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I. Introduction

The glutamatergic neurotransmitter system is the main

excitatory neurotransmitter circuit of mammal brain, and

glutamatergic synapses make the vast majority among all

excitatory synapses.1 Glutamate receptors can be divided

into two main classes: ionotropic and metabotropic recep-

tors.2 The activation of ionotropic receptors with an agonist

induces their conformational changes and results in opening

of the ion channel. The activation of metabotropic receptors

is related to G-protein activation and subsequent activation

of phospholipase C or inhibition of adenylate cyclase

activity.3 Ionotropic glutamate receptors are classified into

three types according to the name of the selective agonist,

which include 2-amino-3-(3-hydroxy-5-methylisoxazol-4-

yl)propionic acid (AMPA receptors), N-methyl-D-aspartic

acid (NMDA receptors) and kainic acid (kainate recep-

tors).4

In recent years, compounds (ligands) that can bind to

AMPA receptors have attracted attention of researchers as

new medical drugs for treating some neurodegenerative and

psychoneurological disorders such as Alzheimer's and Par-

kinson's diseases, schizophrenia, mental depression, epi-

lepsy, amyotrophic lateral sclerosis, disseminated sclerosis,

mild cognitive impairment, age-related cognitive and mem-

ory dysfinctions.5 ± 12 Among various types of AMPA

receptor ligands, so-called positive modulators (or poten-

tiators), which improve memory and cognitive functions of

humans and animals, have aroused particular interest in

recent years.13 This group of potential medical drugs is in

the focus of attention in this review.

II. Structure of AMPA receptors

AMPA receptors comprise four types of subunits, GluR1,

GluR2, GluR3 and GluR4, which are encoded by separate

genes.14 Native AMPA receptors are tetramers and usually

comprise a combination of several subunits (Fig. 1).15, 16

Each subunit of ionotropic glutamate receptors contains

three transmembrane domains, A, B and C (in another

terminology, M1, M3 and M4). Also, there are extracellular

N-terminal and intracellular C-terminal domains with a

ligand-binding chelate domain between them formed by

the S1 and S2 `loops'. The ligand (glutamate) binds to the

receptor inside these loops.

The ion channel domain is embedded in the membrane

from the cell side and forms a hairpin-like structure

(Fig. 2).17 The channel is permeable for singly (Na+, K+)

and doubly charged (Ca2+) cations. The GluR2 subunit

plays an important role, as its presence in the receptor

prevents calcium ions from entering the neuron through

heteromeric receptors. The AMPA receptors devoid of the

GluR2 subunit conduct calcium ions.18, 19 The appropriate

structures of two subunits form a dimer. Native AMPA

receptors are composed of two dimers.20
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The functional multiplicity of AMPA receptors is pro-

vided by the variety of subunit combinations in them. In

addition, all of the four subunits of AMPA receptors occur

as two alternative forms, flip and flop forms, which are

encoded by exons 14 and 15 (in the GluR2 subunit) located

ahead of the transmembrane domain M4.21, 22 In these

forms, replacements of the amino acids take place in

particular sites of the S2 segment (Fig. 3). Flip versions

predominate in the prenatal period of organism develop-

ment and continue to be expressed in the adult state,

whereas flop variants are very few in the first week after

birth but their number increases with time, and in the adult

state both variants are equally abundant.

The additional diversity of receptors is caused by post-

scription alterations Ð alternative splicing and RNA edit-

ing.23, 24 Certain amino acid replacements (Q or R, R or G)

are encountered in subunits and change their properties.

Different C-terminal variants were detected in the GluR2

and GluR4 subunits (see Fig. 3).4 In view of the foregoing,

the diversity of AMPA receptors becomes understandable.

III. Agonists, antagonists and negative modulators

1. Agonists
Depending on their ability to induce conformational

changes in the ligand-binding domain, the S1 ± S2 pocket,

and the accompanying changes in the degree of desensitiza-

tion of the AMPA receptor, agonists can be full or partial.

Full agonists of AMPA receptors are glutamic acid (1),

AMPA (2), quisqualic acid and 2-amino-3-(3-carboxy-

5-methylisoxazol-4-yl)propionic acid (ACPA) (3). Kainic

acid (4) is a partial agonist.25 Full agonists induce the

maximum conformational changes (and, as a consequence,

maximum opening of the ion channel) and the maximum

receptor desensitization; partial agonists cause incomplete

conformational change and partial desensitization.25, 26

2. Competitive antagonists
In the 1980s, 6-cyano-7-nitroquinoxaline-2,3-dione

(CNQX) (5) and 6,7-dinitroquinoxaline-2,3-dione (DNQX)

(6) were proposed as selective and active competitive

AMPA receptor antagonists.27
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M1, M3 and M4 are transmembrane domains, M2 is the intramem-

brane domain of the ion channel; NTD is N-terminal domain, S1 ± S2

is the `pocket' for agonist (glutamate) binding; CTD is the C-terminal

domain.
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Figure 2. Structure of a glutamate receptor subunit.17

The transmembrane regions are defined as A, B and C; NTD is the

extracellular N-terminal domain; CTD is the intracellular C-terminal

domain; S17S2 is the `pocket' with the binding site of glutamate and

other agonists.
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The flip/flop and C-terminal alternatives of AMPA receptor subunits
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are shown by rectangles M1 ±M4; Q/R and R/G are regions with

possible different amino acid sequences.
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However, these compounds proved also to be active with

respect to the glycine region of the NMDA receptor and,

hence, they were not selective antagonists.28 Nevertheless,

they served as prototype substances for the synthesis of

more selective and active antagonists in the quinoxaline

series such as 6-nitro-7-sulfamoylbenzo[ f ]quinoxaline-2,3-

dione (NBQX) (7);29 9-methyl-6-nitro-8,10-dihydropyr-

ido[3,4-f ]quinoxaline-2,3(7H )-dione (PNQX) (8), 6-(1H-

imidazol-1-yl)-7-nitroquinoxaline-2,3-dione (YM-90K);30

[7-(imidazol-1-yl)-6-nitro-2,3-dioxoquinoxalin-1-yl]acetic

acid (9) 31 and 7-(morpholin-4-yl)-2,3-dioxo-6-trifluoro-

methylquinoxalin-1-yl)methylphosphonic acid (10).32

Compounds 9 and 10 were passed to clinical trials as

anti-stroke drugs.33

3. Non-competitive antagonists
Non-competitive antagonists of AMPA receptors are rep-

resented by allosteric negative modulators. Some of them

refer to the class of 2,3-benzodiazepines. These include

1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-

benzodiazepine (11), which was the first to be synthesized in

this class of compound,34 (R)-1-(4-aminophenyl)-4-methyl-

7,8-methylenedioxy-3-methylcarbamoyl-4,5-dihydro-2,3-benzo-

diazepine (12) and (R)-3-acetyl-1-(4-aminophenyl)-4-methyl-

7,8-methylenedioxy-4,5-dihydro-2,3-benzodiazepine (13).35

These compounds have low selectivity towards AMPA

receptor subtypes but are more selective towards AMPA

receptors versus kainate or NMDA receptors.35, 36 They

penetrate the blood ± brain barrier and are active in the

systemic administration.37 Compound 13 (talampanel) was

proposed for clinical trials as an antiepileptic agent.38, 39

A number of another class of derivatives, quinazoli-

nones, are also selective non-competitive antagonists of

AMPA receptors. The most active among these are

3-(2-chlorophenyl)-2-[(E )-2-(6-diethylaminopyridin-2-yl)-

vinyl]-6-fluoroquinazolin-4(3H )-one (14) and 2-{(E )-2-[3-

(2-chlorophenyl)-6-fluoro-4-oxo-3,4-dihydroquinazolin-2-

yl]vinyl}nicotinonitrile (15).40, 41

In binding experiments of tritium-labelled compound 15, it

competed with the 2,3-benzodiazepine binding sites.42 These

compounds also penetrate the blood ± brain barrier, they

are active in the systemic administration and also non-

selective relative to AMPA receptor subunits.43

IV. Modern views on the mechanisms
of deactivation and desensitization
of AMPA receptors

Transition of AMPA receptors to an `inactive state' may be

induced by two processes: deactivation and desensitization.

Deactivation is caused by closure of the ion channel upon

removal of the agonist. Desensitization implies inability of

the receptor to pass once again into the activated (open ion

channel) state, despite the presence of an agonist. Desensi-

tization and deactivation of AMPA receptors are very fast;

these factors can affect the magnitude and kinetics of the

synaptic current mediated through activation of AMPA

receptors.44

The rate of desensitization of AMPA receptors depends

on their subunit composition and subunit modifications

(flip or flop).45 Homomeric AMPA receptors composed of

GluR3flop or GluR4flop are desensitized 3 ± 5 times faster
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than other homomeric receptors; the introduction of

GluR2flop accelerates desensitization of flip variants. In

addition, an alternative synthesis of the R/G region located

above the flip/flop region can accelerate up to twice the

restoration after desensitization, depending on the subunit

composition.46 The allosteric transitions, which lead to

desensitization, depend, in particular, on the structure of

the agonist interacting with the receptor. For example,

AMPA or glutamate induce much faster and more complete

desensitization of AMPA receptors than kainic acid.25

The decrease in desensitization of AMPA receptors by

positive modulators plays an important role in improving

the learning ability and memory; therefore, the desensitiza-

tion and deactivation mechanisms have been investi-

gated.47, 48 Figure 4 (see page 490) shows three-dimensional

models of AMPA receptors isolated from synapses of

hippocampus CA1 field.49 The models were designed using

electron microscopic images of native AMPA receptors with

deposited silver particles. One can clearly see N-terminal

domains (NTD2) and ligand-binding domains (LBD2) com-

bined into dimers and transmembrane domains (TMD2)

combined into tetramers. AMPA receptors were found in

two types of conformations: type I, NTD2 dimers are partly

twisted; type II, NTD2 dimers are separated. In the `resting

state', AMPA receptors of type I accounted for *60% and

type II receptors accounted for 40% of their total number.

The addition of glutamate (1 mmol litre71) caused a con-

siderable change in the ratio of different types of AMPA

receptors: there was only 3% type I receptors and 97%

type II receptors. If glutamate was added together with

3-(bicyclo[2.2.1]hept-2-en-6-yl)-6-chloro-1,1-dioxo-3,4-dihydro-

2H-benzo[e]-1,2,4-thiadiazine-7-sulfamide (16) (cyclothi-

azide), which inhibits desensitization of AMPA receptors,

much less receptors of type I passed to the conformation of

type II, in particular, 49% of the receptors remained in the

type I conformation.

Thus, the conformational state of the AMPA receptors

determines their functional state: type I conformation cor-

responds to the non-desensitized receptor, while the con-

formation of type II corresponds to desensitized receptor. A

potentiator of AMPA receptors such as cyclothiazide sta-

bilizes AMPA receptor dimers in the twisted ligand-bound

state where the ion channel is open.

Jin et al.50 elucidated the difference in the mechanisms

of action of compounds like cyclothiazide, which inhibit

desensitization, and 1-(4-methoxybenzoyl)-2-pyrrolidone

(17) (aniracetam) and its analogues Ð 6-(piperidin-1-ylcar-

bonyl)quinoxaline (18), 6-(piperidin-1-yl)carbonyl-2,3-di-

hydro-1,4-benzodioxin (19), 2H,5aH-pyrrolidino[2,1-30,20]-
1,3-oxazino[60,50-5,4]benzo[d ]-1,3-dioxolan-9-one (20),

2H,3H,6aH-pyrrolidino[2,1-30,20]-1,3-oxazino[60,50-5,4]benzo[e]-
1,4-dioxan-10-one (21), which retard deactivation.

The mechanism of action of the latter compounds is as

follows. One molecule of, for example, compound 21 is

embedded into the space (`pocket') between the S1 and S2

loops of the ligand-binding domain and fix it in the closed

(`operating') state. Two molecules of a compounds that

inhibits desensitization are inserted in the slit between two

S17S2 pockets and fix the interslit space, thus preventing

the dimer from changing the position. As a result, desensi-

tization decreases (Fig. 5, see page 490).50

Thus, some compounds (for example, 19 ± 21) are able to

affect simultaneously both deactivation and desensitization,

despite the difference between these processes.50 ± 52 The

deactivation and desensitization of AMPA receptors play

an important role in the regulation of their functional state,

and, as a consequence, in the character of synaptic trans-

mission, strength and properties of synaptic plasticity,

which form the material base of memory and cognitive

functions. Therefore, in recent years considerable attention

has been paid to the search for new potentiators of AMPA

receptors, medicinal drugs and cognitive stimulants.

V. Positive modulators of AMPA receptors:
chemical classes and mechanisms of action

Positive modulators of AMPA receptors increase the syn-

aptic current and long-term potentiation of the synaptic

transmission and hence they have beneficial effect on the

memory and cognitive functions.13, 53 ± 55 Positive modula-

tors (or potentiators) of AMPA receptors were discovered

occasionally in a study of the mechanism of action of

nootropics: one of these compounds, aniracetam (17), was

found to enhance AMPA receptor responses (currents).56

Then it was shown that chemically absolutely different

compounds, benzothiadiazines such as-7-chloro- 3-methyl-

4H-1,2,4-benzothiadiazine 1,1-dioxide (diazoxide) (22), and

cyclothiazide (16) also potentiate responses of AMPA

receptors.57, 58

In the study of AMPA receptors, aniracetam and cyclo-

thiazide were used as model positive modulators but they

have scarcely found any therapeutic use due to the very fast
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metabolic degradation of aniracetam and low penetrability

of cyclothiazide through the blood7brain barrier.59

In the 1990s Cortex Pharmaceutics synthesized bioiso-

steric analogues of aniracetam called AMPAkinsTM. The

highest activity among them was found for compounds

18 ± 21.51, 52, 60 ± 62

In turn, the synthesis of new derivatives of the benzo-

thiadiazines revealed more active compounds: 7-chloro-3-

methyl-3,4-dihydro-2H-1,2,4-benzothiadiazine 1,1-dioxide

(23);63, 64 7-chloro-5-ethyl-3-methyl-3,4-dihydro-2H-1,2,4-

benzothiadiazine 1,1-dioxide (24) (see Ref. 65) and (S )-3a-

methyl-2,3,3a,4-tetrahydro-1H-benzo[e]pyrrolo[2,1-c]-1,2,4-

thiadiazine 5,5-dioxide (25).66

Later, a new class of compounds capable of positive

modulation of AMPA receptors was found, namely, biar-

ylpropylsulfamides 67, 68 and their analogues.

The best known biarylpropylsulfamide potentiators of

AMPA receptors are as follows: N-{2-[4-(3-thienyl)phenyl]-

propyl}propane-2-sulfamide (26), N-[2-(40-cyanobiphenyl-
4-yl)propyl]propane-2-sulfamide (27), 40-{(1R)-1-fluoro-1-
methyl-2-[(propan-2-ylsulfonyl)amino]ethyl}-N-methylbi-

phenyl-4-carboxamide (28),7, 69 ± 71 {(3S,4R)-4-[30-(N-

methylsulfonyl-N-methylamino)biphenyl-4-yl]-1-methyl-3-(pro-

pane-2-sulfamido)pyrrolidine (29), N-{(1S,2R)-2-[4-(6-flu-

oro-3-pyridyl)phenyl]cyclopropyl}propane-2-sulfamide (30).16

In 2006, new sulfamide derivatives were proposed by

Glaxo Ltd. as potentiators of AMPA receptors, namely, N-

{5-[3-(3-ethylureido)phenyl]indan-2-yl}propane-2-sulfa-

mide (31) and N-[5-(2-fluoro-3-pyridyl)indan-2-yl]propane-

2-sulfamide (32).16

The ability of potentiation of AMPA receptors was also

found for representatives of other classes of compounds: 2-

amino-7,7-dimethyl-5-oxo-4-(4-pyridyl)-5,6,7,8-tetrahydro-4-

H-chromene-3-carbonitrile (33),16 4-cyano-5-methylthio-3-

(4-tert-butylphenyl)thiophene-2-carboxylic acid (34) and

3-(biphenyl-4-yl)-1-methyl-5-methylthio-4-cyanopyrrole-2-car-

boxylic acid (35), which were synthesized by Eli Lilly.72, 73

An (N-ethyl)phenylsulfamide derivative, 2-[2,6-difluoro-

4-(3-phenylsulfonylaminopropyl)phenoxy]acetamide (PEPA)

(36) also potentiates AMPA receptors and enhances the

memory of animals, which was demonstrated in behaviour

experiments.74 ± 76
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The action of positive modulators on the synaptic trans-

mission and kinetics of AMPA receptors was studied. It was

found that the potentiating action of these substances is

accomplished through different mechanisms. AMPAkins

can affect receptor activation/deactivation and desensitiza-

tion processes. Compounds such as 19 ± 21 decelerate clo-

sure of ion channels, i.e., inhibit deactivation of AMPA

receptors.51, 52, 65 Apparently, the mechanism of action of

compound 18, resulting in potentiation of currents of

AMPA receptors, differs from the mechanism of action of

aniracetam or compound 21. In binding experiments of

tritium-labelled AMPA and 5-fluorovillardine, compound

18 did not enhance their binding and also did not interact

with the binding sites of other potentiators of AMPA

receptors such as 1 and 19.77 The results of computer

simulation experiments of the physiological action of com-

pound 18 on the parameters of the AMPA receptor currents

led Arai et al.65 to conclusion that this compound poten-

tiates the currents most likely by accelerating opening of ion

channels rather than by inhibiting deactivation.

AMPAkins (except for compound 18) can also affect

desensitization process by decelerating it with different

degrees of efficiency. Cyclothiazide affects only desensitiza-
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Figure 4. Three-dimensional model of AMPA receptors based on

electron microscopic images of native AMPA receptors coloured by

silver particles.49

(a) AMPA receptors in conformation of type I, which corresponds to

the non-desensitized state of the receptor: NTD2 dimers are in twisted

state; (b) AMPA receptors in conformation of type II, which corre-

sponds to the desensitized state of the receptor: NTD2 dimers are

separated.
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Figure 5. Binding sites of aniracetam and cyclothiazide.50

(a) dimer top view. Blue color marks the S17S2 `pocket' of one subunits, green color, of the other subunit; red and blue spheres are molecules of

the agonist, 5-fluorowillardiine (FW). The dimer slit accommodates the built-in aniracetam (Ani) molecule or two cyclothiazide molecules (CTZ)

(superimposed); (b) dimer view with 908 rotation; (c) on deactivation, the subunits rotate with respect to each other; (d ) compound 17 `stabilizes'

the dimer in the active state and cyclothiazide prevents the rotation of domains away from each other.
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tion, however, to such a degree that it is blocked almost

completely.78 ± 80 Biarylpropylsulfamide derivatives also

influence desensitization but the question of whether or

not they affect deactivation still remains open.81

Potentiators of AMPA receptors enhance the synaptic

transmission, namely, increase the amplitude and duration

of excitatory post-synaptic potentials or currents.82 Of

particular interest is their ability to enhance long-term

potentiation. The effect of long-tern potentiation of synap-

tic responses arising upon high-frequency stimulation of

presynaptic fibres is retained for several tens of minutes and

is believed to be a physiological memory equivalent.83, 84

The modulators enhance this effect and promote its for-

mation even if the frequency and the number of stimuli

inducing it are lower than they should normally be.53, 85

An important feature of the modulator action is that

almost all of them show preference toward particular

subunits of AMPA receptors and their flip/flop variants.

Thus cyclothiazide 16 is 10 times more active in the case

of flip variants than in the case of flop variants,78

while conversely, aniracetam (17) is more efficient for flop

variants than for flip variants;80 compound 21 has

20 ± 70 mmol litre71 affinity for flop-variants and is

1.5 ± 3.0 less active for flip variants;51 binding tests have

shown that the affinity of compound 19 is higher for the flip

form of GluR3 than for the flop form 86 and is three times

higher for the flop variant of GluR2 than for the flop

variants of the other three subunits (determined in electro-

physiological experiments with recombinant AMPA recep-

tors in the Xenopus laevis oocytes).87 Biarylpropylsulfamide

derivatives 26 and 27 potentiate AMPA receptors with

homomeric GluR2 and GluR4 subunits more efficiently

than with GluR1 and GluR3 subunits and potentiate flip

variants more efficiently than flop variants.88

The results obtained to date imply that the known

positive modulators of AMPA receptors are highly selective

with respect to these receptors. For example, aniracetam does

not potentiate kainate receptors.89, 90 In the tests on binding

of tritium-labelled kainate, compounds 21, 19 (in concen-

trations of 1 mmol litre71) and 18 (5 mmol litre71) had no

effect on binding.65 Aniracetam did not affect the currents of

native NMDA receptors;56, 91 neither compound 19

(400 mmol litre71) nor compound 18 (1 mmol litre71) had

an effect on the currents of recombinant NMDA receptors.85

Compound 18 in a concentration of 2 mmol litre71 had only

a slight effect on binding to NMDA receptors and no effect

on glutamate inclusion into synaptoneurosomes;65 when

present in 1 mmol litre71 concentration, it did not change

the monosynaptic inhibitory postsynaptic currents and,

hence, had no effect on the g-aminobutyric acid (GABA)

receptors.60 It was reported 92 that aniracetam acts on the

metabotropic glutamate receptors in micromolar concentra-

tions but in later studies, it was shown that this action is most

likely due to the influence of its metabolite, N-anisoyl-

GABA.93 The effects of other positive modulators on the

metabotropic glutamate receptors have not been studied.

AMPAkins are true modulators but not agonists as they

do not themselves induce the currents (in any concentra-

tions).94 Biarylpropylsulfamides also do not affect other

neuroreceptors; in particular, it was found that they have no

influence on the GABA, kainate or NMDA receptors.81

Positive modulators of AMPA receptors are widely used

to study the role of these receptors in the memory and

cognitive mechanisms. These modulators enhance the

response of AMPA receptors by decreasing their desensiti-

zation and/or deactivation. This improves the learning

ability and memory, as was shown by the results of some

behaviour tests on various animal species. The use of

positive modulators provided higher learning ability of

rats in a water 95 or radial maze,96, 97 in odour discrimina-

tion tests,98, 99 active avoidance tests 100 and in more com-

plex conditioning tests.101, 102

Thus, positive modulators of AMPA receptors improve

the learning ability and many kinds of memory. These

modulators do not improve the verbal memory in humans

but they proved to be efficient in many learning tasks.103

These aspects of modulator action are the subjects of several

recent reviews.8, 55, 94, 104

Modulators have a series of useful and important

properties, which are manifested as a rule irrespective of

the particular mechanism of modulator action. The crucial

factor is the ability of the compound to potentiate the

AMPA receptor responses confirmed in a number of experi-

ments.

For example, positive modulators enhance the synthesis

of the brain-derived neurotrophic factor (BDNF). It was

shown 105 that four positive modulators of AMPA recep-

tors, compounds 16, 21, 25 and 27, with different mecha-

nisms of action on the kinetics of AMPA receptors showed

the neuroprotective effect on brain lesion in five-day-old

mice caused by ibotenate, an NMDA receptor agonist. The

action of any of the modulators was accompanied by

enhancement of BDNF synthesis in hippocampus and

cortex. This neuroprotector effect was implemented through

mitogen-activated protein kinase (MAPK), as joint injec-

tion of a positive modulator and the MEK inhibitor

PD-98059 (MEK is a MAPK activator) blocked the neuro-

protective effect (Fig. 6).12, 106 Thus it was shown that,

Lyn
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(L-glutamate)
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Ca2+

Potentiators of the AMPA receptor,
for example, compound 27

Potentiator
(16, 19, 27)
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bound to the AMPA
receptor

MAPK

Ca2+

Calcium response
elements in the region
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Figure 6. Metabolic routes to the synthesis of neurotrophic factors

(BDNF) upon positive allosteric modulation of AMPA receptors.11

Two possible routes are shown: Lyn-kinase-dependent route imple-

mented through the MAPK system and the route related to increase in

the calcium ion current through potential-activated calcium channels

and AMPA receptors.
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apart from the effect on ionotropic AMPA receptors,

resulting in an increase in the transmembrane current,

positive modulators also trigger a number of intracellular

signalling systems and MAPK.107, 108 Mitogen-activated

protein kinase plays a highly important role in the mecha-

nisms of intracellular protection of neurons from the

external damaging factors.109

Apart from MEK activation, another way of increasing

neurotrophic factors upon the action of positive modulators

of AMPA receptors is also possible. It is related to the

enhanced ingress of calcium ions into a neuron through

both the ion channels of AMPA receptors (which do not

contain GluR2 subunits) and the potential-activated cal-

cium channels. As the calcium content inside the cell

increases, the calcium-dependent site on the BDNF gene

promoter is activated and triggers the alternative synthetic

route to BDNF.110 This is proven, in particular, by the

following experiment: AMPAkin 21 increased in a dose-

dependent manner the level of matrix RNA of BDNF. The

increase in this level was blocked by AMPA receptor

antagonists and L-type calcium channel antagonists. Besides

the increase in the BDNF level, a short-term increase in the

amount of matrix RNA of the nerve growth factor (NGF),

also possessing a strong neuroprotective action, was also

observed.105

Moreover, upon subcutaneous administration, potentia-

tors of AMPA receptors 27 and 28 cause a dose-dependent

increase in the level of cyclic guanosine monophosphate

(cGMP) in the rat cerebellum. This increase was specific, as

it was completely blocked by the non-competitive antago-

nist of AMPA receptors, GYKI-53655. In addition, it was

blocked by the non-competitive antagonist of NMDA

receptor ion channel, MK-801, in amounts of 0.3 and

1.0 mg kg71 (intraperitoneal administration); therefore, it

is assumed that the increase in the cGMP level depends on

activation of NMDA receptors. These results imply that an

increase in cGMP can also play an important role in the

pharmacological action of AMPA receptor potentiators.111

The synthesis of BDNF and NGF neurotrophic factors

and the effect of other factors on neuron metabolism

enhance considerably the therapeutic potential of the pos-

itive modulators of AMPA receptors. Recently they have

been intensely studied on various models of neurodegener-

ative diseases with the aim of subsequent use for prevention

and treatment of Alzheimer's and Parkinson's diseases and

mental depression, which are typically accompanied by a

decrease in the production of new neurons.6, 9 ± 12

In view of neuroprotective properties of positive modu-

lators of AMPA receptors, one can suggest that they should

also have gerontoprotective effect. This was confirmed in

chronic experiments in vivo with old animals.112 Positive

modulators were also shown to be effective in preventing

neuron death in old animals in in vitro experiments.113

Preclinical and pilot clinical trials of a number of

potentiators of AMPA receptors such as 18, 26 and 27

showed their efficiency in improving the cognitive functions

and memory in various behaviour tests and in treatment of

a number of diseases.5, 7, 8, 96

A new class of positive modulators of AMPA receptors

based on derivatives of acyclic isothioureas with the general

formula

was synthesized at the Institute of Physiologically Active

Compounds of the RAS.114 ± 118 The most active compounds

of this class are 3-allyl-1,1-dibenzyl-2-ethylisothiourea

hydroiodide (37) and 1,1-dibenzyl-3-cyclopropyl-2-ethyliso-

thiourea hydroiodide (38). Being present in concentrations

of 30 mmol litre71, they potentiated the currents of AMPA

receptors to up to 1000% with respect to the conrol level.

The subsequent extended testing in animals confirmed

the promising pharmacological profile of these compounds,

which allows considering them as candidate drugs for

treating Alzheimer's disease and cognitive enhancers.119 ± 121

Analysis of the data presented in this review allows one

to reasonably hope that further works on the synthesis and

structure optimization of positive modulators of AMPA

receptors would give rise in the near future to new-gener-

ation therapeutic agents for treating a broad range of

neurodegenerative and psychoneurological diseases and to

original memory and cognitive enhancers based on this class

of physiologically active compounds.

The authors are sincerely grateful to B V Lednev for

participation in preparing this review for publication.
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