Received: 24 March 2019 Revised: 9 August 2019

Accepted: 13 August 2019

W) Check for updates

Uncorrected manuscript published: 16 August 2019

DOI: 10.1111/tra.12685

WILEY

Claudins in the brain: Unconventional functions in neurons

Vina Tikiyani®’ | Kavita Babu'?

Department of Biological Sciences, Indian
Institute of Science Education and Research
(IISER), Mohali, Punjab, India

Abstract

2Centre for Neuroscience (CNS), Indian
Institute of Science (l1Sc), Bangalore, India

Correspondence

Vina Tikiyani and Kavita Babu, Department of
Biological Sciences, Indian Institute of Science
Education and Research (IISER), Mohali,
Punjab, India.

Email: vina.tikiyani@nih.gov (V. T.) and kavita.
babu@babulab.org,

kavitababu@iisc.ac.in (K. B.)

Present address

Vina Tikiyani, National Institute of Dental and
Craniofacial Research (NIDCR), NIH,
Bethesda, MD. KEYWORDS
Funding information

DST-SERB, Grant/Award Number:
EMR/2016/005332; lISc; IISER; Council of
Scientific and Industrial Research, India

Peer Review

The peer review history for this article is
available at https://publons.com/publon/
10.1111/tra.12685/

1 | STRUCTURAL SIMILARITY AT
EPITHELIAL AND SYNAPTIC MEMBRANES

The epithelial tissue is held intact by the formation of tight junctions
(TJ). A tight junction is a multiprotein complex whose primary function
is to maintain paracellular permeability and barrier functions across epi-
thelial cells.! The TJ complex consists of more than 40 different pro-
teins and some of the functionally important proteins include
transmembrane proteins, claudins, occludins and the cytoplasmic scaf-
folding proteins, ZO-1, 2 and 3.2 These proteins are involved in regulat-
ing paracellular movement of water, solutes and immune cells across
the plasma membrane via ion selectivity functions residing on the extra-
cellular loops of claudin and occludin proteins.2 Claudins also participate
in intracellular signaling and gene expression functions by interacting
with actin-binding proteins ZO-1, 2 and 3 through their post synaptic
density protein (PSD95), drosophila disc large tumor suppressor (Dlg1),

and zonula occludens-1 protein (zo-1) (PDZ) binding motifs.*

© 2019 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Bonafide claudin proteins are functional and structural components of tight junctions
and are largely responsible for barrier formation across epithelial and endothelial
membranes. However, current advances in the understanding of claudin biology have
revealed their unexpected functions in the brain. Apart from maintaining blood-brain
barriers in the brain, other functions of claudins in neurons and at synapses have
been largely elusive and are just coming to light. In this review, we summarize the
functions of claudins in the brain and their association in neuronal diseases. Further,
we go on to cover some recent studies that show that claudins play signaling func-
tions in neurons by regulating trafficking of postsynaptic receptors and controlling

dendritic morphogenesis in the model organism Caenorhabditis elegans.

acetylcholine receptors, C. elegans, claudin, neuromuscular junction, synapse, tight junction

Formation, function and plasticity at the synapse are mediated by

various cell adhesion molecules (CAMs).>8

Apart from reports on the
function of CAMs in maintaining cell-cell and cell-extracellular matrix
contacts (reviewed in Reference 9), there are various modes by which
CAMs could function at the synapse; they could function in target
recognition such as SYG-1 and sidekicks,%** formation and alignment
of synaptic specializations such as SynCAMs, neurexins and

neuroligins,u'13

regulation of synaptic structure and function such as
Cadherins and Syndecan (reviewed in Reference 14) as well as the
regulation of activity-dependent synaptic plasticity such as RIG-3
which prevents synaptic potentiation by regulating Wnt signaling.*>¢

Despite differential functions and mechanisms that operate at epi-
thelial TJs and synapses, there is a striking similarity between proteins
found at the TJ and the synapse. Proteomic and Bioinformatic analysis
of epithelial TJs has revealed some unexpected clusters of synaptic
molecules.'” Moreover, studies validate the presence of various pre-

synaptic (synaptotagmin VI, rabaptin-5, glutamate transporter EAAT1)
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and postsynaptic molecules (GluR1, NMDA zeta subunit, mGlurl,
mGlur5, piccolo, homer and GRIP) at epithelial tight junctions.'”
A neuronal protein, Peripheral myelin protein (PMP-22) which is
largely present at myelinated Schwann cells of peripheral neurons is
also detected at intercellular junctions in epithelia.® It appears that
similar structural elements have evolved at these sites to build these
two types of cellular junctions.r? Not only have synaptic elements
have been witnessed at the epithelial tight junction, but TJ proteins
have also been identified at the synapses of chick ciliary ganglion.?%2*
Tight junctions have also been reported to be present at invertebrate
synapses. For example, high-resolution electron micrographs from the
neuropile region of the blowfly larvae, Protophormia terraenovae con-
firms the presence of TJ proteins in the neuropile.?22%

Two kinds of junctional structures are found at the synapse; syn-
aptic junctions and puncta adherentia junctions.?*?> The Puncta
adherentia junctions are mechanical adhesion sites in the neurons,
and they share many morphological and molecular features with the
adherens junctions of the epithelium.

Very recently, two studies in Caenorhabditis elegans have shown that
claudin-like proteins interact with actin/actin binding proteins at syn-
apses/dendrites. First, In polymodal nociceptive for mechanosensation and
thermosensation (PVD) neurons, higher order dendritic branching is
maintained by the claudin HPO-30, which directly interacts with the Wave
regulatory complex (WRC).2® Second, we have shown that a claudin-like
protein, HIC-1 interacts with an actin-binding protein, NAB-1/Neurabin
through its PDZ binding motif in C. elegans cholinergic synapses.?” These
studies suggest that claudins function at dendrites and synapses similar to
how they function at the epithelium.

An intriguing possibility is that neuronal synaptic adhesion mole-
cules may share characteristics with epithelial tight junction struc-
tures. This could open new avenues on studies of adhesion molecules

in neurons and the brain.

2 | CLAUDINS

Claudins are four transmembrane domain proteins with their N- and C-
termini inside the cell and two extracellular loops that participate in
making homo/heterotypic interactions with other claudins.?® Based on
sequence similarity, claudin superfamily proteins have been divided
into two groups in humans; the classical claudins (1-10, 14, 15, 17, 19)
and nonclassical claudins (11-13, 16, 18, 20-24).%° Tetraspan claudin
proteins have two extracellular loops; the first large extracellular loop
is required for specific ion permeability and for making a paracellular
barrier, while the second shorter extracellular loop is thought to be
involved in the holding function between the apposing cell membranes
and making homo/heterophilic interactions.>° Further, most claudins
possess a PDZ binding motif at their C-terminus tail by which they
interact with PDZ domain-containing scaffolding proteins such as ZOs,
PATJ and MUPP1, which in turn act as adaptors that links claudins to
the actin cytoskeleton in epithelial cells (reviewed in Reference 31).
The PDZ-binding motif, -K/R/H-X-Y-V, is present largely at —3,-2,-1,
0 positions at the C-terminal tail of the claudins. The -Y-V motif at the

C-terminal positions —1 and O show high conservation in classical
claudins in contrast to the large variations that are seen in nonclassical
claudins (H/S/Y/D/E/R-V/L). It is thought that because of the con-
served -Y-V motif in the classical claudins, they bind to the PDZ1
domain of ZO-1 in the epithelium (reviewed in Reference 29). The
Claudin superfamily of proteins is conserved structurally but is highly
divergent at the sequence level (reviewed in Reference 29). There are
24 gene families of claudins in mammals, which exhibit complex tissue-
specific patterns of expression and function. Therefore, differential
expression and function of claudins in mammals has been reported in
many tissues including intestine, kidney, gall bladder, inner ear, retina,
prostate glands, brain, etc. (reviewed in Reference 29). Apart from the
function of claudins in regulating paracellular ion transport and mem-
brane polarity at TJs, evidence indicates that they are also present at
sites outside of the tight junction where they perform various non-
canonical functions in cell signaling.3? They regulate cell proliferation,
differentiation and gene expression in different cell types such as dif-
ferentiation of bone cells osteoclasts and osteoblasts (reviewed in Ref-
erence 33). An example of claudin function in signaling is shown by
Claudin-1 that acts as a co-receptor for entry of the hepatitis C virus.>*

Although, there are no typical TJ structures reported in invertebrates,
the components required for making TJs such as claudins proteins are
expressed widely in these organisms. A claudin-like molecule “sinuous”
in Drosophila is required to maintain septate junctions. The septate junc-
tions are considered to be equivalent to the vertebrate tight junctions in
terms of maintaining barrier and paracellular permeability functions in
the epithelium.%° In C. elegans, 18 claudin and claudin-like molecules are
thought to be present, including CLC-1, CLC-2, CLC-3 and CLC-4 that
show structural similarity and, in some cases, functional similarity to their
vertebrate counterparts. (Reviewed in References 36 and 37 and
WormBase). Their functions involve regulating channel activity, inter-
cellular signaling and maintaining cell morphology. CLC-1 is expressed in
the epithelial cell junctions in the pharynx and regulates barrier function
while CLC-2 is expressed in the seam cells of the hypodermis where it
maintains hypodermal barrier functions.>® Meanwhile, the functions of
the remaining CLC proteins are as yet unknown. A putative claudin-like
protein, VAB-9, is similar to the vertebrate BCMP1 (brain cell membrane
protein 1) protein. VAB-9 localizes to epithelial cell contacts and has
shown to interact with the cadherin-catenin complex during epidermal
morphogenesis.?’ Taken together, the diverse expression and function
of the claudin superfamily suggest that they could be involved in
maintaining homeostasis in different tissue types and are likely to have

other functions beyond their function at epithelial tight junctions.

3 | CLAUDINSIN THE NERVOUS SYSTEM

A growing body of evidence suggests functional roles for claudins in
the brain. They have been shown to be essential components of the
Blood-Brain Barrier (BBB) and changes in their expression and/or
function has been shown to be associated with various brain disorders
(reviewed in Reference 40). The BBB protects a delicate and intricate

network of neurons from noxious blood-borne or surrounding stimuli.
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Claudins-1,3,5,11,12,19, occludin, Zona occludens-1 (ZO-1) and
tricellulin have been identified as key proteins in making these neural
barriers.** An example of claudins involved in maintaining normal brain
function comes from the fact that Claudin-5 positive leukocytes have
been detected in the brain during neuroinflammation.*? Claudin-5 also
regulates tumor cell motility across the BBB, Indicating the involvement

S Activation of  matrix

of Claudin-5 in brain metastasis.*
metalloproteinases (MMPs) opens the BBB by degrading tight junction
proteins, including Claudins-5 and occludin.** Meanwhile, Claudin-11
regulates magnesium ion permeability across the myelin sheath mem-
brane and is crucial for mice behavior and neurotransmitter release.*®
More recently, studies on the functional roles of the claudin super-
family proteins in neurons are gaining traction through work in model
organisms. Out of six claudin-like molecules found in Drosophila melano-
gaster, two have been reported to be essential to make septate junc-
tions to allow for maintaining the blood-brain barrier integrity in the fly
brain.*® Claudin-5a in zebrafish is required for brain ventricle morpho-
genesis where it establishes neuroepithelial-ventricular barriers for
maintaining the hydrostatic pressure within the ventricular cavity
(Reference 47 and (reviewed in Reference 48). NSY-4, a Claudin-like
protein in C. elegans is required for the stochastic activation of AWC
olfactory neurons. The AWCs are a left/right bilateral pair of neurons.
In each animal, one AWC neuron is activated or ON at any given time,
while the other remains inactivated or OFF. NSY-4 co-ordinates lateral
signaling between the AWC neurons, which allows them to take an ON
or OFF state, respectively.**The above examples indicate that claudins
play essential roles in the nervous system. However, how they might be
performing their function in the brain or at the synapse and their mech-

anism of action is still poorly understood.

4 | SIGNALING FUNCTIONS OF CLAUDINS
IN THE NERVOUS SYSTEM

Apart from making tight junction complexes, claudins also interact
with various non-tight junction proteins including cell adhesion mole-
cules, EpCam and tetraspanin, signaling proteins ephrin A, ephrin B
and their receptors EphA and EphB.*%->2 These interactions of claudins
with the actin cytoskeleton and with non-tight junction proteins sug-
gest that claudins could have functions other than those involved in
barrier formation. A few members of the claudin superfamily of pro-

teins that play noncanonical functions in neurons are described here:

5 | HPO-30 REGULATES DENDRITIC
MORPHOGENESIS AND LACHR
LOCALIZATION

A claudin-like molecule, HPO-30 (Hypersensitive to Pore-forming
toxin) is expressed in multiple neurons in C. elegans including PVD,
FLP and cholinergic neurons. This protein is also expressed in the
body-wall muscles of C. elegans.>*>> Ever since its discovery as a den-

26,55

dritic stability molecule in PVD neurons, various functions have

been attributed to HPO-30 in the C. elegans nervous system.

TrafficAVIBI

Studies have shown that HPO-30 is required for lateral branching
of C. elegans PVD and FLP neurons.>®> Dendrite morphogenesis is
essential for nervous system assembly and circuit function. PVD is a
multidendritic nociceptor neuron, which responds to harsh touch and
cold temperature. The branching pattern of the PVD neuron involves
multiple pathways and is used as a model for dendritic development.
One pathway that allows for normal dendritic patterning involves
DMA-1, a leucine-rich transmembrane receptor. DMA-1 interacts and
forms a complex with the claudin, HPO-30 (illustrated in Figure 1A).
Here, HPO-30 regulates the surface expression and trafficking of the
DMA-1 receptor. Loss of hpo-30 increases, whereas HPO-30 gain of
function decreases the membrane surface expression of DMA-1
receptors in the PVD neuron.>® The mobile fraction of DMA-1 recep-
tors tagged to GFP also showed decreased in the hpo-30 mutants,
indicating a role for HPO-30 in DMA-1 receptor trafficking.>® In pro-
posing a model for the function of HPO-30 in the PVD neurons, Zou
et al show that the intracellular domain of DMA-1 binds to the Rac
GTP exchange factor, TIAM-1, while the intracellular domain of HPO-
30 binds to the actin modulator, Wave Regulatory Complex (WRC).
They go on to propose that the association between DMA-1 and
HPO-30 recruits both TIAM-1 and WRC to the dendritic membranes.
This signaling complex is required for the localization and dynamics of
the actin cytoskeleton, which ultimately controls the highly branched
dendritic arbors in PVD neurons (Figure 1A and Reference 26).

Acetylcholine receptors are responsible for various brain activities
in both vertebrates and invertebrates. In C. elegans, there are two
kinds of receptors that respond to the acetylcholine neurotransmitter;
levamisole-sensitive acetylcholine receptors (LAChRs) and nicotine-
sensitive acetylcholine receptors (NAChRs).>” The LAChRs are the
most extensively studied subtype of acetylcholine receptors in
C. elegans and contribute to ~20% of synaptic transmission mediated
by acetylcholine in worms. They respond to the anthelmintic drug,
levamisole. They are nematode-specific and consist of five different
subunits; UNC-38, UNC-29, UNC-63, LEV-8 and LEV-1.%8 It has been
shown that HPO-30 localizes to neuromuscular junctions and shows
genetic and physical interaction with levamisole-sensitive receptor
(LAChR) subunits UNC-29 and UNC-38. Further, it regulates LAChR
clustering through interacting with another cell adhesion molecule
neuroligin (NLG-1) (Figure 1B and Reference 54).

LAChRs are targets of anthelmintic drugs, hence detailed studies
on these receptors' and their regulation could help develop new strat-

egies to prevent parasitic worm infections.

6 | STARGAZIN AND REGULATION OF
oa-AMINO-3-HYDROXY-5-METHYL-4-
ISOXAZOLEPROPIONIC ACID (AMPA)
RECEPTORS TRAFFICKING

Claudin superfamily member, Stargazin (STG-1) is highly conserved
across the phyla. It acts as an obligate auxiliary subunit of transmem-
brane AMPA receptor regulatory proteins (TARPs) for AMPA recep-

tors and is required for glutamatergic currents.>>° The Stargazin
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proteins are an extensively studied class of claudin-related molecules
functioning at glutamate synapses.®2*® Moreover, they are capable of
forming adhesion contacts when expressed in L-fibroblasts.*
Stargazin shares structural and functional features with claudin pro-
teins. It contains four transmembrane domains with N- and C-termini
inside the cell and two extracellular loops. The larger extracellular loop
regulates the biophysical properties of AMPA receptors while the C-
terminus is responsible for the trafficking of these receptors. Recent
reports indicate that the C-terminus domain of TARP proteins play
various unexpected and versatile functions in AMPA receptor regula-
tion.® Being a positive allosteric regulator of AMPA receptors, it sta-
bilizes the localization and surface expression of the receptors by
facilitating the interaction of AMPA receptors with scaffolding pro-
teins of the postsynaptic density, PSD95 (illustrated in Figure 2) Fur-
ther, the exchange of AMPA receptor by lateral diffusion between
extrasynaptic and synaptic sites is also dependent on the interaction
between Stargazin and PSD95.%” Stargazin also forms a ternary com-
plex with adaptor proteins AP-2 and AP-3 and hence has an important
role in NMDA-dependent LTD by regulating trafficking pathways of
AMPA receptors.®®

AMPA type glutamate receptors are responsible for fast excitatory
transmission. They are one of the major contributors of synaptic plas-
ticity, and defects in these receptors have been associated with neu-
rodegenerative and neuropsychiatric disorders.®” Over the past
decade studies on AMPA receptor regulation has brought out the
function of the Stargazin in maintaining these receptors. Since exces-
sive AMPA activity and excitotoxicity is thought to be the cause of
neuropsychiatric disorders like stroke and epilepsy, therefore mole-
cules that regulate AMPA receptors, like Stargazin are now considered
to be potential target for designing antagonists against AMPA

receptors.70

Cholinergic
neuron

FIGURE 1 HPO-30 functions in
dendrites and synapses. A, HPO-30
interaction with DMA-1 receptor
regulates actin cytoskeleton and dentritic
branching in C. elegans PVD neurons. This
image is adapted with modifications from
Reference 26. B, HPO-30 regulates
LAChRs at the C. elegans neuromuscular
junction. HPO-30 co-precipitates with
the levamisole sensitive receptor subunits
UNC-29 and UNC-38°*

receptors

Body-wall muscle

7 | HIC-1 AND THE REGULATION OF ACR-
16/A7 RECEPTOR TRAFFICKING

HIC-1 is a divergent claudin-like protein that has recently been char-

acterized for its function at C. elegans cholinergic synapses.?” HIC-1 is

Glutamatergic neuron

Glutamate vescicles

L Q@Zp\ '
‘ Translocation ’
PSD95
Surface
traffickin

AMPA Receptor, Postsynaptic neuron

Stargazin

FIGURE 2 Stargazin regulates AMPA receptor trafficking at the
synapse. Stargazin interacts with AMPA receptors in the intracellular
compartment and regulates their trafficking and stability at the
synapse. This image is adapted with modifications from Reference 66
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expressed at the presynaptic terminus of cholinergic synapses. The
claudin-like molecule, HIC-1 also possesses a -Y (Tyrosine) amino acid
at its C-terminus similar to most of the classical claudins and hence
could have a putative PDZ binding motif at its C-terminus.

At cholinergic synapses, HIC-1 has been shown to interact with an
actin-binding protein, NAB-1 through its putative PDZ binding motif.
Comparison of HIC-1 function at synapses with claudin functions in
epithelial cells suggests that the C-terminal region of HIC-1 functions
in a manner similar to conventional claudins in epithelial cells in terms
of their interaction with actin-binding proteins and maintaining the
integrity of the actin cytoskeleton.

Most of the excitatory currents at the C. elegans NMJs are medi-
ated by nicotine-sensitive ACR-16/a7 (nAChR) receptors. The surface
expression of these receptors is regulated through the Wnt signaling
pathway.'>7174 Jensen et al have elegantly dissected out the Wnt
signaling pathway, which regulates the translocation of ACR-16/a7
receptors at the C. elegans NMJs. Their study shows that ACR-16/a7
receptor translocation is mediated by members of the canonical Wnt
signaling pathway.””> Out of five Wnts LIN-44, EGL-20, CWN-1,
CWN-2 and MOM-2 in C. elegans,”® CWN-27> and LIN-447% are
involved in this pathway. The Wnts, CWN-2 and LIN-44 secreted
from the presynaptic neurons, bind and activate the postsynaptic Wnt
receptor Lin-17/Frizzled. Lin-17/Frizzled then activates downstream
signaling involving disheveled (DSH-1), which in turn regulates the
trafficking of ACR-16/a7 onto the postsynaptic muscle membrane.””
In hic-1 mutants, increased levels of Wnt secretion have been seen
which leads to increased trafficking of ACR-16/a7 at the muscle
membrane.?” HIC-1 appears to regulate the secretion of Wnt ligands
CWN-2 and LIN-44 from C. elegans cholinergic neurons by binding to
the actin-binding protein, NAB-1. HIC-1 and NAB-1 together regulate
the integrity of the actin cytoskeleton. The actin cytoskeleton in turn,
regulates the controlled release of Wnt vesicles, which ultimately con-
trols ACR-16/a7 receptor trafficking at cholinergic synapses
(lllustrated in Figure 3 and Reference 27).

Aberrant Wnt secretion is implicated in synaptic plasticity and
cognitive deficiencies such as schizophrenia, bipolar disorders and
Alzheimer's Disease.”””® An in-depth, comprehensive study of how
Wt secretion and acetylcholine receptors are regulated by a claudin-
like molecule HIC-1 at the synapse could provide a better understand-

ing of neuromuscular junction structure and function.

8 | CONCLUDING REMARKS

Claudin superfamily of protein play differential functions in various
tissues (reviewed in Reference 29). Although they were initially char-
acterized for their function in barrier formation across the epithelial
tissue, they are also emerging as neuronal proteins according to
recent studies. They play diverse roles in the maintenance of the syn-
aptic and neuronal structure and function. In this review, we have
summarized functions of some of the claudins HPO-30, Stargazin and

HIC-1 in C. elegans nervous system where they are mainly involved in

Cholinergic
neuron

Body-wall
muscle

FIGURE 3 HIC-1 functions to maintain ACR-16/a7 receptors at
the synapse. The Claudin-like protein HIC-1 regulates acetylcholine
receptors (ACR-16/a7) at the cholinergic synapse. HIC-1 modulates
the actin cytoskeleton through interacting with an actin binding
protein, Neurabin (NAB-1). The actin cytoskeleton regulates the
release of Wnt vesicles, which in turn regulate ACR-16/a7 receptor at
the postsynaptic muscle membrane. This image is adapted from
Reference 27

maintaining the surface expression and trafficking of various
receptors.

As mentioned earlier, two kinds of acetylcholine receptors,
LAChRs and nAChRs are functional at the C. elegans neuromuscular
junctions. Although both subtypes of receptors are colocalized at the
C. elegans neuromuscular junction,”® distinct mechanisms are involved
for their synaptic localization and clustering. On one hand the
Levamisole-sensitive receptors (LAChRs) are maintained at the syn-
apse by a mechanism involving the claudin, HPO-30, while on the
other hand nicotine-sensitive acetylcholine receptors (ACR-16/a7) are
regulated by the Wnt signaling pathway involving another claudin-like
protein, HIC-1. Acetylcholine receptors are associated with various
neuropsychiatric and neurodegenerative disorders such as Alzheimer's
and Parkinson.8%82 A study from our lab and other labs24>4->% indi-
cate a striking dichotomy for HPO-30 in C. elegans. In the body-wall
muscles, it is required for the stability of LAChRs while in PVD neu-
rons HPO-30 regulates DMA-1 receptors and together with DMA-1,
controls downstream assembly of F-actin, allowing for normal den-
dritic branching.

As mentioned earlier, Stargazin regulates AMPA receptor traffick-
ing and localization at the glutamatergic synapses. AMPA receptors

are the principle ionotropic glutamate receptors involved in the
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mediation of fast excitatory neurotransmission in the mammalian
brain and hence are a major component of synaptic plasticity,®® learn-
ing and memory formation.2* AMPA receptor levels are altered in
many neurological diseases such as amyotrophic lateral sclerosis, epi-
lepsy, ischemia and Alzheimer's Disease. Despite the wealth of knowl-
edge gathered in the past decade about the deregulated levels of
AMPA receptors in these diseases, only limited success is achieved in
directly targeting AMPA receptors.2> Therefore, researchers are now
proposing that indirectly affecting AMPA by modulating AMPA regu-
latory proteins such as Stargazin could provide new therapeutic
potentials to treat neuronal diseases associated with AMPA recep-
tors.8> A detailed, comprehensive study on how these different recep-
tors are regulated through the claudin superfamily of protein could
give more insight into how these receptors are regulated in the ner-

vous system.
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