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A B S T R A C T

Pharmacological activation of a7 nicotinic acetylcholine receptors (a7 nAChRs) may improve cognition
in schizophrenia and Alzheimer’s disease. The present studies describe an integrated pharmacological
analysis of the effects of FRM-17874, an analogue of encenicline, on a7 nAChRs in vitro and in behavioral
and neurophysiological assays relevant to cognitive function. FRM-17874 demonstrated high affinity
binding to human a7 nAChRs, displacing [3H]-methyllacaconitine (Ki = 4.3 nM). In Xenopus laevis oocytes
expressing human a7 nAChRs, FRM-17874 acted as an agonist, evoking inward currents with an EC50 of
0.42 mM. Lower concentrations of FRM-17874 (0.01–3 nM) elicited no detectable current, but primed
receptors to respond to sub-maximal concentrations of acetylcholine. FRM-17874 improved novel object
recognition in rats, and enhanced memory acquisition and reversal learning in the mouse water T-maze.
Neurophysiological correlates of cognitive effects of drug treatment, such as synaptic transmission, long-
term potentiation, and hippocampal theta oscillation were also evaluated. Modulation of synaptic
transmission and plasticity was observed in rat hippocampal slices at concentrations of 3.2 and 5 nM.
FRM-17874 showed a dose-dependent facilitation of stimulation-induced hippocampal theta oscillation
in mice and rats. The FRM-17874 unbound brain concentration–response relationship for increased theta
oscillation power was similar in both species, exhibited a biphasic pattern peaking around 3 nM, and
overlapped with active doses and exposures observed in cognition assays. In summary, behavioral and
neurophysiological assays indicate a bell-shaped effective concentration range and this report represents
the first attempt to explain the concentration–response function of a7 nAChR-mediated pro-cognitive
effects in terms of receptor pharmacology.
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1. Introduction

There has been long-standing interest in developing selective
agonists of nicotinic acetylcholine receptor (a7 nAChRs) for
treatment of cognitive impairment in schizophrenia and Alz-
heimer’s disease. Consistent with localization of a7 nAChRs on
excitatory and inhibitory synapses in the hippocampus [1] and
cortex [2], a7 nAChR agonists or positive allosteric modulators
(PAMs) have been active in a broad range of rodent cognitive
assays including the social recognition test, novel object
recognition (NOR) and Morris water maze, as well as in the
delayed matching-to-sample test in primates [3–7]. Exploratory
and phase II trials suggest that a7 nAChR agonists may improve
cognitive function in patients with schizophrenia or Alzheimer’s
disease [8–12]. In particular, the a7 nAChR agonists 3-(2,4-
dimethoxybenzylidene) anabaseine (GTS-21) and (R)-7-chloro-N-
quinuclidin-3-yl)benzo[b]thiophene-2-carboxamide (encenicline
(EVP-6124)) were reported to normalize event-related potentials
in schizophrenia patients and to improve cognitive function in
healthy volunteers and in patients with schizophrenia or
Alzheimer’s disease [13–17]. However, clinical studies with
different a7 nAChR agonists failed to demonstrate benefit on
primary endpoints of cognitive function in patients with
schizophrenia [18,19]. There are many possible explanations for
different outcomes in clinical trials including the precise
pharmacological profile of the investigational drug, exposure at
the receptor, and the design of the clinical study. The aim of the
present work is to better understand the relationships between
the primary pharmacology at the a7 nAChR with the concentra-
tion ranges producing effects on neurophysiological endpoints and
behaviors in nonclinical models.

Activation of a7 nAChRs makes them permeable to cations,
particularly Ca2+, which could depolarize neuronal membrane
potential and initiate a series of downstream intracellular
processes, influencing a broad range of cellular functions ranging
from synaptic plasticity to gene expression [3–5]. a7 nAChRs are
expressed by a wide variety of neurons as both pre- and post-
synaptic receptors, so they are well positioned to modulate
neuronal network dynamics, such as network oscillations,
neuronal synchrony, and synaptic plasticity [5]. Growing preclin-
ical literature and computational modeling of oscillatory brain
activity during perception and behavior support a critical role of
distributed oscillatory activity in cognitive processes. Further-
more, abnormalities in cortical neuronal network oscillations are
considered an underlying mechanism of several clinical symp-
toms of psychiatric or neurological disorders, including schizo-
phrenia and Alzheimer’s disease [20,21]. Therefore, it is of interest
that activation of a7 nAChRs can modulate oscillatory activity [5].
However, at present, the relationships between a7 nAChR
activation and desired therapeutic effects on cognitive function
are not well understood, especially given the complex molecular
kinetics of a7 nAChRs characterized by rapid, cyclical transitions
between closed, open, and multiple desensitized states [5,12].
Recent observations suggest that muscle nAChR agonists may
prime receptors at sub-threshold exposures, potentiating
responses to sub-maximal concentrations of acetylcholine
(ACh) [22]. Encenicline has this effect on a7 nAChRs, which
has been considered to contribute to its activity at priming
concentrations [23].

The present study describes the properties of (R)-7-fluoro-N-
quinuclidin-3-yl)benzo[b]thiophene-2-carboxamide (FRM-17874;
Fig. 1A), an analogue of encenicline, including its receptor binding
and selectivity profile and in vitro electrophysiological character-
istics at human a7 nAChRs. FRM-17874 was tested in behavioral
and neurophysiological assays across a wide range of doses or
concentrations. Effects on acquisition in rat NOR, and on
acquisition and reversal learning in the mouse water T-maze
assay were evaluated. Previous reports have demonstrated that
a7 nAChR agonists can enhance inhibitory postsynaptic currents
(IPSCs) mediated by g-aminobutyric acid (GABA) neurotransmis-
sion and long-term potentiation (LTP), a synaptic correlate of
learning and memory, in rodent hippocampal brain slices [24,25].
Thus, the potential of FRM-17874 to enhance IPSPs and LTP was
evaluated. Since it has been shown that a7 nAChR agonists
modulate neuronal network oscillation [26–29], activity of FRM-
17874 was determined on elicited hippocampal theta oscillation in
vivo. Using this assay, previous studies showed that drugs
disrupting cognitive function eliminate or decrease the power of
elicited theta oscillation, whereas drugs used to treat Alzheimer’s
disease, including acetylcholinesterase inhibitors and memantine,
increase the power of theta oscillation [30–34]. Considering the
physiological role of hippocampal theta oscillation in mnemonic
functions and memory formation [35,36], it has been proposed
that modulation of elicited theta oscillation by drug treatments has
a high construct and predictive validity for influencing cognition
[34]. Therefore, potential cognitive effects of FRM-17874 were
tested in both behavioral and in vivo electrophysiological assays,
and full dose-response relationships together with drug exposure
levels were determined. Finally, an integrated analysis of the
concentration–response relationships across multiple in vitro and
in vivo assays is presented.

2. Materials and methods

2.1. Reagents

FRM-17874 was synthesized at SAI Life Sciences Ltd (Hyder-
abad, India) and at WuXi AppTec (Wuhan, China). Compound was
dissolved in 0.9% sterile saline and administered subcutaneously
(sc) in a volume of 5 ml/kg as free base equivalent for all in vivo
studies. All other reagents were obtained from Sigma–Aldrich (St.
Louis, MO and Dorset, UK).

2.2. Animals

All animal experiments were approved by local ethical
committees and conducted in accordance with the principles for
the care and use of laboratory animals for scientific purposes
contained in the U.S. Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80–23, revised 1996), the U.K.
Animals (Scientific Procedures) Act (1986), and European Union
regulations (Directive 2010/63/EU). All efforts were made to
minimize animal suffering, to reduce the number of animals used,
and to use alternatives to in vivo methods where possible. Female
Xenopus laevis frogs were obtained from Xenopus Express (Haute-
Loire, France) and used for in vitro oocyte electrophysiology at
HiQScreen. Male Sprague Dawley rats (5–8 weeks,120–250 g) from
Charles River Laboratories (Kent, UK) were used for slice
electrophysiological studies conducted at Cerebrasol (Montreal,
Canada). Mouse pharmacokinetic (PK) and all behavioral studies
were conducted at FORUM Pharmaceuticals on male C57BL/6 mice
(15–25 g) from Charles River Laboratories (Kingston, NY) and
Wistar rats (350–400 g) from Harlan Laboratories (Dublin, VA). Rat
PK studies were conducted at WuXi AppTec (Shanghai, China), as
described previously [37]. Male C57BL/6 mice (25–30 g) and Wistar
rats (330–380 g) from Harlan Laboratories (Indianapolis, IN) were
used for all theta oscillation studies conducted at Yale Medical
School. For all studies animals were housed in a controlled
temperature and humidity environment on a 12-h light/dark cycle
with food and water available ad libitum.
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2.3. Binding assays

The binding assay for rat cerebral cortex a7 nAChRs was
performed by Sekisui (Ibaraki, Japan), and for rat a4b2 nAChRs by
PerkinElmer Discovery Services (formerly Caliper Life Sciences/
Novascreen, Hanover, MD). Panel screening and follow-up Ki

determinations at other receptors were performed by Cerep (Celle
l’Evescault, France) according to their standard protocols. Briefly,
receptor binding assays incubated homogenized membrane
preparations of the receptors with radioactive ligand and
Fig. 1. (A) Structure of FRM-17874. (B–G) Electrophysiological studies in human a7 nAChR
17874 at increasing concentrations. (B) Typical currents evoked by a brief pulse of A
concentrations of FRM-17874 from 0.01–100 mM, and a final brief pulse of ACh (1280 mM
activation curve was the best fit obtained with the Hill equation, an EC50 of 0.42 � 0.17 mM
observed at >100 nM FRM-17874 when compound applications were 5 s in duration, ev
applied for 30 s. Full response amplitude for ACh was �1.2 mA. Inward currents were dete
relative to the shorter application duration of 5 s. (E) FRM-17874 rapidly desensitized a7
exposure to FRM-17874 were blocked at increasing FRM-17874 concentrations. The conc
2.1 �0.4 nM, and a Hill coefficient of 2.1 �0.3 (n = 6). (F and G) FRM-17874 (0.01–3 nM) en
repeatedly for 5 s, first at intervals of 2 min, and then at intervals of 10 min. (F) Typical cu
40 mM ACh; solid bar indicates bath application of 1 nM FRM-17874, * indicates time poi
min unstimulated interval (indicated by * in F) as a function of FRM-17874 concentrati
amplitude for 40 mM ACh prior to application of FRM-17874. Data were expressed as m
terminated the reaction by diluting with buffer, followed
immediately by filtration through glass fiber filters soaked in
buffer containing polyethylenimine. Binding of the radioactive
ligand was measured in a scintillation counter. Nonspecific binding
was determined with unlabeled ligand. Each FRM-17874 concen-
tration was measured in multiple assays. Ki values were calculated
by the equation of Cheng and Prusoff [38] and expressed as
mean � standard deviation (SD) of independent assays.

The human a7 nAChR binding assay was performed using
membranes homogenized from Chinese hamster ovary (CHO) cells
s expressed in Xenopus oocytes. (B and C) Activation response for 5-s pulses of FRM-
Ch (1280 mM), a pulse with no compound, a series of brief pulses of increasing
). (C) FRM-17874 acted as a partial agonist. The continuous line on the concentration
, and a Hill coefficient of 1.7 � 0.9 (n = 13). Detectable inward currents were reliably
ery 60 s. (D) Activation responses for ACh (1280 mM) and FRM-17874 (3–100 nM)
ctable at 100 nM so that the threshold was between 30 and 100 nM, and not shifted
 nAChRs. Inward currents generated by brief pulses of ACh (40 mM) at 45 s into the
entration inhibition curve was the best fit obtained with the Hill equation, an IC50 of
hanced the response of intermittently applied 40 mM ACh. ACh (40 mM) was applied
rrents in a priming study with 1 nM FRM-17874. Arrows indicate 5-s application of
nt for inward currents graphed in G. (G) ‘Priming’ effect at the end of the second 10-
on (n = 4–7 cells per concentration). The line at 1 indicates the normalized current
ean � SD.
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stably expressing a7 nAChRs and RIC-3 (ChanTest, Cleveland, OH)
with the radioactive ligand [3H]-methyllycaconitine (MLA) (Kd =
1.7 � 0.2 nM, n = 3). The rat brain a7 nAChR binding assay was
performed according to the methods of [39]. Rat brains were
rapidly removed, and the cerebral cortex was homogenized in
buffer and prepared for incubation with the radioactive ligand
[125I]-a-bungarotoxin. Rat a4b2 nAChRs were homogenized from
cerebral cortex and incubated with [3H]-epibatidine, using
epibatidine as the reference compound.

2.4. Selectivity profiling

Binding of FRM-17874 in a broad selectivity panel was
measured in duplicate at 10 mM and determinations of Ki at
human a4b2 nACh, 5-HT2A, 5-HT2B, 5-HT2C, 5-HT3, and 5-HT5a
receptors were performed, all according to standard validated
protocols under conditions defined by the contractor and available
at their website (Cerep; http://www.cerep.com). Reference stand-
ards were run as a part of each assay to ensure the validity of the
results.

2.5. In vitro electrophysiology

2.5.1. Oocytes
Oocytes were prepared and injected using standard procedures

[40]. Briefly, ovaries were harvested from Xenopus females that
were deeply anesthetized by cooling at 4 �C and with tricaine
mesylate (3-aminobenzoic acid ethyl ester, methane sulfonate salt,
150 mg/l). Small pieces of ovary were isolated in a sterile Barth
solution containing in mM: NaCl 88, KCl 1, NaHCO3 2.4, HEPES 10,
MgSO4�7H2O 0.82, Ca(NO3)2�4H2O 0.33, and CaCl2�6H2O 0.41, at pH
7.4, and supplemented with 20 mg/ml of kanamycin, 100 IU/ml
penicillin and 100 mg/ml streptomycin. Following dissociation,
oocytes were injected with 2 ng of cDNA per oocyte containing the
genes encoding for the human a7 nAChR or 5-HT3A receptor
subunits using an automated injector (Roboinject, Multi Channel
Systems, Reutlingen, Germany), and receptor expression was
evaluated two days later. All recordings were performed at 18 �C
and cells were superfused with OR2 medium, pH 7.4 containing in
mM: NaCl 82.5, KCl 2.5, HEPES 5, CaCl2�2H2O 2.5. Oocytes were
impaled with two electrodes filled with 3 M KCl, and their
membrane potentials were maintained at �80 mV throughout
the experiment. Currents evoked by ACh, 5-HT, or FRM-17874 were
recorded using an automated process equipped with standard
two-electrode voltage–clamp configuration (HiClamp, Multi
Channel Systems). Data were filtered at 10 Hz, captured at
100 Hz and analyzed using proprietary data acquisition and
analysis software running under Matlab (Mathworks Inc., Natick,
MA). Additional analyses were performed in Excel (Microsoft,
Redmond, WA).

Concentration activity studies were conducted to determine the
dose-response activation profile for a7 nAChRs and inhibition
profiles for a7 nAChRs and 5-HT3 receptors. Agonist responses
were determined using a protocol of 9 concentrations with a
reference response before and after compound testing. The dose-
response inhibition profiles were determined using a protocol of
sustained exposure to FRM-17874 at 6 increasing concentrations
and a brief co-application of ACh or 5-HT at 45 s into the sustained
FRM-17874 exposure. All data were determined in three or more
cells. The reference compounds (ACh and 5-HT) were prepared as
100 mM stock solutions in water; and FRM-17874 was prepared as
a 100 mM stock solution in dimethyl sulfoxide (DMSO). Stock
solutions were then diluted in the recording medium to obtain the
desired test concentrations. The residual DMSO concentration was
less than 1% and did not affect Xenopus oocyte function.
Priming was assessed by repeatedly exposing oocytes to ACh
(40 mM for 5 s), first during a baseline period and then in the
continued presence of FRM-17874 at different concentrations. ACh
was applied once every 2 min to establish a baseline response. After
establishing a stable response, FRM-17874 was applied continuously
to the oocyte while ACh applications continued once every 2 min for
3 applications and then once every 10 min for an additional
2 applications. FRM-17874 was then removed and ACh challenges
were given once every 2 min during the wash-out period.

2.5.2. Slice electrophysiology
Septo-hippocampal slices were prepared from rats humanely

sacrificed by cervical dislocation. Angled septo-hippocampal slices
(approximately 50� posterodorsal to anteroventral) of 400 mm
thickness were cut in chilled (4 �C) artificial cerebrospinal fluid
(aCSF; composition in mM: NaCl 127, KCl 1.6, KH2PO4 1.24, MgSO4

1.3, CaCl2 2.4, NaHCO3 26, and D-glucose 10) using a Leica VT1000s
microtome (Buffalo Grove, IL). Slices were subsequently main-
tained in oxygenated (95% O2/5% CO2) aCSF at room temperature
for at least 1 h prior to electrophysiological recording.

For recordings of IPSCs, whole-cell patch clamp recordings were
performed from pyramidal neurons of the hippocampal CA1 region
at room temperature (17–21 �C) using Axopatch 1D amplifiers
(Molecular Devices, Sunnyvale, CA). Patch pipettes were pulled
from thin-walled borosilicate glass (GF150TF-10; Harvard Appara-
tus, St Laurent, QC, Canada) with resistances of 3–8 MV when filled
with an intracellular solution of the following composition (mM):
potassium gluconate 140, KCl 10, EGTA-Na 1, HEPES 10, Na2ATP 4,
and GTP 0.3. All recordings were performed in the presence
throughout of 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]qui-
noxaline-2,3-dione (NBQX) and (2R)-amino-5-phosphonopenta-
noate (AP5) (both 10 mM), to inhibit glutamate-mediated
excitatory postsynaptic currents, using Axonsoftware (pClamp,
Molecular Devices). A 15-min stable baseline period was recorded,
followed by application of FRM-17874 or control (0.1% DMSO) for
20 min, and compound wash-out. Bicuculline (10 mM) was applied
at the end of selected experiments in order to demonstrate that the
IPSCs were mediated through GABA receptors. In another group,
MLA (10 nM) was applied prior to 3.2 nM FRM-17874 for 10 min.

For in vitro LTP studies, slices were transferred to BSC1 interface
chambers (Scientific Systems Design, Digitimer, UK) following the
1 h recovery period and constantly perfused with warmed (30 �C)
oxygenated aCSF at a rate of 1.5–3.0 ml/min. A concentric bipolar
electrode (FHC, Bowdoin, ME) was placed in the slice for
stimulation of the Schaffer collateral pathway (1–100 V, 0.1–
1 ms pulse width, 0.03 Hz) with the evoked field excitatory
postsynaptic potential (fEPSP) activity recorded from the hippo-
campal CA1 region using an Axoclamp 2A amplifier (Molecular
Devices) with a glass capillary microelectrode filled with 2 M NaCl
(resistance 3–6 MV; GF150TF-10; Harvard Apparatus). Stimulation
parameters were set so as to produce a fEPSP of approximately 30%
of the maximum amplitude. A 10-min stable baseline period
(0.033 Hz) was recorded using pCLAMP software (Molecular
Devices) followed by a 20-min administration of 1, 3.2 or 5 nM
FRM-17874 prepared in aCSF from a 50-mM stock solution
prepared in water, beginning 15 min before and ending 5 min
after the induction of LTP using theta-burst stimulation (TBS;
10 mini-trains: 4 pulses, 100 Hz, 200 ms apart). Two septo-
hippocampal slices were obtained per animal. In most cases slices
from each animal were exposed to different test conditions in a
pair-wise study design to minimize the impact of inter-animal
variability. Total group size per condition reflects the number of
slices for that particular condition. Experiments with unstable
baselines were discarded. Successful experiments responses were
monitored for a minimum of 60 min after LTP induction.

http://www.cerep.com
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In both studies, data for compound/control treatments were
expressed as percent of the baseline data for each recording.
Statistical analysis was performed using one-way ANOVA with
post-hoc Holm–Sidak’s test (Prism 6, GraphPad Software Inc., San
Diego, CA). Data were expressed as the mean and SD; and a
difference was considered significant when p < 0.05.

2.6. In vivo electrophysiology

2.6.1. Recording procedures
Hippocampal theta oscillation in anesthetized rats and mice was

elicited by brainstem stimulation as previously described [28,41].
Briefly, both rats and mice were anesthetized with 1.5 g/kg urethane
intraperitoneally, and placed in a Kopf stereotaxic frame (Tujunga,
CA) on a temperature-regulated heating pad (Physitemp Instru-
ments Inc., Clifton, NJ) set to maintain body temperature at 37–
38 �C. After surgical preparation of the animal, two concentric
stainless steel bipolar electrodes (NE-100X, Rhodes Medical
Instruments, Woodland Hills, CA) were placed in the brain, one
in the left hippocampal CA1 region for recording of local field
potentials and the other in the nucleus pontis oralis (nPO) for
electrical stimulation . Stereotaxic coordinates for each target area
were referenced relative to bregma. Coordinates for the mouse CA1
were: anterior–posterior (AP) �2.0 mm,1.5 mm lateral, and 1.5 mm
ventral from the cortical surface; and for nPO: AP �4.0 mm, 1.2 mm
lateral, and 3.3 mm ventral from the cortical surface, [42].
Coordinates for the rat CA1 were: AP �3.0 mm, 2.0 mm lateral,
and 2.5 mm ventral from the cortical surface, and for nPO: AP
�7.8 mm, 1.8 mm lateral, and 6.0 mm ventral from the cortical
surface, [43]. An ear bar of the stereotaxic frame served as the
ground. Each recording began 30 min following placement of the
last electrode. Animals were left in the stereotaxic frame
throughout the experiments and their level of anesthesia was
regularly checked. The nPO stimulus consisted of a train of 0.3 ms
square pulses delivered over 6 s at a rate of 250 Hz, repeated every
100 s and was provided by an Isoflex stimulus-isolator (A.M.P.I.
Instruments, Jerusalem, Israel). Stimulating current was deter-
mined in each individual animal by establishing a stimulus–
response relationship for both peak theta frequency and total theta
power. Current inducing theta oscillation between 5 and 7 Hz
frequency with an absolute power between 60 and 80% of the
maximal response was selected and then held constant for the
duration of the experiment. After establishing a stable baseline
(about 60 min from the beginning of recording), saline or drug was
administered sc, and recording continued for another 60 min.
Spontaneous and stimulation-induced local field potentials were
amplified using an A-M System (Carlsborg, WA) with filters set
between 1 and 500 Hz. The signal was continuously monitored,
digitized at a rate of 1 kHz, and stored for subsequent analysis using
Spike2 software package, version 7 (Cambridge Electronic Design,
Cambridge, UK).

2.6.2. Data analysis
Analysis of stimulation-evoked hippocampal theta oscillation

was performed using fast Fourier transform at a spectral resolution
of 0.24 Hz on the last 5 s of each 6-s-long stimulation period. The
first second of the stimulation period was omitted to avoid
stimulus artefacts. Peak frequency and total theta power were
determined. Total theta power was calculated by summing the
power in the 3- to 9-Hz frequency band, and then normalizing the
power for each animal to the mean of the nine baseline responses
measured prior to drug or saline administration. Group data for
each dose of the compound were then compared with the saline
group using a repeated-measures ANOVA followed by post-hoc
analysis with Bonferroni’s tests. Time course changes of theta
power from baseline in each group were tested using one-way
ANOVA followed by a two-sided Dunnett’s post-hoc analysis. Data
were expressed as the mean and SD; and a difference was
considered significant when p < 0.05.

2.7. Behavioral studies

2.7.1. Novel object recognition
The NOR assay was modified from a previously described method

[44]. Briefly, rats were housed on a reversed light/dark cycle and
tested during the dark phase in low lux conditions (�2–7 lux) under
red light. The test chamber consisted of a cylindrical arena 80 cm in
diameter with 40-cm high walls of opaque black acrylic with a matte
finish. Objects were custom fabricated shapes (cone and bullet),
similar in overall size (8 cm high � 8 cm diameter) and counter-
balanced between treatment groups. Animals were tracked using a
video camera and Ethovision XT software, version 8.5 (Noldus Inc.,
Wageningen, The Netherlands) and a 2-cm perimeter around each
object was designated as a separate zone. Animals were habituated
to the arena containing no objects one day prior to testing. During
habituation, animals were placed in the arena and allowed to explore
for 3 min. Training was conducted approximately 24 h later, with one
set of identical objects placed on opposite sides in the arena and
animals were allowed to explore the objects for 3 min. Testing was
performed 48 h after training. During testing, one familiar object was
replaced with a novel object and animals were allowed to explore
both objects for 3 min. Contact time, which was automatically
determined by the tracking software, was defined as the amount of
time ananimalspent with its nosewithinthe 2-cm perimeteraround
an object. All animals that had �5 s total object contact time were
excluded from the study. The saline or compound was dosed sc
30 min prior to training.

2.7.2. Water T-maze assay
The water T-maze is an egocentric visuospatial learning task

that also incorporates reversal learning. The assay consisted of an
initial acquisition phase in which mice were trained to locate a
hidden platform on one side (i.e., right or left). The second phase
consisted of a reversal in which the platform location was moved to
the opposite side. The protocol was adapted from [45]. A plus-
maze, with one arm blocked to create the T-maze, was constructed
from Plexiglas. Each arm was 35 cm long and 10 cm wide. The maze
was filled with 23 �C (�1 �C) water to a depth of 21 cm, which was
1 cm above the surface of the platform. Water was made opaque
with white non-toxic Tempera paint. The platform was a
5 cm � 10 cm rectangle made from clear Plexiglas that was placed
at the end of the goal arm. The goal arm was assigned in a
pseudorandom order within groups as either the left or right. At
the beginning of each trial, mice were placed in the start area facing
the back wall so that no directional bias for swimming was given.
Mice were allowed up to 1 min to complete each trial. If the
platform was not located, mice were placed on the platform for
10 s. For each trial, a correct choice was recorded if the mouse
swam directly to the platform. An incorrect choice was recorded if
the mouse swam out of the start area and into the opposite arm. If
the mouse swam out of the start area in the correct direction but
returned to the start area before reaching the platform, a ‘no
choice’ was recorded. Mice were given a total of eight trials per day
(2 trials � 4 blocks). The blocked arm and start location were
alternated between trials and also between blocks so mice had to
learn the correct direction and could not rely on visual cues within
the room. Mice were dried with a paper towel and allowed to rest
between blocks for the amount of time it took for all others in the
cohort to complete their trials, �30 min. Once a mouse reached a
daily criterion of 75% correct choices for two consecutive days, it
was moved into the reversal learning phase of the experiment. The
reversal phase was identical to the acquisition phase with the
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exception that the ‘correct’ platform location was now switched to
the opposite side. Animals that did not reach criterion by
acquisition day 10 were not subjected to the reversal learning
phase. Data were collected manually by a single, blinded observer.

2.7.3. Statistical analysis
The NOR data were analyzed using Prism 6 and statistical

significance was determined using a paired t-test comparing time
spent at the novel versus familiar object during the test session for
each group. The water T-maze data were analyzed using SAS
Statistical Software (Cary, NC) and significant effects over days
were determined using a generalized linear model for a Poisson
distribution and a priori analysis of individual day effects was
performed using a Poisson trend test since the data were not
normally distributed. Data were expressed as the mean and SD;
and a difference was considered significant when p < 0.05.

2.8. Pharmacokinetic studies

Following sc administration of FRM-17874 (5 mg/kg), animals
were euthanized by CO2 asphyxiation (mouse) and isoflurane (rat)
at desired time points (0.25, 0.5, 1, 2, 4, 6, and 8 h post-dose;
n = 3 per time point). Plasma and brain samples were collected as
described previously [37] and stored at �80 �C until analysis. FRM-
17874 concentrations in rat and mouse plasma and brain samples
were determined by liquid chromatography with tandem mass
spectrometry following protein precipitation with acetonitrile. The
procedure was detailed by Tang et al. [37] for rat samples; and a
similar method was applied to measure FRM-17874 concentrations
in mouse plasma and brain samples.

3. Results

3.1. In vitro pharmacology

3.1.1. Receptor binding and physiology
FRM-17874 (Fig. 1A) bound with high affinity to human

a7 nAChRs stably expressed in CHO-K1 cells, displacing [3H]-
Table 1
In vitro receptor, ion channel and transporter binding of FRM-17874.

Assay Percent inhibition (10 mM) 

Adenosine A1 (h) �12 

Adenosine A2A (h) 13 

Adenosine A3 (h) 0 

Adrenergic a1 (r, non-selective) 11 

Adrenergic a2 (r, non-selective) 6 

Adrenergic b1 (h) 12 

Adrenergic b2 (h) 14 

Angiotensin-II AT1 (h) �13 

Bradykinin B2 (h) �13 

Cannabinoid CB1 (h) 8 

Cholecystokinin CCK1 (h) 2 

Chemokine CCR1 (h) �3 

Chemokine CXCR2 (h) �1 

Dopamine D1 (h) 18 

Dopamine D2S (h) 27 

Endothelin ETA (h) 1 

GABA (non-selective) (r) �2 

GABAA (r, central benzodiazepine) 1 

GABAA chloride channel (r, GABA-gated) �37 

Galanin GAL2 (h) 3 

Histamine H1 (h) 9 

Histamine H2 (h) 17 

Melanocortin MC4 (h) 10 

Melatonin MT1 (h) 12 

Muscarinic M1 (h) 22 

Muscarinic M2 (h) 29 

Muscarinic M3 (h) 37 

h, human; m, mouse; r, rat.
MLA with a Ki of 4.3 � 0.27 nM (mean � SD, n = 5). In contrast,
10 mM FRM-17874 did not displace [3H]-epibatidine binding in a
cerebral cortical homogenate, indicating a lack of affinity for the rat
a4b2 nAChR (�12% inhibition). A similar lack of affinity for human
a4b2 nAChRs as for rat a4b2 nAChRs was observed, where 10 mM
FRM-17874 inhibited only 6.8% and 0.1% of [3H]-cytisine binding in
separate assays with human receptors. The selectivity of FRM-
17874 was further examined in a panel of 54 molecular targets,
including G protein-coupled receptors, ion channels, and amine
transporters (Table 1). At 10 mM, FRM-17874 displayed less than
50% inhibition of control specific binding for all but the following
receptors: 5-HT2A, 5-HT2B, 5-HT2C, 5-HT3, and 5-HT5a. Binding
affinity (Ki) was measured for these receptors in one or two
independent studies with each study consisting of 8 concentrations
tested in duplicate. Among these, FRM-17874 bound with highest
affinity to human 5-HT3 receptors (Ki = 5.9 nM, 6.8 nM) in good
agreement with functional inhibition of receptor-mediated
responses in Xenopus oocytes (IC50 = 3.2 � 2.4 nM, nH = 1.7 � 0.4,
n = 5). Among the remaining receptors, FRM-17874 displaced
radioligand with Ki values of 350 nM for 5-HT2A (h), 39 and
48 nM for 5-HT2B (h), 700 nM for 5-HT2C (h), and 1800 nM for 5-
HT5a (h).

When applied to Xenopus oocytes expressing human
a7 nAChRs, FRM-17874 evoked concentration-dependent inward
currents with a maximal response of 57 �46% of the response
evoked by 1280 mM ACh with an EC50 of 0.42 � 0.17 mM and a Hill
coefficient of 1.7 � 0.9 (n = 13) (Fig. 1B and C). The maximum
response may be an underestimate of relative agonist efficacy, as a
clear decline in both the ACh-evoked control and FRM-17874 peak
currents were observed with concentrations higher than 3 mM,
which may reflect incomplete recovery from desensitization
during the 55-s wash-out between successive applications of
FRM-17874. In separate studies using low concentrations (3–
100 nM) and longer application times (30 s) to explore the agonist
threshold, the lowest concentration to consistently evoke a
detectable current was in the range of 30–100 nM with no
detectable current evoked at concentrations less than 30 nM
(Fig. 1D). To further examine the effects of FRM-17874 on
Assay Percent inhibition (10 mM)

Neurokinin NK1 (h) 9
Neurokinin NK2 (h) �6
Neurokinin NK3 (h) 1
Neuropeptide Y Y1 (h) �22
Neuropeptide Y Y2 (h) �27
Neurotensin NTS1 (h) �5
Opioid d2 (DOP) (h) 0
Opioid k (r) 20
Opioid m (h) 40
Opioid NOP (h) �1
Prostanoid EP4 (h) 3
Serotonin 5-HT1A (h) 42
Serotonin 5-HT1B (r) 24
Serotonin 5-HT2A (h) 92
Serotonin 5-HT2B (h) 98
Serotonin 5-HT2C (h) 83
Serotonin 5-HT3 (h) 101
Serotonin 5-HT5a (h) 67
Serotonin 5-HT6 (h) 16
Serotonin 5-HT7 (h) 11
Somatostatin sst (m, non-selective) -2
Vasoactive intestinal polypeptide VPAC1 (h) 1
Vasopressin V1A (h) 9
Potassium channel (r, SKCa) 4
Norepinephrine transporter (h) 24
Dopamine transporter (h) 22
5-HT transporter (h) 16



582 M. Stoiljkovic et al. / Biochemical Pharmacology 97 (2015) 576–589
desensitization, a concentration-response inhibition profile was
generated by measuring ACh-evoked currents (40 mM) in the
sustained presence of increasing concentrations of FRM-17874
(IC50 = 2.1 �0.4 nM, nH= 2.1 �0.3, n = 6, Fig. 1E).

Encenicline applied at sub-activating concentrations has been
shown to enhance the macroscopic (i.e., whole cell) ACh-evoked
human a7 nAChR current, and it was proposed that this ‘priming’
effect may mediate behavioral effects in vivo [23]. We therefore
evaluated FRM-17874 for receptor priming activity at sub-
desensitizing concentrations. Acetylcholine (40 mM) was applied
repeatedly for 5 s, first at intervals of 2 min, and then at intervals of
10 min. After establishing a baseline response, continuous expo-
sure to 1 nM FRM-17874 enhanced the ACh-evoked response to
188 � 29% of the baseline (n = 7) (Fig. 1F). ACh-evoked responses
were similarly enhanced by FRM-17874 concentrations ranging
from 0.01 to 3 nM (Fig. 1G).

3.1.2. FRM-17874 enhances hippocampal slice synaptic transmission
and plasticity

GABAergic IPSCs were recorded from CA1 pyramidal neurons
following FRM-17874 application at concentrations of 0.32–10 nM.
A significant increase to 143 � 30% (n = 8) of control (0.1% DMSO) in
the frequency of IPSCs was observed with application of 3.2 nM
FRM-17874 (F(5,42) = 2.95, p < 0.05; Fig. 2A and B). No other
concentration of FRM-17874 increased the IPSC frequency
(Fig. 2B). Co-application of 10 nM MLA, an a7 nAChR antagonist,
significantly blocked the increase in IPSCs compared with 3.2 nM
FRM-17874 alone (p < 0.05). MLA alone did not alter IPSC
frequency compared with control (data not shown). There were
no changes in IPSC amplitudes with any of the tested concen-
trations of FRM-17874. IPSCs were absent in the presence of the
GABA receptor antagonist bicuculline (data not shown), indicating
that the effects of FRM-17874 on IPSCs in pyramidal neurons were
mediated through stimulation of GABAergic interneurons.

Synaptic plasticity was measured in the CA1 region as LTP
induced by TBS of the Schaffer collaterals. TBS evoked stable LTP in
control (aCSF) and FRM-17874-treated slices (Fig. 2C). The
amplitude of the fEPSP above baseline in the control-treated
slices was 127 � 9% (n = 12; Fig. 2D). The fEPSP amplitude was
increased to 139 � 12% (n = 13) and 138 � 11% (n = 11) of baseline by
3.2 and 5 nM FRM-17874, respectively. These increases in fEPSP
amplitudes were significant compared to the increase above
baseline in fEPSP amplitude in control-treated slices (F(3,42) = 2.960,
p < 0.05). The fEPSP amplitude in the 1 nM FRM-17874 group was
increased to 133 � 11% (n = 10) of baseline and did not differ from
control. FRM-17874 was superfused for 15 min prior to induction of
LTP and for an additional 5 min following TBS. There was no effect
of FRM-17874 on the average fEPSP amplitude for the 5 min prior to
TBS (F(3,42) = 1.682, p = NS). However, the fEPSP amplitude prior to
TBS tended to increase for 3.2 nM FRM-17874 (2.8% relative to
control in the 5 min just prior to TBS), and it is possible that longer
exposure to FRM-17874 may increase the fEPSP amplitude in the
absence of TBS.

3.2. FRM-17874 enhances stimulation-induced hippocampal theta
oscillation

3.2.1. C57BL/6 mice
FRM-17874 was tested on elicited hippocampal theta oscillation

over a broad dose range, including 0.1 (n = 6), 0.3 (n = 6), 1 (n = 6), 3
(n = 6) and 10 (n = 4) mg/kg, sc, and compared with a saline control
group (1 ml/kg, sc, n = 4). Statistical analysis revealed a dose-
dependent facilitation of stimulation-induced hippocampal theta
oscillation (F(5,26) = 10.64, p < 0.0001). At the low doses (0.1 mg/kg
and 0.3 mg/kg), FRM-17874 did not significantly impact the power
of elicited hippocampal theta oscillation compared to saline. In
contrast, administration of FRM-17874 at 1 mg/kg (Fig. 3) caused a
significant increase in theta power (p < 0.02). The effect was visible
from 10 min post-administration, reached a maximum of about
30–35% of baseline or saline control (Fig. 4). An augmented theta
power was similarly observed after administration of FRM-
17874 at 3 mg/kg compared with saline (p < 0.001), where the
increase in theta power was observed in time bins between 15 and
60 min (Fig. 4B). However, the highest tested dose of FRM-17874
(10 mg/kg) was ineffective (Fig. 4). Neither saline nor FRM-17874 at
any dose tested had any effect on average theta frequency during
the 60-min post-administration period (data not shown).

3.2.2. Wistar rats
FRM-17874 was tested at 0.1, 0.3, 1 and 3 mg/kg, sc (n = 7 for

each group) together with a saline control group (1 ml/kg, sc, n = 6).
Administration of FRM-17874 resulted in significantly enhanced
hippocampal theta power in a dose-dependent manner compared
to control rats (F(4,29) = 6.29, p < 0.001). The minimal effective dose
which significantly increased the amplitude of hippocampal theta
power compared to saline was 0.3 mg/kg (p < 0.01, Fig. 5A),
indicating a slight shift to the left of the dose-response curve
obtained in C57BL/6 mice. Onset of activity occurred at about
15 min after drug administration. A dose of 1 mg/kg also enhanced
theta power (p < 0.02) with a similar magnitude as was observed
after 0.3 mg/kg. In contrast, FRM-17874 at doses of 0.1 and 3 mg/kg
was ineffective in comparison to saline-treated animals. When the
normalized time-course data were collapsed into 15-min bins,
0.3 and 1 mg/kg of FRM-17874 were found to have increased the
amplitude of theta power by about 30 to 48% over the saline
control or the baseline period (Fig. 5B, left and right panels,
respectively). Similar to our findings in C57BL/6 mice, the peak
frequency of stimulation-induced hippocampal theta oscillation
was not significantly affected in FRM-17874-treated rats or saline-
treated controls over the time period tested (data not shown).

3.3. FRM-17874 improves performance in behavioral assays of
learning and memory

3.3.1. Novel object recognition in rats
FRM-17874 0.03, 0.1 and 0.3 mg/kg, sc resulted in significantly

greater time spent exploring the novel than the familiar object
upon testing 48 h after first exposure to the familiar object
(p < 0.05, Fig. 6). In contrast, animals treated with saline or FRM-
17874 1 mg/kg, sc displayed no object preference, suggesting a
natural decay in their memory for the familiar object. During
testing there was no overall difference in the total object
exploration time among treatment groups (F(5,138) = 0.82, p = NS).

3.3.2. Water T-maze in mice

3.3.2.1. Acquisition learning. There was no significant difference
among treatment groups in the number of days needed to reach
acquisition criterion (p > 0.05, Fig. 7A). However, a day-by-day
analysis of the data revealed that on days 4 and 5 both the 1 and
3 mg/kg groups had a significantly higher percentage of correct
choices compared to saline (p < 0.05, Fig. 7B). However, there was
no significant improvement in either the lowest (0.3 mg/kg) or the
highest (10 mg/kg) dose groups on either day 4 or 5. One to two
animals in each treatment group did not reach criterion during the
acquisition phase and were not subjected to the reversal learning
phase.

3.3.2.2. Reversal learning. There was no significant difference
among treatment groups over days during the reversal learning
sessions (p > 0.05, Fig. 7C). However, a day-by-day analysis revealed



Fig. 2. (A) Representative recordings from hippocampal CA1 region pyramidal neurons in the presence of NBQX and AP5 demonstrating IPSCs at baseline and in the presence
of 3.2 nM FRM-17874. (B) Scatter dot plot of IPSC frequency expressed as a percent of baseline. Horizontal lines represent group means. FRM-17874 significantly increased IPSC
frequency compared with 0.1% DMSO control (*p < 0.05; Holm–Sidak post-hoc test). MLA (10 nM) significantly blocked the effect of 3.2 nM FRM-17874 (#p < 0.05; Holm–

Sidak post-hoc test). n = 8 per treatment. (C) Extracellular recordings were made of the fEPSP amplitude in the Schaffer collaterals of rat septo-hippocampal slices. Following a
10-min baseline period, aCSF or 3.2 nM FRM-17874 was infused for 20 min (solid bar). TBS stimulation of the afferent fibers (arrow) evoked stable LTP. FRM-17874 (3.2 nM)
enhanced LTP for 60 min post-TBS. (D) fEPSP amplitude at 50–60 min post-TBS expressed as a percent of baseline. Both the 3.2 and 5 nM concentrations of FRM-
17874 significantly enhanced LTP compared with the control (*p < 0.05; Holm–Sidak post-hoc test). n = 10–13 per treatment. Data were expressed as mean � SD.
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that on day 5, the 1 and 3 mg/kg groups had significantly higher
percentages of correct choices compared to saline (p < 0.05,
Fig. 7D). Similar to acquisition, no significant effect was
observed at either the lowest (0.3 mg/kg) or highest (10 mg/kg)
doses.

3.4. Pharmacokinetic profile of FRM-17874

Total plasma and brain concentration-time courses of FRM-17874
in mice and rats are shown in Fig. 8A and B, respectively; and results
Fig. 3. Typical electroencephalogram (EEG) recorded from hippocampal CA1 region and r
panels represent EEG traces immediately before (baseline) and lower panels approxima
FRM-17874 (1 mg/kg, sc) increased theta power without changing frequency. Horizont
of a non-compartmentalanalysis (meanvalueof n = 3 data points at a
given time point were used to calculate PK parameters) are
summarized in Table 2. In both mice and rats, absorption of FRM-
17874 appeared to be rapid (Tmax in plasma was 0.25 h, the first
measured time point for mice, and 0.5 h in rats). As reported in [37],
absorption of FRM-17874 (referred to as FRM-1) was nearly
complete and the compound was characterized by high systemic
clearance and a short terminal half-life (T1/2) in rats (T1/2 = 1 h; value
obtained from intravenous administration). In both species, FRM-
17874 resided in the brain longer than in plasma (Fig. 8), leading to
espective power spectrum (0–10 Hz) during nPO stimulation in C57BL/6 mice. Upper
tely 30 min after subcutaneous injection of saline (A) and 1 mg/kg FRM-17874 (B).
al black bar under each trace marks the period of stimulation.
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disequilibrium between the plasma and brain over the duration of
sample collection. As the exposure of the compound increased
proportionally to doses in both species, the concentrations were
extrapolated for PK/PD analyses to the doses administered in
pharmacology studies.

4. Discussion

It has recently been reported, that the a7 nAChR agonist
encenicline normalized impaired sensory and cognitive processes
in patients with Alzheimer’s disease and schizophrenia [14,17].
Despite evidence that a7 nAChR agonists reverse neurophysiologi-
cal deficits and cognitive impairment, the concentration–response
relationships involved are not well understood. The experiments
reported here describe the integrative pharmacology of the
a7 nAChR agonist FRM-17874, the 7-benzothiophene Cl-to-F
analogue of encenicline.

The pro-cognitive activity observed with FRM-17874 in the
present study confirms previous results with other a7 nAChR
agonists . Several labs have reported activity of a7 nAChR agonists
in NOR, a model of long-term memory [44], but this is the first
report of a7 nAChR agonist activity in the water T-maze, a model of
egocentric spatial memory, cognitive flexibility, and reversal
Fig. 4. Effect of different doses of FRM-17874 on stimulation-induced hippocampal the
normalized for each animal to the average power prior to injection (indicated by arrow). H
kg FRM-17874 differed from control (p < 0.02; Bonferroni post-hoc test) for 10–50 min po
injection, showing percentage change from saline control (left) or from baseline (right). FR
sc, whereas neither lower (0.1 and 0.3 mg/kg) nor higher (10 mg/kg) doses were effectiv
panel). Data were expressed as mean � SD.
learning [45,47]. Also in line with previous findings [28], current
results confirm that activation of a7 nAChRs can augment evoked
hippocampal theta oscillation power in anesthetized rats and
extended the observation to anesthetized mice. FRM-
17874 showed similar activity in both species, enhancing theta
oscillation power by >30%, similar to the effects of the a7 nAChR
agonist N-[(3R)-1-azabicyclo[2.2.2]oct-3-yl]-4-chlorobenzamide
hydrochloride (PNU-282987) [28]. Although effective doses of
FRM-17874 in rats and mice were only partially overlapping, the
unbound brain concentration (Cu,brain) of FRM-17874 following
active doses were identical in both species. The shift in the dose-
response curves between species is largely attributable to lower
efflux susceptibility at the blood-brain barrier in rats than in mice
(in-house unpublished data). The rat Cu,brain of FRM-17874 was
estimated based on a rat unbound brain fraction (fu,brain) of
0.016 � 0.003 and the total brain concentration that was derived
from a simplified physiologically-based pharmacokinetics (PBPK)
model [37]. The same approach was applied to obtain the mouse
Cu,brain.

Fig. 9 illustrates the concentration-response relationships from
the experiments reported here on a single x-axis of concentration
where the values from in vivo studies reflect the Cu,brain. The Cu,brain
was derived from a rat PBPK model of FRM-17874 [37] and was
ta power in C57BL/6 mice. (A) Total theta power in the 3–9 Hz frequency band was
ere, only 1 and 10 mg/kg FRM-17874 and saline are shown. In post-hoc testing 1 mg/
st-injection. (B) Theta power for all groups collapsed into 15-min time bins following
M-17874 significantly enhanced stimulation-induced theta power at 1 and 3 mg/kg,
e. *p < 0.05; Bonferroni post-hoc test (left panel) and Dunnett post-hoc test (right



Fig. 5. Effect of different doses of FRM-17874 on stimulation-induced hippocampal theta power in Wistar rats. (A) Administration of FRM-17874 at 0.3 mg/kg, sc significantly
increased the amplitude of stimulation-induced theta power for 15–60 min post-injection (p < 0.01; Bonferroni post-hoc test), while 3 mg/kg was completely ineffective in
comparison to saline-treated animals. Injection time indicated by arrow. B, Theta power for all groups collapsed into 15-min time bins following injection showing percentage
change from saline control (left) or from baseline (right). *p < 0.03; #p < 0.003; Bonferroni post-hoc test (left panel) and Dunnett post-hoc test (right panel). Data were
expressed as mean � SD.

Fig. 6. Effect of FRM-17874 administered 30 min before training on object
preference in the natural forgetting NOR using a 48-h retention interval in male
Wistar rats (mean � SD). When compared to saline, FRM-17874 (0.03–1 mg/kg, sc)
improved memory. Differences between novel and familiar object: *p < 0.05; paired
t-test, n = 19–38 per treatment.
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applied to mice. Apparent across all endpoints is the prominent,
biphasic, bell-shaped concentration-response pattern at the
systems physiology and behavioral levels. An overlapping range
of FRM-17874 Cu,brain improved performance in both NOR in rats
(0.1–1 nM) and water T-maze in mice (1–3 nM) (Fig. 9A), as well as
increased evoked hippocampal theta oscillation power in rats (1–
3 nM) and mice (1–3 nM) (Fig. 9B). Higher and lower concen-
trations were ineffective in all of these measures. This overlap was
anticipated since the cognitive domains studied here are mediated
in part by theta oscillations in the hippocampus [36,48,49].
Furthermore, concentrations of FRM-17874 that enhanced
GABAergic synaptic transmission and LTP in isolated brain slices
were in a similar range (3.2–5 nM) (Fig. 9B), consistent with a well-
established model of inhibition-induced theta resonance [50,51].

FRM-17874 receptor pharmacology is illustrated in Fig. 9C.
FRM-17874 binds the a7 nAChR with high affinity and is an agonist
that both activates and desensitizes the receptor. The equilibrium
competition-binding affinity of 4.3 nM at human a7 nAChRs is
comparable to the concentration ranges of FRM-17874 that evoked
neurophysiological and behavioral effects. Note that binding
studies evaluating displacement of [125I]-a-bungarotoxin from a
rat cerebral cortex preparation produced a Ki value of 4.6 � 1.87 nM



Fig. 7. Effects of FRM-17874 on memory acquisition (A and B) and reversal learning (C and D) in the water T-maze in C57BL/6 mice. (A) There was no overall significant effect of
FRM-17874 on acquisition days 1–10. (B) Effects of FRM-17874 on percent correct choices on acquisition day 5. When compared to saline, FRM-17874 (1 and 3 mg/kg, sc)
administered daily 30 min before block 1 significantly improved acquisition learning (percent correct choices). Differences from saline: *p < 0.05; Poisson trend test, n = 9–
20 per treatment. (C) There was no overall significant effect of FRM-17874 on reversal days 1–5. (D) Effects of FRM-17874 on percent correct choices on reversal day 5. When
compared to saline, FRM-17874 (1 and 3 mg/kg, sc) administered daily 30 min before block 1 improved reversal learning (percent correct choices). Differences from saline:
*p < 0.05; Poisson trend test, n = 7–17 per treatment. Data were expressed as mean � SD.
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(mean � SD, n = 3) suggesting that binding affinity of FRM-
178784 is similar for rat and human a7 nAChRs. However, much
higher concentrations are required to measurably activate the
receptor in vitro, consistent with the binding and functional
profiles of other agonists of a7 nAChRs. Indeed, 100 nM was the
minimum concentration at which whole-cell currents were
reliably detected in drug-naïve, a7 nAChR-expressing Xenopus
oocytes briefly exposed to drug. Thus, the concentration–response
relationships described in Fig. 9A–B appear inconsistent with FRM-
17874’s agonist mode of action.

Given the available data set, three potential mechanisms could
explain the neurophysiological and behavioral effects. Significant
levels of receptor binding and receptor desensitization occur at
concentrations overlapping with the neurophysiological and behav-
ioral effects. Receptor desensitization is therefore a possible explana-
tion. However, this hypothesis is inconsistent with prior studies
demonstrating that the cognition-enhancing properties of a7 nAChR
Fig. 8. Plasma and brain concentration–time profiles of FRM-17874 in mice (A) and rats (B
not shown the error bars are smaller than the symbol.
agonists can be prevented with selective a7 nAChR antagonists
[23,46]. In addition, the ability to evoke synchronous theta-frequency
oscillatory activity is significantly reduced in hippocampal slices
isolated from a7 nAChR null mice [52] or by the addition of the
selective a7 nAChR antagonist MLA [27]. Furthermore, as desensiti-
zation increases with agonist concentration, this explanation is not
consistent with thebell-shaped dose response curveobserved here for
physiological and behavioral endpoints.

A second possible explanation is that pharmacological interac-
tion at targets other than a7 nAChRs may underlie the behavioral
and neurophysiological activity. Of the receptors profiled, FRM-
17874 only substantially displaced radioligand at the a7 nAChR
and the 5-HT3 receptor in a concentration range overlapping the
efficacious values of Cu,brain (Table 1). The selective 5-HT3
antagonist ondansetron has been reported to facilitate ACh release,
which has been considered the underlying mechanism for
improving auditory gating deficits in DBA/2 mice, via activating
) dosed subcutaneously at 5 mg/kg. Data were expressed as mean � SD (n = 3); when



Table 2
PK parameters derived from non-compartmental analysis and exposure ratios
following sc administration (5 mg/kg).

Matrix Parameter (unit) Mouse Rat

Plasma AUC0–Tlast (nM h) 725 [570–943] 1217 [858–1520]
AUC0–1 (nM h) 733 [575–955] 1220 [861–1526]
Cmax (nM) 1105 [723–1797] 782 [503–1245]
Tmax (hr) 0.25 [0.25] 0.5 [0.25–0.5]

Brain AUC0–Tlast (nM h) 2224 [1728–2652] 5684 [4975–6499]
AUC0–1 (nM h) 2640a [1993–3181] 6199 [5476–7148]
Cmax (nM) 550 [476–641] 1406 [1317–1472]
Tmax (hr) 1.0 [1] 1.0 [1]

AUC, area under the concentration-time curve; Cmax, maximum concentration;
Tmax, time at which maximum concentration was observed.
Note: Numbers in brackets represent the range derived from lowest and highest
concentration measured at each time point.

a Percentage AUC extrapolated from the last time point (Tlast) to infinity (1) was
�16%.

Fig. 9. FRM-17874 concentration–response relationships from all experiments are
plotted on a single x-axis of free drug concentration. (A and B) Free drug
concentrations in vivo refer to the mean Cu,brain during the time the measurement
was made as predicted by PBPK modeling based on the dose administered [37].
Because Cb,brain was predicted from this model, there are no error terms associated
with exposure in this plot; however, Tang et al. [37] describe the variability in the
data set that was used to derive the PBPK model. Data were first normalized for each
dose compared to saline, and then normalized to the maximum drug effect
observed. See Figs. 1–7 for the variance associated with the various measures. (A)
Drug effects on rat NOR (*) and mouse water T-maze (WTM) acquisition (&). For
NOR, the estimated exposure during training (i.e., 30 min post-dose) was used. For
WTM, the estimated exposure over the entire test period was used. (B) In vivo
hippocampal theta oscillation power in rats (*) and mice (&) and in vitro LTP (~)
and GABA IPSC frequency (�) in rat septo-hippocampal slices. Theta oscillation
power for 30–60 min post-dose, LTP at 50–60 min post-TBS, and IPSC frequency at
0–20 min post-treatment. (C) Receptor pharmacology data are normalized to the
control condition in the absence of FRM-17874 in each assay. Human a7 nAChR (&)
and 5-HT3 receptor (	) binding assays, and electrophysiological data in oocytes for
priming (�), desensitization (&), and activation (*). For a7 nAChR priming, data
were expressed as a fraction of the maximum response at 0.01 nM.
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the a7 nAChR [53]. While the exact role of 5-HT3 receptors in
cognitive functions is less understood, a multicenter, double-blind,
placebo-controlled clinical trial failed to demonstrate any signifi-
cant cognitive improvement in Alzheimer’s disease patients
treated with ondansetron [54]. Furthermore, FRM-17874 and
PNU-282987 showed a similar activity in stimulation-induced
theta oscillation, although PNU-282987 showed over 60-times
lower affinity to 5-HT3 receptors than to a7 nAChRs [28,55],
indicating a primary role of a7 nAChRs in augmentation of
hippocampal theta power. While a role of 5-HT3 receptor
antagonism cannot be excluded, the totality of data is not
consistent with 5-HT3 receptor inhibition as the primary mecha-
nism responsible for the observed enhancement of cognitive
performance and increased power of hippocampal synchroniza-
tion in the theta frequency.

Our preferred hypothesis is that the rising phase of the bell-
shaped concentration-response relationship observed in behav-
ioral and neurophysiological studies is related to the observation
that concentrations of FRM-17874 <3 nM, which are insufficient to
activate the receptor directly, enhance macroscopic responses to
the native neurotransmitter ACh (Fig. 9C). This effect has been
termed priming [22,56], although the underlying exact mecha-
nisms of priming have not been fully revealed. Conceptually,
priming suggests that binding of FRM-17874 to an orthosteric site
on the receptor may stabilize conformations that are more readily
activated by subsequent exposure to an activating concentration of
agonist. Alternatively, the enhanced response may reflect more
synchronized activation of the same fraction of receptors upon
exposure to a subsequent agonist challenge. At the level of a
neuron, this could result in a more synchronized and therefore
more impactful response of a7 nAChRs than can be produced by
the natural fluctuations of ACh or choline. Additionally, the
potency of FRM-17874-mediated desensitization of ACh-evoked
responses in Xenopus oocytes offers a receptor-level mechanism
that appears consistent with the falling phase of the biphasic, bell-
shaped in vivo concentration-response relationship (Fig. 9C),
leading to inefficacy at Cu,brain >10 nM. Importantly, a neural
systems-level mechanism independent of receptor desensitization
may provide an alternative explanation for the loss of effect at
higher concentrations [2].

A significant caveat to this hypothesis is that priming was also
observed at concentrations as low as 10 pM, which is much lower
than the lowest effective concentration in behavioral and
neurophysiological assays, and >400-fold below the Ki. No ready
explanation can account for this discrepancy. It is important to
note that the extent of priming that is measured in the Xenopus
oocyte expression system is strongly influenced both by the
frequency of ACh application (see Fig. 1F) and by the concentration
of ACh. For example, no priming was observed when FRM-
17874 was combined with a maximally effective concentration of
ACh (1 mM, data not shown), consistent with the idea that priming
does not alter the ACh-evoked open channel properties. Never-
theless, if the concept of priming explains the activity in native
preparations at concentrations that are lower than are required to
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evoke a direct agonist response in the oocyte preparation, the
experimental conditions of the oocyte study do not replicate
priming as it may occur at native receptors responding to
endogenous ACh and choline dynamics. Clearly, a satisfactory
molecular kinetic understanding of priming is lacking.

The integrative pharmacology of FRM-17874 presented here
suggests a pharmacological and mechanistic relationship to the
non-clinical and clinical pharmacology of encenicline. For example
in schizophrenia patients, daily dosing of 0.3 and 1 mg for three
weeks elicited dose-dependent increases in mismatch negativity
and P3a [17], which are event-related potentials linked to sensory
and cognitive processing. Steady-state free plasma concentrations
in this clinical study were well below the minimal-effective agonist
concentrations, but corresponded with concentrations that prime
a7 nAChRs, increasing responses to sub-maximal concentrations
of ACh in oocyte studies [23]. These surprisingly potent effects
should refocus attention away from the direct-acting a7 nAChR
agonist property of these compounds towards other mechanisms
which may better explain their potential therapeutic utility. This
paper represents a first attempt to explain the concentration-
response function of a7 nAChR agonist-mediated pro-cognitive
effects in terms of receptor pharmacology.
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