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Alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) type
glutamate receptors are critical for synaptic plasticity and induction of long-
term potentiation (LTP), considered as one of the synaptic mechanisms under-
lying learning and memory. Positive allosteric modulators of AMPA receptors
could provide a therapeutic approach to the treatment of cognitive disorders
resulting from aging and/or neurodegenerative diseases, such as Alzheimer dis-
ease (AD). Several AMPA potentiators have been described in the last decade,
but for the moment their clinical efficacy has not been demonstrated due to
the complexity of the target, AMPA receptors, and the difficulty in studying
cognition in animals and humans. A better understanding of the mechanism
of action of this type of drug remains an important issue, if knowledge of
these compounds is to be increased and if this novel therapeutic approach is
to be an interesting research area. Among the AMPA potentiators, S 18986
is emerging as a new selective positive allosteric modulator of AMPA-type
glutamate receptors. S 18986, as with other positive AMPA receptor modu-
lators, increased induction and maintenance of LTP in the hippocampus as
well as the expression of brain-derived neurotrophic factor (BDNF) both in

vitro and in vivo. Its cognitive-enhancing properties have been demonstrated in
various behavioral models (procedural, spatial, “episodic,” working, and rela-
tional/declarative memory) in young-adult and aged rodents. It is interesting
to note that memory-enhancing effects appeared more robust in middle-aged
animals compared with aged ones and in “episodic” and spatial memory tasks.
From these results, S 18986 is expected to treat memory deficits associated
with early cerebral aging and neurological diseases in elderly people.

Introduction

With an increasing aging population, cognitive decline is
becoming an important area for the development of ther-
apeutics. Cholinergic deficit in Alzheimer disease (AD)
patients can explain only some of the clinical symptoms.
Drugs for cognitive disorders, such as acetylcholinesterase
inhibitors, showed efficacy in numerous randomized con-
trolled trials, but the magnitude of effects is limited and

restricted to a certain population of patients, considered
as “Responders” [1]. In an attempt to develop new thera-
peutic approaches to memory disorders associated with
neurodegenerative disease, a glutamate-based therapy
has recently emerged from preclinical experiments [2–4].
Glutamate is the brain’s major transmitter and is involved
in cognitive functions [4–6]. Glutamate via ionotropic
receptors plays a decisive role in the induction of LTP,
a process involved in learning and memory [7,8]. A
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dysfunction of glutamate transmission has been described
in AD patients as a consequence of reduced glutamate re-
lease and reduced glutamate uptake [9–12].

The α-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptors are probably the most
abundant subtype of glutamate receptors in the brain.
They mediate the majority of fast excitatory amino acid
transmission in the central nervous system. Its activation,
associated with membrane trafficking and phosphory-
lation, plays an important role in synaptic plasticity,
which is essential for learning and memory [13,14].
AMPA receptor modulation may be a therapeutic means
of enhancing memory in the treatment of neurological
disease [2,15–18].

Several positive modulators of AMPA receptors have
been described in the last decades [18]. These agents bind
to allosteric sites on AMPA receptors and enhance sig-
naling through a slow desensitization and/or deactiva-
tion of the receptor [17,19]. By boosting Ca2+ influx,
these biophysical parameters increase amplitude and/or
duration of excitatory postsynaptic potentials (EPSPs) and
thus enhance synaptic responses. Some AMPA receptor
potentiators have been shown to facilitate memory in a
number of behavioral studies and reverse age-associated
memory impairment in animals. Compounds, such as
Ampakine CX516, have shown cognitive-enhancing ac-
tivity in the delayed nonmatch-to-sample task, a model
of short-term memory, improved olfactory learning, and
reversed age-associated memory deficit in rats [20–22].
IDRA-21 showed positive effects on delayed matching
performance in young and aged monkeys [23].

AMPA potentiators also exhibit neurotrophic and
neuroprotective properties. Molecules such as CX-546,
LY392098, and LY404187 increased brain-derived neu-
rotrophic factor (BDNF) levels in vitro and in vivo [24–
26], and the compound LY503430 exerted neuroprotec-
tive actions in three rodent models of Parkinson disease
[27]. The latter results suggested that AMPA potentia-
tors would be suitable molecules to reduce or halt human
degenerative disease or for use in other processes as de-
pression or schizophrenia [28–30]. The relevance of this
type of drug in a therapeutic approach has to be investi-
gated, since little information is available about its clinical
efficacy. The development of AMPA receptor potentia-
tors as neuroprotective and cognitive-enhancing agents
is a promising strategy. S 18986 was recently selected as
a new positive modulator of AMPA receptors [31] and
has been proposed as a new candidate for the treatment
of memory impairment in neurodegenerative disorders,
such as AD. This article reviews preclinical findings ob-
tained with S 18986, which include its pharmacokinetic
properties, its memory-enhancing effects observed in a
variety of memory tasks in young adult, middle-aged, and

Figure 1 The chemical structure of S 18986—3a, 10-dihydro-5,5-dioxo-

4H-(S)-pyrrolidino [1,2-c] [1, 2, 4] benzothiadiazine.

aged rodents, as well as data from studies assessing its
mechanism of action.

Chemistry

The chemical structure of S 18986 is 3a,10-dihydro-5,5-
dioxo-4H-(S)-pyrrolidino[1,2-c] [1,2,4]benzothiadiazine
(Figure 1). There is one asymmetric carbon atom in the
molecule, and S 18986 corresponds to the S enantiomer,
which is dextrogyral at 589 nm in ethanol [31]. The R-
isomer is named S 19024 and the racemate S 17951.
S 18986 is practically insoluble in water (15 μg/mL).
The S 18986 molecular formula is C10H12N2O2S and its
molecular weight is 224.1. The melting point of the com-
pound is 221◦C. S 18986 is a stable off-white powder.

Animal Pharmacokinetics

Absorption

Following single oral administration, absorption of
S 18986 was rapid and complete with a tmax at between
0.5 and 1 h in rats and between 0.5 and 3 h in mon-
keys. Absolute bioavailability was high in rats (from ap-
proximately 50% at the lower dose to approximately
90% at the higher dose) and low in monkeys (at around
5%).

Distribution

In vitro, S 18986 was moderately bound to plasma pro-
teins. Free fraction was in the range of 28–40% in rat
plasma, 30–38% in mouse plasma, 38–47% in monkey
plasma, and 38–45% in rabbit plasma. The blood-to-
plasma ratio of S 18986 was approximately 1.0 in rats
and monkeys.
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Table 1 Main pharmacokinetic parameters, calculated by a noncompartmental approach

Tmin t1/2 Cl F–1 Vd F–1 AUCo−. Ratio AUC (Brain/Plasma,

min min mL min−t mL ng . mL–1. min unbound)

Plasma, total 8 60 4.2 362 59,986

Plasma, unbound 8 60 12.67 1101 19,735

bECF. frontal cortex 30 46 4670 0.24

bECF. hippocampus 30 57 4879 0.25

CSF 30 61 8287 0.4

bICF, frontal cortex 30 55 18,911 1

bICF, hippocampus 30 52 30,385 1.5

t1/2terminal half-life of S 18986; Vd F–1, apparent volume of distribution of S 18986 in the central compartment; Cl F−1, apparent total clearance of

S 18986.

bICF and bECF represent the brain intra- and extracellular Fluid, respectively.

(From Bourasset et al. (2005) [32] with permission)

In vivo, S 18986 was characterized by a low distribution
volume (Vss) of 0.83 L/kg in rats and 1.4 L/kg in mon-
keys. Following oral administration of [14C]-S 18986 to
pigmented rats (Lister-Hooded strain), radioactivity dis-
tributed rapidly throughout the animals’ bodies, with
maximum concentrations in the majority of tissues oc-
curring at 0.5-h postdose. Concentrations of radioactivity
declined rapidly, with tissue levels being close to the limit
of quantification, by 24-h postdose. At 168 h, most tissue
levels of radioactivity were below quantifiable levels.

Bourasset [32] has quantified the blood-brain uptake
and the neuropharmacokinetics of S 18986 and exam-
ined its brain partitioning (Table 1).

First, using the in situ brain perfusion technique, au-
thors showed that in each brain area studied, that is, the
frontal cortex, hippocampus, and the rest of the brain,
brain uptake clearance (Clup) was constant within the
range of concentration tested (1.23–12.27 μM) and high,
at around 20 μL S−1 g−1. These results suggested that
S 18986 intensively crosses the blood-brain barrier. These
data were in agreement with in vitro results showing that
S 18986 was highly permeable across Caco-2 cells and
was not a substrate of P-glycoprotein (C.O’Connell, R.
Weaver, and T. Shepard, unpublished data). It is likely
that in the range of concentrations tested, brain uptake
clearance of S 18986 took place via passive diffusion.

Second, in order to determine brain extracellular fluid
concentrations of S 18986, Bourasset [32] has performed
microdialysis in two brain areas of interest, that is, the
frontal cortex and the dorsal hippocampus regions, where
AMPA-type receptors are mainly localized [33]. She also
measured pharmacokinetic parameters on plasma, brain
homogenate, and cerebrospinal fluid (CSF). Terminal
half-lives of S 18986 were similar in plasma and in the
brain, at around 1 h, and the product was mainly dis-
tributed into hippocampal-brain intracellular fluid. These
results indicate that S 18986 mainly penetrated the brain

cells or bound to their plasma membranes, and that
S 18986 accumulated more in the hippocampus than in
the cortex.

This strongly supports that the hippocampus, a cru-
cial brain region involved in memory processing [8,34],
would be the main effectors site of S 18986.

Mechanism of Action

To counteract age-related cognitive deficits, a new ther-
apeutic approach is facilitation of central glutamatergic
neurotransmission. Among ionotropic glutamate recep-
tor subtypes (NMDA, AMPA, and kainate), the AMPA re-
ceptors have a low implication in neurotoxicity and are
main mediators of fast excitatory neurotransmission in
the hippocampus. A number of experimental in vitro and
in vivo studies have established the major role of these re-
ceptors in the mechanism of action of S 18986.

S 18986, a Selective Positive Allosteric
Modulator of AMPA-Type Glutamate Receptors

In Xenopus laevis oocytes injected with rat cortex
poly(A+) mRNA, (S)-AMPA was bath-applied for 30 s
and AMPA-evoked inward currents were recorded at
Vh = −60 mV, using a standard two-electrode voltage-
clamp system. S 18986 was bath-applied at succes-
sive increasing concentrations (3–1000 μM) for 45s
before, 30 s during, and 30 s after the application
of AMPA. S 18986 significantly potentiated AMPA-
induced inward currents in a concentration-dependent
manner (EC2x = 25 ± 3 μM, concentration of S
18986 responsible for a 2-fold increase in the am-
plitude of AMPA-evoked response; EC50 = 130 ±
8 μM; Figure 2A). This potentiation was not observed
when S 18986 was applied alone, which therefore

CNS Neuroscience & Therapeutics 16 (2010) e193–e212 c© 2010 Blackwell Publishing Ltd e195



The AMPA Potentiator S18986: a New Cognitive Enhancer K. Bernard et al.

B

Figure 2 (A) Stereoselectivity of S 18986 on AMPA-induced current in

Xenopus laevis oocytes injected with rat cortex mRNA. Amplitude of the

AMPA-evoked current in the presence of the drug is normalized as a

percentage of that induced in the absence of drug on the same oocyte.

Two-way ANOVA (Drug × Dose) followed by Newman–Keuls test. ∗P ≤
0.05; ∗∗∗ P ≤ 0.001vs S 19024 versus (R)-S 18986; ∗∗∗P ≤ 0.001S versus

17951, racemate. Mean ± SEM (n = 5).

(B) Selectivity of S 18986 for AMPA receptors. Dose effects of S 18986 on

AMPA-, kainate-, and NMDA-evoked currents in Xenopus laevis oocytes

injected with rat cortex mRNA. Amplitude of the agonist-evoked current in

the presence of the drug is normalized as a percentage of that induced in

the absence of drug on the same oocyte. The results are shown as mean

± SEM (n = 4/5).

(C) Effects of S 18986 on AMPA-induced current in Xenopus laevis oocytes

injected either with human hippocampus mRNA or rat cortex mRNA. Ampli-

tude of the AMPA-evoked current in the presence of the drug is expressed

as a percentage of that induced in the absence of drug in the same oocyte.

The results are shown as mean ± SEM (n = 4/5). EC2X corresponds to the

concentration of S18986 responsible for a 2-fold increase in the amplitude

of AMPA-evoked response.

C

Figure 2 Continued.

indicates that S 18986 is an allosteric modulator and not
an agonist.

S 18986 was selected as the most potent isomer as the
drug was significantly more active than the racemate S
17951 and the R-isomer S 19024.

Under the same experimental conditions, EC2x of
S 18986 has been compared with other positive allosteric
AMPA receptor modulators: LY404187 (EC2x = 0.3 μM)
> CX614 (EC2x = 1.1 μM) > cyclothiazide (EC2x =
1.7 μM) > S 18986 (EC2x = 25 μM) > IDRA-21
(EC2x = 134 μM) > aniracetam and CX516 (EC2x >

3000 μM) (data not shown).
In order to study the selectivity of S 18986 toward

AMPA-type receptors, the effects of the compound were
investigated on kainate- and NMDA-evoked currents.
At a high concentration (300 μM), S 18986 induced a
slight increase of 1mM kainate-induced current (+44%
relative to the amplitude of the current evoked by
kainate alone) and no significant modification of NMDA
(300 μM)/glycine (3 μM)-induced current at concentra-
tions up to 1 mM (Figure 2B). These results showed the
absence of interactions of S 18986 on the two other glu-
tamate receptors.

It is interesting to note that S 18986 increased AMPA-
evoked currents on rat cortex and human hippocampus
mRNA with comparable EC2x values (19 ± 5 and 24 ± 3
μM, respectively; Figure 2C).

In order to investigate the selectivity of S 18986 toward
other targets, the following interactions were evaluated:

Receptors

IC50 values higher than 10−5M were obtained for all the
receptors and subtypes tested:
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Adenosine (A1, A2), adrenergic (α1, α2A, α2B, α2C,
β 1, β 2, and NE uptake), angiotensin II (AT1, AT2),
benzodiazepine, cannabinoid, cholecystokinin, CGRP,
dopamine (D1, D2, D3, D4, D5, and DA uptake), en-
dothelin, GABA, glutamate (AMPA, kainate, NMDA),
histamine (H1, H2), muscarinic (M1, M2, M3, M4 and ACh
uptake), nicotinic, neurokinin (NK1, NK2), neuropeptide
Y, opiate (delta, kappa, mu), prostanoid (TXA2 / PGH2),
serotonin (5HT1A, 5HT1B, 5HT2C, 5HT3, 5HT4, and 5HT
uptake), sigma, steroids.

Ion-Channels

IC50 values higher than 10−5 M were obtained for
the Ca2+-channel (dihydropyridine site), K+-channels
(voltage and Ca2+-dependent), and Na+-channel (batra-
chotoxin site).

Enzymes

IC50 values higher than 10−5 M were obtained for acetyl-
cholinesterase, adenylyl cyclase, nitric oxide synthase,

Figure 3 Effects of S 18986 on AMPA-and NMDA-mediated excitatory

postsynaptic Field potentials evoked in the CA1 region of hippocampal

slices. (A) The amplitude of the AMPA-mediated EPSfP in the presence

of each concentration of S 18986–1 or the vehicle was expressed as a

percentage of that recorded before the application (basal value). The per-

centage of change of the amplitude of the synaptic response is plotted

as a function of the concentration. The results are expressed as mean ±
SEM, two-way ANOVA (Drug × Dose) followed by Newman–Keuls test to

compare drugs effects. The results are shown as mean ± SEM (n = 6).

∗∗ P ≤ 0.01; ∗∗∗ P ≤ 0.001 versus vehicle. (B) Representative examples

of AMPA-mediated EPSfPs evoked in the hippocampal CAI area following

stimulation of the Schaeffer Collaterals. Application of S 18986 induced a

dose-dependent increase of both the amplitude and the duration of the

AMPA-mediated EPSP. (C) Representative examples of NMDA- mediated

EPSfPs evoked in the hippocampal. CAI area following stimulation of the

Schaeffer Collaterals in the presence of NBQX, an antagonist of AMPA

receptors and without Mg2∗
. Application of S 18986 (300 μM) did not

affected the amplitude of the NMDA-mediated EPSfP.

monoamine oxydase A and B, guanyl cyclase, cyclooxy-
genase 1, 5-lipooxygenase, phospholipase C, phosphodi-
esterase I, sodium-potassium ATPase.

The results showed an absence of interactions of
S 18986 on these other receptors, ion channels and en-
zymes.

Further electrophysiological data have confirmed
the selectivity of S 18986 for AMPA-receptor types.
Transverse hippocampal slices from male Wistar rats were
prepared and transferred to a recording chamber, contin-
uously superfused with artificial CSF solution. Extracel-
lular excitatory postsynaptic field potentials (EPSfP) were
recorded in the dendritic field of the CA1 region, follow-
ing stimulation of the Schaeffer collateral. S 18986 was
bath-applied for 10 min at successive increasing concen-
trations (10–300 μM). S 18986 increased both the am-
plitude and duration of AMPA-mediated EPSfP in the
CA1 field of the hippocampus compared with vehicle
(Figure 3). This effect was concentration-dependent, with
a significant effect obtained from 100 μM. In the same
experimental paradigm, S 18986 at 300 μM did not have
significant effects on NMDA-mediated EPSfP in the CA1

region. These findings confirm the selectivity of S 18986
for AMPA receptors relative to NMDA receptors.
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Effects on Long-Term Potentiation
in the Hippocampus

Glutamate receptors play an essential role in the modu-
lation of synaptic plasticity in the central nervous system
[7,8]. The forms best to study are LTP and long-term de-
pression of excitatory synaptic transmission, experimen-
tal models for investigating the synaptic basis of learning,
and memory in the hippocampus.

On anaesthetized adult male Wistar rats, EPSfP were
evoked in the dendritic field of the dentate gyrus, follow-
ing stimulation of the perforant path. Four or 20 bursts
of high frequent stimulation or tetanus (400 Hz, 20 ms,
given at 0.1 Hz) were applied in order to induce either
a short- or a long-term potentiation (STP or LTP, re-
spectively) of the postsynaptic response. S 18986 (5 and
50 mg/kg) or its vehicle was i.p. injected 60 min be-
fore the tetanus. S 18986 significantly enhanced the am-
plitude of the EPSfP recorded before the tetanic stimu-
lation at 50 mg/kg compared with control vehicle rats
(Figure 4). Furthermore, S 18986 (5–50 mg/kg) signifi-
cantly increased both the induction and the maintenance
of 4 and 20 bursts tetanus-evoked potentiation. With four
bursts of tetanus, the EPSfP potentiation lasted 108 min
and had a magnitude of 169% at the highest dose of
S 18986, whereas it only lasted 42 min and reached 130%
in control rats (Figure 4B). With 20 bursts of tetanus,
S 18986 was able to significantly increase the duration
of the LTP to over 3 h (Figure 4A).

Figure 4 Effects of S 18986 on long-term potentiation induced in the

dentate gyrus of the hippocampus on anaesthetized Wistar rats. The am-

plitude of the EPSfP was averaged over four stimuli and was expressed as

a percentage of the amplitude of EPSfPs averaged during a 1 h of the base-

line period preceding the intraperitoneal injection (control value taken as

100%). S 18986 significantly enhanced the amplitude of the EPSfP recorded

before the tetanic stimulation at 50 mg/kg compared with control vehi-

cle rats. ∗ P <0.05 S 18986 versus vehicle, two-way ANOVA followed by

Dunnett test. (A) Effect on long-term potentiation evoked by a 20 bursts

tetanus. S 18986 significantly increased the duration of the long term po-

tentiation compared to the vehicle. ns, Two-way ANOVA; ∗ Treatment’s

effect: P < 0.05; ∗∗∗ Time’s effect P < 0.001. Closed symbols: P < 0.05

versus the average amplitude of EPSPs obtained during a 6-min-period

preceding the tetanus; one-way ANOVA followed by Dunnett test. (B) Ef-

fect on short-term potentiation evoked by a four bursts tetanus. S 18986

significantly increased both the induction and duration of the short-term

potentiation compared with the vehicle. ∗ P < 0.05 S 18986 versus vehi-

cle, two-way ANOVA followed by Dunnett test. Closed symbols: P < 0.05

versus the average amplitude of EPSPs obtained during a 6-min-period

preceding the tetanus, One way ANOVA followed by Dunnett’ test.

Collectively, these experimental findings demonstrate
that S 18986 is a selective positive allosteric modulator
of AMPA receptors. The drug increases both the induc-
tion and maintenance of LTP in the hippocampus. These
effects are suggestive of a role of S 18986 in memory en-
hancing processes.

Effects on Neurotransmitters Release

In addition to their effects on LTP, cognitive-enhancing
properties of AMPA allosteric modulators could reside in
their ability to control the release of several neurotrans-
mitters [35–40]. We hereupon present a set of evidence
that S 18986 can modulate different neurotransmitter
systems in the circumscribed brain (regions such as the
hippocampus and the prefrontal cortex; Table 2).

Acetylcholine

Using microdialysis in the prefrontal cortex of freely mov-
ing young male Wistar rats, S 18986 (0.3–3–10 mg/kg,
i.p.) showed no effect on basal acetylcholine (ACh) re-
lease. S 18986 also did not affect cortical ACh release in-
duced by the local application of (S)-AMPA.

In the hippocampus of young animals, S 18986 in-
creased ACh release at 10 mg/kg i.p. (P < 0.05 vs.
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Table 2 Effect of S 18986 on different neurotransmitter systems in the brain

Ach NA DA GABA Glutamate

Baseline No effect on PFC No effect on CA and PFC No effect on PFC No effect No effect on CA No effect on CA

Baseline in CA (young and aged rats)a on accumbens nucleus

Application of (s) AMPA No effect on PFC in CA and FPCb in FPCc ND ND

aeffect of S 18986 at 3 and 10 mg/kg i.p.; CA, hippocampus
beffect of S 18986 at 30–1000 μM; PFC, prefrontal; cortex

ceffect of S 18986 100 and 300 μM; , increase release

ACh, acetylcholine; NA, noradrenaline; DA, dopamine; ND, not done

respective basal samples) [41]. ACh release was reduced
by about 50% in aged (22-month-old) compared with
young (3-month-old) rats. In aged rats, S 18986 induced
a long-lasting increase in ACh release at both 3 and 10
mg/kg i.p. (P < 0.05 vs. respective basal samples). Aged
rats were more sensitive to S 18986, which was active
from the 3 mg/kg dose. Although basal ACh levels were
lower in aged than in young rats, the peak of ACh level
induced by S 18986 was similar in amplitude between the
two groups. These findings indicate that S 18986 can re-
store the functional deficit of cholinergic system, which
gradually takes place in aged rats.

The increase in ACh extracellular levels induced by
S 18986 could be a consequence of its positive AMPA-
receptor modulation, as other AMPA modulators, such
as aniracetam, stimulate ACh release in the hippocam-
pus [35]. The activation of ACh may contribute to its
memory-enhancing properties, as the cholinergic system
plays a pivotal role in cognitive functions including atten-
tion [42].

GABA/Glutamate

It is interesting to note that S 18986 did not affect GABA
or glutamate levels in the hippocampus of freely moving
young rats [41]. The lack of effect of S 18986 on glu-
tamate level might be related to the absence of agonist
activity of the drug on this receptor type.

Noradrenaline

The study of Lockhart [43] described the effect of S 18986
on (S)-AMPA-induced [3H]noradrenaline release in rat
hippocampus and frontal cortex slices. In baseline condi-
tions, S 18986 did not modulate the [3H]noradrenaline
level in the hippocampus and frontal cortex. On the
other hand, S 18986 (30–1000 μM) potentiates (+200%)
AMPA-induced release of [3H]noradrenaline in both re-
gions (P < 0.001).

It is interesting to note that S 18986 (250 μM) failed
to potentiate either kainate or NMDA-receptor-mediated
[3H]noradrenaline release at equivalent agonist concen-
trations.

These findings show that S 18986 enhances AMPA-
induced noradrenaline release in circumscribed regions.
As noradrenaline exerts a positive role on both cognitive
and attentional processes [44]; the cognitive-enhancing
effects of S 18986 could be in part related to its capacity
to enhance AMPA receptor-mediated noradrenaline re-
lease in the rat brain. The clinical relevance of increased
noradrenaline release after rather high concentrations of
S 18986 remains to be established.

Dopamine

(S)-AMPA (30 μM–1 mM) significantly increased
[3H]dopamine release in rat frontal cortex slices com-
pared with basal values. S 18986 (3–300 μM) alone did
not significantly affect [3H]dopamine release under simi-
lar conditions. AMPA-mediated release of [3H]dopamine
was dose-dependently, significantly increased by S 18986
(100 and 300 μM).

When using microdialysis in the nucleus accumbens
in rats, S 18986 (1–10 mg/kg, i.p.) showed no effect on
dopamine release.

To summarize, S 18986 potentiated AMPA-evoked no-
radrenaline release in both hippocampal and frontal cor-
tex slices and dopamine release in frontal cortex slices.
In the hippocampus, S 18986 had no effect on GABA or
glutamate but increased ACh release in young and aged
freely moving rats. These actions of S 18986 on different
central neurotransmitter systems could contribute to its
cognition-enhancing properties.

Memory-Enhancing Properties

Memory enhancing effects of S 18986 have been tested
in various memory models in young adult, middle-aged
and aged animals. All data are summarized in Table 3.
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Table 3 Cognitive effects of S 18986 in young adult, middle-aged and aged rodents

Test Species Active doses (mg/kg) Route Effect∗ Study reference Respective figure

Young adult rodent

Passive avoidance/scopolamine Rats 3–10 i.p. ++ [41] Figure 5

Y-maze/scopolamine Mice 0.3 i.p. +
Social recognition Rats 0.3 – 1–3 i.p. +++ Personal data Figure 6

Object recognition Rats 0.3 – 1–3 p.o. +++ [48, 49] Figure 7A, Figure

7B, Figure 7C

Morris Water Maze Rats 1–3 p.o. + Personal data Figure 8

Middle-aged rodent

Y-maze Rats 0.1–1 p.o. +++ [55]

Contextual memory Mice 0.1 p.o. +++ [53] Figure 9

Morris Water Maze Rats 1–10 p.o. +++ Bredy TW, Personal Com-

munication; [54]

Aged rodent

Relational/declarative memory (radial maze) Mice 0.1 p.o. +++ [57] Figure 10

Working memory (radial maze) Mice 0.1 s.c. + [57] Figure 11

Morris Water Maze Rats 1 p.o. + [54] Figure 12

∗This subjective effect evaluation is based on the effect size and/or the dose–response curve aspect.

Effects in Young Adult Rodents

Procedural Memory and Spatial Memory
Test/Scopolamine

Scopolamine amnesia is one of the behavioral tests most
commonly used to evaluate cognitive-enhancing prop-
erties of drugs, as similarities exist between age-related
memory impairment and scopolamine amnesia in hu-
mans [45]. As the nonselective muscarinic receptor an-
tagonist scopolamine is known to induce amnesia by
blocking the cholinergic transmission, it became of inter-
est to examine, in this model, the effect of a compound
that increases ACh release.

S 18986 was first assessed in a spatial discrimination
test (open Y-maze) in order to explore spatial memory in
mice. The test consisted in learning always the same arm
(baited with food) out of three. Scopolamine (0.3 mg/kg
i.p.), administered 30 min prior to the three sessions of
the test (10 daily trials over three consecutive days), in-
duced a significant decrease in the percentage of correct
responses compared with vehicle-treated mice (P ≤ 0.01),
demonstrating a learning impairment. Oral administra-
tion of S 18986 (0.3 mg/kg) 30 min before the scopo-
lamine treatment significantly alleviated scopolamine-
induced learning impairment (P ≤ 0.05; data not shown).

S 18986 was then examined in a model of procedu-
ral memory: the passive avoidance test. Treatment with
scopolamine hydrobromide (1 mg/kg i.p.) administered
30 min before the acquisition session resulted in a pro-

found amnesia, as indicated by a significantly reduced la-
tency to enter into the dark compartment compared with
the vehicle-injected rats. Treatment with S 18986 (1–3–
10 mg/kg) prior to the two sessions dose-dependently in-
creased the latency of scopolamine-treated animals at 3
and 10 mg/kg (Figure 5) [41].

Collectively, these results show that S 18986, given
orally, counteracts scopolamine-induced memory impair-
ment in young adult rodents and are therefore suggestive
of an antiamnesic effect of S 18986. Interestingly, these
effects are obtained at the same dose range (in the passive
avoidance test) as the one that activates the cholinergic
system in the hippocampus of aged rats (3 and 10 mg/kg).
In the mouse species (Y-maze), the effect of S 18986 is ob-
tained at a lower dose (0.3 mg/kg). It can also be noticed
that the dose of scopolamine used to induce amnesia in
mice is lower (0.3 mg/kg vs. 1 mg/kg in the first model)
than in the rat model.

Episodic Memory Tests

S 18986 has also been assessed in the social and ob-
ject recognition tasks, a nonrewarded paradigm based
on spontaneous exploratory behavior of rats. These tasks
have been developed as a model of short-term and long-
term episodic memory [46,47].

In the social recognition test, a rat was exposed to
a juvenile rat in two trials (5 min each) separated by
an intertrial interval of 2 h. S 18986 (0.3–1–3 mg/kg)
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Figure 5 Effect of S 18986 on scopolamine-induced amnesia in

a passive avoidance conditioned response. The bars represent the

retention latencies in second (mean ± SEM), n = 10 in each

group, Open: saline; grey: scopolamine 1 mg/kg i.p.; stippled: scopo-

lamine in rats pretreated with S 18986 (1, 3, and 10 mg/kg i.p.).
∗P > 0.05, one-way ANOVA and Fisher test LSD postcomparison.

Reprinted from Neuroscience Letters, Volume 361, Rosi et al., S 18986,

a positive modulator of AMPA receptors with cognition-enhancing prop-

erties, increases Ach release in the hippocampus of young and aged rat,

pages 120-3, 2004, with permission from Elsevier [41].

administered 30 min prior to the first presentation, and
not after, significantly decreased the time of investigation
of the juvenile in the second trial in a dose-dependent
manner (Figure 6). These results suggest that in the social
recognition test, S 18986 exerted cognitive-enhancing ac-
tivity rather than improve the information processing.
The effect observed with S 18986 (3 mg/kg i.p.) was re-
lated to an improvement of memory and not to nonspe-
cific effects, as no significant effect was observed when
a different juvenile was introduced for the second trial
(data not shown).

In the object recognition test [48], recognition is mea-
sured by the time spent by rats in exploring two different
objects, one familiar and one unfamiliar. Acute oral ad-
ministration of S 18986 (0.03–100 mg/kg) in adult Wis-
tar rats 60 min before the three test sessions significantly
increased the object recognition from 0.3 to 3 mg/kg
(P < 0.05 and P < 0.01) and from 30 to 100 mg/kg (P <

0.01 and P < 0.001, respectively; Figure 7A). S 18986
remained active with subchronic (7 days’) treatment be-
fore the start of the test at the doses of 0.3, 1, 3, and 10
mg/kg/day, with a maximal effect obtained at 1 mg/kg
[48]. S 18986 (S-isomer) was more active than the race-
mate and the R-isomer (Figure 7B), confirming the re-
sult of the electrophysiological experiments (see Mech-
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Figure 6 Effects intraperitoneal treatment with S 18986 in a social

recognition task in Wistar rats. S 18986 was administered 30 min

before the first presentation. The results are shown as mean ±
SEM; n = 7 or 8 animals; ∗P ≤ 0.05 and ∗∗∗P ≤ 0.001 versus

control.

anism of Action, above) and neurotransmitter release
studies [43]. Surprisingly, despite its short terminal half-
life (around 1 h) in plasma and in the brain, S 18986
remained active up to 4 h postadministration using this
paradigm (Figure 7C) [48]. Moreover, multiple admin-
istrations (0.3 mg/kg t.i.d.) were not required to obtain
maximal efficacy in this model because a single admin-
istration 1 mg/kg once a day (o.d.) led to a powerful
procognitive activity (P < 0.01; Figure 7D) [49].

These results show that in this model of episodic mem-
ory, S 18986 administered prior to the recognition trial
improves the retention of familiar information in adult
rats. S 18986 exerts its procognitive activity by facilitating
retrieval, and not acquisition, of the memory informa-
tion. The promnesiant effects of S 18986 were observed
with doses ranging from 0.3 to 100 mg/kg and with a
biphasic effect. The hypothesis that could be drawn is
that, at lower doses, S 18986 positively modulates postsy-
naptic currents generated by AMPA receptors and conse-
quently improves cognitive function. At higher doses, the
cognitive-enhancing effect observed with S 18986 could
be related to the modulatory activity of the drug on the
release of other neurotransmitters, such as noradrenaline
[43].

S 18986 exerts a long-lasting memory effect in the ob-
ject recognition task. The procognitive effect of S 18986
does not necessarily correlate with the peak of blood
level but may be triggered by a cascade of electrophysi-
ological and/or neurochemical adaptative events. Indeed,
both events modulated by S 18986, that is, the enhance-
ment of LTP and/or the regulation of neurotrophic factors
(see Other Pharmacological Properties), can support the
maintenance of its promnesiant effect. As for S 18986,
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Figure 7 (A) Effects of oral treatment with S 18986 in the object recogni-

tion test in rats. S 18986 was administered 60 min before each session with

low doses (0.3, 1, 3, 10 mg/kg) and higher doses (10, 30, 100 mg/kg). The

discrimination index was the difference between the exploration times of

the novel and familiar objects on the second trial (T2), which occurred 24

h after the first trial. Values are means ± SEM with the number of ani-

mals/group in parentheses. ∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001: versus

control. ANOVA and Dunnett t-test. Reprinted from European Journal of

Pharmacology, Vol. 401, Lebrun et al., Effects of S 18986-1, a novel cogni-

tive enhancer, on memory performances in an object recognition task in

rats, pages 205-12, 2000, with permission from Elsevier [48].

(B) Comparisons between S 18986 (S-isomer), S 17951 (racemic), or S

19024 (R-isomer) in the object recognition test in rats. Delta is the differ-

ence between the exploration times of the novel and familiar objects on

the second trial (T2) which occurred 24 h after the first trial. The results

are shown as mean ± SEM, n = 14 or 15 animals. ∗∗∗P ≤ 0.001: value

significantly different from control.

(C) Effects of delayed treatments with S 18986 in the object recognition

test in rats

S 18986 was administered to the rats at the dose of 1 mg/kg by oral route.

The administrations were made 1, 2, 3, or 4 h before each session of the

test. The discrimination index was the difference between the exploration

times of the novel and familiar objects on the second trial, which occurred

24 h after the first trial. Values are the means (± SEM) with the number of

animald/group in parentheses. ∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001 ver-

sus control. Reprinted from European Journal of Pharmacology, Vol. 401,

Lebrun et al., Effects of S 18986-1, a novel cognitive enhancer, on memory

performances in an object recognition task in rats, pages 205-12, 2000,

with permission from Elsevier [48].

(D) Effects of S 18986 on memory performance (expressed as recognition

index) of Sprague-Dawley rats in the object recognition task. S 18986 was

administered orally as a sinde daily administration (1 × 1 mg/kg) or as

Buccafusco et al. (2004) have reported a robust and
long-lasting (over 48 h) improvement in Delayed
Match to Sample task (DMTS) memory performance of
adult rhesus monkeys following a single administration of
IDRA-21 [23].

Spatial Memory Test

The Morris Water Maze is a recognized model for the de-
termination of spatial promnesiant properties of drugs. In
this model, S 18986 administered orally to adult rats at
the doses of 0.3–1–3 mg/kg, had no effect on the learn-
ing acquisition process (data not shown). However, when
trained rats were submitted to a retention test in the maze
following a period of 7 days without training, S 18986 (1
or 3 mg/kg), given both during learning and before the
retention test improved performance of the task (Figure
8A). Rats treated with S 18986 (1 mg/kg) during both
learning and retention or only before the learning ses-
sions exhibited improved performances. S 18986 was in-
active when given only before the retention performance
(Figure 8B).

These results indicate that S 18986 does not modify
the learning process in a spatial reference memory task
but increases the long-term retention of information only
when S 18986 treatment takes place prior to the acquisi-
tion process.

S 18986 shows memory-enhancing properties in
young adult rats in episodic and spatial memory mod-
els with pharmacological doses ranging from 0.3 to
3 mg/kg. S 18986 is mostly active in memory retention
processes.

Effects in Middle-Aged Rodents

Age-related memory deficits have been described in
middle-aged rodents [50–52] and seems to be a suitable
model for an early pharmacological intervention.

S 18986 has been investigated in three models of age-
related memory disorders in middle-aged rodents.

Episodic Contextual Memory Test

The contextual serial discrimination was developed to
test simultaneously different forms of memory in mice
(episodic-like vs. semantic-like forms). Using this task,

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

three daily distinct administrations (3 × 1 mg/kg) 9, 6, or 3 h before each

session during three consecutive days. Results are expressed as mean ±
SEM; ∗∗P ≤ 0.01 versus control. (From Bertaina-Anglade et al. (2007) [49]

with permission from John Wiley and Sons).
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Figure 7 Continued.
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Figure 8 (A) Effect of oral treatment with

S 18986 (0.3–1–3 mg/kg) prior to the

acquisition and the long term retention test on

memory performances in the retention test of

the Morris Water Maze.

The results are shown as mean ± SEM, the

number of animals/group is indicated in

parentheses.
∗∗∗ P ≤ 0.001: significantly different from

platform quadrant. (B) Effect of oral treatment

with S 18986 (1 mg/kg) prior to the learning

sessions of the Morris Water Maze test on

memory performances in the retention test.

A+R+: S18986 administered before the

acquisition sessions and then before the

retention session.

A+R-: S18986 administered only before the

acquisition sessions.

The results are shown as mean ± SEM, n = 9 or

10 animals.
∗P ≤ 0.05, P ≤ 0.01: significantly different from

platform quadrant.

middle-aged (14–15-months-old) mice exhibited a se-
vere memory deficit in remembering the first discrimi-
nation but not the second one, which was due to an in-
crease in interference, compared with young adult mice
(5–6-months-old; P < 0.001). Chronic treatment of mice
(9 days) with 0.1 mg/kg of S 18986 reversed the deficit
of middle-aged mice with a significant increase of correct
response (P < 0.01) and a tendency to reduce interfering
responses (Figure 9) [53].

S 18986 emerges as having a beneficial impact on
contextual memory processes in middle-aged mice. The
promnesiant effect of S 18986 was comparable to the ef-
fect of donepezil (0.3 mg/kg), the main cholinesterase in-
hibitor used in mild to moderate AD.

Spatial Memory Tests

Middle-aged rats (16-months-old) were tested for their
learning performances in the Morris Water Maze task fol-
lowing chronic treatment (4 months) with S 18986 (0.3,
1, and 10 mg/kg). In vehicle controls, spatial memory

performances were significantly affected in aged animals.
Chronic treatment with S 18986 (1 or 10 mg/kg) allevi-
ated the age-related difference (Bredy TW, personal Com-
munication) [54], and the latency to find the hidden plat-
form decreased in all groups of animals over time.

These data provide evidence of S 18986 action as a
counteracting agent of age-related deficits in the learning
process of middle-aged rodents.

Rats were tested in a Y-maze apparatus following
chronic drug treatment in order to determine locomo-
tor and spatial memory performance [55]. This task was
chosen because it has been previously reported as sen-
sitive to aging [56]. For total arms entered during the
novel arm trial (locomotor measure), there was a slight
increase in arm entries between controls (2.5-months-
old) and vehicle-treated aged rats. Results showed an in-
crease of arm entries for both 1 and 0.1 mg/kg S 18986
treated rats, compared with vehicle treated aged rats (18-
months-old; 80%; P < 0.005). Regarding the percent-
age of time spent exploring the novel arm (cognitive
measure), young adult control rats spent approximately
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Figure 9 Effects of S 18986 in the episodic contextual memory test in

middle-aged mice: comparison with donepezil. Left panel: Percentage of

correct responses (head dips into the hole baited on the same floor at

the acquisition phase) at the D1 test session.Right panel: Percentage of

interfering responses (head dips into the hole baited on the other floor at

the acquisition phase) at the D1 test session. Results are mean ± SEM.

∗P ≤ 0.05; ∗∗ P ≤ 0.01 versus placebo treated middle-aged mice. Dotted

lines chance level (25%). With kind permission from Springer Science +
Business Media: Psychopharmacology, Improvement of episodic contex-

tual memory by S 18986 in middle-aged mice: comparison with donepezil,

Vol. 193, 2007, pages 63-73, Beracochea et al. [53].

46% of the total trial in the novel arm, compared with
aged ones (P < 0.005). Aged rats treated with S 18986
spent more time exploring the novel arm (165 ± 42% for
1 mg/kg [P < 0.01] and 141 ± 37% for 0.1 mg/kg [P <

0.05]) compared with vehicle rats.
Chronic oral treatment with S 18986 increased loco-

motor activity and improved performance in a spatial
memory task in middle-aged rodents. Both exploratory
behavior and cognitive processes participate in memory
performance [56]. It cannot be ruled out that motor ac-
tivity has some impact on the mnemonic component of
the task and needs to be explored further with S 18986.

S 18986 shows antiamnesic properties in middle-aged
rodents in contextual and spatial memory models with
pharmacological doses ranging from 0.1 to 10 mg/kg. The
low-dose efficacy of the drug observed with aged animals
compared with active doses obtained in their young adult
counterparts (0.3–100 mg/kg) suggests a higher sensitiv-
ity of middle-aged rodents to S 18986 treatment.

Effects in Aged Rodents

The memory-enhancing profile of S 18986 was investi-
gated in two mice models of age-related memory deficits,
using the eight-arm radial maze paradigm and the Morris
Water Maze.

Relational/Declarative Memory Test

The first model was specifically designed to assess
relational/declarative memory (flexibility). The results

showed that the number of sessions necessary to reach
the discrimination criteria did not differ between the
young adult (4–6-months-old) and the aged vehicle
groups (20–24-months old). By contrast, in stage 2 (the
discriminative test), old animals exhibited a deficit with
respect to young adult ones (mean% of correct responses
on the two test sessions [choices of a baited arm] in the
two-choice trials: 60.3 ± 3.6% vs. 78.1 ± 3.0%; P <

0.01 and P < 0001, respectively). The treatment of aged
animals with S 18986 (0.01, 0.1, and 0.3 mg/kg) in-
creased performances significantly at 0.1 mg/kg (73.9 ±
3.1% correct responses; P < 0.05), for which the perfor-
mance level approached that of the young adult group
(Figure 10).

All in all, S 18986 at the dose of 0.1 mg/kg restored the
selective deficit of aged mice observed in the critical test of
long-term/declarative memory flexibility without modi-
fying other aspects of memory performance measured in
this paradigm.

Working Memory Test

The second task was similar to the previous one (six
adjacent arms grouped into three pairs), but it con-
sisted in “concurrent serial alternations.” Aged mice (20–
24-months old) displayed a severe and long-lasting
deficit compared with young adult mice (4–6-months
old) (P < 0.001). The performance of the aged mice
remained at chance level during the training period
(maximum 56.4 ± 2.2% correct responses), while the
young adult group increased the mean performance
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Figure 10 Effect of S18986 on relational/declarative mernory test

(stage 2).

Stage 2: Percentage of correct responses recorded in the 1st and 2nd

session.

Performances (mean ± SEM) in stage 2 (discrimination by pairs) of the five

groups (Young Aged, A-0.01, A-0.1, A-0.3).
∗(Statistically different from young vehicle group) P > 0.05; ∗∗P < 0.01;
∗∗∗P < 0.001.

§(Statistically different from aged vehicle group) P < 0.05.
◦(Statistically different from hazard) ◦P < 0.05; ◦◦P < 0.01; ◦◦◦P < 0.001.

With permission from Marighetto et al., The AMPA modulator S 18986

improves declarative and working memory performances in aged mice,

Behavioural Pharmacology, Vol. 19, issue 3, pages 235-44 [57].

Figure 11 Effect of S 18986 on short-term/working memory test. Y, young

vehicle mice; A, aged vehicle mice; A-S, aged mice treated with S 18986

(0.1 and 1 mg/kg). (A) and (B) Working memory by block performance over

the 12 sessions of training for each group. ◦P < 0.05, ◦◦P < 0.01, ◦◦◦P <

0.001 versus chance; ∗P < 0.05, ∗∗∗P < 0.001 versus A.

(C) and (D) Working memory performance as a function of retention inter-

val for each group. ◦P < 0.05, ◦◦P < 0.01, ◦◦◦P < 0.001, versus chance;
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus A. With permission from

Marighetto et al., The AMPA modulator S 18986 improves declarative and

working memory performances in aged mice, Behavioural Pharmacology,

Vol. 19, issue 3, pages 235-44 [57].

(from 65.0 ± 2.1% in the first session blocks vs.
76.5 ± 1.7% in the third session blocks; Figure 11A).
S 18986-treated (0.1 and 1 mg/kg) aged mice exhib-
ited improved performances in the final two blocks of
sessions. A maximum of 64.3 ± 4.2% of correct re-
sponses was obtained at 0.1 mg/kg, and more than
60% of correct responses was obtained at 1 mg/kg,
compared with 52.1 ± 2.8% in the placebo group
(Figure 11B) [57].

When performances were modulated by the reten-
tion interval (number of trials interposed; five levels
of retention interval were tested from zero “no inter-
posed pair” to level 4), young adult mice showed dimin-
ished performances with an increasing retention inter-
val but remained significantly above chance level for all
intervals. In aged mice, performance was above chance
only when the retention interval was minimal (0 inter-
posed trial), and even in this latter, condition aged mice
were impaired with respect to their younger counterparts
(Figure 11C). Treatment with S 18986 revealed a signif-
icant effect, compared with placebo, at 0.1 mg/kg when
one or three trials were interposed (P < 0.05) and a trend
for 1 mg/kg when three trials were interposed (P = 0.053)
(Figure 11D) [57].
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Using the eight-arm radial maze paradigm, S 18986
at the same low dose of 0.1 mg/kg selectively improved
aged-mice performance in the test of relational/ declara-
tive memory and showed a moderate beneficial effect in
short-term retention of successive arm-visits in the work-
ing memory test.

These two models are very complex and highly dis-
criminative for drug screening. These two forms of mem-
ory expressions (flexibility and organizational demand)
investigated in these models are selective and specific of
age-related memory impairment. These tasks would crit-
ically depend on the plasticity of the hippocampus and
its connectivity with cortical areas [58], both of which
are target areas for S 18986. It can be hypothesized that
the compound might restore a synaptic function in aged
mice, through modulatory effects on LTP and/or neu-
rotransmitters (see Mechanism of Action), which could
contribute to minimizing ordinary memory deterioration
induced by ageing.

Spatial Memory Test

Aged rats (24-months old) were tested in the learning
of the Morris Water Maze task following chronic treat-
ment (12 months) with S 18986 (0.3, 1, and 10 mg/kg
p.o.). There was a significant effect of age, such that 24-
month-old control animals performed significantly less
than young adult controls (5-months old) over Days 2–
5 of testing. Chronic treatment with S 18986 at the 1.0
mg/kg dose significantly improved the performance of
the aged rats on Days 4 and 5 of testing (Figure 12) [54].

Chronic oral treatment with S 18986 (1 mg/kg) coun-
teracts age-related deficits in the learning process in a spa-
tial reference memory task in aged rodents.

S 18986 shows antiamnesic properties in aged rodents
in relational, working, and spatial memory models with
a narrow range of pharmacological doses (at 0.1 and
1 mg/kg) compared with middle-aged rodent memory
models (0.1–10 mg/kg). S 18986 produces a more pow-
erful memory-enhancing effect in middle-aged rodents
than in aged ones. S 18986 seems to be therefore a
promising drug candidate for the treatment of early forms
of age-related memory deficit, probably due to its ef-
fects on hippocampal plasticity and synaptic transmission.
Other specific properties of S 18986, such as modulatory
effects on neurotrophic factors and neuroprotective prop-
erties, may also contribute to the procognitive actions of
this compound.

Other Pharmacological Properties

There is some evidence that neuronal plasticity is directly
regulated by several neurotrophic factors, of which, one

Figure 12 Chronic treatment (12 months for rats at 24-month-old) with

S 18986 (0.3, 1, and 10 mg/kg p.o.) in the learning of the Morris Water Maze

task. Results are mean ± SEM latency (seconds) to locate and climb into

the submerged platform. The number of animals was 8 per group. Testing

was completed over five consecutive days with three trials per day. ∗ P >

0.05: significant effect of treatment at 1mg/kg on Day 4 and 5 of testing

versus vehicle aged controls.

is BDNF. BDNF is essential for long-term hippocampal
plasticity and for restoring LTP in the middle-aged hip-
pocampus [51,59]. Allosteric modulators of AMPA recep-
tors have been shown to increase BDNF expression in
vitro and in vivo [24–26]. Positive AMPA receptor modula-
tors may also exert their effects on learning and memory
through indirect increases in the expression of BDNF, and
we have tested this hypothesis by investigating the capac-
ity of S 18986 to modulate in vitro and in vivo expression
of BDNF.

Neurotrophic Properties

Lockhart [60] has tested the effects of S 18986 on
(S)-AMPA-mediated increases in BDNF mRNA and
protein expression in rat primary cortical neuronal cul-
tures. Compared with untreated cultures, AMPA (0.01–
300 μM) induced a concentration-dependent increase
in BDNF mRNA and protein expression. The maximal
increases were observed between 5 and 12 h for mR-
NAs and at 24 h for protein expression. S 18986 (≤300
μM) alone failed to increase basal BDNF expression, but
the drug (300 μM) enhanced AMPA-induced expres-
sion of BDNF mRNA 2–3-fold, and the protein levels
3–5-fold.

In vivo, BDNF expression has been examined in middle-
aged (16-months-old) and aged (24-months-old) rats fol-
lowing chronic oral treatment (4 and 12 months, respec-
tively) with S 18986 at 0.3, 1, and 10 mg/kg p.o. (Bredy
TW, personal communicstion) [54]. BDNF was measured,
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once animals had been tested in the Morris Water Maze
task. Compared with young adult controls, BDNF mRNA
levels in the hippocampus of vehicle-treated aged rats
were significantly reduced by approximately 40%. BDNF
mRNA levels were significantly increased in middle-aged
animals treated with S 18986 (1 and 10 mg/kg) compared
with vehicle-treated aged rats (P < 0.05). In aged ani-
mals, S 18986 had no effect on BDNF expression.

In vivo, in middle-aged rats, increase of hippocampal
BDNF expression and promnesiant effect measured in
the Morris Water Maze were obtained at similar doses
of S 18986 (1 and 10 mg/kg). The enhanced BDNF ex-
pression induced by S 18986 occurs in the same region
where the drug increased LTP. The promnesiant effects of
S 18986 were more robust in middle-aged animals than
in aged animals.

Collectively, these findings suggest that chronic
S 18986 treatment could prevent the progression of early
age-related memory deficits, and that increased BDNF ex-
pression may be one of the events involved in sustaining
this action.

Neuroprotective Properties

Although high concentrations of glutamate are toxic
to most neurons, lower concentrations of glutamate or
glutamate agonists have been reported to increase cell
survival. Enhancement of glutamatergic transmission by
infusion of glutamate or AMPA has been shown to in-
crease neuronal survival, attenuate apoptosis, and to
prevent synaptic deterioration produced by deafferenta-
tion [61–63]. Normal aging is associated with increased
neuronal vulnerability, with impairment of neurotrans-
mitter release and/or levels and increased inflammatory
markers [64–66]. In addition, AMPA modulators have
demonstrated neuroprotective effects on dopamine cell
loss in animal models of Parkinson disease [27]. We
therefore have examined whether S 18986 elicits pro-
tection in acute or chronic administration in two mod-
els, in a lesion-induced model and in a model of normal
aging.

In a model of lesion induced by a NMDA agonist (ibote-
nate) in the cortex and periventricular white matter in
the neonatal mouse brain, Dicou [67] has shown that the
acute administration of S 18986 (10 mg/kg i.p.) exerted
a neuroprotective effect in cortical and white matter re-
gions (P < 0.05 and P < 0.01). It was hypothesized that
this outcome may be achieved through the MAPK path-
way, as an MAPK inhibitor was able to block the neuro-
protective effect [67]. In the same study and as previously
described [68], MK-801 i.p. injected prior to ibotenate in-
jection completely suppressed excitotoxic lesions. These
results point strongly in favor of a key role of NMDA

receptors in the present model. Moreover, BDNF was
shown to be neuroprotective in ibotenate-induced brain
lesions in the P5 mouse [69]. The increase of BDNF ex-
pression, via activation of MAP kinase, may therefore be
an important part of the neuroprotective profile of AMPA
modulators.

More recently, Bloss [55] has described that chronic
treatment (4 months) of middle-aged rats (14-months old
at the beginning of the experiment) with S 18986 (0.1
and 1 mg/kg) retarded the decline of forebrain cholin-
ergic neurons and midbrain dopaminergic neurons dur-
ing aging and attenuated the age-related increase of
microglial markers in the hippocampus (CA3 stratum
oriens). No effect of the drug was observed in other re-
gions of the hippocampus or in the substantia nigra pars
compacta.

The effect of S 18986 on the preservation of ACh
and dopaminergic neurones with aging could be directly
linked to its enhancing effect on both neurotransmitters
[41] (see Mechanism of Action). These findings obtained
with S 18986 are in agreement with those of several stud-
ies showing that other AMPA modulators are neuropro-
tective agents and reduce dopaminergic cell loss in animal
models of Parkinson disease [27,30].

Summary and Conclusion

The present review focuses on the selective positive al-
losteric AMPA modulator S 18986, a drug that is emerg-
ing as a favourable candidate in the prevention of cog-
nitive decline associated with cerebral aging and/or neu-
rological diseases. Ex vivo, this drug increases the ampli-
tude of extracellular excitatory field potentials in the CA1
of the hippocampus; in vivo it enhances LTP. The two
brain target areas of S 18986 are the frontal cortex and
dorsal hippocampus, two regions classically involved in
memory processes. Effects of S 18986 on hippocampal
plasticity and synaptic transmission are believed to sup-
port its memory-enhancing properties. The latter have
been consistently demonstrated in a number of mem-
ory tasks exploring different types of memory, including
working, procedural, contextual, relational/declarative,
and episodic memory in both young adult and aged an-
imals. In addition, S 18986 presents neurotrophic and
neuroprotective effects, which may be involved in its pre-
vention effects on age-related cognitive deficits.

An interesting attribute of S 18986 is its particu-
larly robust memory-enhancing effects in middle-aged
animals compared with aged ones. Indeed, keeping in
mind that cognitive impairment in AD patients have
been hypothesized to result from the downscaling of
postsynaptic AMPA receptor function at the onset of
the pathology [70], a treatment such as S 18986 that
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targets AMPA receptors would obviously provide more
valuable benefits when initiated early. S 18986 could
therefore be proposed in the symptomatic treatment of
prodromal forms of AD, such as mild cognitive impair-
ment (MCI).

To date, the current knowledge about the effects of
AMPA potentiators on human memory remains rather,
limited and the available evidence does not suggest a
clear benefit in healthy elderly participants and AD pa-
tients [71–74]. Among compounds that have progressed
to clinical level, the AMPA potentiator CX717 has pro-
duced mixed results. Promising findings were reported in
a model of sleep deprivation in monkeys where CX717
restored memory performance to normal [75]. However,
in a trial in healthy volunteers using a stimulated night
shift work paradigm, no positive effects on performance
and alertness were observed with CX717 treatment [76].
The compound is now being tested in phase II clinical tri-
als in AD patients. Preliminary data with AMPA potentia-
tors appear promising, but clinical translation in patients
and a better understanding of its effects on human cog-
nition will be necessary to validate the therapeutic ap-
proach.

It remains that several lines of evidence have estab-
lished the importance of AMPA receptors in synaptic tar-
gets for AD. A direct association between AMPA receptors
and Aß has been demonstrated and could result in mod-
ulation of channel properties. Thus, Aß-induced down-
regulation of AMPA receptors has been demonstrated in
postsynaptic membranes [77,78], and Aß may also influ-
ence the proteins involved in insertion and stabilization
of postsynaptic AMPA receptors [79].

Clinical studies are now warranted to determine
whether it is possible to translate the promising preclini-
cal properties of AMPA potentiators into a potential clini-
cal interest, namely that of delaying the progression from
MCI to Alzheimer disease.
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