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TAK-137, an AMPA-R potentiator with little agonistic
effect, has a wide therapeutic window
Akiyoshi Kunugi1, Maiko Tanaka1, Atsushi Suzuki1, Yasukazu Tajima1, Noriko Suzuki1, Motohisa Suzuki1, Shinji Nakamura1,
Haruhiko Kuno2, Akihiro Yokota1, Satoshi Sogabe2, Yohei Kosugi3, Yasuyuki Awasaki4, Tomohiro Kaku1 and Haruhide Kimura1

Activation of α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor (AMPA-R) is a promising strategy to treat psychiatric
and neurological diseases if issues of bell-shaped response and narrow safety margin against seizure can be overcome. Here, we
show that structural interference at Ser743 in AMPA-R is a key to lower the agonistic effect of AMPA-R potentiators containing
dihydropyridothiadiazine 2,2-dioxides skeleton. With this structural insight, TAK-137, 9-(4-phenoxyphenyl)-3,4-dihydropyrido[2,1-c]
[1,2,4]thiadiazine 2,2-dioxide, was discovered as a novel AMPA-R potentiator with a lower agonistic effect than an AMPA-R
potentiator LY451646 ((R)-N-(2-(4′-cyanobiphenyl-4-yl)propyl)propane-2-sulfonamide) in rat primary neurons. TAK-137 induced
brain-derived neurotrophic factor in neurons in rodents and potently improved cognition in both rats and monkeys. Compared to
LY451646, TAK-137 had a wider safety margin against seizure in rats. TAK-137 enhanced neural progenitor proliferation over a
broader range of doses in rodents. Thus, TAK-137 is a promising AMPA-R potentiator with potent procognitive effects and lower
risks of bell-shaped response and seizure. These data may open the door for the development of AMPA-R potentiators as
therapeutic drugs for psychiatric and neurological diseases.
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INTRODUCTION
The ionotropic glutamate receptor α-amino-3-hydroxy-5-methyl-4-
isoxazole-propionic acid (AMPA) receptor (AMPA-R) mediates the
vast majority of fast excitatory neurotransmission in the central
nervous system [1]. AMPA-Rs are composed of four subunits
(GluA1–4), which have flip (i) and flop (o) splice isoforms, and
native AMPA-Rs are most likely tetramers generated by the
assembly of one or more of these subunits [2–6]. Additional
complexity of AMPA-Rs is conferred by RNA editing of a Q/R site in
the GluA2 RNA and differential assembly with auxiliary accessory
transmembrane proteins such as transmembrane AMPA-R reg-
ulatory proteins (TARPs) [7–9]. AMPA-Rs play an important role in
synaptic plasticity, which is essential for learning and memory [10].
In fact, AMPA-R potentiators improved cognitive performance in
multiple preclinical models [11, 12]. Accumulating evidence
suggests that dysfunction of glutamatergic signaling contributes
to cognitive deficits such as schizophrenia and Alzheimer’s
disease. Moreover, AMPA-R activation and consequent brain-
derived neurotrophic factor (BDNF) production may have pivotal
roles in ketamine’s fast antidepressant activity [13]. Thus,
activation of AMPA-Rs could be a novel strategy for treating
psychiatric and neurological diseases.
AMPA-R agonists, which can activate all AMPA-Rs including

resting receptors, have been shown to induce both desensitization
of AMPA-R and seizure [14–16]. AMPA-R potentiators are
considered to have better pharmacological profiles because of
their selective enhancement of physiological activation of AMPA-
Rs in the brain. However, AMPA-R potentiators such as LY451646

((R)-N-(2-(4′-cyanobiphenyl-4-yl)propyl)propane-2-sulfonamide),
LY451395, and S18986 were reported to demonstrate bell-shaped
response in their various pharmacological effects [17–19]. In
addition, we observed that LY451646 induced seizure at a 10-fold
higher dosage than that required for cognitive improvement in a
novel object recognition test in rats. Given the heterogeneity of
humans (e.g., metabolic rates, genetics, etc.), these risks would be
more serious in clinical trials. Thus, discovery of AMPA-R
potentiators with lower risks of bell-shaped response and seizure
would be critical for development of AMPA-R potentiators as
therapeutic drugs.
To discover AMPA-R potentiators with lower risks of bell-shaped

response and seizure, we explored in vitro assays that can detect
the bell-shaped dose responses. We found that LY451646 and
LY451395 started to exhibit a bell-shaped response at concentra-
tions at which they started to show agonistic effect in BDNF
protein production in primary neurons [20]. Surprisingly, LY451646
and LY451395 showed potent agonistic effects in a Ca2+ influx
assay with primary neurons, but not with a cell line expressing
AMPA-Rs. Moreover, a novel AMPA-R potentiator, HBT1, with low
agonistic effect in the Ca2+ influx assay with primary neurons, had
lower risk of bell-shaped response in in vitro BDNF production
compared with LY451395 [20]. HBT1 and LY451395 bound to a
pocket in the ligand-binding domain (LBD) of AMPA-R with
different binding modes. Thus, optimization of HBT1-site binders
by giving careful consideration to the relationship between
binding mode and functional outcome may be important for
discovering potent and safer AMPA-R potentiators.
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Here, we report the discovery of TAK-137, 9-(4-phenoxyphe-
nyl)-3,4-dihydropyrido[2,1-c][1,2,4]thiadiazine 2,2-dioxide, as a
novel AMPA-R potentiator with lower agonistic effects based on
the characterization of the relationship between binding mode
at the HBT1-site and functional outcome of dihydropyridothia-
diazine 2,2-dioxides. TAK-137 induced BDNF production in rat
primary neurons and mouse hippocampus, showed potent
cognitive improvement in both rats and monkeys, and had
lower risks of bell-shaped responses and seizures in rats. These
data may open the door for the development of AMPA-R
potentiators as therapeutic drugs for psychiatric and neurolo-
gical diseases.

MATERIALS AND METHODS
Chemicals
HBT1, TAK-137, Compound-1 (9-(4-isopropoxyphenyl)-3,4-dihydro-
pyrido[2,1-c][1,2,4]thiadiazine 2,2-dioxide), Compound-2 (9-(4-tert-
butylphenyl)-3,4-dihydropyrido[2,1-c][1,2,4]thiadiazine 2,2-diox-
ide), and LY451646 were synthesized by Takeda Pharmaceutical
Company Limited. Additional information is described in the Sup-
plementary Information.

Ca2+ influx assay using cell lines expressing AMPA-Rs or GluK1/2
receptors
Ca2+ influx assays using cell lines expressing AMPA-Rs or GluK1/2
receptors were performed as described elsewhere [20], with some
modifications. Details are described in the Supplementary
Information.

Ca2+ influx assay using primary neurons
Ca2+ influx assay using primary neurons was performed as
described elsewhere [20].

Whole-cell patch-clamp recording using primary neurons
Whole-cell patch-clamp recording using primary neurons was
performed as described elsewhere [20].

BDNF production in primary neurons
BDNF production in primary neurons was measured as described
elsewhere [20].

Scintillation proximity assay
The scintillation proximity assays (SPAs) were performed as
described elsewhere [20], with some modifications. Details are
described in the Supplementary Information.

Binding assay using rat hippocampal membranes or cell
membranes prepared from cell lines expressing GluA1i
The binding assays were performed as described elsewhere [20],
with some modifications. Details are described in the Supplemen-
tary Information.

X-ray crystallography of the GluA2o LBD/compound complex
Methods are described in the Supplementary Information.

Animals
Mice (ICR and C57BL/6J) and rats (Sprague–Dawley (IGS) and
Long–Evans) were housed in groups of 2–5/cage in a light-
controlled room (12 h light/dark cycle) with free access to food
and water and were habituated to the cages for more than 1 week
prior to experiments. The monkeys were housed individually in a
light-controlled room (12 h light/dark cycle). They were fed once
daily, and water was available ad libitum. The care and use of the
animals and the experimental protocols used in this research were
approved by the Experimental Animal Care and Use Committee of
Takeda Pharmaceutical Company Limited.

Drug administration
TAK-137 and LY451646 suspended in 0.5% (w/v) methylcellulose
in distilled water were administered orally (p.o.) to individual
animals. For delayed matching-to-sample (DMTS) tasks, LY451646
was dissolved in 10% cremophor (w/v) in sterile distilled water and
was administered subcutaneously (s.c.).

Proliferation of neural progenitor cells in the hippocampus
Number of 5-bromo-2′-deoxyuridine (BrdU)-positive nuclei was
quantified using flow cytometry as previously described, with
some modifications [21]. Details are described in the Supplemen-
tary Information.

Novel object recognition test
Novel object recognition tests (NORTs) were performed as
previously described [22], with modified administration timing of
compounds. Details are described in the Supplementary
Information.

DMTS tasks
DMTS tasks were performed using a Cambridge Neuropsycholo-
gical Test Automated Battery system. Details are described in
the Supplementary Information.

Evaluation of seizure
Methods of evaluation of seizure induction are described in
the Supplementary Information.

Statistics
Statistical methods are described briefly in the figure legends.
Details are described in the Supplementary Information.

RESULTS
Compound-1 had lower agonistic effect than Compound-2 in
primary neurons
To discover novel AMPA-R potentiators with lower agonistic
effects, we screened a chemical library by the SPA using [3H]-HBT1
and a His-tagged GluA2o LBD protein (His-LBD), and identified a
novel chemotype (dihydropyridothiadiazine 2,2-dioxides). Two
dihydropyridothiadiazine 2,2-dioxide derivatives, Compound-1
and Compound-2 (Fig. 1a), inhibited binding between [3H]-HBT1
and LBD with an inhibition constant (Ki) of 0.082 and 0.019 μM,
respectively, in the SPA (Fig. 1b). Compound-1 and Compound-2
also inhibited binding between [3H]-HBT1 and naive rat AMPA-R,
with Ki of 0.018 and 0.006 μM, respectively, in a binding assay with
hippocampal membranes (Fig. 1c). Compound-1 and Compound-2
may have similar binding affinity to the LBD of AMPA-R.
Compound-1 and Compound-2 induced Ca2+ influx in a
glutamate-dependent manner in Chinese hamster ovary (CHO)
cells expressing GluA1i and TARP γ-2 (GluA1i CHO cells) (Fig. 1d): a
log median effective concentration (LogEC50) was −5.98 ± 0.023
and −6.20 ± 0.003 M, respectively. Agonistic effects of AMPA-R
potentiators in Ca2+ influx assay were observed in primary
neurons, but not in a cell line expressing AMPA-Rs [20]. Thus,
we evaluated Compound-1 and Compound-2 in Ca2+ influx assay
using primary neurons to measure their LogEC50 and maximum
effect (Emax): LogEC50 (Emax) of Compound-1 in the presence and
absence of AMPA was −6.33 ± 0.037 (128%) and −5.30 ± 0.234
(14%) M, respectively, while that of Compound-2 in the presence
and absence of AMPA was −6.82 ± 0.071 (163%) and −5.79 ±
0.132 (90%) M, respectively (Fig. 1e). Compound-1 may have lower
agonistic effect than Compound-2 in primary neurons.
Compound-2 (and Compound-1) did not inhibit [3H]-AMPA
binding to hippocampus membranes (Fig. 1f). Agonistic effect of
Compound-2 may not be associated with its binding to agonist
site.
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Fig. 1 Compound-1 had lower agonistic effect than Compound-2 in primary neurons. a Chemical structures of Compound-1 and Compound-2.
b Displacement studies with Compound-1 and Compound-2 by SPA using [3H]-HBT1 and His-LBD. c Displacement studies with Compound-1
and Compound-2 by binding assay using [3H]-HBT1 and hippocampal membranes. Data (b, c) are presented as the mean ± SD (n= 3–4).
d Effects of Compound-1 and Compound-2 on Ca2+ influx in GluA1i CHO cells in the presence or absence of 3mM glutamate. e Effects of
Compound-1 and Compound-2 on Ca2+ influx in primary neurons in the presence or absence of 5 μM AMPA. The experiments were repeated at
least twice, and representative graphs (d, e) are shown. Data are presented as mean ± SD (n= 3). f Effects of Compound-1 and Compound-2 on
[3H]-AMPA binding to rat hippocampal membranes. Data are presented as mean ± SD (n= 3)
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Fig. 2 Compound-1, but not Compound-2, bound to AMPA-R in a glutamate-dependent manner by the steric interference at Ser743. a, b
Binding of [3H]-Compound-1 (a) or [3H]-Compound-2 (b) to hippocampal membranes in the presence or absence of 3mM glutamate. Non-
specific binding (NSB) was determined with 10 μM NBQX. Data (a, b) are presented as mean ± SD (n= 3). c Superposition of LBDs of full-length
GluA2 from the agonist form (PDB code 4U1W) and the apo form (PDB code 4U2P). Compound-2 is also superposed for reference. d Effects of
Compound-1 and Compound-2 on Ca2+ influx in CHO cells expressing GluA1i WT, GluA1i S743A, and GluA1i S743V in the presence or
absence of glutamate (0.3 μM, 1 μM, and 3mM). S743 in GluA1i LBD corresponds to S750 in GluA2o LBD. Data are presented as mean ± SD
(n= 3). e Effects of Compound-1 and Compound-2 on [3H]-AMPA binding to GluA1i WT or GluA1i S743A. Data are presented as mean ± SD
(n= 3)
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Fig. 3 TAK-137 had lower agonistic effects than LY451646. a Chemical structure of TAK-137 and LY451646. b Crystal structure of GluA2o LBD in
complex with TAK-137. c, d Effects of glutamate on the binding of [3H]-TAK-137 to His-LBD (c) and hippocampal membranes (d). Data are
presented as mean ± SD (n= 3). e, f Displacement studies with TAK-137 and LY451646 by SPA using [3H]-HBT1 and His-LBD and binding assay
using [3H]-HBT1 and hippocampal membranes. Data are presented as the mean ± SD (n= 3–4). g, h Effects of TAK-137 and LY451646 on Ca2+

influx in GluA1i CHO cells (g) and primary neurons (h) in the presence or absence of agonist. The experiments were repeated at least twice,
and representative graphs are shown. Data are presented as mean ± SD (n= 3). i Effects of TAK-137 and LY451646 on AMPA receptor-mediated
currents in the presence or absence of 10 μM glutamate in electrophysiological study using primary neurons. Data are presented as mean ±
SEM (n= 4–9)
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Compound-1, but not Compound-2, bound to AMPA-R in a
glutamate-dependent manner by using the steric interference at
Ser743
To understand the mechanism of action underlying the different
agonistic effects of Compound-1 and Compound-2, we examined

binding modes of these compounds. [3H]-Compound-1 bound to
hippocampal membranes in the presence of 3 mM glutamate, but
not in the absence of glutamate (Fig. 2a). On the other hand, [3H]-
Compound-2 bound to hippocampal membranes both in the
presence and absence of glutamate (Fig. 2b).
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We next investigated the interactions of Compound-1 and
Compound-2 with the LBD by X-ray crystallographic analysis. The
LBD is highly conserved among GluA1–4 subunits, with approxi-
mately 80% sequence identity. The structures of the LBD of GluA2-
4 have been reported to be almost identical except for the flip and
flop splice forms [23]. Compound-1 and Compound-2 exhibited
little subunit selectivity (Table S1); thus, we employed the well-
characterized GluA2o LBD in this structural analysis by X-ray
crystallography. Both compounds bound to the cleft composed of
the dimer interface between two protomers (Fig. S1A, S1B). The
structure of the agonist/Compound-2-bound LBD in the channel-
open state was compared with that of the antagonist/Compound-
2-bound LBD in the channel-closed state as an example of the
agonist-free form. No clear structural differences were observed in
the vicinity of the AMPA-R potentiator-binding site, although
known structural rearrangement of the S1S2 clam shell was
observed (Fig. S1C). However, structural comparison of the full-
length GluA2o between the channel-open state and the channel-
closed state revealed that main-chain atoms around Ser750 into
the potentiator-binding cleft are shifted by the agonist binding
(Fig. 2c). Furthermore, the terminal substituent of Compound-2
(tert-butyl group), which is different from that of Compound-1 (the
isopropoxy group), was located in the vicinity of the serine residue
(Fig. 2c). From these data, we speculated that Ser750 may prevent
Compound-1, but not Compound-2, from binding in the “apo”
agonist-free state due to steric interference.
Ser750 in GluA2o corresponds to Ser743 in GluA1i; thus, we

introduced a mutation at Ser743 (S743A or S743V) in GluA1i to
modify the possible steric interference between Compound-1 or
Compound-2 and AMPA-R. Theoretically, S743A lowers this steric
interference, while S743V increases it. Interestingly, S743A
increased the maximum response of Compound-1 at lower
concentrations (0.3 and 1 μM) of glutamate, but not at high
concentration (3 mM) of glutamate, in the Ca2+ influx assays using
GluA1i-transfected CHO cells (Fig. 2d, middle left panel). On the
other hand, S743A barely affected the maximum response of
Compound-2 at all tested concentrations of glutamate (Fig. 2d,
middle right panels). Compound-1 and Compound-2 did not
activate S743A GluA1i in the absence of glutamate (Fig. 2d, middle
panels). In S743V GluA1i, Compound-2, which can activate wild-
type (WT) GluA1i at lower concentrations (0.3 and 1 μM) of
glutamate compared to Compound-1 (Fig. 2d, upper right panel),
lost its higher sensitivity to glutamate for GluA1i activation
(Fig. 2d, lower right panel). S743V did not affect the sensitivity of
Compound-1 to glutamate for GluA1i activation (Fig. 2d, lower left
panel). If S743A modulates the cooperativity between the
compounds and the agonist, the concentration of glutamate
required for GluA1i activation by each compound would be
affected. S743A did not affect the impact of Compound-1 or
Compound-2 on the binding between [3H]-AMPA and GluA1i
(Fig. 2e). Therefore, S743A may not affect the cooperativity
between the compounds and the agonist in GluA1i CHO.

TAK-137 had lower agonistic effects than LY451646
We designed dihydropyridothiadiazine 2,2-dioxides with mini-
mum binding affinity to the LBD in the channel-closed state by the
steric interference at Ser743 in GluA1i (Ser750 in GluA2o), and
finally discovered TAK-137 as a drug candidate (Fig. 3a). TAK-137
bound to the cleft composed of the dimer interface between two
protomers: a bulky phenoxy group of TAK-137 was located in the
vicinity of Ser750 (Fig. 3b and Fig. S2). [3H]TAK-137 bound to the
His-LBD and hippocampal membranes in a glutamate-dependent
manner (Figs. 3c, d). LY451646 (Fig. 3a) also binds to the LBD of
AMPA-R [24, 25]. As expected, TAK-137 and LY451646 inhibited
binding between [3H]-HBT1 and LBD with Ki of 0.061 and 0.363 μM,
respectively, and inhibited binding between [3H]-HBT1 and
hippocampal membranes with Ki of 0.025 and 0.031 μM, respec-
tively (Figs. 3e, f). TAK-137 and LY451646 induced Ca2+ influx in an
agonist-dependent manner in GluA1i CHO cells (Fig. 3g): LogEC50
was −5.98 ± 0.021 and −6.10 ± 0.014M, respectively. Similar to
Compound-1, S743A lowered the concentration of glutamate
required to activate GluA1i by TAK-137 in Ca2+ influx assay
(Fig. S3). LY451646 showed potent agonistic effect in BDNF
production in primary neurons [20]; thus, we compared agonistic
effects of TAK-137 and LY451646 in primary neurons. TAK-137
induced Ca2+ influx in an agonist-dependent manner in primary
neurons, while LY451646 induced Ca2+ influx both in the presence
and absence of AMPA (Fig. 3h): LogEC50 (Emax) of TAK-137 in the
presence and absence of AMPA was −6.36 ± 0.020 (126%) and
−5.64 ± 0.019 (10%) M, respectively, and that of LY451646 was
−6.30 ± 0.193 (148%) and −5.23 ± 0.033 (86%) M, respectively.
OXP1, an AMPA-R potentiator, showed little agonistic effect in the
Ca2+ influx assay using primary neurons, while it elicited
remarkable agonistic effect in the patch-clamp study using
primary neurons [20]. Thus, we also evaluated TAK-137 and
LY451646 in the patch-clamp study. TAK-137 induced AMPA-R-
mediated current only in the presence of glutamate in electro-
physiological study using primary neurons, while LY451646
induced AMPA-R-mediated currents both in the presence and
absence of glutamate (Fig. 3i). Thus, TAK-137 may have a lower
agonistic effect than LY451646. Similar to Compound-1, TAK-137
did not inhibit [3H]-AMPA binding to naive AMPA-R or GluA1i
(Fig. S4).
The slow recovery from potentiation may cause sustained

activation of AMPA-R and induce seizures; however, AMPA-R
activation induced by TAK-137 or LY451646 showed similar
recovery duration (90 s) from potentiation in an electrophysiolo-
gical study using primary neurons (Fig. S5). Subunit selectivity of
AMPA-R potentiators might also affect their functional outcomes
[26]; however, both TAK-137 and LY451646 showed little subunit
selectivity (Table S1). Therefore, the profiles of TAK-137 and
LY451646, excluding agonistic activity, looked very similar. TAK-
137 at 10 μM had no significant activity against 98 targets except
vasopressin V2 receptors at Ricerca Biosciences (Concord, OH,
USA) (Table S2).

Fig. 4 TAK-137 produced potent cognitive improvement in rats and monkeys and induced proliferation of rodent hippocampal neural
progenitor cells over a broader range of doses compared to LY451646. a Cognitive-enhancing effects of TAK-137 and LY451646 on rat NORT.
Data are presented as the mean ± SEM (n= 10). Significant difference from vehicle-treated group was analyzed using the one-tailed Williams’
test (TAK-137: #P ≤ 0.025, d.f.= 27, t= 2.3 (0.1 mg/kg), 3.2 (1 mg/kg), LY451646: #P ≤ 0.025, d.f.= 27, t= 2.2 (1 mg/kg), 4.2 (3 mg/kg)).
b Cognitive-enhancing effects of TAK-137 and LY451646 on monkey DMTS task. Data are presented as the mean ± SEM (n= 4). Significant
difference from vehicle-treated group was analyzed using two-way ANOVA (TAK-137: *P ≤ 0.05, F1, 6= 4.0 (0.03 mg/kg), F1, 6= 6.7 (0.1 mg/kg),
F1, 6= 6.1 (1 mg/kg), LY451646: *P ≤ 0.05, F1, 6= 7.2 (0.1 mg/kg)). c Effects of TAK-137 and LY451646 on the number of BrdU-positive cells in
mouse or rat hippocampus. TAK-137 or LY451646 was orally administered to mice or rats for 4 days and tissues were isolated the next day.
Data are presented as the mean ± SEM (n= 9-10). Significant difference from vehicle-treated group was analyzed using the one-tailed
Williams’ test (mouse: #P ≤ 0.025, d.f.= 45, t= 3.3 (0.1 mg/kg), 3.2 (0.3 mg/kg), 3.1 (1 mg/kg), rat: #P ≤ 0.025, d.f.= 54, t= 2.4 (0.3 mg/kg), 3.7
(1 mg/kg), 3.0 (3 mg/kg))
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TAK-137 produced potent cognitive improvement with a wider
safety margin against seizure in rats and monkeys and induced
proliferation of rodent hippocampal neural progenitor cells over a
broader range of doses compared to LY451646
We examined the effect of TAK-137 and LY451646 on cognitive
function in rats and monkeys. TAK-137 at 0.1 and 1mg/kg, p.o.,
but not 0.01 and 0.03 mg/kg, p.o., significantly increased novelty
discrimination index (NDI) in rat NORT, while LY451646 at 1 and 3
mg/kg, p.o., but not at 0.3 mg/kg, p.o., significantly increased NDI
(Fig. 4a and Fig. S6). TAK-137 at 0.03, 0.1, and 1mg/kg, p.o., but
not 0.01 mg/kg, p.o., significantly increased DMTS accuracy in
monkey DMTS task, while LY451646 at 0.1 mg/kg, s.c., but not at
0.03 mg/kg, s.c., significantly increased DMTS accuracy (Fig. 4b and
Fig. S7). TAK-137 may have a lower risk of bell-shaped dose
response in cognitive improvement in monkeys. Note that
monkeys used in the study at 0.01 and 1mg/kg were different
from those used at the other dose levels; therefore, a direct
comparison of robustness could not be performed.
We next examined the effect of TAK-137 and LY451646 on

seizure in rats and monkeys. Acute treatment of TAK-137 did not
induce seizures at up to 1000mg/kg, p.o. in rats. Nanocrystal
formulation of TAK-137 at 100 mg/kg, p.o., which produced a
higher plasma concentration than conventional formulation of
TAK-137 at 1000mg/kg, p.o., induced seizures in rats (Table 1).
Acute treatment of LY451646 at 10 and 30mg/kg, p.o. induced
seizure in rats (Table 1). Acute treatment of TAK-137 did not
induce seizures at up to 100mg/kg, p.o. in monkeys (Table 1).
Acute treatment of LY451646 at 1 mg/kg, s.c. in monkeys induced
vomiting. Thus, we did not administer LY451646 at doses higher
than 1mg/kg, s.c. in monkeys. Based on these results, we
calculated the exposure margins of TAK-137 and LY451646
between cognitive improvement and the absence of seizures in
rats. For this calculation, the area under the brain drug
concentration–time curve (AUCbrain) values and brain Cmax values
of compounds in rats (Tables S3 and S4) were used. TAK-137 had a
116-fold (AUCbrain) or a 43.7-fold (brain Cmax) exposure margin in
rats, while LY451646 had a 3.1-fold (AUCbrain) and a 7.5-fold (brain
Cmax) exposure margin. For a safety margin of TAK-137 in
monkeys, we performed the calculation using AUCplasma and
plasma Cmax values (Table S5). TAK-137 had at least a 49-fold
(AUCplasma) or a 48-fold (plasma Cmax) exposure margin in
monkeys.
If the wider safety margin of TAK-137 was based on its agonist-

dependent activation of AMPA-R, more robust activation of AMPA-
R by TAK-137 would be expected by increasing the agonist levels.
AMPA-R activation by TAK-137 increased BDNF production in rat
primary neurons (Fig. S8A). Intravenous (i.v.) administration of
AMPA dose-dependently increased BDNF messenger RNA (mRNA)
levels in the mouse hippocampus (Fig. S8B). Therefore, BDNF
mRNA level in hippocampus could be a good in vivo pharmaco-
dynamic (PD) marker for AMPA-R activation. We assessed BDNF
production by TAK-137 by co-injecting a low dose of AMPA. TAK-
137 at 3 and 10mg/kg, p.o. dose-dependently increased in BDNF

mRNA levels in the hippocampus of AMPA (3.5 mg/kg, i.v.)-treated
mice (Fig. S8C). TAK-137 alone did not increase BDNF levels under
these experimental conditions (Fig. S8D). TAK-137-free fraction
available for AMPA-R activation dose-dependently may increase
even at higher dosage than 1mg/kg in the mouse hippocampus.
LY451646 was reported to enhance proliferation of neural

progenitor cells in rat hippocampus with a bell-shaped response.
To examine whether TAK-137 shows efficacy over a broader range
of doses than LY451646, we investigated the effect of TAK-137
and LY451646 on proliferation of progenitor cells. TAK-137
significantly increased the number of BrdU-positive cells at
0.1–1mg/kg, p.o. (mouse) and at 0.3–3mg/kg, p.o. (rat), while
LY451646 did not significantly increase the number of BrdU-
positive cells under our experimental conditions at doses up to 1
mg/kg, p.o. (Fig. 4c). Therefore, TAK-137 may increase proliferation
of progenitor cells in hippocampus over a broader range of doses.
However, it remains open whether TAK-137 would demonstrate a
broader effective-dose range than LY451646 in an assay in which
LY451646 shows a bell-shaped response.
Down-regulation of AMPA-R following chronic stimulation by

TAK-137 is also a concern. To investigate receptor desensitization,
AMPA-R activation-dependent BDNF mRNA production was
assessed in mice after repeated treatment with TAK-137 at 0.1
mg/kg, p.o.: TAK-137 at ≥0.1 mg/kg, p.o. increased the prolifera-
tion of progenitor cells and produced cognitive improvement in
rats (Fig. 4a, c). AMPA-induced BDNF mRNA expression did not
change after 14 days of treatment with TAK-137 at 0.1 mg/kg, p.o.
(Fig. S9). TAK-137 may have a low risk of receptor desensitization
by repetitive dosing.

DISCUSSION
As HBT1-site binders, we identified two dihydropyridothiadiazine
2,2-dioxide derivatives, Compound-1 and Compound-2;
Compound-1 had a lower agonistic effect than Compound-2.
Binding assay and X-ray crystallography analysis revealed that
Compound-1, but not Compound-2, would bind to the LBD in a
glutamate-dependent manner (Fig. 2a) due to the steric inter-
ference at Ser750 in GluA2o (Fig. 2c), which corresponds to Ser743
in GluA1i. S743A, which lowers this possible steric interference,
increased Compound-1’s sensitivity to glutamate in the GluA1i
activation, while S743V, which increases this possible steric
interference, increased the concentration of glutamate required
to activate GluA1i by Compound-2 in Ca2+ influx assay (Fig. 2d). It
is not known whether the conformation of this AMPA-R
potentiator-binding site changes by interaction with low concen-
trations of glutamate. The results of the mutant studies support
the idea of glutamate-dependent continuous structural change.
Design and discovery of dihydropyridothiadiazine 2,2-dioxides
with no or little binding affinity to the LBD in the channel-closed
state may lead to the discovery of AMPA-R potentiators with lower
agonistic effect. Note that the steric interference at Ser743 could
not explain the low agonistic profile of HBT1, which does not have

Table 1. Rates of seizure in rats and monkeys after acute treatment of compounds

10mg/kg 100mg/kg 1000mg/kg 100mg/kg (Nanocrystal)

TAK-137 Rat 0% 0% 0% 33%

Monkey 0% 0% – –

1mg/kg 3mg/kg 10mg/kg 30mg/kg

LY451646 Rat – 0% 33% 100%

Monkey –
a

– – –

Rats (n= 3) and monkeys (n= 4) were administered TAK-137 and observed for up to 8 h after the administration. Rats (n= 3) were administered LY451646 and
observed for up to 4 h after the administration
a Acute treatment of LY451646 at 1 mg/kg, s.c. induced vomiting in monkeys
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dihydropyridothiadiazine 2,2-dioxide skeleton [20]. Thus, an
original approach for lowering agonistic effect should be
established for each chemotype.
Ki values of the compounds, especially LY451646, in the SPA

and the binding assay using hippocampal membranes were
different. Importantly, native AMPA-Rs are most likely tetramers
generated by the assembly of eight subunits, and auxiliary
accessory transmembrane proteins such as TARPs are known to
affect this assembly. Thus, it would be difficult to accurately
reconstruct the structure of naive AMPA-R by purified recombi-
nant LBD of AMPA-R. The structural differences in the AMPA-R
used in these assays may be associated with the different Ki values
of compounds measured by these two assays, although further
studies are needed.
Based on the hypothesis to lower agonistic activity through the

steric interference at Ser743, we identified TAK-137 with a lower
agonistic effect than LY451646. TAK-137 had a wider safety
margin against seizure (116-fold (AUCbrain), 43.7-fold (brain Cmax))
than LY451646 (3.1-fold (AUCbrain), 7.5-fold (brain Cmax)) in rats.
Furthermore, TAK-137 showed a wide safety margin against
seizure (>49-fold (AUCplasma), >48-fold (plasma Cmax)) in monkeys.
After co-administration of the agonist, AMPA, TAK-137 at doses of
3 and 10mg/kg produced a greater increase in BDNF production,
suggesting that the concentration of free TAK-137 available for
receptor binding was increased under these conditions. However,
due to limitations in the amount of glutamate (endogenous
agonist), free TAK-137 at higher doses may be unable to bind to
the AMPA-R, which may contribute to its lower risk of seizure.
TAK-137 increased proliferation of progenitor cells in the

hippocampus over a broader range of doses (0.1–1mg/kg, p.o.
in mice and 0.3–3mg/kg, p.o. in rats). Moreover, TAK-137
improved cognitive performance of monkeys in the DMTS task
over a broader range of doses (0.03–1mg/kg, p.o.). TAK-137 may
have a lower risk of a bell-shaped response than LY451646. Unlike
in a previous report, LY451646 did not significantly increase the
proliferation of neural progenitor cells in our assays. Effective
doses of LY451646 for the enhancement of proliferation of neural
progenitor cells or BDNF mRNA expression are reported to change
depending on treatment duration [18, 27]. However, despite our
attempts to optimize assay conditions, we were unable to observe
significant effects of LY451646 on these endpoints.
LY451646 activated AMPA-Rs in the absence of agonist in

primary neurons in both the patch-clamp study and the Ca2+

influx assay, while it induced Ca2+ influx in a glutamate-
dependent manner in GluA1i CHO cells. In line with this
observation, LY404187, a racemic mixture that includes
LY451646, was reported to induce large currents at concentrations
higher than 1 μM during the recording (in the absence of agonist)
in a patch-clamp study using primary neurons [28], while
LY451646 was reported to show no intrinsic activity in cell lines
expressing AMPA-Rs [29, 30]. Thus, LY451646 may have agonistic
properties against physiological AMPA-Rs. [3H]-LY395153, of the
same chemotype as LY451646, is reported to bind to rat cerebral
cortical membranes in the absence of agonist [31]. In the previous
study, we found that each AMPA-R potentiator required different
concentration of glutamate to activate AMPA-R; OXP1 required
lower concentrations of glutamate compared with HBT1 to
activate AMPA-R [20]. We speculate that LY451646 may bind to
native AMPA-R at channel-closed state under very low concentra-
tions of endogenous glutamate or by insufficient steric inter-
ference as with Compound-2, although further studies are needed.
In summary, the present study shows that TAK-137 is a novel

AMPA-R potentiator with lower risks of a bell-shaped
dose–response and seizures. Since our discovery of TAK-137, we
have identified a novel AMPA-R potentiator, TAK-653, using the
screening strategy described here. TAK-653 is currently under
evaluation in clinical trials.
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