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Figure 10-4 Different classes of glutamate receptors regu-
late excitatory synaptic actions in neurons in the spinal
cord and brain.

A. Three classes of ionotropic glutamate receptors directly
gate ion channels permeable to cations. The AMPA and kain-
ate type of receptors bind the glutamate agonists AMPA or
kainate, respectively. These receptors contain a channel that

is permeable to Na* and K*. The NMDA receptor, which binds
the glutamate agonist NMDA, contains a channel permeable
to Ca®, K*, and Na*. It has binding sites for glutamate, glycine,
Zn*, phencyclidine (PCP or angel dust), MK801 (an experimen-
tal drug), and Mg*, each of which regulates the functioning of
the channel differently.

NMDA glutamate receptors are calcium-permeable

However, AMPA-kainate glutamate receptors may also be
calcium permeable, depending on the molecular structure...



Domain
organization of
glutamate
receptors

A NMDAR computational complex

Scaffolding

Scaffolding

Amino-
terminal
domain

Glutamate
antagonist

Ligand-
binding
domain

Transmembrane
domain

Figure 10-8 Structure of an ionotropic glutamate receptor.

A. Schematic organization of the ionotropic glutamate receptors.
The receptors contain a large extracellular amino terminus, fol-
lowed by a transmembrane domain containing three membrane-
spanning o-helixes (M1, M3, and M4) and a loop that dips into
the cytoplasmic side of the membrane (M2). The ligand-binding
domain is formed by the extracellular region of the receptor on
the amino-terminal side of the M1 segment and by the extracel-
lular loop connecting M3 and M4. These two regions intertwine
to form a clamshell structure that binds glutamate and vari-

ous pharmacological agonists and competitive antagonists. A
second clamshell structure is formed at the extreme amino ter
minus of the receptor. This amino-terminal domain is thought to
modulate receptor function and synapse development. It does
not bind glutamate in the ionotropic receptors. (Reproduced,
with permission, from Armstrong et al. 1998.)

B. Three-dimensional X-ray crystal structure of an AMPA recep-
tor composed solely of GluA2 subunits. A side view of the
structure of a single GIuA2 subunit showing the amino-terminal
domain, ligand-binding domain, and transmembrane domain.
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The M1, M3, and M4 transmembrane a-helixes are indicated,
as is the short o-helix in the M2 loop. A molecule of a competi-
tive antagonist of glutamate bound to the ligand-binding domain
is shown in a space-filling representation. The cytoplasmic loops
connecting the membrane o-helixes were not resolved in the
structure and have been drawn as dashed lines. (Reproduced,
with permission, from Sobolevsky, Rosconi and Gouaux, 2009.)

C. A side view of the structure of the tetrameric receptor.

The four GIuA2 subunits associate through the extracellular
domains as a pair of dimers (two-fold symmetry). In the amino-
terminal domain, one dimer is formed by the blue and yellow
subunits, and the other dimer is formed by the red and green
subunits. In the ligand-binding domain, the subunits change
partners. In one dimer the blue subunit associates with the red
subunit, whereas in the other dimer the yellow subunit associ-
ates with the green subunit. In the transmembrane region

the subunits associate as a four-fold symmetric tetramer. This
is a highly unusual subunit arrangement whose significance

is not fully understood. (Reproduced, with permission, from
Sobolevsky, Rosconi and Gouaux, 2009.)

Cellular integrators Effectors

The amino-terminal domain (ATD) and ligand-binding
domain (LBD) can be separately expressed as soluble proteins

Emmanuel Bourinet -
and crystallized

Physiol Rev 94: 81-140, 2014



AMPARs are Ca**-permeable?
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The glutamine residue (Q) present
in the M2 segment (transmembrane
loop) of AMPAR subunits confers
Ca*+-permeability.

However, in the GIuA2 subunit,
usually Q is substituted with R

(arginine) by RNA editing, making
the channel unpermeable to Ca*".

GIluA2 subunits are present in most
AMPAR assemblies, therefore
AMPARs are mostly unpermeable
to Ca**
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Figure 10-9 Determinants of Ca** permeability of the AMPA
receptor.

A. Comparison of amino acid sequences in the M2 region of
the AMPA receptorchannel coded by unedited and edited tran-
scripts of the GIuA2 gene. The unedited transcript codes for the
polar residue glutamine (Q, using the single-letter amino acid
notation), whereas the edited transcript codes for the positively
charged residue arginine (R). In the adult the GIuA2 protein
exists almost exclusively in the edited form.

B. AMPA receptorchannels expressed from unedited tran-
scripts conduct Ca®* (left traces), whereas those expressed
from edited transcripts do not (right traces). The top and bottom
traces show currents elicited by glutamate with either extracel-
lular Na* (top traces) or Ca** (bottom traces) as the predominant
permeant cation. (Reproduced, with permission, from Sakmann
1992.)
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Excitatory postsynaptic potentials at glutamatergic synapses are characterized by two

components: a fast one (AMPA-R) and a slower one (NMDA-R)

Full EPSC

NMDA component

AMPA component

10 msec

Excitatory postsynaptic currents (EPSCs) of
hippocampal neurons are comprised of both
AMPA- and NMDA-receptor components.
Treatment with the NMDA receptor blocker D-2-
amino-5-phosphonopentanoic acid (D-AP5) or
the AMPA receptor antagonist 6-nitro 7-
sulfamobenzol[f] quinoxaline-2,3-dione (NBQX)
reveals the other component in isolation, as
shown. The EPSC is composed of a brief AMPA
receptor component and a more prolonged
NMDA component.
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NMDA r'ecep‘l'or' NMDA receptors

contain binding sites for glutamate ahd the co-activator glycine, as well as an
Mg®'-binding sitc in the pore of tlu channel. At hyperpolarized potentials,
the electrical driving force on Mg*' drives this ion into the pore of the recep-
tor and blocks it. (B) Current flmv across NMDA receptors at a range of




NMDA receptor activation is both ligand- and voltage-dependent
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Silent Synapses
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Receptor trafficking and synaptic plasticity
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Figure 2. Dynamic AMPAR Trafficking
during Synaptic Plasticity

AMPARSs are now known to rapidly traffic between
membrane compartments and to be highly mobile
within the plasma membrane. Receptors rapidly
move laterally in the extrasynaptic plasma mem-
brane and can enter and exit synapses where they
interact with scaffold proteins within the PSD to
immobilize them and concentrate them at the
synaptic plasma membrane. The receptors can be
endocytosed and then move through endosomal
compartments to be sorted for degradation or for
recycling back to the plasma membrane. This
trafficking is highly regulated during LTP and LTD
resulting in increases or decreases in the steady
state level of receptors at the synapse. During
LTP, receptors from nonsynaptic pools, either
from the dendiritic shaft plasma membrane or from
intracellular pools, are recruited to synapses to
potentiate synaptic transmission. In contrast,
during LTD, receptors diffuse from the synapse
and are then endocytosed and degraded resulting
in decreases in synaptic strength.

Richard L. Huganir'-* and Roger A. Nicoll*

Meuron 80, October 30, 2013



Neurotransmitter receptor reservoirs at postsynaptic sites

Table 1. Characteristics of Postsynaptic Neurotransmitter Receptor Reserve Pools

Endocytic Recycling Pool ~ Plasma Membrane Pool

Subcellular localization  Intracellular (organelles, Extrasynaptic
vesicles) (cell surface)
Neuronal activity Yes Yes
dependent
Required for LTP Yes Yes
Receptor mobility Active (motor protein Passive (lateral
dependent) diffusion)
ATP dependent Yes No
Driver MyoVb
Immobilized Mobile Mobile &
Synaptic g MyoVI
£ .
§ Dynein
Exrasynaptic o KIF1C, KIF3, KIF13A,
. KIF16B
g Diffusion control Radixin
= Cholesterol
Vesicular
ECM proteins
NARP
TARP Y-8
Velocity of receptor 0.1-0.2 um/s 0.1-0.5 um?/s
supply
Synaptic versus 12% synaptic 10% synaptic
reserve pool receptors  88% intracellular 90% extrasynaptic
Receptors supplied 10-30% 70-90%
during LTP

Trends in Neurmosciences, March 2016, Vol. 38, No. 3 hitp//d=.doi.org/10.101 6/} .tins2016.01.002
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Figure 67-9 A model for the molecular mechanisms of
early and late phases of long-term potentiation. A single
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Fig. 1. Excitotoxicity, glutamate receptors, and multiple messenger systems. Glutamate is capable of activating multiple receptor systems. A crucial
component of excitotoxicity is mediated through the NMDA receptor, which allows high levels of calcium entry. Such calcium selectively activates a
variety of downstream events, many of which are toxic to the cell when excessive levels of activation are reached. Modified from Lynch and Dawson
(1994) with permission (Lippincott-Williams and Wilkins).

Lynch & Guttmann, 2002




Glutamate-dependent
neuronal survival and
death

Distinct subpopulations of the NMDA receptor
(NMDAR) mediate neuronal death and survival.

(a) Under normal conditions, synaptic activity
maintains neuronal survival via activation of the
synaptic NMDAR. This pro-survival effect is
dependent on the calcium influx through the

receptors.

(b) During cerebral ischemia, excessive release of
glutamate into the synapses and extrasynaptic
sites causes global stimulation of NMDAR at
both locations. The C-terminal domain of the

GIuN2B subunit acts as a major hub for

recruiting death-signaling proteins, which in
turn is activated by calcium influx through the

receptors to induce neuronal death.

T.W. Lai et al./ Progress in Neurobiology 115 (2014) 157-188
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Neuronal survival via CREB and BDNF

Synaptic activity mediates prolonged neuronal survival via a positive feedback loop between
CREB and BDNF. Synaptic activity promotes neuronal survival in part by NMDA receptor
(NMDAR)-mediated phosphorylative activation of cyclic AMP response element (CRE)
binding protein (CREB). The phosphorylated CREB binds to the CREB-binding protein
(CBP) to regulate the transcription of CRE-responsive genes.
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Excitotoxicity recruits death-associated protein kinase 1 (DAPK1) to the

cytoplasmic tail of the GIuN2B subunit.

During cerebral ischemia, influx of calcium ion through the NMDA receptor (NMDAR)
induces calcineurin-mediated dephosphorylation and activation of DAPK1 at serine-
308. The activated DAPK1 binds to the C-terminal domain of the GIuN2B subunit of
NMDAR, and augments the activity of the receptor to promote excitotoxicity. In
addition, DAPK1 can be phosphorylated by extracellular signalregulated kinase (ERK)
at serine-735, and this phosphorylation induces neuronal death directly by augmenting
DAPK1 activity and by hindering the survival-promoting activity of ERK.
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The glutamatergic postsynaptic
density (PSD)

" P Dendrite What is the PSD?
f \. "1. A dense area on tip of spine head, occupying only 10-15%

S Spine of total spine surface area.
e neck A membrane disk localizing glutamate receptors, protein
g, kinases, and other signaling molecules associated with
| plasticity of synapses.
= $= Spine - PSD-95 is the most abundant protein.
: \ ’ head
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The molecular postsynaptic composition at
at central glutamatergic synapses

A Purified postsynaptic densities B Distribution of receptors Figure 10-10 The postsynaptic cell membrane is organized
T o into a macromolecular complex at excitatory synapses.

Proteins containing PDZ domains help organize the distribution
of AMPA and NDMA receptors of the postsynaptic membrane
at the postsynaptic density. (Reproduced, with permission,
from Sheng and Hoogenrad 2007. Micrographs originally
provided by Thomas S. Reese and Xiaobing Chen, National
Institutes of Health, USA.)

A. Electron microscope images of biochemically purified post-
synaptic densities, showing organization of protein network.
The membrane lipid bilayer is no longer present. Left: View of
postsynaptic density from what would normally be the outside
of the cell. This image consists of the extracellular domains

of various receptors and membrane proteins. Right: View

of a postsynaptic density from what would normally be the
cytoplasmic side of the membrane. White dots show immuno-
labeled guanylate kinase anchoring protein, an important
component of the PSD.

B. Schematic view of localization and typical number of NMDA
receptors, AMPA receptors, and PSD-95, a prominent postsyn-
aptic density protein, at a synapse.
C. Schematic view of the network of receptors and their
C Molecular organization of synapse at dendritic spine interacting proteins in the postsynaptic density. PSD-95
contains three PDZ domains at its amino terminus and two
other protein interacting motifs at its carboxyl terminus, an
SH3 domain and guanylate kinase (GK) domain. Certain PDZ
domains of PSD-95 bind to the carboxyl terminus of the GIuN2
subunit of the NMDA receptor. PSD-95 does not directly inter-
act with AMPA receptors but binds to the carboxyl terminus
of the TARP family of membrane proteins, which interact with
M : the AMPA receptors as auxiliary subunits. PSD-95 also acts
etabotropic 2 % : G
glutamate as a scaffold for various cytoplasmic proteins by binding to the
receptor guanylate-kinase-associated protein (GKAP), which interacts
with Shank, a large protein that associates into a meshwork
linking the various components of the postsynaptic density.
PSD-95 also interacts with the cytoplasmic region of neuroligin.
The metabotropic glutamate receptor is localized on the
periphery of the synapse. It interacts with the protein Homer,
which in turn binds to Shank.
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® NMDA receptors
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Scaffold molecules in PSD
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Scaffold proteins are abundant components of the PSD and have been shown to have
crucial roles including trafficking, anchoring and clustering of glutamate receptors; linking
glutamate receptors with their downstream signalling proteins; organizing multiple
components into large signalling complexes; and interfacing with and regulating the

dynamics of cytoskeletal structures
Feng et al, 2009



The latest view:
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The recent advances in high-resolution EM tomography coupled with specific antibody labelling have shown the
anatomical structures of PSDs directly: the first layer of a PSD mainly contains membrane receptors, ion channels
and transmembrane cell-adhesion molecules, with NMDA receptors at the centre and AMPA receptors at the
periphery; the second layer is enriched with scaffold proteins (MAGuUK proteins, in particular PSD95), which are
closely coupled to the membrane receptors and ion channels and are arranged perpendicular to the PSD membrane
with their amino-terminal lipids attached to it; the third layer is comprised of Shank and guanylate kinase-associated
protein (GKAP)-family proteins, which are linked to the carboxy-terminal Src homology 3—guanylate kinase-like
(SH3-GK) domains of the MAGuUK proteins and are arranged in parallel to the PSD membrane. The proteins in this
third layer are further connected to the actin cytoskeleton. All of these membrane receptors and scaffold proteins form
a weblike protein network to which other cytoplasmic PSD proteins and enzymes can bind.




