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ABSTRACT

Kainate receptors (KARs) are under-explored ionotropic glutamate receptors with growing interest as therapeutic targets in dis-

orders involving dysregulated glutamatergic signaling. Allosteric modulation of KARs represents an attractive drug discovery

strategy, enabling fine control of receptor activity without competing with glutamate at the orthosteric site. This review summa-

rizes current knowledge on positive (KARPAMs) and negative (KARNAMs) allosteric modulators of KARs, integrating recent

structural and pharmacological insights. We describe the limited set of known modulators, including BPAM344, BPAM521,
endogenous tuning ions, lectins, galectins, perampanel, and selected AMPA-derived compounds, with emphasis on their binding
sites, mechanisms of action, and selectivity profiles. Finally, we highlight the critical lack of truly subunit-selective KAR mod-

ulators and discuss how recent structural advances can enable rational design of next-generation chemical probes and drug can-

didates targeting KARSs.

1 | Introduction

Glutamate is the most abundant neurotransmitter in the central
nervous system (CNS). It exerts its effects through both
ionotropic (iGluRs) and metabotropic (mGluRs) receptors.
Ionotropic glutamate receptors are tetrameric structures that
form ion channels permeable to sodium and potassium and,
to a lesser extent, to calcium. Based on their selective agonists,
iGluRs were classified into three main subtypes: NMDA
receptors, which respond to N-methyl-D-aspartic acid; AMPA
receptors (AMPARs), activated by 2-amino-3-(5-methyl-3-
hydroxy-1,2-oxazol-4-yl)propanoic acid; and kainate receptors
(KARs), sensitive to kainic acid (2-carboxy-3-carboxymethyl-4-
isopropenylpyrrolidine) (Figure 1). A fourth, less well-character-
ized group, the delta receptors (GluD), also belongs to the iGluR
family [1-3].

Ionotropic glutamate receptors (iGluRs) are tetrameric assem-
blies of structural subunits, which are modular proteins
composed of several distinct domains: an extracellular amino-
terminal domain (ATD), an extracellular ligand-binding domain
(LBD), a transmembrane domain (TMD), and an intracellular
carboxyl-terminal domain (CTD) [4] (Figure 2). These structural
domains are assembled to form various subunits that define each
receptor subtype. NMDA receptors are typically composed of
GluN1 and GIuN2 (A-D) subunits, with GluN3 (A-B) also con-
tributing to certain receptor assemblies. AMPA receptors are
built from combinations of GluAl to GluA4 subunits, while kai-
nate receptors consist of the assembly of GluK1 to GluK5 subu-
nits [2, 4-7].

The physiology of KARs remains less comprehensively under-
stood than that of AMPARSs. Nevertheless, their structural
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FIGURE1 | Schematic representation of the glutamatergic synapse, illustrating glutamate cycling and the main ionotropic and metabotropic gluta-
mate receptors, including kainate receptors (KARs).
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FIGURE 2 | Schematic representation of the structural organization of an ionotropic glutamate receptor subunit, highlighting the extracellular

amino-terminal domain (ATD), the ligand-binding domain (LBD) formed by S1 and S2 segments, the four transmembrane regions (M1-M4) including
the M2 pore loop (Q/R site), and the intracellular carboxy-terminal domain (CTD).
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organization follows the general blueprint of ionotropic gluta-
mate receptors: KARs assemble as tetrameric complexes built
from distinct subunits. These receptors can incorporate any of
the five identified KAR subunits, GluK1 to GluK5 [8, 9], which
combine to form homomeric or heteromeric assemblies contrib-
uting to the functional and pharmacological diversity observed
within this receptor family [10, 11]. The GluK1, GluK2, and
GluK3 subunits can assemble into both homotetrameric and
heterotetrameric receptors, providing considerable structural
versatility [11, 12] (Figure 3). In contrast, the GluK4 and
GluKS5 subunits are obligate heteromeric partners and must asso-
ciate with GluK1-3 subunits to form functional tetramers,
thereby creating additional diversity to the receptor repertoire
without forming channels on their own [3, 13, 14].

AMPARSs are thought to mediate the rapid depolarization neces-
sary to relieve the magnesium block of nearby NMDARs, thereby
permitting efficient synaptic information transfer [15]. KARs dis-
play similar fast-acting properties, enabling ion flux almost
immediately upon glutamate binding. However, unlike certain
AMPAR subtypes, KARs are generally less permeable to calcium
ions, which distinguishes their contribution to excitatory signal-
ing and downstream cellular responses [16]. While AMPARSs are
predominantly located on the postsynaptic membrane, accumu-
lating evidence indicates that KARs occupy a broader range of
synaptic sites. They can be found not only postsynaptically
but also presynaptically, where they modulate neurotransmitter
release and contribute to bidirectional regulation of synaptic
function 17-20]. Postsynaptic KARs function in a manner similar
to AMPARSs, contributing to the depolarization required to over-
come the magnesium block of NMDARs, thereby facilitating
downstream NMDA receptor activation [16].

On a broader functional scale, KARs participate in a significant
portion of fast excitatory neurotransmission throughout the
brain. In addition to mediating rapid synaptic signaling, they also

contribute to various forms of synaptic plasticity processes that
are essential for learning, memory formation, and the dynamic
modulation of neural circuits [5, 17]. In addition, iGluRs play
crucial roles in neural development, circuit maturation, and
the maintenance of neuronal health. Dysregulation of their activ-
ity is strongly linked to numerous neurological and neuropsychi-
atric disorders, including epilepsy, ischemic stroke, ADHD, and a
range of neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease [21], Huntington’s disease, and amyotrophic
lateral sclerosis [5, 16, 22]. Dysregulation of extracellular gluta-
mate levels has also been implicated in several psychiatric con-
ditions, including schizophrenia, obsessive-compulsive disorder,
major depressive disorder, and bipolar disorder, where altered
glutamatergic signaling may contribute to both symptoms and
disease progression [23]. Because of their broad involvement
in both physiological and pathological processes, iGluRs, and
of course KARs, have become important targets in drug discov-
ery, attracting substantial interest for the development of thera-
peutics aimed at modulating glutamatergic signaling [5, 22].
Several studies on KARs have also demonstrated that receptor
subunit composition can influence disease susceptibility. In par-
ticular, heterotetrameric assemblies combining GluK1-3 with
GluK4 or GluKS5 have been associated with various neurological
and neuropsychiatric disorders, including epilepsy, autism,
schizophrenia, and depression [24-27].

2 | Exploring Kainate Receptor Modulation
2.1 | What’s Targeted?

As described earlier, KARs are ionotropic glutamate receptors
assembled from GluK1-5 subunits, with GluK1-3 capable of
forming functional homomeric receptors, while GluK4 and
GluK5 serve as modulatory subunits within heteromeric
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FIGURE 3 | Schematic representation of a heterotetrameric or homomeric kainate receptor (KAR) arrangement.
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assemblies [3, 13, 14]. Allosteric modulators act by binding out-
side the orthosteric glutamate site, most commonly at the ligand-
binding domain (LBD) dimer interface, within the channel “collar”
surrounding the ion pore, or at extracellular regions involved in ion-
dependent or auxiliary-subunit interactions [22, 23].

2.2 | Why Is It Interesting to Modulate KARS?

Most currently known KAR allosteric modulators were identified
either as AMPAR tool compounds later found to modulate KARs,
or as biochemical probes that primarily alter desensitization,
rather than through systematic, KAR-selective medicinal
chemistry programs. Consequently, the available pharmacolog-
ical toolbox remains limited and is largely biased toward
GluK2 [28, 29].

2.3 | Why Is It Interesting to Modulate KARS?

Known allosteric modulators of kainate receptors (KARs) cur-
rently include a limited set of small molecules such as previously
described AMPARPAMs belonging to benzo- and thienothiadia-
zines BPAM307 (1), BPAM344 (2), BPAMS521 (3), BPAMS538 (4),
perampanel (5), 2,3-benzodiazepines (6) and (7), quinazolinone
(8) (Scheme 1), and several AMPA-derived NAMs as well as var-
ious lectins, galectins, and endogenous ions like Zn** and Na*,
which fine-tune channel gating in a subunit- and context-depen-
dent manner. All of these are reassembled in Table 1 just below:

2.4 | Interest of KARPAMS

Positive allosteric modulators of kainate receptors (KARPAMs)
potentiate glutamatergic transmission by stabilizing glutamate-
bound KARs in active, non-desensitized conformations, thereby
prolonging and enhancing excitatory currents without activating
the receptors in the absence of the endogenous ligand [28, 49].
Unlike direct agonists, PAMs offer a more physiologically relevant

and selective modulation of receptor activity, as their effect is lim-
ited upon the presence of the endogenous ligand, L-glutamate,
in the synaptic cleft. This ligand-dependence reduces the risk of
overstimulation and confers a potentially improved safety pro-
file compared with direct agonists such as this observed previ-
ously for the AMPARPAMSs [28, 50, 51]. In contrast, orthosteric
agonists at KARs can cause excessive depolarization and
excitotoxic neuronal damage when overdosed, since they drive
receptor activation independently of endogenous glutamate
dynamics [52].

Compounds such as the KARPAM BPAM344, which markedly
slows GluK?2 desensitization and increases steady-state currents,
illustrate how KARPAMs can amplify KAR function in a con-
trolled, activity-dependent manner [6]. Conceptually, KARPAMs
therefore constitute attractive pharmacological tools for targeting
KAR-dependent circuits in brain disorders, with the potential to
restore or fine-tune excitatory neurotransmission while minimiz-
ing excitotoxic side effects associated with nonselective glutamate
receptor activation.

To date, BPAM344 remains the most efficacious small-molecule
positive allosteric modulator of kainate receptors described. This
drug is widely used as a pharmacological tool compound in lead-
ing iGluR laboratories where BPAM344 is routinely employed to
stabilize GluK2 for high-resolution structural and functional stud-
ies [28, 49, 53].

Some attempts were made in medicinal chemistry to develop new
potent KARPAMs. Recently, it was showed that replacing the
4-cyclopropyl moiety of BPAM344 with an allyl chain and the
fluorobenzene ring with a chlorothiophene ring providing
BPAM307 (see Scheme 1) demonstrates that the nature and
the orientation of the C4 lipophilic substituent critically influ-
ence receptor subtype preference, with the allyl group conferring
enhanced potentiation at kainate receptors relative to AMPA
receptors. However, the maximal activity of BPAM307 did not
surpass that of BPAM344, and its overall selectivity profile
was not improved compared with BPAM344 [30].

Positive Allosteric Modulators
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SCHEME 1 |

Chemical structures of positive (PAMs) and negative (NAMs) allosteric modulators of kainate receptors.
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One of the most potent AMPARPAM reported, BPAMS538, was
also evaluated at GluK1. This compound, which combines a
4-cyclopropyl substituent with a 7-methoxyphenoxy group, is pre-
dicted to adopt a binding pose that occupies the volume normally
accessible to a second PAM molecule at the LBD dimer interface,
thereby favoring a single-ligand binding mode. This “built-in
dimer” architecture is expected to increase the local shape com-
plementarity and interaction density within the allosteric pocket,
thereby maintaining some degree of positive allosteric efficacy at
kainate receptors. Nonetheless, although BPAMS538 displays mea-
surable activity at GluK1, its potency remains clearly inferior to
that observed at AMPA receptors [31].

2.5 | Interest of KARNAMS

Negative allosteric modulators of kainate receptors (KARNAMs)
represent a complementary strategy to KARPAMs by selectively
dampening glutamatergic transmission through allosteric inhibi-
tion of KAR function in an agonist-dependent way. By binding to
topographically distinct allosteric sites, KARNAMs destabilize or
prevent active glutamate-bound conformations and/or favor
desensitized or nonconducting states, thereby decreasing the
amplitude or probability of KAR-mediated currents without
directly competing with L-glutamate at the orthosteric site [28].

3 | Discussion

Despite the growing number of identified positive and negative
allosteric modulators of kainate receptors (KARs), none of the
currently available small molecules exhibits genuine receptor
selectivity (KAR vs. AMPAR selectivity). Moreover, no ligand
has yet been demonstrated to selectively and effectively target
a single KAR subunit. Most compounds reported to date show
significant overlap in their activity profiles across KAR subtypes,
or display cross-reactivity with other ionotropic glutamate
receptor families, thereby limiting their utility as precise pharma-
cological tools. Consequently, our current understanding of sub-
unit-specific KAR signaling, physiology, and pharmacology
remains constrained by the lack of highly selective modulators.
Expanding the chemical and pharmacological space of
KARPAMs and NAMs, with the explicit goal of achieving sub-
unit discrimination, therefore represents a critical frontier for
both basic research and the development of therapeutic agents
targeting excitatory neurotransmission.

Future efforts should therefore focus on integrating structure-
guided drug design with high-throughput screening (HTS) of
chemically diverse libraries. Leveraging the growing body of
structural data will enable the rational design and optimization
of ligands targeting specific binding sites and conformational
states of KARs. In parallel, large-scale screening campaigns com-
bined with advanced and physiologically relevant functional
assays will facilitate the identification of truly receptor- and
subunit-selective modulators. Such complementary approaches
will be essential to disentangle the distinct physiological and
pathological roles of GluK1-GluK5-containing receptors and to
accelerate the development of selective pharmacological tools
and therapeutic candidates.
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