

o 0 mV every 10 s with a KF-based internal solution and normal
inger as an external solution.

.5. Voltage-clamp experiments in oocytes

Xenopus laevis oocytes were injected with rat �9 and �10 sub-
nit cRNAs (Verbitsky et al., 2000). Electrophysiological recordings
ere performed 2–6 days after cRNA injection under two-electrode

oltage clamp with an Oocyte Clamp OC-725B or C amplifier
Warner Instruments Corp., Hamden, CT, USA), under the exper-
mental conditions described previously (Elgoyhen et al., 2001).
uring electrophysiological recordings, oocytes were continuously

uperfused (∼10 mL/min) with normal frog saline (115 mM NaCl,
.5 mM KCl, 1.8 mM CaCl2, and 10 mM HEPES buffer, pH 7.2). The
embrane potential was clamped to −70 mV.

.6. Effect of PAM-2 on AChE activity

The effect of PAM-2 on the activity of the Electrophorus electricus
ChE was estimated by examining its influence on the AChE kinet-

cs parameters (Ellman et al., 1961). The effect of 100 �M PAM-2
n the activity of AChE (∼0.016 U) was estimated by a spectropho-
ometric method using the BioTec ELx800 Absorbance Microplate
eader (Winooski, VT, USA). After adding increasing concentrations
f acetylthiocholine (ACTh) (in water), the absorbance at 450 nm

s determined every 12-s for 10 min. The slopes of the obtained
urves indicating the rate of enzymatic hydrolysis of the substrate
i.e., nmol of ACTh/min), in the absence and in the presence of

AM-2, were plotted against the used ACTh concentrations, and
he respective Km (Michaelis-Menten constant) and Vmax (maxi-

um rate) values were determined by nonlinear regression of the
ichaelis-Menten model (Ellman et al., 1961).
chemistry & Cell Biology 76 (2016) 19–30

2.7. Effect of PAM-2 on ˇ-amyloid content

5XFAD transgenic male mice, overexpressing human A�42 in the
brain (Oakley et al., 2006), were obtained from The Jackson Labora-
tory (Bar Harbor, ME,  USA) and subsequently crossed with B6SJLF1/J
female mice. The resulting F2-offspring were used in all experi-
ments. Transgenic mice were identified by PCR according to the
supplier’s protocol.

Male (n = 10) and female (n = 17) mice (5 months old) were
intraperitoneally (i.p.) injected with either 2 mg/kg PAM-2 (n = 12)
or vehicle (n = 15) (10% ethanol, 20% PEG200 in H2O) for 26 consecu-
tive days. At day 26, freshly harvested brain tissue was snapfrozen
in liquid nitrogen and stored at −80 ◦C. A�42 content was quan-
tified in whole brain hemispheres by ELISA against human A�42
(Thermo Fisher Scientific, Germany). For total A�42 quantification,
brains were homogenized in 5 M guanidine hydrochloride buffer
(pH 8.0) and incubated for 4 h at RT. ELISA was then performed
according to the manufacturer’s instructions. Statview (SAS Insti-
tute Inc., Cary, NC, USA) was used for 2-way ANOVA (i.e., factors
treatment and sex) and post-hoc analysis (Fisher PLSD). P < 0.05
values are considered significantly different.
Fig. 3. PAM-2-induced modulation of choline-evoked currents in SH-SY5Y-h�7
cells. (A) Histograms showing the effect of 10 and 100 �M PAM-2 on h�7 AChR cur-
rents (% control) evoked by increasing concentrations of choline (i.e., 0.1–10 mM).
Each data point is the mean ± SEM from 8 to 10 cells. (B) Concentration response
curve for PAM-2 on h�7 AChR currents evoked by 100 �M choline. Each data point
is  the mean ± SEM from 4 to 13 experiments. The obtained r2 value is 0.97.
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.8. Homology modeling, molecular docking, and molecular
ynamics

The amino acid sequence and numbering of the h�7 subunit was
btained from the ExPASy Molecular Biology Server (http://www.
s.expasy.org) (Gasteiger et al., 2003) and aligned with the Torpedo
armorata �1 subunit sequence using CLUSTALW (http://www.

bi.ac.uk/clustalw) (Thompson et al., 1994). Structural models of
he whole h�7 AChR were built applying homology modeling meth-
ds using the structure of the Torpedo AChR (PDB 2BG9; Unwin,
005) as template. Modeller 9.14 was used to obtain 100 homology
odels for each template, and subsequently, their Discrete Opti-
ized Protein Energy profiles (Eswar et al., 2006) were assessed.

he best model of each template was subjected to model quality
ssessment by using the web-based tools of Verify3D (Bowie et al.,
991) and ProCheck (Laskowski et al., 1993).

For the molecular docking procedure, PAM-2 was first built
sing the semiempirical AM1  method included in Spartan 10 V1.1.0
Wavefunction, Inc. Irvine, CA 92612 USA). AutoDock Vina (Trott
nd Olson, 2010) was used for docking simulations of the flexi-
le ligand into the ECD or TMD  (including ECD-TMD junction) of
he whole, rigid, h�7 AChR and m5-HT3AR (PDB 4PIR; Hassaine
t al., 2014) models, respectively. The energetically lower poses
ere selected from each cluster of superposed poses as described

reviously (Arias et al., 2013a).
To investigate the stability of the best scored complexes, 15-ns

olecular dynamics (MD) simulations were subsequently per-
ormed for PAM-2 docked to each binding site at the respective
�7 AChR or m5-HT3AR model, using Desmond v. 3.0.3.1 (Bowers
t al., 2006) and OPLS-2005 force field. Each receptor-PAM-2 com-
lex was inserted into 1-palmitoyl-2-oleoyl phosphatidylcholine
embranes, and subsequently minimized as described elsewhere

Arias et al., 2015a). Each complex was first minimized and then
ubjected to 1-ns MD  in NVT (constant number of particles, volume,
nd temperature) ensemble, followed by 15-ns MD  in NPT (con-
tant number of particles, pressure, and temperature) ensemble
ith fixing constrains on protein backbone as previously described

Arias et al., 2015a). Finally, each complex was simulated in NPT
nsemble for 15-ns without any fixing constraints. Both NPT and
TV were run with a non-bonded interaction cutoff of 9 Å.

To estimate the stability of the ligand in each binding site,
he root-mean-square deviation (RMSD) values were calculated
uring the 15 ns simulation using the Schrödinger suite software
Schrödinger Release 2015-3: Maestro, v. 10.3). These values repre-
ent the intermolecular conformational changes and the translation
f the whole molecule in the binding site. The RMSD was calculated

sing the equation, RMSD =

√√√√√
N∑

�2
i

i=1
N , where, N is the number of

toms from the ligand, and �2
i is the distance between the cor-

esponding ligand atoms obtained at each step and the starting
onformation. Ligand poses with RMSD values >5 Å were con-
idered unstable and thus were excluded. In addition, the RMSD
ariance values were calculated during the last 5 ns of the simu-
ation as previously described (Arias et al., 2013b). The poses with
he RMSD variance value below 0.5 Å were considered stable (see
upplementary material for the exact values).

.9. Nonlinear regression analyses
For nonlinear regression analyses of the results obtained from
he different experiments previously described, the software Prism

 (GraphPad Software, Inc., CA, USA) was used.
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3. Results

3.1. PAM-2 potentiates h˛7 AChRs but not m5-HT3Rs

The effect of PAM-2 on CH3-h�7 (Fig. 1A) and N1E115-m5-HT3A
(Fig. 1B) cells was studied by Ca2+ influx assays. Increased con-
centrations of (±)-epibatidine activate h�7 AChRs (EC50 ∼52 nM;
Table 1). Interestingly, PAM-2 (10 �M)  increases the potency
(apparent EC50 ∼17 nM)  and efficiency (Emax ∼190%) of (±)-
epibatidine at the h�7 AChR (Table 1). On the other hand, increased
concentrations of 5-HT activate m5-HT3ARs (EC50 ∼0.55 �M;
Fig. 1B). This activation was not enhanced by pre-incubation with
PAM-2, but slightly inhibited at very high concentrations of PAM-2
(Table 1).

3.2. Effect of PAM-2 on nicotine-evoked currents in SH-SY5Y cells

The effect of PAM-2 on nicotine (NIC)-evoked AChR currents was
studied in SH-SY5Y neuroblastoma cells by using the patch-clamp
technique in the whole-cell configuration (Fig. 2). Application of
either 10 or 100 �M NIC produces currents of different amplitude
and desensitization kinetics (Fig. 2A). Interestingly, NIC-activated
currents were not inhibited by 0.1 �M MLA  (Fig. 2B). Since MLA
is a selective �7 AChR antagonist (Arias et al., 2010), these results
suggest that the studied currents are not mediated by �7 AChRs.

Application of increasing concentrations of PAM-2 reduces NIC-
evoked currents (Fig. 2A), and the percentage of reduction is the
same (87 ± 5% vs 88 ± 5%) when 10 or 100 �M NIC was used to
activate AChRs (Fig. 2C). The calculated IC50 values indicate that the
inhibition is slightly higher when 100 �M NIC was  used (Table 1).
Interestingly, the effect elicited by NIC, alone or in the presence of
PAM-2, was not perturbed by the application of MLA  (Fig. 2B). The
current reduction by 100 �M PAM-2 is not statistically different
in the absence or the presence of MLA  (p > 0.05), suggesting that
this effect is not mediated by �7 AChRs. The observed nH values
(<1; Table 1) indicate that PAM-2 inhibits non-�7 AChRs in a nega-
tively cooperative fashion. This suggests that the inhibitory process
is mediated by an allosteric mechanism and not by direct competi-
tion with agonist binding, supporting previous results (Arias et al.,
2011).

3.3. Effect of PAM-2 on choline-evoked currents in SH-SY5Y-h˛7
cells

The activity of PAM-2 was  measured in choline-activated
SH-SY5Y-h�7 cells by using the patch-clamp technique in the
whole-cell configuration. The results indicated that the poten-
tiating activity of PAM-2 was only apparent at low choline
concentrations. Indeed, 10 �M PAM-2 enhanced ∼50% the cur-
rent elicited by 100 �M choline, whereas its activity was  lost
when concentrations ≥1 mM choline were used (Fig. 3A). For
this reason the choline concentration dependence of the effect
of PAM-2 was  analyzed (Fig. 3B). Application of increasing con-
centrations of PAM-2 potentiates choline-evoked currents with
apparent EC50 = 12 ± 5 �M (nH = 0.74 ± 0.21), showing a maximal
efficacy Emax = 226 ± 12% (Fig. 3C).

3.4. Effect of PAM-4 on ACh-activated r˛9˛10 AChRs

Fig. 4A shows representative responses evoked by 10 �M ACh,
corresponding to its EC50 value (Elgoyhen et al., 2001) in X. laevis
oocytes expressing r�9�10 AChRs. Fig. 4B shows representative

currents evoked by a subconcentration of ACh (EC5 = 1 �M) either
alone or co-applied with a higher concentration of PAM-4 (20 �M).
The co-application of 10 �M (Fig. 4A) or 20 �M (Fig. 4B) PAM-4 did
not produce a significant effect on the agonist response (P = 0.99

http://www.us.expasy.org
http://www.us.expasy.org
http://www.us.expasy.org
http://www.us.expasy.org
http://www.us.expasy.org
http://www.ebi.ac.uk/clustalw
http://www.ebi.ac.uk/clustalw
http://www.ebi.ac.uk/clustalw
http://www.ebi.ac.uk/clustalw
http://www.ebi.ac.uk/clustalw
http://www.ebi.ac.uk/clustalw
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Fig. 4. Effect of PAM-4 on ACh-induced r�9�10 AChR activity. (A) Responses evoked by 10 �M ACh either alone, plus 10 �M PAM-4, or after 3-min wash, in oocytes expressing
r�9�10  AChRs (n = 3). (B) Responses evoked by 1 �M ACh either alone, plus 20 �M PAM-4, or after 3-min wash, in oocytes expressing r�9�10 nAChRs (n = 3). (C) Scatter plot
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.5. Effect of PAM-2 on different glutamate receptor subtypes

The effect of PAM-2 on NMDA-evoked currents was stud-
ed on fibroblasts expressing the hNR1aNR2A and hNR1aNR2B
ubtypes by using the patch-clamp technique (Fig. 5A). PAM-

 inhibited hNR1aNR2A (81 ± 27 �M)  with higher potency than
hat for hNR1aNR2B (371 ± 77 �M)  (Table 1). The nH value for
NR1aNR2A (0.73 ± 0.20) was close to unity, whereas the nH value

or hNR1aNR2B (0.32 ± 0.03) was lower than unity (Table 1). These
esults indicate that the observed inhibition is mediated by either a
on-cooperative or a negative cooperative mechanism, depending
n the receptor subtype.

In the case of AMPARs, 100 �M PAM-2 slightly potentiates
lu-evoked currents in HEK293 cells expressing GluR1 or GluR2
y 45 ± 15% and 123 ± 44%, respectively. Interestingly, the effect
licited by 100 �M PAM-2 is higher than that elicited by 10 �M

AM-2 in the GluR2 (P < 0.05) but not in the GluR1 (P > 0.05).

Since preliminary results suggest that PAM-2 is inactive on
luR5/K2 receptors, no further experiments were performed on

his KA receptor.
o-applied with PAM-4 (n = 3; �, �). The peak current values are expressed as the
each group is shown in black.

3.6. Effect of PAM-2–4 on Nav1.2 and Kv3.1 channels

All three PAMs were tested on Nav1.2 and Kv3.1 channels using
whole-cell patch-clamp. While 100 �M PAM-2–4 only showed
minimal blocking effects on Nav1.2 channels (17 ± 15%, 7 ± 2%, and
12 ± 1%, respectively), they were slightly more effective in block-
ing Kv3.1 channels, showing equivalent blockade percentage at
the same concentration (51 ± 16%, 60 ± 13%, and 58 ± 5%) (Fig. 6;
Table 1). The observed Kv3.1 channel inhibition was more clearly
concentration-dependent compared to that for Nav1.2.

3.7. Effect of PAM-2 on AChE activity

The Michaelis-Menten kinetics curves show that the AChE reac-
tion rate in the absence of PAM-2 is similar to that obtained in the
presence of 100 �M PAM-2 (Fig. 7). The calculated Km value for
the E. electricus AChE (167 ± 3 �M ACTh) is in agreement with data

reported in the literature (Pastorin et al., 2006; Xu et al., 2008).
There was no observable decrease in the Vmax value (3.02 ± 0.07
nmol/min; P = 0.284), indicating that PAM-2 inhibits AChE activity
neither in a competitive nor noncompetitive manner.
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Fig. 5. PAM-2 activity at recombinant GluR subtypes. (A) Concentration-response
curves for PAM-2 on NR1aNR2A (©) and NR1aNR2B (�) receptors activated by
100 �M NMDA and 10 �M Gly. Each data point is the mean ± SEM (n = 4-7 cells).
The  obtained r2 values are 0.99 (©) and 0.95 (�). The calculated IC50 and nH val-
ues  are summarized in Table 1. (B) Histogram showing the potentiation (% control)
elicited by 10 (light bars) and 100 �M (grey bars) PAM-2 on KA (100 �M)-evoked
currents in HEK293 cells expressing the GluR1 or GluR2 AMPAR subtype. Each data
point is the mean ± SEM (n = 4-8 cells). Student t-test analysis indicated that the
effect elicited by 100 �M PAM-2 is higher than that elicited by 10 �M PAM-2 in the
GluR2 (P < 0.05) but not in the GluR1 (P > 0.05).
3.8. Effect of PAM-2 on ˇ-amyloid content

To examine whether PAM-2 potentially affects A� production
which is closely correlated with plaque deposition, brain levels
of A�42 were determined in 5XFAD mice chronically treated with
2 mg/kg PAM-2. Confirming previous observations (Bhattacharya
et al., 2014), A�42 concentrations were different between male
(3.53 ± 0.29 �g/mL) and female (4.88 ± 0.29 �g/mL) mice irrespec-
tive of the treatment (ANOVA, F(1,23) = 9.369; P = 0.005) (Fig. 8).
However, PAM-2 treatment did not significantly affect the A�42
concentration (4.53 ± 0.244 �g/mL) when compared to vehicle
(4.26 ± 0.40 �g/mL) (ANOVA; females: F(1,15) = 0.897, P = 0.359;
males: F(1,8) = 1.377, P = 0.274).
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Fig. 6. Effect of PAM-2 on the activity of Nav1.2 (A) and Kv3.1 (B) voltage-gated
ion channels. Whole-cell patch-clamp experiments (n = 4) were performed as fol-
lows: (A) Nav1.2 currents were recorded with 20-ms pulses from −90 mV to 0 mV
every 10 s, and (B) Kv3.1 currents were elicited by 200-ms depolarizing pulses to
40  mV  applied every 10 s. To determine the activity of PAM-2, the current area was
determined in the absence and in the presence of 1, 10, and 100 �M PAM-2, respec-
tively, and the percentage of inhibition was calculated. Similar experiments were
performed for PAM-3 and PAM-4 (not shown). The inhibition (% control) elicited by
each PAM at 100 �M is included in Table 1.

Fig. 7. Michaelis-Menten saturation curves of the hydrolysis of acetylthiocholine
(ACTh) by E. electrophorus AChE in the absence (©) and presence of 100 �M PAM-2
(�).  Student t-test analysis revealed no significant differences in the Km (P = 0.219)
a
p
M

3
h

j
d
i
j
E
E

Fig. 8. Effect of PAM-2 on the brain content of A�42 in male and female 5XFAD mice.
A�42 concentrations were determined by ELISA as described in Section 2. Female
5XFAD mice show significantly higher A�42 levels than male littermates (ANOVA;
F(1,23) = 9.369; P = 0.005), irrespective of the treatment. Chronic treatment (26 con-
secutive days) with 2 mg/kg PAM-2 (black bars) did not significantly affect the A�42

concentration compared to vehicle treated controls (white bars) (ANOVA; females:
nd Vmax (P = 0.284) parameters between control and PAM-2 treatment. These
arameters were calculated by fitting the experimental data into the Michaelis-
enten kinetics model.

.9. Molecular docking and molecular dynamics of PAM-2 at the
˛7 AChR and m5-HT3AR models

PAM-2 was docked into the ECD or TMD  (including ECD-TMD
unction) from each h�7 AChR and m5-HT3AR model (Fig. 9). The
ocking results using the h�7 AChR model indicate that PAM-2
nteracts with allosteric binding sites located at the ECD, ECD-TMD
unction, and TMD, whereas it only interacts with the ECD and
CD-TMD junction at the m5-HT3AR model (Fig. 9A; Table 2). The
CD site at the h�7 model is located at the inner �-sheet of the
F(1,15) = 0.897, P = 0.359; males: F(1,8) = 1.377, P = 0.274). ** indicates P < 0.01.

�7/�7  interface as shown previously (Arias et al., 2011). However,
in the m5-HT3A model, PAM-2 interacts with the orthosteric site at
residues from the principal (i.e., Asn101, Thr154, Trp156, Phe199,
Tyr207) and complementary (i.e., Ile44, Arg65, Trp63, Tyr126, and
Ile180) components. Since this interaction is not allosteric, it was
not included in Fig. 9.

In the h�7 model, PAM-2 also binds to the ECD-TMD junctional
site by van der Waals contacts with residues located at the �-strand
10 (first portion; i.e., Arg206 and Arg207), �8–�9 loop (i.e., Glu173),
Cys loop (i.e., Phe135), pre-M1 segment (i.e., Thr208, Tyr210, and
Tyr211), M2-M3  loop (i.e., Val268, Leu270, and Tyr274), and M2
(i.e., Met261, Thr264 and Phe275) (Fig. 9B, Table 2). Moreover, two
hydrogen bonds are formed between the carbonyl oxygen from
PAM-2 and the amino moiety of Arg207 (at �-strand 10), as well
as between the amino group from PAM-2 and the Thr208 back-
bone carbonyl (at pre-M1) (Fig. 9B). The calculated RMSD variance
value of ∼0.03 Å (see Fig. S1A legend; Supplementary material) sug-
gests that the interaction at this site is stable. Although the docking
results suggest other two PAM-2 orientations within this junctional
site, the MD shows that the molecule departs from its original posi-
tions (Fig. S1A; Supplementary material). In the m5-HT3AR, PAM-2
interacts with the ECD-TMD junctional site mainly by van der Waals
contacts with residues located at the Cys-loop (i.e., Pro143 and
Phe144), pre-M1 segment (i.e., Tyr223, Ala224, and Leu227), M3
(i.e., Ile283 and Phe287), and M4  (i.e., Leu446, Val447, Ile449, and
Trp450, Trp453) (Fig. 9B). This site overlaps the site shown in the
h�7 models (Fig. 9A; Table 2). The calculated RMSD variance value
of ∼0.02 Å (see Fig. S2 legend; Supplementary material) suggests
that the interaction at this site is stable.

PAM-2 also binds to an intersubunit site in the h�7 model but
not in the m5-HT3AR (Table 2). In particular, the ligand intercalates
between two �7-TMDs where it interacts with residues located at
luminal and non-luminal environments. In particular, PAM-2 inter-
acts mainly by van der Waals contacts with residues at M2  [i.e.,
Leu255 (position 16′), Ala258 (position 19′), Glu259 (position 20′)]
and M3  (i.e., Phe275, Val282, and Val286) from one �7 subunit,
and at M1  (i.e., Asn214, Pro218 and Leu221) and M2  [i.e., Leu256
(position 17′), Val257 (position 18′)] from an adjacent �7 subunit.

In addition, a hydrogen bond is formed between the amino moi-
ety of Asn214 (at pre-M1) and the carbonyl group of PAM-2. The
calculated RMSD variance value of ∼0.04 Å (see Fig. S1B legend;
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Fig. 9. Molecular docking of PAM-2 to the respective h�7 AChR and m5-HT3AR models. (A) Overlapping of the h�7 AChR and m5-HT3AR models showing the interaction of
PAM-2 with the ECD (red), ECD-TMD junction (orange), and TMD  [i.e., intersubunit (yellow) and intrasubunit (magenta)] from the h�7 AChR, as well as its interaction with
the  ECD-TMD junction (blue) at the m5-HT3AR. For clarity, one �7/5-HT3A subunit is hidden. The PAM-2 site at the h�7-ECD (red) has been already described (Arias et al.,
2011). (B) In the h�7 AChR, PAM-2 interacts with the ECD-TMD junctional site (orange), mainly by van der Waals contacts with residues located at the � − strand 10 (first
portion; Arg206 and Arg207), �8-�9 loop (i.e., Glu173), Cys loop (i.e., Phe135), pre-M1 segment (i.e., Thr208, Tyr210, and Tyr211), M2-M3  loop (i.e., Val268, Leu270, and
Tyr274),  and M2  (i.e., Met261, Thr264, and Phe275). The black arrows indicate two  hydrogen bonds that are formed between the carbonyl oxygen from PAM-2 and the amino
moiety  of Arg207 (� − strand 10), as well as between the amino group from PAM-2 and the Thr208 backbone carbonyl (pre-M1). (C) In the m5-HT3AR, PAM-2 interacts with
the  ECD-TMD junction at a site (blue) different to that observed in the h�7 AChR [see (B)] however there is a partial overlapping. More specifically, PAM-2 interacts mainly
by  van der Waals contacts with residues located at the Cys-loop (i.e., Pro143 and Phe144), pre-M1 segment (i.e., Tyr223, Ala224, and Leu227), M2-M3 loop (i.e., Ile283 and
Phe287), and M4  (i.e., Leu446, Val447, Ile449, and Trp450, Trp453). (D) In the intersubunit site (yellow), PAM-2 interacts mainly by van der Waals contacts with residues at
M2  [i.e., Leu255, Ala258, Glu259 (20′)] and M3  (i.e., Phe275, Val282, and Val286) from one �7 subunit, and at M1  (i.e., Asn214, Pro218 and Leu221) and M2 [i.e., Leu256 (17′),
Val257]  from an adjacent �7 subunit. (E) In the intrasubunit site (magenta), PAM-2 interacts with residues at M1  (i.e., Cys219, Ser223, Ala226), M2 (i.e., Met254), M3 (i.e.,
Ile281,  Leu284, and Val288), and M4  (i.e., Phe453, Phe456, Ile459, and Cys460). PAM-2 is rendered in ball (A) or stick (B-E) mode, whereas residues as stick mode (element
color  code). All non-polar hydrogen atoms are hidden. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.).

Table 2
Molecular interactions of PAM-2 with allosteric sites at the h�7 AChR and m5-HT3AR models.

Receptor type Binding site Residues involved in PAM-2 binding

ECD TM1  TM2  (ring position) TM3  TM4

h�7 AChR ECD-TMD junction Arg206 Thr208 Met261
Arg207 Tyr210 Thr264
Glu173 Tyr211 Phe275
Phe135 Val268

Leu270
Tyr274

Intersubunit Asn214 Leu255 Phe275
Pro218 Leu256 (17′) Val282
Leu221 Val257 Val286

Ala258
Glu259 (20′)

Intrasubunit Cys219 Met254 Ile281 Phe453
Ser223 Leu284 Phe456
Ala226 Val288 Ile459

Cys460

m5-HT3AR ECD-TMD junction Phe143 Tyr223 Ile283 Val447
Phe144 Ala224 Phe287 Leu446

Leu227 Leu449
Trp450
Trp453
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upplementary material) suggests that the interaction at this site
s stable.

Although initial docking results suggested a luminal site for
AM-2, the MD  results indicate that this interaction was  unstable
uring the 15-ns simulation (Fig. S1C; Supplementary material),
nd thus, it was not included in Fig. 9.

Finally, PAM-2 binds to an intrasubunit site in the h�7 model but
ot in the m5-HT3AR. The ligand interacts mainly by van der Waals
ontacts with residues at M1  (Leu216, Cys219, Val220, Ser223,
la226), M3  (Tyr274, Phe275, Ser277, Thr278, Ile280, Ile281), and
4 (Phe456, Cys460, Thr461, Ile464, Leu465) (Fig. 9E; Table 2). The

alculated RMSD variance value of ∼0.03 Å (see Fig. S1A legend;
upplementary material) suggests that the interaction at this site
s stable.

. Discussion

The present study shows that PAM-2 is selective for the h�7
ChR, whereas it does not produce important changes in the activ-

ty of other ligand- and voltage-gated ion channels, AChE, and in
A42 content.

The patch-clamp results obtained using the SH-SY5H cells show
hat PAM-2 inhibits NIC-evoked currents produced by the activa-
ion of endogenous AChR subtypes. These cells express h�3�2,
�3�4, and h�7 AChRs (Dunckley and Lukas, 2006). Considering
hat the currents were not perturbed by MLA, and that PAM-2 only
nhances the activity of h�7 AChRs (Arias et al., 2011), which is
ot observed in these experiments, we conclude that the detected
urrents are not provided by h�7 AChRs but by h�3�2 and/or
�3�4 AChRs (i.e., h�3-containing AChRs). The fact that the cal-
ulated IC50 values (26 and 27 �M)  are in the same concentration
ange as that previously determined for h�3�4 AChRs (12 ± 2 �M)
Arias et al., 2011), supports this notion. The experimental evidence
hat the calculated inhibitory potency and efficacy of PAM-2 is
ractically the same when 10 or 100 �M NIC is used to activate h�3-
ontaining AChRs, supports a noncompetitive mechanism of action
or PAM-2, which is in agreement with previous results (Arias et al.,
011, 2015a). In addition, PAM-4, which has similar enhancement
otency as that for PAM-2 (Arias et al., 2011), produces no changes
n the agonist-elicited r�9�10 AChR activity, indicating that this
eceptor subtype is not essential for its PAM activity.

The patch-clamp results using SH-SY5H-h�7 cells indicated that
he higher the used choline concentration, the lower the appar-
nt activity of PAM-2 is observed. A potential explanation for this
oncentration dependence is that PAM-2 prolongs the opening of
he ion channel (the mean open time is increased 7-fold; Andersen
t al., 2016), and consequently, the chance of choline molecules
locking the ion channel increases at higher choline concentra-
ions, especially considering that choline is positively charged and
hat the used membrane potential is −60 mV.  Our results con-
ur with Kalappa and Uteshev (2013) studies with PNU-120596,
ndicating that the activity of type II PAMs could be more appar-
nt at lower agonist concentrations. The determined enhancement
otency (∼12 �M)  for PAM-2 is slightly lower than that previously
etermined by Ca2+ influx (∼5 �M),  whereas the observed efficacy
∼226%) is in the same range as previous determinations (Arias
t al., 2011).

The patch-clamp experiments performed on various recombi-
ant GluR subtypes showed that PAM-2 inhibits the NR1aNR2A
nd NR1aNR2B NMDAR subtypes with low potency. Interest-
ngly, PAM-2 slightly enhances Glu-activated GluR1 and GluR2

MPAR subtypes, whereas it does not affect the GluR5/K2, a KAR
ubtype. NMDAR and AMPARs are important for learning and
emory processes, including long-term potentiation, and con-

equently the modulation of these receptors has been targeted
chemistry & Cell Biology 76 (2016) 19–30

to treat several neurological diseases (Gécz, 2010; Collingridge
et al., 2013). The observed weak NMDAR inhibition and weak
AMPAR potentiation elicited by PAM-2 cannot account for the
observed procognitive (Potasiewicz et al., 2015) and promnesic
(Targowska-Duda et al., 2016) activities. These results sug-
gest that GluRs are not the targets for the beneficial effects
elicited by PAM-2, and that PAM-2 will not produce potential
cytotoxic effects mediated by overstimulation of the AMPAR activ-
ity.

The patch-clamp results on Nav1.2 and Kv3.1 indicated that
PAM-2–4 slightly inhibit their activities. Since this inhibition is pro-
duced at non-clinically relevant concentrations, it is unlikely that
Nav1.2 and Kv3.1 expressed in the hippocampus (Ahn et al., 2007;
Perney et al., 1992) might mediate the beneficial effects elicited by
these PAMs.

The enzymatic studies showed that PAM-2 affect neither the
activity of the AChE nor A�42 content in transgenic mice. These
results support the view that the procognitive (Potasiewicz et al.,
2015) and promnesic (Targowska-Duda et al., 2016) activity elicited
by PAM-2 is not consequence of an increased synaptic ACh concen-
tration or a reduced plaque formation by an increased degradation
or diminished synthesis of A�42. In this regard, PAM-induced �7
AChR potentiation opens the possibility for novel therapies for the
treatment of Alzheimer’s disease based on different mechanisms
compared to the current medications grounded on AChE inhibition
or to drugs that decrease A� content (Vassar, 2014).

The Ca2+ influx results show that PAM-2 produces no signifi-
cant effect on agonist-elicited m5-HT3AR responses. These results
correspond very well to the outcome on m5-HT3ARs using patch-
clamp methods (Andersen et al., 2016), supporting the notion that
the various behavioral activities elicited by PAM-2 using different
animal models are not determined by its action on 5-HT3ARs.

Based on the experimental evidence that PAM-2 does not affect
m5-HT3ARs (see previous paragraph) but enhances the activity of
h�7 AChRs (Arias et al., 2011; Andersen et al., 2016), the molecu-
lar interactions of PAM-2 for the h�7 AChR was compared to that
for the m5-HT3AR. The results indicated that PAM-2 may  inter-
act with different sites located at the ECD, TMD, and ECD-TMD
junction. Based on MD studies, we previously suggested that the
active site for PAM-2 is located at the h�7-ECD (Arias et al., 2011)·
However, new evidence indicating that PAM-2 is active neither at
the m5-HT3R (this work) nor at the �7-ECD/5-HT3A-TMD chimera
(Andersen et al., 2016) suggests that the h�7-ECD is not involved in
the activity of PAM-2. Considering that this chimera also has sev-
eral structural components from the ECD-TMD junctional domain
corresponding to the h�7 AChR (e.g., the M2-M3  loop), this domain
could also be excluded as the active site for PAM-2. In this regard,
the only two  remnant active sites for PAM-2 at the h�7 AChR are
the intersubunit and intrasubunit sites.

The intrasubunit site for PAM-2 corresponds to that character-
ized for PNU-120596, the archetypical type II PAM (Young et al.,
2008; daCosta et al., 2011). The structural similitude between the
binding sites for PAM-2 and PNU-120596 supports previous func-
tional results where PAM-2 was classified as a type II PAM because
it reactivates desensitized �7 AChRs (Targowska-Duda et al., 2014).

The results from this work are in agreement with our orig-
inal conclusions, indicating that PAM-2–4, are selective PAMs
for the �7 AChR (Arias et al., 2011), and consequently, that the
antidepressant-like (Targowska-Duda et al., 2014; Arias et al.,
2015a,b), procognitive (Potasiewicz et al., 2015), promnesic
(Targowska-Duda et al., 2016), and antinociceptive and anti-
inflammatory (Bagdas et al., 2015) activities elicited by PAM-2 are

mediated by none of the potential targets studied in this work.
Finally, the potential binding site for PAM-2 overlaps the intrasub-
unit site corresponding to that for PNU-120596, the archetypical
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ype II PAM. Nevertheless, PAM-2 also binds to an intersubunit site,
pening the door for additional types of allosteric mechanisms.
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