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CERCANT LA VERITAT

He anat fins més enlla de les muntanyes,
pels confins dels oceans m’he endinsat
he forfollat, de la terra, les entranyes
tan obstinat, que exanime m’he quedat.

Tots els dies, per boscos i pinedes;

a tota au que canta o vola, he preguntat;
a prats, rius, herba, marges i voreres
interpel-lo: On puc trobar la veritat?

La busco dins de mi, no és facil cosa,
la necessito per acabar el meu neguit,

en llibres, en I'aire, en els records, en una rosa
tot és fosc, no hi veig res prou definit.

M’afaicona una veu, molt dolca i fina
gue m’'omple de tristesa i pietat,
diu que el mdn, és tot una ruina
i que ningl no em pot dir qué és la veritat.

I, m’impressiona tant i tant I'indefinit
gue em sento com vaixell desarborat,
ja no pregunto, puix em sento avergonyit
com un adolescent amb rostre sufocat.

Vaig preguntar a un home, que era molt gran
gue de tant vellet, ja caminava tot corbat.
“Si estimes com m’has dit, i estimes tant”
va dir...”Has trobat la vertadera veritat”.

Francesc Charles
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PREFACE

The fine control of neural communications defines us as human beings. Humans are only
beaten in number of neurons and synapses in the brain by African elephants. But taking
into account that we do not weight tons and measure around 3 meters, our brain is one
of the most compacted, organized and specialized of its kind. So far, we only understand
a small percentage of the function of brain. Over the years, we anatomically discerned
specialized regions that control different functions of our body. The development of
microscopic techniques and staining procedures by Golgi and Ramon y Cajal gave a lower
scale view of the components of the complex machinery of each region. However, this
“end point” studies in fixed tissues did not bring light about how these specialized —
compartmentalized cells communicate and function together. Functional studies started
with Hodgkin and Huxley recordings in giant nerve of squid. The fathers of neuro-
electrophysiology demonstrated that neurons communicate with each other by electric
pulses, and that with the appropriate equipment we can record and control different
characteristics of the neurons to study the communication mechanism involved. They
defined the importance of ion concentration, which is the key for neural
communication. Differences in ion concentration between intracellular and extracellular
compartments defines a difference in electrochemical potential that enables the neuron
to be prepared to receive and communicate neural signals. How is this difference
maintained? How can it be changed?

The cell membrane of neurons isolates the intracellular environment from the
extracellular media. It acts as a capacitor keeping negative charges internally and
positive charges externally. But these compartments are not sealed. Membrane
anchored proteins act as communicating channels between the two compartments.
Molecular biology and high-resolution techniques helped us to better understand the
function of such proteins, and so neurons, by overexpression and cloning methods for
the physiological and molecular structure study of specific proteins, subunits or
peptides.

The fine regulation of all these proteins evokes or inhibits neural communication.
Selective pharmacology to control subtypes of proteins involved in neurotransmission
also facilitated the study of neural function. And finally, the relationship between
morphology and activity was optimized by all-optical non-invasive approaches, which
were highly expected for in vivo applications.

Now light became a key new player in the game.

A convergence of tools to study the limits of imagination.






CHAPTER 1 | INTRODUCTION

The basis of Neurotransmission

Among different animal species, there is a huge diversity in nervous system traits in terms of
size, morphology, specialized regions, types of cells or complexity of the circuits, among others.
But if we look into the minimal unit that constitutes the simplest nervous system, we all agree
that it is a neuron (Figure 1). The diversity of cells in the nervous system is astronomical, not
only in morphology but also at the molecular level and during development. However, all
neurons share common features that differentiate them from cells of other tissues: (1) neurons
are usually polarized; (2) neural functions are compartmentalized to optimize the process of
electrical signals; (3) they can be excited by variations of electric membrane potential; (4) their
specialization bestow the ability to receive, process and communicate electrical signals.

Figure 1. (Left) Cerebellar cortex drawing by Santiago Ramon y Cajal in 1904. Property of Ministerio de
Ciencia, Innovacion y Universidades. (Right) Confocal fluorescence image showing a roseship neuron
forming its axonal cloud in the tuft of the apical dendrite of the layer 2/3 pyramidal cell. Adapted from
(Boldog et al., 2018).

Principal differentiated compartments include soma, dendrites, axons and terminals. The soma
is the cell body which contain the nucleus and all the organelles responsible for RNA and protein
synthesis. Dendrites and axon emerge from the soma and constitute around the 90% of the total
volume of the neuron. Dendrites are numerous fine ramified prolongations that receive
information from other neurons. On the other side, usually only one single axon emerges from
the soma and transmit electrical signals to other neurons or target organs through its neural
terminals. In that way neurons have two different poles, the basal with the dendrites and the
apical with the axon(Kandel, Eric R., Schwartz, James H., Jessell, 2000).

Cytosol of the neuron is separated from the extracellular media by a lipidic bilayer, as described
in other cell types. This hydrophobic barrier is the responsible of the maintenance of a
differential membrane potential by keeping differential charges between intracellular and
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extracellular media. The stable membrane potential of the neuron when it is not excited is called
resting potential. The difference in charge between intra- and extracellular compartments is
defined by the difference in ion concentration given by the ion flux across ionic channels
anchored in the membrane. There are two types of ion channels, resting (always open) and
regulated (closed in resting conditions). Resting ion channels are responsible of keeping a
negative charge inside the neuron compared with a positive charge of the extracellular media.
The resting potential of a neuron is usually between -60 and -70 mV. Resting ion channels of
neurons are permeable to K*, Na* and ClI(Xu, 2013; Agez et al., 2017). Organic anions like
proteins and amino acids are negatively charged and also contribute to the difference in
potential but they cannot cross the cell membrane. Since Na® is highly concentrated
extracellularly it passively diffuses to intracellular compartments. And the same for K*, which is
more concentrated intracellularly and diffuses to extracellular media. Thus, ion flux depends on
the electrochemical dragging force, but also on the conductance of the membrane for a specific
ion. A neuron has relatively few Na* resting channels, so in resting potential the conductance for
Na* is very low and the entry of Na* is limited. But flux of K* is relatively big because the number
of K* resting channels is bigger. Then, passive diffusion of K* balance Na* influx. However, this
passive flux of ions has to be compensated to maintain the ionic gradient of Na* and K*. This
balance is maintained by energy-consuming Na*/K* ion pumps. By hydrolysis of one molecule of
ATP, Na*/K* ion pumps can internalize two ions of K* and extract 3 ions of Na*, creating an efflux
of positive charge(Kandel, Eric R., Schwartz, James H., Jessell, 2000).

A change in resting potential such as a reduction of the different polarization, so less negative
membrane potential is called depolarization. An increase of negative potential is called
hyperpolarization. When the depolarization is big enough to surpass the threshold, the neuron
responds actively with the aperture of voltage-gated ionic channels and then an action potential
(AP) is produced(Bean, 2007).

Thus, neurons are specialized and compartmentalized cells, but they are not isolated, neurons
communicate with each other by a structure called synapse.

The neuronal functional unit: the synapse

A synapse is a dynamic structure that allows to pass a signal from a neuron to another one
(Figure 2a). There are two basic types of synapses: electrical and chemical. Electric synapses are
the most direct and simple way of transmission between neurons. Depolarizing signals are
transduced from the presynaptic to the postsynaptic neuron via gap junctions, without affecting
inhibitory signaling or long-term synaptic regulation at the postsynaptic cell. This kind of
neurotransmission is instantaneous and direct, all the electrical signals are transduced even
when they do not evoke an action potential. These kinds of synapses are important for the rapid
communication (fast escape responses), coordinated responses of a population of neurons and
transmission of metabolic signals(Nagy, Pereda and Rash, 2018).



Figure 2. Synapses are plastic structures. a) Extrinsic tuning of receptor diffusion-trap: Excitatory events
may tune inhibitory receptor lateral diffusion (1). Volume-transmitted molecules may tune the synaptic
trapping of excitatory (2) and inhibitory (3) receptors as well as glial-cell-derived factors (4). Adapted from
(Choquet and Triller, 2013). b) Diversity of ultrafast specialized ribbon synapses (Sterling and Matthews,
2005).

On the other hand, chemical synapses may not be as fast as electrical synapses, but they have
the property to amplify the signal. Structurally, chemical synapses are separated by 20-40 nm
from the presynaptic terminal to the postsynaptic. This gap is called the synaptic cleft. At the
presynaptic terminal, synaptic vesicles filled with neurotransmitters accumulate in the active
zone, ready to be released upon a depolarizing signal (Figure 2b). Presynaptic action potential
induces the entry of Ca?* via voltage-gated Ca?* channels. The increase in intracellular calcium
induces the fusion of vesicles with presynaptic plasma membrane and the subsequent
neurotransmitter release. This process is called exocytosis.

The trigger for AP firing is at the presynaptic site. Na* and K* ions are important in the
depolarization process of the presynaptic neuron but not crucial for neurotransmitter release.
In presence of TTX and TEA (blockers of Na* and K" channels, respectively), upon induced
depolarization of the presynaptic neuron, we can observe postsynaptic depolarization (AP).
However, a reduction in extracellular concentration of Ca?* decrease synaptic transmission or
even is blocked. Progressive depolarization of the presynaptic neuron induces the gradual entry
of Ca?* and subsequent neurotransmitter release. This entry is gradual because Ca** channels
are voltage dependent that keep open during depolarization. Even though, the close proximity
from neurotransmitter release site solve the problem of slower opening of the channel, being
able to release the transmitters in 0.2 ms. When Ca-channels are closed, Ca®* concentration
sharply decrease (1 ms). There are several types of calcium channels, with different biophysical
and pharmacological properties(Bean, 2007).

There is a huge variety of chemical transducers to precisely control or modify the postsynaptic
neuron producing excitatory or inhibitory signals in a range from milliseconds to several
minutes. The nature of the neurotransmitters released and their capacity to bind and activate
postsynaptic receptors would evoke the opening or closing of postsynaptic channels.
Consequently, conductance, membrane potential and synaptic structure of postsynaptic neuron
is modified.



Postsynaptic receptors. Structure and general activation process

Basically, postsynaptic receptors are membrane anchored proteins with an extracellular region
to recognize and transduce neurotransmitter signaling. These receptors influence the aperture
or closing of postsynaptic ionic channels directly (ionotropic receptors) or indirectly
(metabotropic receptors).

In the central nervous system, there are two kind of synapses, excitatory or inhibitory, usually
glutamatergic or gabaergic, respectively. Among glutamatergic receptors there are two big
families, ionotropic (ionic channels directly activated by glutamate, iGIuRs) and metabotropic
(indirect activation by second messengers, excitatory or inhibitory, mGIuRs). And in ionotropic
glutamate receptors there are three main subtypes depending on their structural homology and
pharmacology: AMPA, NMDA and Kainate. A fourth family of ionotropic 6 receptors has been
described whose function is still unknown. These receptors are integral membrane proteins
organized in tetramers to form an ion channel pore. In each of the subunits in the tetramer can
be distinguished four domains: amino-terminal (NTD) and ligand-binding domain (LBD) in the
extracellular region, transmembrane domain (TMD), and intracellular carboxyl-terminal domain
(CTD) (Figure 3).

Recently published kainate and AMPARs structure (Mayer, 2005; Meyerson et al., 2016;
Herguedas et al., 2019; Zhao et al., 2019) better describe the relationship between structure
and function of iGluRs (revised in(Zhu and Gouaux, 2017)). Beyond the tetrameric organization
of the TMD, subunits conformationally arrange as A/C and B/D subunit pairs, and each one
interact differentially to ion channel pore having distinguishable gating implications. The first
step in the assembly of iGIuRs is the formation of dimers of dimers with NTD interactions. Final
tetramerization occurs by interactions of the LBDs and TMDs. There are clear differences
between NTD and LBD arrangements. NTD layer is arranged as local dimers between A/B and
C/D subunits, whereas in the LBD layer dimers are formed by A/D and B/C subunits.

Val395 /o Derl View from top % )

Figure 3. Isosurface representation of the GIuA2 closed state cryo-EM structure at 10A resolution
segmented. a) Distal AC (green and blue) and proximal BD (red and yellow) subunits of GIuA2 crystal
structure (PDB 3KG2) coordinates for the ATD, LBD and transmembrane regions fit separately as rigid
bodies; the dashed lines highlight putative membrane boundaries. b) Isosurface views of LBD tetramer
region density maps fit with LBD dimers in closed (left) and active (right) states. Coloured dots identify the
locations of aC atoms for Val 395 (upper lobe) and Ala 665 (lower lobe). Adapted from (Meyerson et al.,
2014).

The NTD of all glutamate receptors has been described to be involved in regulatory processes of
the receptor such as targeting the receptors to the membrane, influence open probability,
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deactivation, desensitization, and regulation of subunit-specific assembly. NTD also contains
binding sites for divalent cations (Zn%), negative allosteric modulators or extracellular proteins.
Glycosylation sites at the NTD are also important for differences in ligand affinities, trafficking
and molecular weights of native receptors, affecting desensitization and maximal
currents(Traynelis et al., 2010).

The LBD is a clamshell-like structure formed by polypeptide structures S1 and S2. It is a highly
conserved amino acid sequence within different glutamate receptor classes, including
metabotropic. Agonists like glutamate, glycine or aspartate, and their analogs, contain a-amino
and a-carboxyl groups that interact with conserved residues, and variations lead to agonist
discrimination.

Before agonist binds to the LBD, the receptor is in a resting, nonconducting state (closed) (Figure
3b). Upon agonist interaction, LBD changes its conformation from an open clamshell to closed
clamshell conformation. This cleft closure involves a change in 2-fold symmetry that triggers ion
channel opening at the TMD(Twomey and Sobolevsky, 2018). Depending on subunit occupancy,
and so agonist concentration, this conformational change that give rise to a pre-active state can
be followed by a fully open conducting state or an active but not conducting state (desensitized).
This subunit occupancy and difference of conductance states can be observed in single-channel
currents where agonist type and concentration induce multiple pore opening conductance
levels(Robert and Howe, 2003; Reiner and Isacoff, 2014).

The mechanisms that describe receptor gating by agonist binding depends on the LBD subunits
available. In general, upon agonist binding, there is a conformational change in the LBD that
closes the clamshell structure preventing agonist dissociation. Subsequently, another
conformational change in the ion channel activates the receptor(Zhao et al., 2019). Structural
differences also may explain differential activation kinetics.

The diversity in gating kinetics of each receptor subtype defines the time course of synaptic
currents and their implication in synaptic physiology and plasticity. The fastest activation and
deactivation rates with strong desensitization are characteristics of AMPARs, evoking a single
excitatory postsynaptic current in the rage of millisecond time scale. After, kainate receptors
have relatively fast gating kinetics and strong desensitization. In the last position, NMDARs show
much slower gating kinetics (ms), deactivation (s), with weak or no desensitization(Traynelis et
al., 2010).

On the other side, inhibition of ion pore opening is achieved when antagonists interact with the
LBD. Most commonly used AMPA and Kainate antagonists are quinoxalinediones. Among them,
NBQX seems to be more selective for AMPA receptors. Surprisingly, the presence of TARPs
converts CNQX and DNQX, but not NBQX, from antagonist to weak partial agonists because both
CNQX and DNQX induce partial domain closure in these conditions. In the case of NMDARs the
most used competitive antagonist is AP5 and its analogs. AP5 interacts with GIuN2 subunit and
has been widely used to distinguish NMDAR activity from AMPA and kainate receptor
activity(Traynelis et al., 2010).

Additionally, allosteric modulators that modify desensitization kinetics interact in a binding site
within the dimer interface between the ligand binding domains. For example, cyclothiazide (CTZ)
has two binding sites to slow the onset of desensitization and indirectly slow the channel closure
rate by increasing agonist potency (PDB 5WEQ)(Twomey et al., 2017). More precisely, CTZ
attenuates desensitization by stabilizing the dimer assembly. The effect of CTZ on AMPARs is
reversible, instead, Concanavalin A (Con A) irreversibly potentiates agonist-evoked currents
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specifically for kainate receptors by keeping the activated channel in the open state(Partin et
al., 1993). However, Con A does not alter synaptic kainate receptor currents and only weakly
potentiates whole-cell currents from cultured hippocampal neurons.

Below the LBD and anchored into the membrane there is the TMD, which is arranged in a 4-fold
axis symmetry of subunits to form an ion channel. Each subunit has 4 transmembrane helices
(M1-M4). M2 loop lines the inner cavity of the pore and contain the editing QRN site. M3 lines
the outer cavity and M1 is exterior to M2 and M3. M4 is associated with ion channel core of an
adjacent subunit.

The TMD is the one responsible for ion pore formation. Residues in the lining pore determine
ion permeability and conductance. Specifically, QRN site of the re-entrant M2 loop is a key
determinant of single channel conductance, Ca** permeability, channel block by polyamines,
Mg?* sensitivity, channel block by organic compounds, and assembly into heteromeric
complexes(Traynelis et al., 2010).

The current carried through most glutamate receptor channels is a mixture of monovalent
cations (K* and Na*) plus Ca%. The flux of Ca%* through NMDA and Ca?* permeable AMPARs
channels is a key factor contributing to various forms of synaptic plasticity, gene regulation,
neuropathology and fast transmitter release. Importantly though, NMDARs are 3 to 4 times
more permeable to Ca* than calcium permeable AMPA or kainate receptors.

And finally, intracellular CTD is the most variable domain of glutamate receptors about sequence
and length. Its basic function is regulatory. By docking motifs with intracellular proteins and
phosphorylation sites, it modifies membrane trafficking, stabilization, post-transcriptional
modifications and targeting for degradation. It can also interact directly with signaling proteins
such as PKC, CamKIl, and adaptor or scaffolding proteins(Henley, 2003; Traynelis et al., 2010).
These interactions allow local signaling with spatial and temporal specificity to receptor
regulation. Post-translational modifications of glutamate receptors such as phosphorylation,
glycosylation, palmitoylation and SUMOylation can regulate trafficking, surface expression,
endocytosis, receptor-protein interactions, and so synaptic plasticity(Choquet and Triller, 2013).

lonotropic glutamate receptors

NMDA receptors

N-methyl-D-aspartate (NMDA) receptors are ionotropic glutamate receptors that respond
specifically to N-methyl-D-aspartate. They form heteromers of combinations of subunits NR1
(with eight different splicing isoforms), NR2A-D, and NR3A-B. Early in development NR2B, NR2D,
and NR3A are abundant and during maturation they are substituted by NR2A and NR2C. This
subunit predominance is also region and neuron specific. Functional NMDARs always contain
NR1 combined with one or two subunits of NR2 or NR3, and different variant combinations
affect functional characteristics of the receptor like kinetics, conductance, Ca?* permeability, and
Mg2* and Zn?* sensitivity.

NMDA receptors are slightly different from the other ionotropic glutamate receptors: 1) its
channel has high conductance, being permeable to Na*, K* and Ca?*; 2) glycine interaction at
GluN1 or GIuN3 subunit is needed as a cofactor to activate the channel; 3) its opening depends
on membrane voltage and ligand binding (glutamate at GIuN2 subunit). When cell membrane is
at resting potential (-65 mV), extracellular Mg? binds strongly to NMDARs blocking its pore.
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Almost all central synapses contain NMDA and AMPA receptors to form the functional synaptic
unit. In that way, presynaptic release of glutamate coactivates both NMDA and AMPA receptors.
But glutamate by itself cannot activate NMDARs. When the membrane is depolarized by fast
AMPAR-mediated response, Mg?* is displaced and other cations can flow through the channel.
Compared to AMPA receptors, the excitatory postsynaptic potential that NMDARs evoke is slow
in rise and decay. The activation of NMDARs induces the entry of Ca%*, which can activate
intracellular Ca?* dependent processes. Downstream signaling pathways such as CaMKII, PKC,
and PKA are thought to be involved in induction of long-term potentiation (LTP). These long-
lasting modifications depend on synaptic activity and are important for processes like memory
and learning(Gereau and Swanson, 2008).

The subsequent increase in intracellular Ca®* triggers a long-lasting change in AMPA receptor-
mediated synaptic transmission. The study of AMPA and NMDA receptor currents in synaptic
plasticity in silent synapses (synapses that contain functional NMDARs but lack functional
AMPARs) give rise to a model of synaptic plasticity where upon LTP-induction, NMDA activation
and subsequent Ca?* entry trigger the insertion of AMPARs into the postsynaptic
density(Choquet and Triller, 2013). A mis-regulation in Ca** entry can induce an excitotoxic effect
in the neuron due to an activation of calcium dependent signaling cascades and enzymes that
produce toxic free radicals.

AMPA receptors

Early in the development, most of the synapses contains mostly NMDARs. In the synaptotopic
model of dendrite growth, it is described that initial contact of the branches are done by
adhesive mechanism. As synapses mature, the content of iGluRs changes and active synapses
receiving sufficient afferent glutamatergic inputs mobilize AMPARs, induce activation of
intracellular calcium signaling pathways and cytoskeleton stabilization (Haas, Li and Cline, 2006).

AMPARs stands for a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors, which are
ionotropic glutamate receptors specifically activated by this agonist. AMPARs mediate the vast
majority of fast excitatory glutamatergic transmission. AMPAR family are formed by 4 different
subunits, GluA1-A4, whose expression is developmentally regulated, region and cell-type
specific, and activity-dependent. Within the adult forebrain principal neurons, including
hippocampus and cortex, the predominant subtype comprises GIuAl and GIuA2 with a
secondary minor role of GluA2/3, usually forming heteromers. Their expression is also extended
over the animal kingdom in organisms as rodents, honeybees, nematode worms, and humans.
They are essential for brain correct function and are also involved in the expression of long-term
and short-term synaptic plasticity, related to memory and learning, development and certain
neurologic diseases, such as Alzheimer or stroke(Gereau and Swanson, 2008).

The kinetics and amplitude of the excitatory synaptic response are determined by the
biophysical properties of the receptor subunit combination and the density of receptor
expression, convolved with the time course of glutamate release and uptake. AMPARs have a
relatively small single-channel conductance and fast kinetics, and they rapidly inactivate and
desensitize in the presence of agonist. The affinity for glutamate is relatively low compared to
NMDARs (ECso =0.5 mM)(Traynelis et al., 2010). The mean single-channel conductance is also
proportional to the concentration of the agonist(Robert and Howe, 2003). Each subunit is
thought to bind its ligand independently, and as more agonist molecules are bound to the
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receptor complex, the predominant subconductance state increases(Gereau and Swanson,
2008; Twomey et al., 2017).

One particularity of AMPARs is their Ca?* permeability, as previously denoted important for
synapse maturation and circuit development. Calcium permeability is controlled by QRN editing
site. GIuA2 subunits contain a specific 10-nucleotides at the intron sequence before the exon
encoding the QRN editing site which control the change from GIn to Arg at the tip of the
reentrant pore loop. GIuA2 containing channels are impermeable to Ca?* and have a linear
current-voltage relationship, whereas those lacking GIuA2 subunit are permeable to Ca?* and
show inward rectification due to a voltage-dependent block by endogenous polyamines. This
change affects also trafficking and favor heteromeric assembly. Additionally, alternative splicing
of the AMPA receptor subunits generates two isoforms of the LBD termed flip and flop, which
control desensitization and deactivation as well as sensitivity to allosteric modulators(Traynelis
etal., 2010).

Regarding their role in synaptic plasticity, two main factors are important: AMPA receptor
expression, which is a dynamic and highly regulated process; and membrane distribution, which
is highly regulated by postsynaptic proteins such as PSD-95(Choquet and Triller, 2013). Rapid
lateral movement of AMPARs in the membrane of neurons from extrasynaptic sites to synaptic
sites has an important role for regulation of diffusion within the plasma membrane for example
upon induction of LTP processes(Bosch et al., 2014).

Kainate receptors

Unlike AMPA and NMDA receptors, kainate receptors can play a role at both pre- and
postsynaptic sites. At presynaptic locations KARs might regulate transmitter release at excitatory
and inhibitory synapses. At the postsynaptic site, they collaborate with AMPARs and NMDARs
in the synaptic response. In addition to their role as ionotropic receptors, kainate receptors also
signal via G-protein coupled second-messenger cascades to downstream effectors, with a main
implication in the control of transmitter release(Petrovic et al., 2017).

The study of KARs has been hampered by the lack of specific agonists and antagonists that do
not interact with AMPARs and well performing antibodies. KARs show strong developmental
and regional regulation. Looking at subunit specific expression it is described that GIluK1 is
expressed in hippocampal and cortical interneurons, dorsal root ganglion neurons, Purkinje cells
and sensory neurons; GluK2 is mostly expressed by principal cells like pyramidal and granular
cells of hippocampus, cerebellar granular cells, and cortical pyramidal cells; GIuK3 is expressed
in the neocortex and dentate gyrus in the hippocampus; GluK4 is present in CA3 pyramidal
neurons, dentate gyrus, neocortex and Purkinje cells; and GIuK5 is widely expressed in the brain.
The best-studied site of kainate receptor-mediated synaptic transmission is at the mossy fiber-
CA3 pyramidal cell synapse. There, heterotetramers formed by Gluk2 and GIuK5 are found
postsynaptically, whereas receptors formed from combinations of GluK1 to Gluk3 are located
presynaptically. At mossy fiber, kainate receptors act in a concerted manner to amplify synaptic
integration and frequency-dependent spike transmission. Another example of target-specific
localization of glutamate receptors is the absence of k