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Abstract

Ligand-gated ion channels (LGICs) are cell surface proteins that play an important role in fast synaptic transmission and in the
modulation of cellular activity. Due to their intrinsic properties, LGICs respond to neurotransmitters and other effectors (e.g. pH) and
transduce the binding of a ligand into an electrical current on a microsecond timescale. Following activation, LGICs open allowing an ion
flux across the cell membrane. Depending upon the charge and concentration of ions, the flux can cause a depolarization or
hyperpolarization, thus modulating excitability of the cell. While our understanding of LGICs has significantly progressed during
the past decade, many properties of these proteins are still poorly understood, in particular their modulation by allosteric effectors. LGICs
are often thought as a simple on—off switches. However, a closer look at these receptors reveals a complex behavior and a wide repertoire
of subtle modulation by intrinsic and extrinsic factors. From a physiological point of view, this modulation can be seen as an additional
level of complexity in the cell signaling process.

Here we review the allosteric modulation of LGICs in light of the latest findings and discuss the suitability of this approach to the design

of new therapeutic molecules.
© 2005 Published by Elsevier Inc.
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1. Ligand-gated ion channels

The capacity of the central nervous system (CNS) to
process information depends upon the ability of neurons to
communicate and thus on the intimate process of synaptic
transmission. While numerous processes participate in
synaptic transmission, the contribution of ligand-gated
ion channels (LGICs) is certainly one of the determining
steps. Although these integral membrane proteins have
been the focus of attention of numerous studies, important
facets regarding their function remain obscure.

In mammals, LGICs are divided into three main
families according to the number of transmembrane
segments present in the subunits that form the channels
(Fig. 1A). As their name suggests, LGICs are proteins
that span the cell membrane and form both the binding
site for the natural ligand and the ion-conducting pore,
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which can be opened and closed by the binding of the
ligand. These ion channels result from the assembly of
subunits that form a water-filled, ion-selective pore. The
subunit composition of these channels can be homomeric
or heteromeric in nature and, as a result they display a
great diversity of physiological and pharmacological
properties.

The first LGIC family is the P2X (adenosine tripho-
sphate, ATP) receptors; these are cationic channels and are
thought to contain three subunits. Each subunit contains
two transmembrane segments separated by a large extra-
cellular loop [1-3], the N- and C-terminal regions are
thought to be located intracellularly (Fig. 1A). To date,
seven P2X subunits have been identified, each of which can
form functional homomeric receptors, although some
doubt exists on the ability of P2X¢ receptors to form
functional homomers, see [4]. Functional heteromeric
receptors containing the P2X,;3, P2X,,5, P2X,, and
P2X,4, subunits have been characterized in heterologous
expression systems, several of these heteromeric receptors
have biophysical and pharmacological properties similar to
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Fig. 1. Structure of the different LGICs. (A) Schematic representation of a single subunit from the three families of ligand-gated ion channels inserted in the cell
membrane. Note the importance of both the extracellular and intracellular domain where different molecules can bind and interact. (B) Schematic representation
of the typical structure of a four transmembrane LGIC such as the nAChR. Putative-binding sites for allosteric ligands are illustrated by the arrows.

native receptors suggesting that heteromeric P2X receptors
may exist in native tissue. Immunoprecipitation experi-
ments have shown that several other subunit combinations
are also possible, and a number of alternatively spliced
subunits have also been described [1-4].

The second family is the glutamate-activated cationic
receptors, which include N-methyl-p-aspartate (NMDA)
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic-acid
(AMPA) and kainate receptors. These are made up of four
homologous subunits. Each subunit contains an extracel-
lular amino-terminal domain which makes up half of the
agonist-binding region, the first two transmembrane seg-
ments are separated by a “P-loop” and the second half of

the agonist-binding region is formed by the extracellular
loop between the second and third transmembrane seg-
ments (Fig. 1A). The C-terminal tail is variable in length
and protrudes into the cytoplasm [5]. In addition, many
subunits undergo alternative splicing or RNA editing
which further increases their functional diversity. Func-
tional NMDA receptors are formed by the co-assembly of
an NR1 subunit and one of the four types of NR2 (A-D)
subunits [6]. AMPA receptors are composed of the GluR
1-4 subunits and kainate receptors from multimeric assem-
blies of GluR 5-7 and KA-1/2 subunits [7].

Finally, the third and largest family is the “Cys-loop
receptor superfamily” so called because of a conserved



R.C. Hogg et al./Biochemical Pharmacology 70 (2005) 1267-1276 1269

cysteine loop in their extracellular domain. This family
includes: nicotinic acetylcholine receptors (nAChRs), gly-
cine receptors, 5-HT3 (serotonin), zinc activated ZAC
receptors and y-aminobutyric-acid GABA, and GABA¢
also referred to as p receptors. The Cys-loop superfamily
contains both anionic (GABA 4 and GABA, glycine), and
cationic channels (nAChRs, 5-HT; and ZAC). These
receptors are composed from five homologous subunits
each made up of an extracellular amino-terminal domain
and four transmembrane segments (TM1-TM4). The
ligand-binding site is on the interface between adjacent
subunits and the existence of numerous genes coding for
distinct subunits that can combine to form a receptor
contributes to the diversity of receptors within each family.
The large loop located between transmembrane segments
TM3 and TM4 makes up an intracellular domain, which is
known to interact with intracellular proteins.

2. The concept of allosteric modulation

Binding of the endogenous ligand (neurotransmitter) to
an LGIC causes opening of the channel. At least two
models have been proposed to describe this. The induced
fit model [8] predicts that the binding of an agonist
molecule to the receptor protein induces a conformational
change in the region of the ligand-binding site, which
propagates to the pore region and causes opening of the
ion-conducting pore. The second, allosteric model, pre-
dicts that the receptor protein constantly undergoes spon-
taneous changes between distinct conformational states.
These transitions between states have different ‘“‘energy
barriers”. Each of these conformational states has a dif-
ferent affinity for the ligand and the binding of a ligand to
the LGIC preferentially stabilizes the receptor in a given
state. Typically, the binding of an agonist molecule stabi-
lizes the channel in the open state. This model was first
proposed by Monod et al. to explain the observed behavior
of proteins like haemoglobin [9] and was extended to
LGICs by Karlin, who proposed that it could describe
the functioning of nAChRs [10]. The high density of
nAChRs found in the electric organ of the Electrophorus
electricus (eel), and the discovery of the selective antago-
nist o-bungarotoxin, resulted in these receptors being
extensively studied and becoming the basis for the first
models to describe LGIC function. The binding site for the
natural ligand, that activates the receptor, is known as the
orthosteric-binding site. In addition the binding of ligands
at other sites on the receptor surface can modify the
functioning of the receptor. This concept of modulation
of LGIC activity by the binding of a second ligand, or
allosteric modulator, was introduced by Karlin [10] and
termed, allosteric modulation. The binding site for an
allosteric modulator is an allosteric-binding site, each
receptor may have several allosteric-binding sites which
are selective for different ligands. An elegant illustration of

the conformational changes affecting a LGIC at rest,
following agonist binding or in the presence of an allosteric
modulator has been recently illustrated, using electron
microscopy, for AMPA receptors [11].

Importantly the allosteric concept introduces another
determining notion that is: binding of a molecule at any
location on the protein complex can affect the stability of
the complex and/or the energy barrier(s) for conforma-
tional changes. This is the principle of allosteric modula-
tion. Typically, molecules that cause allosteric modulation
are termed allosteric effectors and are divided in two
classes. Positive allosteric effectors enhance the agonist-
induced response whereas negative allosteric effectors
reduce receptor function. In addition to modulating LGICs
allosteric modulation can affect the function of a wide
range of cellular proteins including enzymes and metabo-
tropic membrane receptors [12,13].

Since allosteric effectors can bind to the receptor com-
plex at many possible locations, as illustrated in Fig. 1B,
their effects on receptor function are expected to vary as a
result of the modification that they cause to the properties
of the protein complex.

The simplest scheme that can adequately describe the
activity of a LGIC is a two state scheme, where the
receptor can be in either open or closed. According to this
scheme the receptor can adopt two conformational states
that are respectively: R the resting (closed) state, A the
active (open) state (see Fig. 2A). In absence of an agonist
ligand, the receptor is mainly in the resting R state and
exposure to an agonist stabilizes the receptor in the A
state. In this case a square shaped non-desensitizing
current is observed, left of Fig. 2B. This two state model
can be described by the allosteric equation described in
the legend of Fig. 3. A modification of the energy barrier
between different states, is characterized by a leftward
shift of the concentration—response curve, a modification
of the slope of the curve and a modification of the
fraction of receptors that can be stabilized in the active
state (proportional to the steady-state current when obser-
ving physiological responses) (see Fig. 3B). As the
isomerization coefficient L decreases, an important phe-
notype emerges. Namely, the fraction of receptors in the
A state in absence of ligand is inversely proportional to
the L value. This implies that for L values in the range of
10, 10% of receptors should be in the active A state in
absence of ligand. The arrow in Fig. 3B points to the
intercept of the concentration—response curve and
demonstrates that for low L values a fraction of receptors
can be open in absence of ligand. Despite presenting a
very low probability of opening, spontaneously openings
have been observed at the neuromuscular junction recep-
tors. It should be noted that the effects of an allosteric
effector should affect not only the natural ligand, but also
the action of any compound that interacts with the
receptor. This implies that the pharmacology of the
receptor can be significantly altered in the presence of
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Fig. 2. Three state model and typical agonist evoked responses in the absence or presence of an allosteric effector. (A) The minimal three state model that can
account for the properties of a LGIC. R is the resting closed state, A is the active open state and D is the desensitized closed state. Ly, L;, L, are the isomerization
coefficients that describe the energy barrier for the transition between the different states. Lines and dashed line indicate a closed and open state that would be
recorded in single channel activity. A typical trace of a recording from a membrane patch containing at least three channels is shown for the active state. The
bottom panel illustrates typical currents that would be recorded when a ligand-gated channel is activated. (B) Left trace illustrates the current that would be
recorded if the channel does not desensitize. This typical current was recorded in an oocyte expressing the a7-L247T mutant. Currents displaying comparable
characteristics can be recorded for slow desensitizing a42 nAChR, GABA 4 or NMDA receptors at low agonist concentrations. Right trace illustrates a typical
current for a receptor that displays a marked desensitization (this current was recorded in an oocyte expressing the human o7 nAChR). Note the peak and plateau
phase of the response observed during a constant agonist exposure (illustrated by the bar). (C) Effect of an allosteric modulator that changes the current
amplitude but does not modify the response time course (e.g. 5-hydroxyindole at the a7 nAChR). (D) Effect of an allosteric modulator that changes both the
amplitude and time course of the evoked current. This current is a typical example of the effect of an allosteric effector such as [1-(5-chloro-2,4-dimethoxy-
phenyl)-3-(5-methyl-isoxazol-3-yl)-urea] on a cell expressing the human o7 nAChR. Note that comparable or even stronger effects would be observed for
cyclothiazide effects at the AMPA receptor.

an allosteric effector. Similar observations were reported (Fig. 2B, right). This phenomenon is called ‘“‘desensitiza-
for the GPCRs and have been thoroughly analyzed in tion” and receptors in this state cannot be activated by
mathematical models [14]. subsequent agonist application. During prolonged agonist

However, many receptors show a decrease in the ampli- exposure the receptor progressively desensitizes, this can

tude of the response in the continued presence of an agonist be accounted for by a transition into the desensitized (D)
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Fig. 3. Effects of allosteric effectors on the agonist concentration-response
curve. (A) The K phenotype is characterized by a modification of the
amplitude of the agonist-evoked dose-response with minimal modification
of the apparent affinity and slope. (B) The L phenotype is characterized by a
modification of the amplitude of evoked currents, a displacement of the half
activation (ECs) and a modification of the slope of the dose-response curve.
Curves were computed using the allosteric equation for a two state model
with Y= 1/[1+ L(1 + Ca/(1 + a))"], where Y is the fraction of receptor in
the A state, L the isomerization coefficient or equilibrium constant between
the R and A state in absence of ligand L = [R]/[A], C is the ratio of the
dissociation constants (Ka/KR), « is the concentration of ligand (M) and n is
the number of binding sites. Computations were done using an n = 5. Curves
plotted in (A) were obtained with an L 8 x 10* of, whereas curves plotted in
(B) were obtained with a C value = 0.05. The arrow indicate that for low L
coefficient a fraction of the receptors will be observed in the A state even in
absence of ligand.

state (Fig. 2A). While more complex schemes can be
proposed to simulate specific receptor properties, this basic
three state model is well suited to discuss the effects of
allosteric effectors.

Based on functional analysis of neuronal nicotinic acet-
ylcholine receptors that contained mutations, Galzi et al.
[15] proposed three possible mechanisms to describe the
observed phenotypes. Structural changes can affect the
affinity receptor for the ligand (K-phenotype), the transition

energy barrier between states (L-phenotype) and the con-
ductance (y-phenotype). In a comparable manner, effects of
allosteric effectors could be classified according to these
definitions. Modeling of the function of LGIC with their
multiple ligand-binding pockets and multiple configuration
states is problematic. The corresponding transition scheme
must be represented by a set of differential equations,
containing a number of parameters proportional to the
number of transitions (see for example [16—18]). Moreover,
currently available techniques do not provide the ability to
distinguish between multiple configurations. For example
electrophysiological data do not permit to differentiate
between multiple open or multiple closed states. To better
understand the mechanisms of action of allosteric effectors
there is a need for combined experimental techniques which
would provide information on parameters such as, response
time-course, ligand affinity, receptor configuration, etc.
Positive allosteric effectors can enhance the response
amplitude with or without changes in the time-course of the
response. Considering the three-state model, binding of an
allosteric effector can affect either a single transition step,
as described above, or simultaneously multiple transitions.
Moreover, it can be predicted that modification of the A—D
transition (Fig. 2A) should result in a modification of the
response time course. One of the best examples of this is
the change in the response kinetics of AMPA receptors
caused by cyclothiazide, LY392098 or LY404187 [19,20].

3. Allosteric modulation of P2X receptors

The presence of allosteric sites on P2X receptors has
been demonstrated, for instance, extracellular calcium ions
selectively modulate P2X; receptors on rat dorsal root
ganglion neurons, this was inhibited by magnesium [21].
Moreover, it was confirmed that modification of the intra-
cellular calcium concentration had no effect, indicating
that calcium must bind to the extracellular domain of the
P2X; receptors to exert its modulation.

Modulation by protons (extracellular pH) or copper ions
(Cu®*") was observed both for the naive P2X, receptors
expressed in outer hair cells of the inner ear and recombi-
nant receptors expressed in Xenopus oocytes [21]. Low-
ering the pH enhanced the ATP-evoked current up to 450%,
while increasing the pH reduced the amplitude of the
response. While copper also enhances responses of the
P2X, receptors, albeit by a smaller degree than pH, these
divalent ions have also been shown to inhibit P2X, recep-
tors expressed in Xenopus oocytes [22]. The specificity of
modulation of different receptor subtypes is further illu-
strated by the lack of effect of zinc at the P2X, receptors
[23] whereas increasing the concentration of these divalent
cations in the micromolar range enhances the function of
P2X, receptors [22]. Cibacron blue, an antagonist of ATP
at recombinant P2X, and P2X, receptors [24] has also
been reported to be a positive allosteric modulator of
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recombinant P2X; receptors [25]. Ivermectin is also a
positive allosteric effector of the gating and kinetics of
P2X, and P2X,/s channels [26]. Although none of these
presently identified molecules are suitable therapeutics,
they illustrate the ubiquitous nature of allosteric modula-
tion of LGICs. Moreover, molecules such as ivermectin
and cibacron blue may represent pharmacophores for
structure-based design of novel allosteric ligands.

4. Allosteric modulation of glutamate receptors

Glutamate is the principal excitatory neurotransmitter in
the CNS. Structure function studies and crystallography of
the related bacterial glutamate-binding protein have
revealed that the glutamate-binding site is formed by
two regions of the extracellular domain joined by a flexible
hinge region, which allows the structure to open and close
in a manner akin to a clam shell. The agonist-binding site is
located between these two regions and the agonist mole-
cule stabilizes this binding site in a *““closed’” configuration,
which corresponds to the conducting state of the receptor.
Glutamate receptors are involved in long-term synaptic
plasticity, which underlies learning and memory. NMDA
receptors are cation permeable LGICs, expressed through-
out the CNS and are critical for normal brain functioning.
NMDA receptors have a complex activation profile. In the
presence of high concentrations of glutamate, which is
released from presynaptic nerve terminals, NMDA recep-
tors have an extremely low probability of opening
(approximately 10%). However, the amino acid glycine,
which is present in cerebrospinal-fluid in the low micro-
molar range, acts as a positive allosteric modulator and,
when the two molecules are bound on the receptor, the
channel can open. In addition, the membrane must be
depolarized to prevent the Mg>* block.

The binding sites for these two molecules are located on
different subunits and although the binding of the two
molecules greatly increases the probability of channel
opening, the presence of one agonist has a negative allos-
teric effect on the binding affinity of the other [27]. This is
seen as a rapid activation of the receptor followed by an
apparent receptor desensitization as one of the molecules
dissociates from the complex [28,29]. NMDA receptors are
also modulated by negative allosteric modulators, such as
Zn** and ifenprodil, but important differences are seen in
the sensitivity of different NMDA receptor subtypes to
these modulators. The binding site for Zn>* is located on
the N-terminal domain of the NR2A subunit and the
ifenprodil-binding site to the same domain of the NR2B
subunit [30,31].

AMPA receptors display at least two distinct allosteric-
binding sites, namely the cyclothiazide- and the 2,3-ben-
zodiazepine-sites. The concept of positive and negative
allosteric modulation of AMPA receptors by 2,3-benzo-
diazepine compounds is illustrated by the capability of

LY303070 (GYKI 53784) to inhibit receptor function
while exposure to LY404187 induces a strong potentiation
of currents with a modification of the time course of
recovery from desensitization [19,32].

5. Allosteric modulation of nicotinic acetylcholine
receptors

nAChRs are a prototype of allosteric proteins (see for
example [15,33]). Several studies have shown that the fast
desensitizing homomeric o7 receptor typically illustrates
the functioning of a LGIC and its sensitivity to different
allosteric effectors. According to the allosteric model,
these receptors have a high L, coefficient and therefore
should be highly sensitive to positive allosteric effectors. In
agreement with this prediction it has been shown that ACh-
evoked currents at these receptors are potentiated by
positive allosteric effectors such as divalent cations, steroid
hormones, ivermectin, 5-hydroxyindole, cocaine methio-
dide, PNU-120596, etc. [34-38]. There is still a debate
over the mechanism of action of many cholinergic drugs, a
good example of this is the anticholinesterase galantamine.
In addition to its anticholinesterase activity, the plant
alkaloid galantamine is also a positive allosteric modulator
of human a7 and o432 nAChRs [39,40]. Its successful use
in the treatment of neurodegenerative disorders may lead
the way for the development of new selective allosteric
modulators [41,42].

6. Steroid modulation of nAChRs

A number of natural steroids, which are synthesized in
the brain, are allosteric modulators of nAChRs, and
probably represent an important physiological mechan-
ism by which nAChR function is regulated in the brain.
The effects of steroids at nAChRs can be either positive
or negative. Many of these effects are specific for a
particular receptor subtype for example, it was shown
that progesterone acts as negative allosteric effector at
o432 and o7 receptor subtypes [43] whereas 17(3-estra-
diol acts as positive effector only at the a432 subtype
[36,44]. The construction and expression of chimeric
DNAs and mutation of residues demonstrated that the
nature and position of the final four residues in the C-
terminal was critical for modulation. Extending the
terminal sequence by inserting residues also abolished
potentiation [36]. The 17B-estradiol-binding site on the
C-terminus is found to be distinct from the progesterone-
binding site on the same receptor [36]. Hydrocortisone
was shown to shorten the channel open time of the
neonatal and adult neuromuscular junction nAChR
[45,46], and dexamethasonne and corticosterone inhibit
ACh-evoked 86Rb* via a334 and muscle type receptors
[47].
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7. Modulation of nAChRs by protein Kinases

Phosphorylation is an important mechanism in the reg-
ulation of many LGICs [48,49]. In addition to modulating
receptor expression and subcellular localization, phosphor-
ylation can also modulate channel properties such as
desensitization and recovery from inactivation [50].

8. Endogenous modulators of nAChRs

Lynx-1 is an endogenous peptide isolated from the
mammalian CNS, which has a “three-fingered”’ structure,
analogous to the snake a-neurotoxins [51]. Lynx-1 forms
stable complexes with a7 and a432 nAChRs potentiating
ACh-evoked currents and increasing the rate of desensiti-
zation in vitro [51,52]. Recently, an endogenous secreted
peptide, secreted mammalian 1y6-uPAR related Protein 1
(SLURP-1), which shares a large degree of homology with
Lynx-1, has been demonstrated to be a potent positive
allosteric modulator of o7 nAChRs [53]. In humans,
SLURP-1 is found in the blood and urine and is secreted
from cervix, gums, stomach and esophagus with the high-
est concentrations found in keratinocytes of the epidermis
[54].

The discovery of these peptides, with a high structural
homology to snake a-neurotoxins, in humans raises the
question of their role as endogenous allosteric modulators
of LGIC function in vivo. In addition, non-peptidic mod-
ulation of nAChRs by serotonin has been reported [55].

9. Positive and negative modulation of GABA ,
receptors

GABA , receptors share a structural homology with the
four transmembrane nAChRs, 5HTs, glycine and Zn**
receptors. The degree of homology is such that modeling
of the extracellular domain and ligand-binding site is now
based on the crystal structure of the ACh-binding protein
(AChBP) [56]. Several molecules that enhance the activity
of these channels are in clinical use, the best known are the
benzodiazepines [57-60]. Important progress, made in part
with recombinant receptors and site directed mutagenesis
experiments, have allowed the mapping of the benzodia-
zepine-binding site at the amino acid level [61]. These
studies have elegantly shown that benzodiazepines bind at
the interface between the ol and V2 subunits in the
receptor complex and thereby explain, why only receptors
containing the vy subunit are modulated by this class of
allosteric effector. Binding of different ligands to this site
can either potentiate the GABA, receptors or block the
benzodiazepine effect (e.g. flumazenil = Ro 15-1788 is an
antagonist of the benzodiazepine-binding site). A first
study using cysteine-reactive compounds recently con-
firmed the contribution of certain amino acids to the

benzodiazepine-binding site. This technique opens new
possibilities for structure function studies of allosteric
effectors based on the concept of cysteine scanning which
allows to map-binding sites at any location on the receptor
[62].

Many allosteric-binding sites have been identified on the
GABA, receptor (see for example [63,64]) highlighting
one of the important advantages of the search for allosteric
effectors as compared to conventional agonists and antago-
nists. This multiplicity of potential-binding sites greatly
increases the probability of finding a molecule that is
selective for a particular receptor, however, the binding
of an allosteric modulator to diverse sites on a receptor can
be difficult to detect if using screening techniques which
detect changes in the binding of labeled ligands. The
increasing availability of high throughput screening on
receptor function, such as FLIPR and automated electro-
physiology systems is making the identification of these
molecules easier.

These reports illustrate that specific protein residues
must be present for each individual allosteric effector to
bind and exert its action. For example, the differential
sensitivity to neurosteroids of different GABA, receptor
complexes highlights the role of the & subunit. Use of
microchimeras made between the GABA 5-p1 subunit and
the related glycine-al subunit revealed the importance of
the C-terminal end of this subunit for the receptor mod-
ulation by a-THDOC but not by allopregnanolone [65]. It
is interesting to note the similar importance of the C-
terminal end of the a4 nAChR subunit for the modulation
by the steroid 17B-oestradiol [36,44]. In addition to its
activity as a positive allosteric modulator at the o7 nAChR,
ivermectin also has effects on GABA receptors, Williams
and Risley [66] reported that ivermectin increases binding
of benzodiazepines and benzodiazepine antagonists to rat
cortical and cerebellar membrane preparations. These
effects of ivermectin could be enhanced by bicuculline
and inhibited by GABA suggesting the existence of an
allosteric-binding site which is distinct from the GABA
and benzodazepine sites. Ivermectin also potentiated
GABA-activated currents in rat cortical neurons [67],
mouse hippocampal neurons [68], and at recombinant
human a1B1v2, a1B2v2, and a133y2 GABA,4 receptors
expressed in Xenopus oocytes.

10. Importance of allosteric modulators as
therapeutics

While it would go beyond the scope of the current work
to attempt to list all the possible therapeutic targets for
allosteric effectors, a few examples of negative or positive
allosteric effectors are discussed below. Searches of cur-
rent literature and patents reveal that several pharmaceu-
tical companies are developing positive and negative
allosteric effectors for different LGIC families. In such
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a quest, we shall keep in mind that screening strategies will
determine, right from the beginning, the type of allosteric
modulators that could be identified. Namely, protocols that
use short-term agonist exposure will help to characterize
non-competitive antagonists and/or positive allosteric
modulators of resting and open states. While protocols
based on long-term agonist exposure could lead to the
identification of allosteric modulators of some desensitized
states. Typical examples of allosteric effectors include
negative allosteric effectors of the NMDA receptors such
as ifenprodil or compounds which act similarly. The
therapeutic target is to reduce the glutamate cytotoxicity
observed following cerebrovascular injuries. By contrast
with competitive antagonists that, at saturating concentra-
tions, could totally inhibit LGIC functions, negative allos-
teric modulators are fine-tuning tools that could have a
neutral behavior in normal physiological conditions but
that could be very active in pathophysiological situations,
without leading to complete receptor inhibition. This
concept is illustrated by the NMDA and nicotinic open-
channel blocker memantine. Inhibition of the receptors
by memantine is much stronger when the receptors are
over-activated.

But why should allosteric effectors be more suitable as
drugs for blocking LGICs than competitive or non-com-
petitive inhibitors? A first distinction between these classes
of molecules is that a larger repertoire of allosteric effec-
tors is expected than for the other inhibitors. The reason for
this difference is that the binding of allosteric effectors is
not restricted to the ligand-binding site or the ion-conduct-
ing pore, as in the case of competitive or open channel
blockers. This advantage should allow the design of com-
pounds that are more specifically targeted to particular
receptor subtypes. In addition, it should be remembered
that binding of a negative allosteric effector which affects
the isomerization coefficient causes both a reduction of the
receptor agonist sensitivity and activity. Positive outcomes
of these advantages have already been observed and use of
negative allosteric effectors of neuronal nicotinic receptors
have been proposed for smoking cessation while negative
effectors acting at the GABA, or SHTj receptors have
been proposed for reduction of alcohol dependence. Wide
spectrums of actions ranging from pain, to epilepsy to
schizophrenia, etc., have been proposed for neurosteroids
that increase or reduce GABA receptor activity.

Positive allosteric effectors also show promise as ther-
apeutical compounds. While benzodiazepines and their
broad clinical use have already paved the way of positive
allosteric  effectors, newcomers include neuronal
nicotinic acetylcholine modulators such as galantamine.
The positive clinical outcomes reported in the treatment
of neurodegenerative cholinergic disorders such as Alz-
heimer’s is attributed, at least in part, to the allosteric
effects of galantamine. Allosteric effectors showing
subunit specificity for the neuronal nicotinic receptors
such as (2-amino-5-keto)thiazole developed by Lilly or

[1-(5-chloro-2,4-dimethoxy-phenyl)-3-(5-methyl-isoxazol-
3-yl)-urea] developed by Pfizer are first examples of a
wide range of molecules that will retain our attention in
the future. Positive allosteric effectors of the AMPA
receptors such as LY404187 have been proposed for the
treatment of Parkinson’s disease [69]. Alternatively,
talampanel (a negative allosteric modulator of AMPA
receptors) was developed to treat some epilepsies but is
also assayed for protection of brain injuries, and thera-
peutic for Parkinsons disease. On the opposite positive
allosteric effectors of the AMPA such as Org 24448 have
been proposed to treat schizophrenia.

In view of the very broad range of allosteric effector
applications an important future can be seen for these types
of molecules that should provide additional benefits to the
already know spectrum of compounds that are targeting
LGICs.

Comparison of allosteric modulator effects versus ago-
nists or antagonists reveals differences that are determinant
for drug design (reviewed in [13,14]). Orthosteric agonists
provoke sustained activation of the receptors even in the
absence of a physiological activity of the corresponding
neuronal network. For calcium permeable channels, such
as NMDA or the nicotinic a7 receptors such activation can
result in cytotoxic effects. In addition, sustained exposure
can cause receptor desensitization that may result in the
opposite of the desired effects. Thus, administration of
orthosteric agonists needs very precise control of dosage
and pharmacokinetic monitoring.

Use of orthosteric antagonists can lead, as a function of
the drug concentration, to an insurmountable blockade of
the receptors and therefore complete inhibition of the
physiological response. Use of open channel blockers is
associated with a use dependent effect that can also be
insurmountable. Moreover, open channel blockers have a
poor selectivity and are difficult to target to a precise
receptor subtype.

In contrast, the effects of an allosteric effector are
limited by the nature of the receptor modulation. Once
all the effector-binding sites are saturated the receptor is
maximally modulated and presence of a higher concentra-
tion of the modulator will not result in further effects. This
ceiling effect has important advantages because it offers a
much larger safety margin in drug administration and
patient compliance. Overall, allosteric modulators offer
several advantages over classic orthosteric compounds or
open channel blockers and can be expected to have a bright
future in drug discovery.

References

[1] Illes P, Alexandre Ribeiro J. Molecular physiology of P2 receptors
in the central nervous system. Eur J Pharmacol 2004;483(1):
5-17.

[2] North RA. P2X3 receptors and peripheral pain mechanisms. J Physiol
2004;554(Pt 2):301-8.



R.C. Hogg et al./Biochemical Pharmacology 70 (2005) 1267-1276 1275

[3] Burnstock G. Introduction: P2 receptors. Curr Top Med Chem 2004;
4(8):793-803.

[4] North RA. Molecular physiology of P2X receptors. Physiol Rev
2002;82(4):1013-67.

[5] Dingledine R, Borges K, Bowie D, Traynelis SF. The glutamate
receptor ion channels. Pharmacol Rev 1999;51(1):7-61.

[6] O’Neill MJ, Bleakman D, Zimmerman DM, Nisenbaum ES. AMPA
receptor potentiators for the treatment of CNS disorders. Curr Drug
Targets CNS Neurol Disord 2004;3(3):181-94.

[7] Puchalski RB, Louis JC, Brose N, Traynelis SF, Egebjerg J, Kukekov
V, et al. Selective RNA editing and subunit assembly of native
glutamate receptors. Neuron 1994;13(1):131-47.

[8] Koshland Jr DE, Nemethy G, Filmer D. Comparison of experimental
binding data and theoretical models in proteins containing subunits.
Biochemistry 1966;5(1):365-85.

[9] Monod J, Wyman J, Changeux JP. On the nature of allosteric transi-
tions: a plausible model. J Mol Biol 1965;12:88-118.

[10] Karlin A. On the application of ‘“‘a plausible model” of allosteric
proteins to the receptor for acetylcholine. J Theor Biol 1967;16(2):
306-320.

[11] Nakagawa T, Cheng Y, Ramm E, Sheng M, Walz T. Structure and
different conformational states of native AMPA receptor complexes.
Nature 2005;433(7025):545-9.

[12] Soudijn W, van Wijngaarden I, AP 1J. Allosteric modulation of G
protein-coupled receptors. Curr Opin Drug Discov Dev 2002;5(5):
749-55.

[13] Christopoulos A. Allosteric binding sites on cell-surface receptors:
novel targets for drug discovery. Nat Rev Drug Discov 2002;1(3):198—
210.

[14] Kenakin T. Efficacy at G-protein-coupled receptors. Nat Rev Drug
Discov 2002;1(2):103-10.

[15] Galzi JL, Edelstein SJ, Changeux J. The multiple phenotypes of
allosteric receptor mutants. Proc Natl Acad Sci USA 1996;93(5):
1853-1858.

[16] Jones KS, VanDongen HM, VanDongen AM. The NMDA receptor M3
segment is a conserved transduction element coupling ligand binding
to channel opening. J Neurosci 2002;22(6):2044-53.

[17] Matsson L, Sa-yakanit V, Boribarn S. Ligand-gated ion channel
currents in a nonstationary lyotropic model. Neurochem Res 2003;
28(2):379-86.

[18] Dilger JP. The effects of general anaesthetics on ligand-gated ion
channels. Br J Anaesth 2002;89(1):41-51.

[19] Quirk JC, Nisenbaum ES. Multiple molecular determinants for allos-
teric modulation of alternatively spliced AMPA receptors. J Neurosci
2003;23(34):10953-62.

[20] Miu P, Jarvie KR, Radhakrishnan V, Gates MR, Ogden A, Ornstein PL,
et al. Novel AMPA receptor potentiators LY392098 and LY404187:
effects on recombinant human AMPA receptors in vitro. Neurophar-
macology 2001;40(8):976-83.

[21] Giniatullin R, Sokolova E, Nistri A. Modulation of P2X3 receptors by
Mg?* on rat DRG neurons in culture. Neuropharmacology 2003;44(1):
132-40.

[22] Coddou C, Morales B, Huidobro-Toro JP. Neuromodulator role of zinc
and copper during prolonged ATP applications to P2X4 purinoceptors.
Eur J Pharmacol 2003;472(1-2):49-56.

[23] Kanjhan R, Raybould NP, Jagger DJ, Greenwood D, Housley GD.
Allosteric modulation of native cochlear P2X receptors: insights from
comparison with recombinant P2X2 receptors. Audiol Neurootol
2003;8(3):115-28.

[24] Surprenant A. Functional properties of native and cloned P2X
receptors. Ciba Found Symp 1996;198:208-19 [Discussion 219—
22].

[25] Alexander K, Niforatos W, Bianchi B, Burgard EC, Lynch KIJ,
Kowaluk EA, et al. Allosteric modulation and accelerated resensitiza-
tion of human P2X(3) receptors by cibacron blue. J Pharmacol Exp
Ther 1999;291(3):1135-42.

[26] Khakh BS, Proctor WR, Dunwiddie TV, Labarca C, Lester HA.
Allosteric control of gating and kinetics at P2X(4) receptor channels.
J Neurosci 1999;19(17):7289-99.

[27] Regalado MP, Villarroel A, Lerma J. Intersubunit cooperativity in the
NMDA receptor. Neuron 2001;32(6):1085-96.

[28] Kemp JA, McKernan RM. NMDA receptor pathways as drug targets..
Nat Neurosci 2002;5(Suppl):1039—42.

[29] Krusek J, Dittert I, Hendrych T, Hnik P, Horak M, Petrovic M, et al.
Activation and modulation of ligand-gated ion channels. Physiol Res
2004;53(Suppl 1):S103-13.

[30] Rachline J, Perin-Dureau F, Le Goff A, Neyton J, Paoletti P. The
micromolar zinc-binding domain on the NMDA receptor subunit
NR2B. J Neurosci 2005;25(2):308-17.

[31] Perin-Dureau F, Rachline J, Neyton J, Paoletti P. Mapping the binding
site of the neuroprotectant ifenprodil on NMDA receptors. J Neurosci
2002;22(14):5955-65.

[32] Ruel J, Guitton MJ, Puell JL. Negative allosteric modulation of

AMPA-preferring receptors by the selective isomer GYKI 53784

(LY303070), a specific non-competitive AMPA antagonist. CNS Drug

Rev 2002;8(3):235-54.

Changeux JP, Edelstein SJ. Allosteric receptors after 30 years. Neuron

1998;21(5):959-80.

[34] Krause RM, Buisson B, Bertrand S, Corringer PJ, Galzi JL, Changeux
JP, et al. Ivermectin: a positive allosteric effector of the alpha7
neuronal nicotinic acetylcholine receptor. Mol Pharmacol 1998;
53(2):283-94.

[35] Zwart R, De Filippi G, Broad LM, McPhie GI, Pearson KH, Bald-
winson T, et al. 5-Hydroxyindole potentiates human alpha 7 nicotinic
receptor-mediated responses and enhances acetylcholine-induced glu-
tamate release in cerebellar slices. Neuropharmacology 2002;
43(3):374-84.

[36] Curtis L, Buisson B, Bertrand S, Bertrand D. Potentiation of human
alphadbeta2 neuronal nicotinic acetylcholine receptor by estradiol.
Mol Pharmacol 2002;61(1):127-35.

[37] Dart MJ, Wasicak JT, Ryther KB, Schrimpf MR, Kim KH, Anderson
DJ, et al. Structural aspects of high affinity ligands for the alpha 4 beta
2 neuronal nicotinic receptor. Pharm Acta Helv 2000;74(2-3):115-23.

[38] Hurst RS, Hajos M, Raggenbass M, Wall TM, Higdon NR, Lawson JA,
et al. A novel positive allosteric modulator of the alpha7 neuronal
nicotinic acetylcholine receptor: in vitro and in vivo characterization. J
Neurosci 2005;25(17):4396-405.

[39] Samochocki M, Zerlin M, Jostock R, Groot Kormelink PJ, Luyten
WH, Albuquerque EX, et al. Galantamine is an allosterically poten-
tiating ligand of the human alpha4/beta2 nAChR. Acta Neurol Scand
Suppl 2000;176:68-73.

[40] Texido L, Ros E, Martin-Satue M, Lopez S, Aleu J, Marsal J, et al.
Effect of galantamine on the human alpha7 neuronal nicotinic acet-
ylcholine receptor, the Torpedo nicotinic acetylcholine receptor and
spontaneous cholinergic synaptic activity. Br J Pharmacol 2005.

[41] Albuquerque EX, Santos MD, Alkondon M, Pereira EF, Maelicke A.
Modulation of nicotinic receptor activity in the central nervous
system: a novel approach to the treatment of Alzheimer disease.
Alzheimer Dis Assoc Disord 2001;15(Suppl 1):S19-25.

[42] Maelicke A, Albuquerque EX. Allosteric modulation of nicotinic
acetylcholine receptors as a treatment strategy for Alzheimer’s dis-
ease. Eur J Pharmacol 2000;393(1-3):165-70.

[43] Valera S, Ballivet M, Bertrand D. Progesterone modulates a neuronal
nicotinic acetylcholine receptor. Proc Natl Acad Sci USA 1992;
89(20):9949-53.

[44] Paradiso K, Zhang J, Steinbach JH. The C terminus of the human
nicotinic alphadbeta2 receptor forms a binding site required for
potentiation by an estrogenic steroid. J Neurosci 2001; 21(17):
6561-8.

[45] Bouzat C, Barrantes FJ. Modulation of muscle nicotinic acetylcholine
receptors by the glucocorticoid hydrocortisone. Possible allosteric
mechanism of channel blockade. J Biol Chem 1996;271(42):25835-41.

[33



1276 R.C. Hogg et al./Biochemical Pharmacology 70 (2005) 1267-1276

[46] Garbus I, Bouzat C, Barrantes FJ. Steroids differentially inhibit the
nicotinic acetylcholine receptor. Neuroreport 2001;12(2):227-31.

[47] Ke L, Lukas RJ. Effects of steroid exposure on ligand binding and
functional activities of diverse nicotinic acetylcholine receptor sub-
types. J Neurochem 1996;67(3):1100-12.

[48] Koles L, Wirkner K, Illes P. Modulation of ionotropic glutamate
receptor channels. Neurochem Res 2001;26(8-9):925-32.

[49] Moon C, Fraser SP, Djamgoz MB. Protein kinase and phosphatase
modulation of quail brain GABA(A) and non-NMDA receptors co-
expressed in Xenopus oocytes. Cell Signal 2000;12(2):105-12.

[50] Swope SL, Moss SJ, Blackstone CD, Huganir RL. Phosphorylation of
ligand-gated ion channels: a possible mode of synaptic plasticity.
FASEB J 1992;6(8):2514-23.

[51] Miwa JM, Ibanez-Tallon I, Crabtree GW, Sanchez R, Sali A, Role LW, et
al. Lynx1, an endogenous toxin-like modulator of nicotinic acetylcho-
line receptors in the mammalian CNS. Neuron 1999;23(1):105-14.

[52] Ibanez-Tallon I, Miwa JM, Wang HL, Adams NC, Crabtree GW, Sine

SM, et al. Novel modulation of neuronal nicotinic acetylcholine

receptors by association with the endogenous prototoxin lynx1. Neu-

ron 2002;33(6):893-903.

Chimienti F, Hogg RC, Plantard L, Lehmann C, Brakch N, Fischer J, et

al. Identification of SLURP-1 as an epidermal neuromodulator

explains the clinical phenotype of Mal de Meleda. Hum Mol Genet
2003;12(22):3017-24.

[54] Mastrangeli R, Donini S, Kelton CA, He C, Bressan A, Milazzo F, et
al. ARS Component B: structural characterization, tissue expression
and regulation of the gene and protein (SLURP-1) associated with Mal
de Meleda. Eur J Dermatol 2003;13(6):560-70.

[55] Schrattenholz A, Pereira EF, Roth U, Weber KH, Albuquerque EX,
Maelicke A. Agonist responses of neuronal nicotinic acetylcholine
receptors are potentiated by a novel class of allosterically acting
ligands. Mol Pharmacol 1996;49(1):1-6.

[56] Brejc K, van Dijk W1J, Klaassen RV, Schuurmans M, van Der Oost J,

Smit AB, et al. Crystal structure of an ACh-binding protein reveals the

ligand-binding domain of nicotinic receptors. Nature 2001;411(6835):

269-76.

Rudolph U, Crestani F, Benke D, Brunig I, Benson JA, Fritschy JM, et

al. Benzodiazepine actions mediated by specific gamma-aminobutyric

acid(A) receptor subtypes. Nature 1999;401(6755):796-800.

[53

[57

[58] Mohler H, Fritschy JM, Crestani F, Hensch T, Rudolph U. Specific
GABA(A) circuits in brain development and therapy. Biochem Phar-
macol 2004;68(8):1685-90.

[59] Mohler H, Sieghart W, Richards JG, Hunkeler W. Photoaffinity
labeling of benzodiazepine receptors with a partial inverse agonist.
Eur J Pharmacol 1984;102(1):191-2.

[60] Costa E, Auta J, Grayson DR, Matsumoto K, Pappas GD, Zhang X,
et al. GABAA receptors and benzodiazepines: a role for dendritic
resident subunit mRNAs. Neuropharmacology 2002;43(6):925-37.

[61] Sigel E, Buhr A. The benzodiazepine binding site of GABAA recep-
tors. Trends Pharmacol Sci 1997;18(11):425-9.

[62] Berezhnoy D, Baur R, Gonthier A, Foucaud B, Goeldner M, Sigel E.
Conformational changes at benzodiazepine binding sites of GABA
receptors detected with a novel technique. J Neurochem 2005;92(4):
859-66.

[63] Olsen RW, Chang CS, Li G, Hanchar HJ, Wallner M. Fishing for
allosteric sites on GABA(A) receptors. Biochem Pharmacol 2004;
68(8):1675-84.

[64] Lambert JJ, Belelli D, Peden DR, Vardy AW, Peters JA. Neurosteroid
modulation of GABAA receptors. Prog Neurobiol 2003;71(1):
67-80.

[65] Ueno S, Tsutsui M, Toyohira Y, Minami K, Yanagihara N. Sites of
positive allosteric modulation by neurosteroids on ionotropic gamma-
aminobutyric acid receptor subunits. FEBS Lett 2004;566(1-3):
213-7.

[66] Williams M, Risley EA. Ivermectin interactions with benzodiazepine
receptors in rat cortex and cerebellum in vitro. J Neurochem
1984;42(3):745-53.

[67] Dawson GR, Wafford KA, Smith A, Marshall GR, Bayley PJ, Schaeffer
IM, et al. Anticonvulsant and adverse effects of avermectin analogs in
mice are mediated through the gamma-aminobutyric acid(A) receptor. J
Pharmacol Exp Ther 2000;295(3):1051-60.

[68] Krusek J, Zemkova H. Effect of ivermectin on gamma-aminobutyric
acid-induced chloride currents in mouse hippocampal embryonic
neurones. Eur J Pharmacol 1994;259(2):121-8.

[69] O’Neill MJ, Murray TK, Whalley K, Ward MA, Hicks CA, Wood-
house S, et al. Neurotrophic actions of the novel AMPA receptor
potentiator, LY404187, in rodent models of Parkinson’s disease. Eur J
Pharmacol 2004;486(2):163-74.



	Allosteric modulation of ligand-gated ion channels
	Ligand-gated ion channels
	The concept of allosteric modulation
	Allosteric modulation of P2X receptors
	Allosteric modulation of glutamate receptors
	Allosteric modulation of nicotinic acetylcholine receptors
	Steroid modulation of nAChRs
	Modulation of nAChRs by protein kinases
	Endogenous modulators of nAChRs
	Positive and negative modulation of GABAA receptors
	Importance of allosteric modulators as therapeutics
	References


