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ABSTRACT

Sigma-1 receptors (c-1Rs) are chaperone-like proteins that are broadly distributed
throughout the central nervous system and in other tissues. They have been implicated in
several physiological and pathological processes, primarily by their ability to modulate
certain voltage- and ligand-gated ion channels. Growing evidence suggests that c-1RS
regulate the functions of ion channels, such as voltage-gated K* 1.2 (Kv 1.2) and the human
Ether-a-go-go-Related Gene (hERG) ion channels, by modulating their expression,
trafficking, and targeting.

While it is well documented that 6-1Rs enhance the function of N-methyl-D-aspartate
receptors (NMDARs), the mechanisms of this enhancement remain poorly understood.
Using biochemical methods, we show that 90 minutes after intraperitoneal (i.p.) injection of
o-1R agonists such as (+)-SKF 10,047 (SKF) or (+)-Pentazocine (PTZ) (2 mg/kg), there is
an increase in the expression of GIuN2 subunits of NMDARs and postsynaptic density
protein-95 (PSD-95) in the rat hippocampus. Following activation of o-1RS, co-
immunoprecipitation (Co-IP) experiments reveal an increased interaction between ¢-1Rs and
NMDAR subunits; sucrose gradient centrifugation demonstrates an increase in the protein
levels of GIuN2 subunits in vesicular compartment; and biotinylation shows an increase in
the surface levels of GIuN2A-containing NMDARs.

Taken together, our results suggest o-1Rs may enhance NMDARs function by
increasing their expression, trafficking, and surface levels. This c-1R-mediated increase in
NMDAR expression and surface levels might be involved in several physiological processes
such as learning and memory. Our findings also suggest that 6-1Rs could form a potential

target for designing novel antipsychotics.
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INTRODUCTION



1. SIGMA-1 RECEPTORS (6-1R5)

Sigma receptors (c-Rs) were originally proposed in 1976 by Martin et al. based on
the psychotomimetic actions of the drug (x)-SKF-10,047 (SKF) in morphine-dependent and
non-dependent chronic spinal dogs (109). The name “sigma” (o) was derived from the first
letter “S” of SKF, a prototypic ligand for these receptors. 6-Rs were formerly thought to be a
subtype of opioid receptors due to the complex pharmacology of the (-)-isomer of SKF as it
binds to p and « opioid receptors (186). However, 6-Rs were subsequently found to exhibit
enantioselectivity for the (+)-isomers and their actions were resistant to naloxone, an
antagonist of opioid receptors (195). The o-Rs were henceforth classified as a unique, non-
opioid family of receptors (190).

Autoradiographic, electrophysiological, and behavioral studies using either [*H]-
labeled or non-labeled different 6-R ligands have revealed subtypes of 6-Rs (15, 20, 75,
100). Two subtypes have been proposed, o-1 and o©-2 receptors (o-1R and o-2R,
respectively) (161). These subtypes differ primarily in their drug selectivity, tissue
distribution, molecular weights, and functions (52, 210).

o-1Rs are the main focus of this thesis, being well-known and the only subtype of -
Rs that have been sequenced and cloned from a number of species (including mouse, rat,
guinea pig, and human) (56, 84, 127, 149, 157, 177, 179). Further, growing evidence from
cellular and preclinical studies indicate that c-1Rs are involved in a variety of neuronal
disorders such as schizophrenia, amnesia, depression, and stroke (119).

11 Molecular biology of 6-1Rs
Initial characterization of the 6-1R gene was performed via a two-step process: First,

membranes were treated with [*H]-labeled selective o-1R agonists to allow a partial 6-1R



amino acid sequence to be determined from the extracted protein; then, the corresponding
cDNA sequence was cloned using reverse transcriptase PCR.

As summarized in Table I, the 6-1R gene locus in humans, mice, and rats is on
chromosome 9, 4, and 5, respectively. In humans and mice, the 6-1R gene length is ~ 7 kbp
and contains four exons and three introns. The coding region of the 6-1R gene is flanked by
5’- and 3’- noncoding regions of varying lengths of base pairs (56, 84, 127, 149, 157, 177,
179). Of particular note, the nucleotide sequence upstream of the c-1R gene lacks the
classical promoter element TATA box; however, three GC boxes are present within 100
nucleotides upstream of the 6-1R gene. Such GC boxes, in the absence of a TATA box, are
known to play a critical role in binding to various transcription factors, thus promoting
transcription of the gene (157).

Alternative splice variants and gene polymorphisms have been described for the o-
1R. Two mRNA splice variants have been described, one lacking exon 2 and the other
lacking exon 3 (48, 182, 218). c-1R gene polymorphisms have been implicated in certain
neuropsychiatric disorders, particularly schizophrenia, addiction, and alcoholism (72, 141,
194). Polymorphisms in the o-1R gene are also linked to certain neurodegenerative
disorders, such as amyotrophic lateral sclerosis and Alzheimer’s disease (3, 206); however,
due to conflicting reports, it remains to be clarified whether this is a causal association. For
example, the o-1R gene polymorphism exists at two regions (GC-241-240TT and GIn2Pro)
which were predicted to have connections with TT/Pro22 haplotype of schizophrenia (72),
but several other reports have demonstrated that there is no such association between c-1R

gene polymorphism and schizophrenia (142, 175, 205).



1.2 Structure, pharmacology, and endogenous ligands of 6-1R

o-1Rs are integral membrane proteins consisting of 223 amino acids with a molecular
mass of ~ 28 kDa (56, 84, 127, 177, 178). The amino acids of o-1R proteins across
mammalian species are 94% identical and 95% similar (127) (Fig 1 and Table II). 6-1Rs do
not show sequence homology with any of the known classical neurotransmitter or
neuropeptide receptors, but they share 30% sequence identity with a non-mammalian
protein, the fungal sterol C8-C7 isomerase (56). Hence, 6-1Rs were predicted to have a role
in sterol synthesis (131).

Like most cellular proteins, certain amino acid residues of ¢-1Rs undergo post-
translational modifications such as phosphorylation and myristolyation (84, 149, 157)
(Table I1). It remains unclear whether these modifications have any influence on the 6-1R
structure, ligand binding properties, and physiology.

Hydropathy analysis on the 6-1R protein sequence has predicted that o-1Rs could
have two different membrane topologies consisting of either one or two transmembrane
domains (56, 84, 127, 178). Studies performed by Aydar et al. and Hayashi et al. have
confirmed that ¢-1Rs consists of two transmembrane domains, one at the N-terminus (amino
acid position 11-29) and another one in the middle of the protein (amino acid position 91—
109) (9, 61) (Fig 2).

The ligand-binding domains of 6-1Rs have also been identified (188). Photoaffinity
labeling and site-directed mutagenesis on recombinantly purified ¢-1Rs have provided
evidence for the existence of at least three ligand-binding domains: steroid binding domain-
like I (SBDLI) (amino acids 91-109), steroid binding domain-like Il (SBDII) (amino acids

176-194), and N-terminal transmembrane domain (30, 146, 147, 168). Furthermore, the



region from the initial portion of the second transmembrane domain (STD) to the middle
portion of the 6-1R C-terminus is believed to be a part of the ligand-binding site (178).
Support for this assumption comes from studies using the -1R mRNA splice variant lacking
exon 3 (amino acids 119-149), where [*H]-PTZ did not bind to o-1R (48, 218). As well,
Yamamoto et al. have shown that the amino acid substitutions (S99A, T103P and di-
L105,106-di-A) in the STD of 6-1R is critical for ligand binding (218). Consequently, it
appears that the binding of ligands to o-1Rs requires two transmembrane domains and the
amino acids spanning between 119-149 and 176-194 (Fig 2). The crystal structure of 6-1Rs
in agonist bound conformational state would provide more concrete evidence regarding the
residues and domains involved in ligand binding.

o-1Rs has been extensively characterized in drug-binding studies (210). Several
classes of high affinity, chemically- and structurally-unrelated drugs bind to o-1Rs. These
drugs can be grouped into following categories: (a) psychotomimetic benzomorphans (e.g.,
SKF, PTZ); (b) psychostimulants (e.g., cocaine, amphetamine and their derivatives, N,N-
Dimethyltryptamine (DMT)); (c) arylcyclohexylamines (e.g., PCP); (d) N,N’-diaryl-
substituted guanidines (e.g., DTG); (e) neuroactive steroids (e.g., progesterone); (f)
neuroleptics (e.g., haloperidol, many new atypical antipsychotic agents); (g) peptides (e.g.,
neuropeptide Y); and (h) antidepressants (e.g., fluvoxamine) (32, 119, 210). Several studies
suggest steroids (e.g., progesterone) are the endogenous ligands of o-1Rs (187, 190). A
recent study has shown that the hallucinogen DMT also acts as endogenous ligand for 6-1RS
(46). However, the potential role of steroids and DMT acting as endogenous ligands for o-
1Rs is not yet clear since the concentration of these compounds in in vivo might not be high

enough to act in this way (24, 40, 176). This could be particularly true for DMT, which is



rapidly metabolized by the body (24, 40).
1.3 Distribution of 6-1Rs

o-1Rs are distributed throughout the brain, localized in brain regions such as those
involved in memory, emotion, sensory, and motor functions (52). They are also present
throughout the body, for example, in peripheral organs such as heart, liver (52). However,
the pattern of 5-1R distribution varies by region, from high to moderate levels. High levels
of o-1Rs are present in the pyramidal layers and dentate gyrus of the hippocampus, the
granular layer of the olfactory bulb, and the hypothalamic nuclei (4). Immunohistochemical
studies show that 6-1Rs are not only present in neurons but also in many other cell types,
e.g., oligodendrocytes (148) and retinal cells (81).

At the subcellular level, o-1Rs are localized mainly at the nuclear envelope,
endoplasmic reticulum (ER), mitochondria-associated ER membrane (MAM), and at low
levels at the post-synaptic thickenings of the neuron (4, 66). c-1Rs at the MAM target
clustered globular structures enriched with cholesterol and neutral lipids (60, 63), and o-1R
levels at the ER or MAM undergo dynamic changes depending on conditions such as agonist
treatment, Ca®* depletion, and ER stress (61).

1.4 Mechanisms of 6-1R action

The ubiquitous, yet specialized distribution of 6-1Rs in the brain indicate that 5-1Rs
execute their physiological actions via distinct mechanisms (188, 189).

1.4.1 Translocation

The physiological role(s) of 6-1Rs remains unclear. Su et al. have identified that o-
1Rs act as a ligand-operated chaperone at the MAM, i.e., they assist in the proper folding of

newly synthesized proteins (61). Under basal conditions at the MAM, o-1Rs are associated



with a chaperone called binding immunoglobulin protein (BiP) (61).

Upon activation of ¢-1Rs by agonists or endogenous ligands at concentrations ~
equal to, or less than, 10 times their K; value, o-1Rs dissociate from BiP. This dissociation
modulates the function of inositol triphosphate receptors (IP3Rs), which in turn affects the
Ca®" influx and signaling into the mitochondria (61).

On the other hand, if o-1R agonists or endogenous ligands are present in high
concentrations (~ > 10 times their K; value) or during ER stress, 6-1Rs dissociate from BiP
and translocate (mobility speed ~ 8-10 um/min (59, 83)) to the plasma membrane (92, 121,
134, 189). Recent investigations indicate that the translocating o-1Rs could act as a
trafficking scaffold and target several intracellular constituents (e.g., Kv1.4, Kv1.2 ion
channels, and PKC f isoforms) to the plasma membrane (92, 121, 134). Once translocated to
the plasma membrane, 6-1Rs can physically associate via protein-protein interaction with
different classes of ion channels (e.g., voltage-gated Ca®*, K*, Na*) and consequently
modulate their activities (9, 46, 93, 223). Interaction of o-1Rs with voltage-gated Ca®* and
K* channels causes either inhibition or enhancement of their activities, whereas o-1R
interaction with voltage-gated Na* channels results in the inhibition of sodium channel
activity (35, 93). Thus, it is proposed that 6-1Rs act as inter-organelle signaling modulators
serving locally at the MAM and remotely at the plasma membrane (188).

1.4.2 Alteration of mRNA or protein expression, lipid rafts, and cellular morphology

Ligand activation of o-1Rs also triggers: (a) alteration in the mRNA or
peptide/protein expression of several cellular constituents, especially ion channels (e.g.,
hERG ion channels, AMPARs, and NMDARs in various brain regions) (35, 53, 204); (b)

formation and reconstitution of lipid-rafts (60); (c) different types of intracellular signaling



cascades that preserve cellular morphology (83); and (d) stabilization and suppression of
proteins that are involved in apoptosis (65).

Various investigations have demonstrated that 6-1Rs are involved in the formation
and reconstitution of lipid rafts (60)—specialized membrane microdomains of the ER or
plasma membrane—although the exact relationship between them is unclear. Compared to
the other membrane structures, lipid rafts contain greater amounts of cholesterol and lipids
such as ganglioside and sphingomyelin. They subserve as signaling and trafficking platforms
for ion channels, receptors, and kinases (67). In the ER of NG108 and PC12 cells, c-1Rs are
found in cholesterol-enriched, detergent-insoluble and ganglioside-enriched lipid rafts where
the 0-1Rs compartmentalize ER-synthesized lipids (63, 193). In cultured hippocampal
neurons, o-1Rs are found in galactoceramide-enriched lipid rafts and promote
oligodendrocyte differentiation (64). When animals are subjected to stroke, followed by
recovery, o-1Rs alter the lipid-raft-based trafficking of cholesterol in astrocytes and
regenerating neurons (169).

The relationship between o-1Rs and the maintenance of cellular morphology is
indicated by studies showing that the overexpression of 6-1Rs or the activation of c-1Rs
with their ligands promote neurite sprouting, while knockdown of 6-1Rs causes deficiency
in neurite sprouting and dendritic branching, and loss of spines and synapses (192, 193,
203). The aberrant loss of neuronal morphologies observed under the deficiency of 6-1RS is
due to the accumulation of reactive oxygen species and activation of caspase-3. These
resultant changes consequently affect the machinery of neuronal dendritic sprouting and
branching (203).

o-1Rs also promote cell survival by stabilizing the anti-apoptotic protein, Bcl-2



(219), and by suppressing the expression and activation of pro-apoptotic proteins, Bcl-2-
associated X protein (Bax) and caspase-3 (198). The level at which 6-1Rs exert their effects
on these apoptotic proteins is currently unclear (i.e., the post-translational level or the gene
level (119)); however, recent investigations indicate regulation at the gene level (128, 225).

Through their unique mechanisms of action, 6-1Rs play an important role in different
physiological and pathological processes that occur in the brain. Important cognitive
functions, such as learning and memory, and pathological conditions, such as addiction,
amnesia, schizophrenia, depression, and Alzheimer’s disease, are modulated by 6-1Rs (65,
83, 93, 119). o-1Rs exert their modulatory role in learning and memory, and in disease
conditions such as schizophrenia and depression, mainly by enhancing the function of
NMDARs. However, the mechanism through which 6-1Rs potentiate the NMDARs function
remains enigmatic (Section 3).

A substantial amount of evidence suggests that dysfunction of NMDARs leads to
several neurodegenerative and neuropsychiatric disorders (e.g., Alzheimer’s disease,
amnesia, depression, and schizophrenia) (97). Consequently, gaining a better knowledge of
the 5-1R modulation of NMDAR function is crucial and provides the prospect for designing
therapeutic strategies against such debilitating disorders. Therefore, in the following section,
we focus on NMDARs.

2. NMDARs

NMDARs are glutamate-gated cation channels that permit the flow of Ca** and Na*
ions, and are hetero-tetramers of subunits GIuN1, GIuN2 and or GIuN3 (Fig 2) (151). A
functional NMDAR ion channel complex requires an assembly of two obligatory GIuN1

subunits together with either two GIuN2 subunits or a combination of GIuN2 and GIuN3



subunits. Isoforms of the NMDAR subunits generate a large repertoire of NMDAR subunit
combinations, giving rise to several functionally distinct NMDARs (145, 151). The GIuN2
family includes four members (GIuN2A through GIuN2D) encoded by four different genes,
while the GIuN3 family includes two members (GIUN3A and B) encoded by two separate
genes (145, 151). Only one gene encodes the GIuN1 subunit, but alternative mRNA splicing
occurs at three regions of the gene, leading to eight possible isoforms for GIuN1 (69, 151).
Of all the NMDAR subtypes, those containing GIuUN2A and GIuN2B subunits have received
the most attention due to their distinctive spatiotemporal distribution and
electrophysiological, molecular biology, and biochemical profiles (151).

2.1  GluN2A- and GIuN2B-containing NMDARs distribution and electrophysiology

The GIuN2A- and GluN2B-containing NMDARSs are ubiquitously expressed in the
brain. At the subcellular level, these NMDARSs are distributed at synaptic, perisynaptic, and
extra-synaptic sites of the post-synaptic neurons. The current hypothesis is that, in adults,
GIluN2A-containing NMDARSs are present predominantly at synaptic sites, while GIuN2B-
containing NMDARSs are at extra-synaptic sites (57).

Both GIuN2A- and GIuN2B-containing NMDARS carry large Ca?* conductances and
show high sensitivity to Mg®* block (201). Of the two, GIuN2A-containing NMDARS
display currents with faster rising and decaying kinetics (217). At the single channel level,
GIluN2A-containing NMDARSs exhibit higher open probability and faster deactivation time
courses. Conversely, GluN2B-containing NMDARs at macroscopic and single channel level
display slower kinetics, lower open probability, and slower deactivation time courses (217).
However, many of these channel properties can vary according to the isoform of the GIuN1

subunit in the NMDAR complex (201).
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2.2 Molecular biology and biochemistry of GIuN2A- and GIluN2B-containing
NMDARs

The NMDAR subunits' genes contain multiple transcription start sites with TATA
and CAAT boxless promoter regions enriched with the GC content. The 5’-UTR region of
NMDAR genes vary between 200 to over 1200 base pairs and contain several sites for
binding promoters and transcription factors, such as NFxB, CREB, and REST, which
regulate the transcription of NMDAR genes (201, 209).

NMDAR gene translation acts as one of the regulatory steps in determining NMDAR
protein expression (201, 209). One study indicates that two pools of GIuUN1 mRNA with
different translational rates exist, but whether the translation rate is determined by 5’-UTR or
3’-UTR of mRNA remains unexplored (8).

The expression of GIUN2A and GIuN2B subunits depends on the translation of their
mRNA, especially GluN2A. The deletion or mutation of few base pairs in the 5’-UTR region
of GIuN2A subunit mRNA controls the level of its protein expression (29, 215).

While the pattern of NMDAR subunits gene expression appears to be relatively
stable, the precise molecular mechanisms and components involved in several steps of the
process are less well understood. This is probably because NMDAR gene expression at a
given spatial and temporal scale is highly dependent on a wide range of factors, such as cell
or tissue type, pharmacological manipulations (i.e., acute or chronic treatment with clinically
relevant or non-clinical drugs), and pathological conditions (201, 209).

What is understood is that following transcription and translation, GIuN2A- and
GIluN2B-containing NMDARs undergo several post-translational modifications such as

glycosylation, nitrosylation, ubiquitination, phosphorylation, and palmitoylation (201). They
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also interact with several intracellular proteins at their respective C-terminus tails. The
GIuN2A- and GIuN2B-subunit C-terminus tail interacts with diverse classes of intracellular
proteins: cytoskeletal, CaMKII, endocytosis machinery, PDZ-domain-containing family of
proteins, PSD-95 family ((Fig 2) PSD-95 (91, 138), PSD-93 (22), SAP97 (85) and SAP102
(136)) and many others (201).

Alterations such as post-translational modifications and protein-protein interactions
occurring to NMDAR subunits influence the trafficking and targeting of NMDARs to
synaptic or extrasynaptic sites of the neuron (214). In particular, NMDAR phosphorylation
and interaction with the PSD-95 family of proteins have distinct roles in tailoring the
trafficking and targeting (surface expression), as well as removal of GIuUN2A- and GIuN2B-
containing NMDARs from the plasma membrane (214).

2.3 Mechanisms of GIuN2A- and GIluN2B-containing NMDARs trafficking and
targeting

NMDARs are trafficked from the ER via Golgi apparatus to the plasma membrane in
different kinds of vesicles (i.e., those containing large protein complexes of NMDARs, PSD-
95 family of proteins, and several other proteins) (160).

The association between GIuN2B-containing NMDARs, SAP102, SAP97, CASK,
Sec8, and mPins in the ER drives these receptors to Golgi outposts (79, 172). Along the
dendrites, the trafficking of GluN2B-containing NMDAR vesicles occurs in the form of a
large protein complex containing GIuN2B, KIF17, mLin-10, mLin-7/CASK, SAP97,
SAP102 and PSD-95 (51, 79, 173, 180, 183, 213, 221). Disruption of this large protein
complex results in reduced surface expression of GIuN2B-containing NMDARSs (172, 173).

The intracellular trafficking and sorting of GIuN2A-containing NMDARS is less well
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understood. However, it has been demonstrated that KIF17 plays an important role in the
incorporation of GIuN2A-containing NMDARSs at synapses (221). As well, the interaction
between GIuN2A-containing NMDARs and SAP97 drives the trafficking of GIuN2A-
containing NMDARs through Golgi outposts and ultimately results in insertion into the
plasma membrane (49, 112).

The plasma membrane insertion of GIuUN2A- or GluN2B-containing NMDARs can
occur either directly (exocytosis) or mixed with endosomes that contain recycled NMDARs
via involvement of myosin or actin filaments (5, 99). Disrupting the interaction between
GIluN2B-containing NMDARs and PSD-95 results in the removal of GluN2B-containing
NMDARs from synaptic sites (158, 164, 174) and also could interfere with the insertion of
the newly synthesized/recycled pool of these receptors (12, 153, 160, 172, 173). Thus, we
see that highly complex and coordinated mechanisms control the trafficking and targeting of
NMDARs, and they eventually influence the functions of NMDARSs.

24 Functions of NMDARs

The GIuN2A- and GluN2B-containing NMDARSs are highly permeable to Ca** ions.
As a result, they play an important role in several physiological processes occurring in the
brain. For example, they are involved in synaptogenesis and synaptic plasticity (which
brings long-lasting changes in synaptic efficacy, e.g., long-term potentiation (LTP)) (135,
200). Excessive activation of NMDARS (e.g., during ischemia) and subsequent Ca®* influx
into the postsynaptic neuron results in cell death (58, 103). Dysfunction of NMDARs leads
to several neurodegenerative and neuropsychiatric disorders, e.g., Alzheimer’s disease,
amnesia, depression, and schizophrenia (97, 151). As a result, neurons modulate the

functions of NMDARs via several extracellular (e.g., trans-synaptic) and intracellular

13



proteins (e.g., PSD-95 and ¢-1Rs) to tailor the NMDARSs role in numerous physiological and
pathological processes.
3. ¢-1R enhancement of NMDAR function

By employing electrophysiological techniques, various researchers have shown that
o-1R ligands enhance the frequency of NMDA-induced action potentials, the amplitude of
NMDAR-mediated field excitatory postsynaptic potentials (fEPSPs), and NMDAR-mediated
synaptic responses (excitatory postsynaptic currents (EPSCs) and potentials (EPSPs)) (27,
102, 108, 110, 133). Additionally, using behavioral models, Maurice’s group has provided a
large body of evidence that in vivo administration of several c-1R ligands improve the
behavior (learning and memory) of animals that are experiencing NMDAR-antagonism-
induced amnesia (Fig 3A) (113, 114, 118, 120).

Based on both the electrophysiological and behavioral studies, three important
observations can be summarized from the 6-1R enhancement of NMDAR function: (a) low
doses of ¢-1R agonists enhance NMDAR function (15, 114, 115), while high doses of 6-1R
agonists do not enhance NMDAR function (44, 45). (b) The o-1R action on NMDAR
function is observed only when NMDARs are activated and the subsequent Ca®* influx
through NMDAR channel occurs (110, 117). (c) Following the activation of c-1Rs, the
facilitation of NMDAR-mediated responses or amelioration of learning and memory can be
observed typically between 5-30 min, depending on the type of treatment (i.e., bath
application of 6-1R agonists to tissue slices, 5-10 min; administration of o-1R agonists to
animals via different routes, 15-30 min). The amelioration effect can potentially be sustained
as long as 90-120 min or, occasionally up to few days (14, 15, 50, 110, 114, 120). For

example, Bergeron et al. reported that the increase in frequency of NMDA-induced action
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potentials 15-30 min after i.v. administration of 6-1R agonists into anesthetized animals can
be sustained as long as 90—-120 min (13, 15). Maurice et al. demonstrated that subcutaneous
administration of 6-1R agonists improved the short- and long-term memory (with time scales
ranging between 30 min to hours/days) in mice experiencing NMDAR-antagonism-induced
amnesia (113, 114, 120).

3.1 Mechanisms of 6-1R enhancement of NMDAR function

Although the o-1R action on NMDAR function is well documented, the precise
molecular mechanisms involved in the o-1R enhancement of NMDAR function remain
elusive.

Several laboratories using multidisciplinary approaches examined and suggested
diverse mechanisms in the o-1R enhancement of NMDAR function (Fig 3B). Using
extracellular unitary recordings, Debonnel’s group tested for the involvement of G-proteins
in o-1R-mediated enhancement in the frequency of NMDA-induced action potentials (132).
They pretreated rats by injecting pertussis toxin (1 pg/2 pl) into the dorsal hippocampus
(CA3 region), and then tested the efficacy of various o-1R agonists in potentiating the
NMDAR function. They noted that certain o-1R agonists did not potentiate the frequency of
NMDA-induced action potentials, suggesting the involvement of G-proteins in 6-1R action.
Previous data from our lab show that 6-1Rs potentiate NMDAR EPSCs in the CA1 region of
hippocampus by inhibiting SK channels (110).

Other laboratories have advocated for the involvement of intracellular signaling
cascades in the o-1R enhancement of NMDAR function. For example, Rho et al. (2011)
proposed the participation of nitric oxide synthase (NOS) (165). Through an independent

series of examinations, Chen’s group and Kim et al. (2008) suggested the involvement of
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Src-ERK1/2 signaling or protein kinase A- and protein kinase C-dependent phosphorylation
of NMDAR subunits in the 6-1R's action on NMDARs function (86, 165, 166).

Nevertheless, the above-mentioned mechanisms do not completely explain the
mechanisms of 6-1R action on NMDAR function. They do not clarify whether there are any
changes in the protein expression and or surface levels of NMDARs in the 6-1R potentiation
of NMDAR function.

The observation of enhancement in NMDAR function, especially at 90-120 min
following o-1R activation (13, 15) is most likely to occur via one, all, or combination of the
following four plausible mechanisms, although several other possibilities and the above-
mentioned mechanisms cannot be excluded. First, following o-1R activation there could be
an increase in the expression level (i.e., number) of NMDARs that leads to an increase in the
levels of synaptic NMDARs. Second, there could be a change in NMDAR trafficking
(redistribution) following o-1R activation, resulting in an increase in surface NMDARs
relative to the intracellular compartments (e.g., ER/Golgi), with or without any change in the
expression of NMDARs. Third, an enhancement of NMDAR function by ¢-1R could be due
to alteration in the kinetics of NMDAR-mediated responses with a change in the surface
levels of NMDARs. Fourth, consistent with the previous view of o-1R modulation of several
voltage-gated ion channels (Section 1.4), the potentiation of NMDAR function following o-
1R activation could occur due to the physical association between o-1Rs and NMDARSs that
then consequently increase trafficking (redistribution) and surface presentation of NMDARSs,
similar to the 6-1R modulation of Kv1.2 ion channel function (92).

Taken together, the mechanisms of alteration in NMDARS protein expression,

trafficking, and targeting underlying the o-1R enhancement of NMDAR function still remain
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unclear, so therefore requires further investigation. Understanding the potentiation of
NMDAR function by 6-1Rs not only provides insights about functional association between
o-1Rs and NMDARs, but also affords opportunities to design counteractive measurements
against NMDAR dysfunction in several neuropsychiatric and neurodegenerative disorders.
4. Aims of the thesis

By employing biochemical methods, the present study aims to investigate whether
there is any increase in: (A) protein expression, (B) surface levels, and (C) trafficking of
NMDARSs in the rat hippocampus at 90 min following administration of o-1R agonists (Fig
3C). We choose to investigate at this time point because electrophysiological studies
indicated for the presence of o-1R potentiation of NMDAR function at this time point in
drug-treated rats (13, 15). Biochemical characterization of protein expression, surface levels,
and trafficking of NMDARs provides the opportunity to identify and understand plausible
mechanisms involved in 6-1R enhancement of NMDAR function, while overcoming certain
technical limitations associated with several other forms of study.
5. Hypothesis

Acute activation of 6-1Rs increases protein expression, trafficking, and surface levels
of NMDARs in the rat hippocampus (Fig 3C).
6. Model of study

It is clear that activation of 5-1Rs by agonists lead to an increase in the frequency and
amplitude of NMDAR-mediated action potentials as well as the NMDAR-EPSCs in rat
hippocampal neurons (13, 15, 110). Since these NMDAR-mediated events occur at synapses,
it is appropriate to isolate and examine the aims of current study in neuronal synaptic

compartments, i.e., synaptosomes. Therefore, rat hippocampal synaptosomes are mainly
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used for elucidating the aims of the present study.
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MATERIALS AND METHODS
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1. Antibodies and Drugs

The following is a list of antibodies and their dilutions that were used in this study:
rabbit polyclonal anti-c-FOS 1:2000 (LifeSpan Biosciences, WA, USA); rabbit polyclonal
anti-pCREB 1:2000 (Cell Signaling, MA, USA); rabbit polyclonal anti-CREB 1:2000 (Santa
Cruz, CA, USA); rabbit polyclonal anti-pERK 1/2 (42/44) 1:2000 (Cell Signaling, MA,
USA); rabbit polyclonal anti-ERK 1:2000 (Cell Signaling, MA, USA); goat polyclonal anti-
flotillin 1:250 (Santa Cruz, CA, USA); rabbit polyclonal anti-GluAl clone C3T IgG 1:2500
(Upstate, MA, USA); rabbit polyclonal anti-GluA2/3/4 1:3500 (Cell Signaling, MA, USA);
mouse monoclonal anti-GluN1 1:10,000 (Synaptic Systems GmbH, Germany); mouse
monoclonal anti-GIuN2A 1:750 (LifeSpan Biosciences, WA, USA); mouse monoclonal anti-
GIuN2B 1:750 (LifeSpan Biosciences, WA, USA); rabbit polyclonal anti-GIuN2B 1:10,000
(Affinity BioReagents, MA, USA); rabbit polyclonal anti-a-1,2-GlyR 1:5000 (Affinity
BioReagents, MA, USA); mouse monoclonal anti-PSD-95 1:10,000 (Affinity BioReagents,
MA, USA); goat polyclonal anti-c-1R 1:250 (Santa Cruz, CA, USA); rabbit polyclonal anti-
B-tubulin 1:30,000 (Abcam, MA, USA).

SKF, BD1047, and BD1063 were purchased from Tocris, MN, USA; PTZ was
purchased from Sigma Aldrich, MO, USA; anisomycin was purchased from Bioshop, ON,
Canada. SKF, BD1047, and BD1063 were dissolved in PBS, whereas PTZ was initially
dissolved in warm 0.1 N HCI and then diluted with buffer containing 0.029 M NaOH and
0.050 M KH,P04, pH 7. Anisomycin was dissolved in DMSO and then diluted with buffer
containing 0.029 M NaOH and 0.050 M KH,P04, pH 7.

2. Drug treatments and isolation of hippocampi

All animals were handled in agreement with the guidelines of the Canadian Council
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of Animal Care. Male Sprague Dawley® rats (4—6 weeks of age) were i.p. injected with
vehicle (PBS), SKF (2 mg/kg), or PTZ (2 mg/kg), separately based on suggestions for the
induction of ¢-1R mediated effects on NMDAR function in vivo published in previous
reports (76, 77). The hippocampi from these animals were collected at 30, 45, and 90 min
after i.p. injection. For BD1047 and BD1063 treatment, animals were implanted
subcutaneously with 100 pl osmotic mini-pumps (1 pl/h flow rate) (Alzet®, CA, USA) for 2
days at a concentration of 2 mg/kg. On the 2" day, the hippocampi were isolated 90 min
after either SKF or PTZ injection. The dosage and delivery of BD1047 and BD1063 was
guided by previously published report (222). For anisomycin treatment, anisomycin (30
mg/kg (212)) was injected i.p. 1 h prior to the injection of SKF or PTZ, and hippocampi
were isolated after 90 min. The denotation “n” in the results and figure legends refers to the
number of experiments (e.g., n = 9 represents 9 different experiments). For each experiment,
a minimum of 3 or 4 hippocampi were obtained from separate rats (treated with either
vehicle or drug) and were processed to isolate different cellular fractions, as described below
(also see Fig 4).

3. Isolation of crude synaptosomal membrane fraction (LP1 fraction)

All steps were performed at 4°C. The isolation of the LP1 fraction from vehicle and
drug treated hippocampi were performed as previously described with minor modifications
(54). Isolated hippocampi were homogenized using a Dounce tissue homogenizer in 1 ml of
homogenization buffer: 20 mM Tris-HCI (pH 7.4), 320 mM sucrose, 5 mM EDTA, 1 mM
EGTA, 10 mM NaF, 2 mM NazVO,, 1 mM PMSF, 1x EDTA-free protease inhibitor cocktail
tablet (Roche, Basel, Switzerland).

The total homogenate was centrifuged at 800 X gmax for 10 min. The resulting pellet
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(P1) was discarded and the supernatant (S1) was subjected to further centrifugation for 15
min at 9,200 X gmax. This second pellet (P2) was subjected to hypoosmotic lysis by
suspending it in homogenization buffer (0.75 ml) with the sucrose concentration maintained
at 35.6 mM instead of 320 mM. The P2 suspension was left on ice for 30 min with
occasional mixing.

Subsequently, the P2 suspension was subjected to centrifugation at 25,000 X gmax for
30 min. The resulting pellet (crude synaptosomal membrane) was solubilized in 0.3 ml
homogenization buffer without sucrose but containing 1% NP40, 0.1% SDS, and 0.1% Na-
deoxycholate for 30 min with end-over-end rotation, then centrifuged for 5 min at 16,000 x
Omax- The resulting supernatant LP1 fraction was collected, and the protein concentration was
determined using a Bradford assay. The samples were stored at -80°C until further analysis.
4. Subcellular fractionation

Subcellular fractionation was performed on vehicle and SKF treated hippocampi as
previously described, with certain modifications (18). All steps were performed at 4°C.

LP1 pellets, described in Section 3, above, were resuspended in the homogenization
buffer containing 320 mM sucrose. The suspension was layered on top of a discontinuous
sucrose gradient containing 0.8M/1.0M/1.2M sucrose, and centrifuged for 2 h at 65,000 x
Javg In an SW 55 Ti rotor with slow acceleration and deceleration. The fractions yielded at
the 0.8M/1.0M sucrose interface (fraction 1; vesicular fraction, VesF) and the 1.0M/1.2M
sucrose interface (fraction 2; synaptosomal membrane fraction, SMF) were collected using a
3 ml syringe and 18% gauge needle. Fraction 3 (ER/microsomes/mitochondrial pellet, ERPF)
was collected using a pipette.

After collection, fractions were centrifuged for 30 min at 30,000 X gmax. The resulting
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pellets were resuspended in 0.3 ml of homogenization buffer without sucrose and
centrifuged again for 30 min at 30,000 X gmax. After the second centrifugation, the pellets
were resuspended in 0.3 ml of homogenization buffer containing 5% glycerol. All fractions
were stored at -80°C until further analysis.
5. Co-immunoprecipitation (Co-1P)

P2 membranes from vehicle and drug treated (at 90 min after SKF or PTZ)
hippocampi were isolated as described above, then Co-IP extractions were undertaken as
noted in prior work (191).

The P2 membranes were solubilized in 0.2 ml of 50 mM Tris-HCI (pH 8.8), 2 mM
EDTA, 1x EDTA free-protease inhibitor cocktail tablet, and 0.5% Na-deoxycholate, and
incubated at 37°C for 30 min. After incubation, 5 volumes of ice-cold 50 mM Tris-HCI (pH
6.7), 2 mM EDTA, 1x EDTA-free protease inhibitor cocktail tablet, and 0.1% Triton X-100
were added to produce lysates. The lysates were incubated at 4°C for 30 min before being
subjected to centrifugation at 25,000 X gmax for 30 min, then pre-cleared for 1 h at 4°C using
Protein A/G-UltraLink Agarose Resin (Pierce, IL, USA).

Antibodies (0-1R, PSD-95, GIuN2A, GIuN2B, and GIuN1) and Protein A/G
UltraLink Agarose Resin (50 pl, of 50%) were added to the pre-cleared lysate at 5 ng/0.2-0.4
mg of protein. Following overnight incubation in end-over-end rotation, the beads were
collected by centrifuging at 1,200 X gmax for 5 min at 4°C. The beads were then washed four
times with ice-cold wash buffer (50 mM Tris/HCI (pH 7.4), 2 mM EDTA, 0.1% Triton X-
100, and 50 mM NacCl) and the protein complexes were eluted by adding SDS-PAGE

loading buffer. The eluted protein complexes were saved at -80°C until further analysis.
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6. Surface biotinylation

Hippocampal slices (300 um) were incubated with 1 mg/ml EZ-Link Sulfo-NHS-SS-
Biotin (Pierce, IL, USA) for 30 min at 4°C, with a gentle agitation to biotinylate surface
proteins. The excess biotin was removed by washing slices 6-10 times with ice-cold Tris
buffer saline containing 200 mM MgCl, and 200 mM CaCl, (TBS®) before homogenization
in 1 ml of ice-cold homogenization buffer. The homogenate was centrifuged at 800 X Qmax
for 5 min at 4°C.

The supernatant (S1) was subjected to centrifugation at 9,200 X gmax for 15 min at
4°C to obtain the P2 pellet, which was then solubilized in 0.3 ml of ice-cold lysis buffer (50
mM Tris-HCI (pH 8.8), 2 mM EDTA, 1x EDTA free-protease inhibitor cocktail, and 0.5%
Na-Deoxycholate) for 30 min at 37°C. The lysates were then incubated for 1 h at 4°C with
(TBS®) pre-washed neutravidin beads to capture biotinylated surface proteins.

The neutravidin beads were collected by centrifugation at 2,000 X gmax at 4°C for 30
sec, and unbound materials were also collected (Internal). Then, the neutravidin beads were
washed 6x with 1 ml of ice-cold (TBS®) containing 0.05 % SDS. Bound proteins were
eluted from the beads with 0.4 ml of elution buffer (50 mM Tris-HCI, pH (6.6), 2 % SDS,
and 1 mM dithiothretiol) by boiling them for 5 min at 100°C. The eluted biotinylated
proteins (surface) were saved at -80°C until further analysis.

7. Cell culture

SH-SY5Y cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM,
Invitrogen, CA, USA) containing 50 pg/ml of penicillin and streptomycin (Invitrogen), 10%
fetal bovine serum (Invitrogen), and gentamicin at 1 mg/ml final concentration. The cultures

were incubated at 37 °C, 5% CO,, and 100% humidity until they reached 80% confluency.

24



At that point, cDNAs of NMDAR subunits and GFP were added in a ratio of 1:2:1, with a
final concentration 0.5 ug/ml GIuN1 cDNA, then transient transfection was carried out using
ESCORT™ || (Sigma Aldrich, MO, USA) in either a 6-well or a 12-well plate. In the case of
transient transfection for PSD-95, GFP and PSD-95 at a ratio of 1:3 was used.

After 48 h of transfection, cells were washed three times with PBS, trypsinized
(0.25% trypsin-EDTA, Invitrogen), and harvested with homogenization buffer containing
detergents. The lysate was then incubated on a turntable for 30 min at 4°C followed by
centrifugation at 14,200 X gmax for 5 min. The supernatant was collected and saved at -80 °C
until immunoblotting.

8. Immunoblotting

Immunoblot technique was chosen for the analysis of changes in NMDAR protein
expression and surface levels following o-1R activation. This technique has several
advantages, such as ease of separation and quantification, sensitivity of detection, and lack of
cross-reactivity.

Cellular fractions (10 pg protein) were resolved by SDS-PAGE (8% or 10%) and
transferred to PVDF membranes. After blocking with 5% milk in TBS containing 0.1%
Tween® 20 for 1 h, the membranes were incubated overnight with the corresponding
primary antibodies at 4°C on a rocking table. The membranes were then washed with TBS
containing 0.2 % NP40 and incubated for 1-2 h at room temperature on a rocking table with
a secondary antibody conjugated to HRP. Finally, the membranes were incubated with
enhanced chemiluminescence solution (GE Healthcare, LC, UK) for 1 min, and the
immunoreactive proteins on the membranes were visualized either on X-ray films or on LI-

COR® imaging systems (NE, USA).
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To avoid any potential bias and to remain within the linear range while collecting the
immunoblot data from X-ray films, a saturation curve for each protein (i.e., band intensity
versus exposure time in seconds) was generated for each experiment. The band intensities
for each protein were obtained from ImageJ, in grayscale and 16-bit modes, after the X-ray
films were scanned at a high resolution (typically 1200 dots per inch). An example saturation
curve generated for the protein(s) of interest is shown in the Figure 5.

From the saturation curve, typically 3 or 4 band intensities falling under the linear
range were collected for each protein and normalized against band intensities of the loading
control (B-tubulin, unless otherwise stated) from the same experiment. Normalized data for
each protein from each experiment (drug treatment condition) were averaged before
performing a comparison to the vehicle. The initial results (as shown in the Fig 7A, 90 min
post-injection of SKF) were further confirmed through analysis by using LI-COR®
Odyssey® imaging systems (NE, USA) and its associated software, Image Studio (version
2.1.10). The analyses of subsequent experiments were performed using either ImageJ or
Image Studio.

All data are presented as mean + SEM and expressed as a percentage of vehicle. The
statistical significance between vehicle and drug treatment for each protein was determined
using an unpaired two-tailed or one-tailed Student’s t-test, and a statistically significant

result was defined as p being less than 0.05.
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RESULTS
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1. Immunoblot characterization of 6-1R, NMDAR, and PSD-95 antibodies

This study relies mainly on immunochemical techniques, in which the specificity of
the antibodies plays an important role.

The 6-1R, NMDAR, and PSD-95 antibodies were tested on the total homogenate
(Fig 4) of rat hippocampi using immunoblot technique. As seen in the Figure 6, the c-1R
antibodies recognized a single band at a predicted molecular weight of the 5-1R (~ 28 kDa)
(177) (Fig 6Ai). Pre-incubating the o-1R antibodies with a blocking peptide (bearing the
short sequence of 5-1R C-terminus) resulted in the absence of the 6-1R band (Fig 6Ai). We
also confirmed the specificity of the o-1R antibodies by performing an immunoblot on
hippocampal total homogenates from the wild type and 6-1R knockout mice (96). The panel
Aii in Figure 6 demonstrates the presence of o-1Rs in the wild type but not in the c-1R
knockout mice.

NMDAR subunit (GIuN1, GIuN2A, and GIuN2B) antibodies and PSD-95 antibodies
also recognized the NMDAR subunits and PSD-95 as single bands at approximately their
predicted molecular weights (GIuN1: ~ 110 kDa; GIuN2A and GIuN2B: ~ 172 kDa; and
PSD-95 ~ 95 kDa) on immunoblots containing the rat hippocampal total homogenate (Fig
6Bi). The specificity of these antibodies was tested further by probing the respective proteins
on the whole-cell lysates of transiently transfected SH-SY5Y cells, with either
GIuN1/GIuN2A or GIuN1/GIuN2B subunits, or PSD-95 alone (Fig 6Bii). SH-SY5Y cells
were used to transfect and test the antibodies of GIuN subunits because these cells do not
endogenously express NMDARSs.

Thus, our immunoblot experiments demonstrate that the antibodies used in this study

are specific in detecting their respective proteins on membranes.
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2. Activation of 6-1Rs increases the protein levels of GIUN2 subunits

We wanted to ascertain whether the enhancement in NMDAR function observed 90
min following the administration of o-1R agonists is mediated by changes in the expression
and or surface levels of NMDARs (Section 3.1). To investigate changes in the expression of
NMDARs following activation of o-1Rs, protein levels of NMDAR subunits (GIuN1,
GIuN2A, and GIuN2B) were initially examined in the rat hippocampal crude synaptosomal
(LP1) fraction by immunoblotting (see Methods). Immunoblots shown in the Figure 7
represent typical protein levels of the NMDAR subunits in the LP1 fraction. At 90 min after
I.p. injection of the classical o-1R agonist, SKF (2 mg/kg), there was a significant increase in
the protein levels of GIUN2A (205.5 + 8.8% of vehicle, n = 9, p < 0.05) and GIuN2B
subunits (208 + 13.6% of vehicle, n = 9, p < 0.05) when compared with vehicle (Fig 7A). A
similar increase was also observed 90 min after the i.p. administration of another highly
selective o-1R agonist, PTZ (2 mg/kg), but to a lesser extent than SKF. In this case, the
levels of GIuUN2A and GIuN2B subunits were 136 *+ 6.5% and 128 + 2.9% of vehicle, n = 7,
p < 0.05 (Fig 7B).

Since potentiation in NMDAR function was reported to occur at 30 min and, in some
cases, 45 min following the administration of 6-1R agonists, we also performed immunoblot
experiments at 30 and 45 min after i.p injection of ¢-1R agonists SKF and PTZ (Fig 7A and
B). We found no significant change in the expression level of any of the NMDAR subunits
at these time points following injection of either SKF (e.g., GIUN2A subunit: 100 + 4% of
vehicle at 30 min and 122 + 12% of vehicle at 45 min) or PTZ (e.g., GIuN2B: 95 + 10% of
vehicle at 30 min and 102 = 9% of vehicle at 45 min). In all cases, n = 4-5 and p > 0.05 (see

Table 111).
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Previous investigations have reported that AMPAR-mediated responses remain
unaffected following o-1R activation (15, 36). To confirm that our observations were
specific to NMDARs, we performed immunoblot experiments to verify any change in the
protein levels of AMPAR subunits (GIuAl and GIluA2/3/4) after activation of o-1Rs. As
seen in Figure 8, the protein levels of GIuAl and GIluA2/3/4 are similar to vehicle (Table
I11) at all tested time points after either SKF (Fig 8A) or PTZ (Fig 8B) administration. Thus,
our data demonstrate that a specific and a robust increase in the protein levels of NMDAR
subunits in LP1 fractions occurs at 90 min following the administration of ¢-1R agonists.
Accordingly, we used this time point in all subsequent experiments unless otherwise
mentioned.

3. Pharmacological blockade of 6-1Rs prevents an increase in the protein levels of
GIuN2 subunits

To confirm whether 6-1Rs mediate the increase in protein levels of GIuN2 subunits
in our observations (Fig 7), o-1Rs were pharmacologically blocked with a specific
antagonist, BD1047 (111), before SKF or PTZ administration. The robust effect of SKF on
the protein levels of GIuN2 subunits (Fig 7A) was further examined by the use of a second
o-1R antagonist, BD1063 (111).

Rats were implanted with osmotic mini-pumps containing BD1047 or BD1063
(2mg/kg/day) for two days and then challenged with SKF or PTZ (Fig 9A). Administration
of BD1047 or BD1063 alone did not alter the levels of GIuN2A (for BD1047: 111 + 4.2 %
of vehicle, n = 5, p > 0.05; for BD1063: 101.6 + 6.1 % of vehicle, n = 3, p > 0.05) and
GIuN2B (for BD1047: 97 £ 4.0 % of vehicle, n =5, p > 0.05; for BD1063: 109.3 + 10.2 %

of vehicle, n = 3, p > 0.05) (Fig 9Bi and E). However, both BD1047 and BD1063 blocked an
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increase in protein levels of GIuN2 subunits 90 min after SKF administration. The protein
levels of GIuUN2A and GIuN2B were 128 + 14% and 118 + 6.5% of vehicle, in both cases n =
4, p > 0.05, respectively, in the presence of BD1047 (Fig 9C); the protein levels of GIUN2A
and GIuN2B were 88.9 + 11.8 and 88.3 £ 13.7% of vehicle, in both cases n = 4, p > 0.05,
respectively, in the presence of BD1063 (Fig 9F). Similar results were obtained following
PTZ administration in the presence of BD1047: The protein levels of GIuUN2A and GIuN2B
were 101 + 14% and 118 + 16% of vehicle, in both cases n = 4, p > 0.05, respectively (Fig
9D).

Thus, the blockade of o-1Rs by the antagonists BD1047 or BD1063 effectively
prevents an SKF- or PTZ-induced increase in protein levels of GIuN2 subunits in LP1
fractions (Fig 7), indicating the increase was mediated through direct activation of 6-1Rs.

4. Activation of ¢-1Rs leads to an increase in the surface levels of GIuN2A-
containing NMDARs

We examined whether the increased protein levels of GIuUN2 subunits (Fig 7) was
accompanied by an increase in the surface expression of NMDARS, which may account for
the previously reported c-1R-mediated enhancement in NMDAR function ((13, 15) and
Section 3). We performed surface biotinylation experiments to investigate the surface levels
of NMDARs at 30, 45, and 90 min after i.p injection of vehicle (Veh) or SKF (Fig 10A).
These experiments were performed after SKF activation of c-1Rs because SKF has a
pronounced effect on the protein levels of GIuN2 subunits (Fig 7) when compared with PTZ.

We first validated our biotinylation procedure by evaluating the presence of p-actin
in biotinylated samples (surface), since B-actin is an abundant intracellular protein. Our

immunoblots reveal that there is a marginal presence of B-actin in the biotinylated samples
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(surface), suggesting that only surface proteins are biotinylated in our experiments (Fig
10A). We used ionotropic glycine receptors (GlyRs) as a normalization control because our
preliminary immunoblot experiments showed no alteration in the surface levels of GlyRs
following SKF administration.

There was a significant increase in the surface levels of NMDARs containing the
GIuN1 (147 £ 7.5% of vehicle, n = 8, p < 0.05) and GIuN2A subunits (122 + 6.0% of
vehicle, n = 8, p < 0.05) at 90 min following administration of SKF. In contrast, no alteration
in the surface levels of GIuN2B was observed (84 + 11% of vehicle, n = 8, p > 0.05) (Fig
10B).

To determine whether the activation of 6-1Rs specifically alters NMDARs surface
levels, we repeated the biotinylation experiments to verify the surface levels of AMPARS.
As seen in the Figure 10C, there was no significant change in the surface levels of GIuAl
(125 £ 14% of vehicle) and GIuA2/3/4 (117 + 19% of vehicle, in both cases n = 8, p > 0.05).

If activated c-1Rs mediate the increase in surface levels of GIuN2A-containing
NMDARSs, then blocking the o-1Rs should prevent this increase. To test this hypothesis, we
performed SKF administration in the presence of BD1063 and subsequently examined the
surface levels of NMDARs. Results shown in the Figure 10D suggest that there is no change
in the surface levels of NMDARs following SKF activation of ¢-1Rs in the presence of
BD1063. The surface levels of NMDARs were: GIuN1, 95 + 11% of vehicle; GIuN2A, 107
+ 11.2% of vehicle; and GIuN2B, 106 + 15% of vehicle, in all cases n = 3, p > 0.05. Also,
the surface levels of NMDARs remained unchanged after BD1063 treatment alone when
compared with vehicle (GIuN1, 93.4 + 11% of vehicle, GIUN2A, 98.3 £ 3.2% of vehicle, and

GIuN2B, 98 £ 2.3% of vehicle, in all cases n =3, p > 0.05) (Fig 10D).

32



Although our results demonstrate no change in the protein levels of NMDARs at 30
and 45 min following activation of o-1Rs (Fig 7), they do not address whether there is any
increase in the surface levels of NMDARs at these time points. To test this possibility, we
performed surface biotinylation experiments on hippocampal slices isolated from animals at
30 and 45 min after i.p. administration of SKF (Fig 10A). As seen in the Figure 10E and F,
there were no changes in the surface levels of NMDARs between vehicle and SKF treatment
at these time points. At 30 min after SKF administration, the values of NMDARs were:
GIuN1, 83.6 £ 17% of vehicle; GIUN2A, 79 £ 23.2% of vehicle; and GIuN2B, 92 + 6.8% of
vehicle, in all cases n = 3, p > 0.05. Values at 45 min after SKF administration were: GIuN1,
83.9 £ 30% of vehicle; GIUN2A, 96 + 23% of vehicle; and GIuN2B 81.8 + 3% of vehicle, in
all cases n =3, p > 0.05.

Thus, the data from immunoblot experiments on LP1 fractions and surface
biotinylation suggest that the observed potentiation of NMDAR function in vivo at 30 and 45
min following administration of o-1R agonists may be mediated via already proposed
mechanisms (see Fig 3B). However, at 90 min the potentiation of NMDAR function by 6-1R
agonists in vivo occurs through an increase in the protein (Fig 7) and surface levels (Fig 10)
of NMDAR:s.

5. Increased protein levels of GIUN2 subunits after activation of 6-1Rs is mediated
via protein synthesis

The increase in protein levels of GIuN2 subunits in the LP1 fraction at 90 min
following o-1Rs activation could arise from de novo synthesis or redistribution of existing
NMDAR subunits from intracellular compartments. If the redistribution of existing NMDAR

subunits is occurring in our experiments, then we should observe no change in the protein
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levels of GIUN2 subunits in total homogenate. To test this possibility, we examined the
protein levels of GIuN2 subunits in the hippocampal total homogenate after SKF
administration. Our results show an increase in GIUNZ2 subunit levels in the total homogenate
(GIuN2A, 122 + 3% of vehicle; GIuN2B, 150 + 10% of vehicle; in both cases n = 3, p <
0.05) (Fig 11A). These results suggest the possibility of an increase in the synthesis of
GIuN2 subunits and, in general, enhanced protein synthesis process is occurring in our
experimental conditions following administration of 6-1R agonists.

A previous study has demonstrated the induction of c-fos—an immediate early gene
and a routinely used marker for protein synthesis (43)—in various brain regions after the i.p.
administration of ¢-1R agonists (181). Since there was a possibility for a general increase in
protein synthesis process in our experimental conditions, we wanted to determine if there
was any increase in the protein levels of c-FOS (the product of the c-fos gene) after the
administration of SKF. As shown in the Figure 11B, the protein levels of c-FOS were
significantly increased after SKF administration when compared with vehicle (157.12 + 12%
of vehicle, n = 6, p < 0.05), indicating increase in the protein synthesis process is occurring
in our experimental conditions.

A recent study has shown that the activation of o-1Rs regulates the protein
expression of hERG ion channels (35). If the increase in GIuNZ2 subunits in our observations
is due to increased synthesis, then inhibiting the protein synthesis should prevent this
response. We tested our hypothesis by administering the protein synthesis inhibitor
anisomycin (30 mg/kg (212)) 1 h before challenging the animals with o-1R agonists (Fig
11C). We validated the effect of anisomycin by monitoring the levels of the protein c-FOS.

These protein levels were significantly reduced (73 + 1% of vehicle, n = 4, p < 0.05) after

34



anisomycin administration when compared with vehicle (Fig 11D), indicating a decrease in
de novo protein synthesis. Administration of anisomycin alone has no effect on the protein
levels of GIuN2 subunits in the LP1 fraction (GIuN2A, 84.8 + 6.0% of vehicle; GIuUN2B,
90.4 £ 16% of vehicle; n =4, p < 0.05) (Fig 11D). We then administered SKF or PTZ to rats
that were pre-treated with anisomycin (1 h previously) and isolated the LP1 fractions at 90
min post-injection (Fig 11C). As seen in the Figure 11E and F, pre-treatment with
anisomycin abolished the SKF- or PTZ- induced increase in the protein levels of GIuN2
subunits in the LP1 fractions. Here, the protein levels of GIUN2A and GIuN2B were 102 +
7% and 116 £ 8% of vehicle, respectively, in both cases n = 6, p > 0.05 when SKF was
administered in the presence of anisomycin, and 118 + 8% and 115 £ 16% of vehicle,
respectively, in both cases n = 4, p > 0.05 following PTZ administration in the presence of
anisomycin.

We also tested the protein levels of c-FOS in the LP1 fractions after the SKF or PTZ
administration in the presence of anisomycin to confirm whether the blockade of protein
synthesis process was still occurring. Indeed, the levels of c-FOS underwent significant
decrease in these conditions (Fig 11E and F, 67 + 1.4% after SKF plus anisomycin and 62 +
2% of vehicle after PTZ plus anisomycin, n =5 and p < 0.05 in both cases). Altogether, our
results indicate that the increase in protein levels of GIuN2 subunits in the LP1 fraction
following activation of o-1Rs (Fig 7) could be due to the increased synthesis of GIuUN2
subunits.

6. Activation of 6-1Rs also leads to an increase in the protein synthesis of PSD-95

PSD-95 is associated with NMDARs, particularly the GIuN2A- and GIuN2B-

subunits (91, 138). This association is thought to play a supportive role in the anchoring and
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trafficking of NMDARs at the synapse (153, 183) (Section 2.3). To determine whether the
o-1R-agonist-induced increase in the protein levels of GIUN2 subunits is accompanied by an
increase in PSD-95 protein levels, we investigated PSD-95 levels in the LP1 fraction
following SKF or PTZ administration at 30, 45, and 90 min. Similar to the protein levels of
GIuN2 subunits, the levels of PSD-95 remain unchanged at 30 and 45 min after the
administration of 6-1R agonists SKF or PTZ (see Table I11). However, as seen in the Figure
7A, there is a significant increase in the levels of PSD-95 at 90 min after SKF administration
(161.7 £ 12.5% of vehicle, n =9, p < 0.05).

The SKF-mediated increase in the PSD-95 protein levels was blocked following pre-
treatment with 6-1R antagonists BD1047 or BD1063 (92 + 2.8% of vehicle, n =5, p > 0.05
after SKF plus BD1047, and 101 £ 8% of vehicle, n = 3, p > 0.05 after SKF plus BD1063)
(Fig 9C and F) and after anisomycin (87 £ 7% of vehicle, n = 3, p > 0.05) (Fig 11E),
showing that the acute activation of 6-1Rs also led to an increase in the synthesis of PSD-95.
PTZ administration also significantly increased the levels of PSD-95 (153 + 9.4% of vehicle,
n =26, p <0.05) (Fig 7B), and this increase was abolished following pre-treatment with
BD1047 (105 + 2.1% of vehicle, n = 4, p > 0.05) (Fig 9D) or anisomycin (111 + 3.8% of
vehicle, n =3, p > 0.05) (Fig 11F). Thus, the activation of -1Rs by their agonists SKF and
PTZ not only increased the expression of GIuN2 subunits but also that of PSD-95, which
may consequently facilitate the trafficking and synaptic plasma membrane localization of the
newly synthesized NMDA receptors.

7. Increase in phosphorylation levels of ERK1/2 and CREB following ¢-1Rs
activation

Our results demonstrate the possibility of de novo synthesis of GIUN2 subunits and
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PSD-95 following administration of ¢-1R agonists (SKF or PTZ) (Figs 7 and 11). The
question is through what mechanisms do activated 6-1Rs promote the protein synthesis of
GIuN2 subunits and PSD-95? In other words, is there any alteration in the intracellular
signalling cascades that could lead to an increase in the synthesis of these proteins?

Previous investigations have suggested that 6-1Rs work in conjunction with a variety
of intracellular signalling cascades, such as extracellular signal regulated kinase (ERK1/2),
phosphatidylinositide 3-kinase pathways, alter the expression of several proteins (34, 139,
193). Notably, increased phosphorylation levels of ERK1/2 and its downstream target,
CAMP response element-binding protein (CREB), have been demonstrated to promote the
protein synthesis of NMDAR subunits and PSD-95 (28, 156, 162, 221).

If activation of 6-1Rs promotes the protein synthesis of GIuUN2 subunits and PSD-95
in our observations (Figs 7 and 11) through this signalling pathway, then we should observe
increased phosphorylation levels of ERK1/2 and its downstream target, CREB. As seen in
the Figure 12, there is an increased phosphorylation level of p42 of ERK1/2 (136 + 8% of
vehicle, n = 3, p < 0.05) following administration of SKF. This increase in phosphorylation
level of p42 of ERKI1/2 was prevented when administrated in the presence of c-1R
antagonist BD1047 (107 + 12% of vehicle, n = 3, p > 0.05) (Fig 12B). We then examined
the phosphorylation level of CREB after SKF administration. Our results show an increased
phosphorylation level of CREB after SKF activation of 6-1Rs (140 + 6% of vehicle,n =3, p
< 0.05), which was otherwise not observed in the presence of BD1047 (80.4 = 10% of
vehicle, n = 3, p > 0.05). Hence, our results suggest that the increased phosphorylation levels
of ERK1/2 and CREB following activation of 6-1Rs could lead to an increase in the protein

synthesis of GIuN2 subunits and PSD-95 (Fig 7 and 11).
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8. Increased interaction between 6-1Rs and GIuN2 subunits following activation of
o-1Rs

Results thus far suggest that the activation of 6-1Rs can lead to an increase in protein
synthesis of GIUN2 subunits and PSD-95 via the ERK1/2 pathway. However, the fate of
these new proteins is still unclear. Are these newly synthesized proteins trafficked to the
plasma membrane from the ER? It is well known that the 6-1Rs act as chaperone proteins
(e.g., IP3 receptors (61)) as well as aid in the trafficking and surface presentation of certain
types of voltage-gated potassium channels (e.g., Kv1.2 channel (92)). These major roles of
o-1Rs were mainly described based on the formation of protein-protein interactions between
o0-1Rs and the respective ion channels/receptors. Also, as surface biotinylation data
demonstrate, there is an increase in the surface levels of NMDARs following 6-1R activation
(Fig 10). Taken together, we hypothesize that additional roles for o-1Rs could be as a
ligand-activated chaperone that aid in the trafficking and targeting of NMDARs to the
plasma membrane (Fig 10). Additionally, a recent investigation has demonstrated the
existence of an interaction between NMDAR subunits and ¢-1Rs within cells as well as at
their surfaces (11). Thus, in this model, following activation by agonists, o-1Rs should
associate with the NMDAR-PSD-95 complex at the ER, which is then trafficked to the
plasma membrane. To test this hypothesis, we first performed Co-IP experiments to confirm
any interaction between 6-1Rs, NMDARSs, and PSD-95 following o-1Rs activation (Fig 13).
Next, sucrose gradient centrifugation (SGC) experiments were carried out to track the
movement of these proteins between intracellular compartments (Fig 16).

Figure 13 displays representative blots from a typical Co-IP experiment, showing an

immunoprecipitation (IP) with o-1Rs and immunoblot (IB) with NMDAR subunits (Figs
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13A, 13B, and 15A). In all Co-IP experiments, there was either a weak or no interaction
between the control 1gG and the proteins under study. Co-IP experiments performed under
basal conditions (i.e., vehicle injection) demonstrated a marginal interaction between the
NMDAR subunits and 6-1Rs; however, following SKF administration, there is a significant
increase in the interaction between 6-1Rs and GIuN2 subunits (GIUN2A, 163 = 41% of
vehicle; GIUN2B, 142 + 22% of vehicle, respectively, in both cases n = 3, p < 0.05) (red
arrows in Fig 13A and B), suggesting a ligand-dependent enhancement in the interaction
between 6-1Rs and the GIUN2 subunits. An investigation of the interaction between o-1RS
and PSD-95 also showed interaction under basal conditions, with a slight but not statistically
significant increase (137 = 14% of vehicle, n = 3, p > 0.05, Fig 13C) occurring between
these two proteins following o-1R activation. Similar results were also obtained when the
Co-IP experiments were repeated with the GIuN2 subunits (or PSD-95) and the resulting
blots were IB with antibodies against 6-1Rs (Fig 13E). Surprisingly, the interaction between
0-1Rs and GIuN2 subunits (or PSD-95) remained similar under basal conditions as well as
after activation of 6-1Rs with PTZ (Fig 15A).

Our data show a significant increase in the interaction between c-1Rs and GIUN2A or
GIuN2B subunits following SKF administration, but no change in the interaction between -
1Rs and PSD-95. This raises the question of testing the interaction between PSD-95 and the
GIuN2 subunits, since the possibility for o-1Rs to alter PSD-95 interaction with NMDARs
cannot be ruled out.

A representative blot from a Co-IP experiment investigating the interaction between
GIuN2 subunits and PSD-95 after SKF administration is shown in the Figure 14A—C. Here,

PSD-95 has been IP and probed with antibodies against GIuN2A (Fig 14B) or GIuN2B (Fig
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14C) subunits. Our data reveal no change in the interaction between PSD-95 and GIuN2A
subunits following SKF administration (114 + 18% of vehicle, n = 3, p > 0.05, Fig 14D),
suggesting that the binding of ¢-1Rs to GIUN2A subunits occurs without affecting PSD-95
binding to GIuN2A. However, a significant decrease in the amount of GIuN2B subunits and
PSD-95 binding (50 = 4.1% of vehicle, n = 3, p < 0.05) was observed following SKF
administration (Fig 14D), suggesting that the binding of o-1Rs to GIUN2B subunits
attenuates the binding of PSD-95 to GIuN2B-NMDARs. Conversely, when GIuN2 subunits
were IP and IB with PSD-95 antibody under PTZ treated conditions, there was no change in
the interaction between PSD-95 and GIuN2 subunits (Fig 15B).

To ascertain any change in the interaction between GIuN subunits (i.e., GIuN1 and
GIluN2) following SKF administration, IP experiments were carried out using GIuN
antibodies and 1B with GIuN1, GIuN2A or GIuN2B subunits. As seen in the Figure 14A-C,
there is no change in the interaction between GIuN subunits, suggesting that activation of o-
1Rs with SKF alters the interaction between PSD-95 and GIuN2B subunits. Nevertheless,
following SKF activation of o-1Rs, there is an increased association between ¢-1Rs and
GIuNZ2 subunits, which could subsequently lead to increased trafficking and surface presence
of NMDARs (Fig 10).

9. Activation of 6-1Rs increases the protein levels of GIUN2 subunits and PSD-95
in the vesicular compartment of the LP1 fraction

Earlier investigations have suggested that 6-1Rs are involved in the trafficking and
targeting of proteins such as B isoforms of protein kinase C and Kv1.2 ion channel from the
ER to the plasma membrane (92, 134). Our results show that following activation of c-1RS,

there is an increased protein synthesis of GIuN2 subunits (Figs 7, 11, and 12) and an
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enhancement in the interaction between GIuN2 subunits and 6-1Rs (Fig 13). Together, they
raise the possibility that 6-1Rs may facilitate the transport of newly synthesized NMDARs
from the ER compartment to the plasma membrane (Fig 10).

If our hypothesis is correct, then we would expect an increased presence of GIuUN2
subunits, PSD-95, and o-1Rs following SKF administration in the subcellular compartments
associated with transport vesicles and or postsynaptic membranes. To test this assumption,
we subjected crude synaptosomal fractions (LP1) from vehicle and SKF to discontinuous
sucrose gradient centrifugation (SGC), to isolate subcellular compartments enriched with
transport vesicles (VesF) and synaptosomal membranes (SMF). If the VesF contains the
newly synthesized NMDARs/PSD-95 then the amount of NMDARSsS/PSD-95 in the
ER/microsomes/mitochondria (ERPF) compartment would be expected to decrease, so the
ERPF compartment was also isolated along with VesF and SMF (In the fractionation,
transport vesicles are enriched at the 0.8 M and 1.0 M sucrose interface, while synaptosomal
membranes are enriched at the 1.0 M and 1.2 M sucrose interface, and the pellet fraction is
ER/microsomes/mitochondria (Fig 16A)). The purity of the isolated fractions was assessed
by the presence of proteins such as flotillin, synaptophysin, and calnexin in VesF, SMF, and
ERPF, respectively.

We performed this subcellular fractionation experiment only on SKF-treated animals,
since SKF administration resulted in the robust increase in GIuN2 subunits, PSD-95
expression, (Figs 7, 11 and 12) and enhanced interaction between the o-1Rs and GIuN2
subunits (Fig 13) as compared with PTZ administration.

A representative blot after SGC experimentation is shown in the Figure 16B. As

seen in the figure, both GIUN2A and GIuN2B subunits' levels were significantly enhanced in
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VesF (151 £ 11% of vehicle for GIuN2A and 213 + 13% of vehicle for GIUN2B, in both
cases n =5, p < 0.05). The levels of GIUN2A and GIuN2B subunits were unaltered in SMF
(94.1 £ 5% of vehicle for GIuUN2A and 103 £ 5% of vehicle for GIuN2B, n = 5, p > 0.05)
following SKF administration. PSD-95 was also significantly increased in VesF (156.5 *
12% of vehicle) as well in SMF (143 = 10% of vehicle; n = 5, p < 0.05 in both cases) (Fig
16B). Furthermore, there was a significant decrease in the levels of all three proteins in the
ERPF (72 + 5.7% of vehicle for GIUN2A, 51 + 14% of vehicle for GIuN2B, 52 + 6% of
vehicle for PSD-95; n = 5, p < 0.05) (Fig 16B) following SKF administration, suggesting
movement of these proteins from the ER compartment.

Thus, SKF activation of 6-1Rs leads to an increase in the GIuN2 subunits and PSD-
95 levels in VesF, along with an increase in the PSD-95 levels in SMF. This increase in
VesF is likely due to an enhanced export of the newly synthesized proteins following SKF
treatment (Figs 7, 11, and 12), as there is an increased surface presentation of NMDARs
(Fig 10).
10.  The protein levels of 6-1Rs are also increased in the vesicular compartment of
the LP1 fraction

What is the distribution of 6-1Rs? Are they enriched in VesF along with GIuN2
subunits and PSD-95? 1t is possible that 6-1Rs are enriched in VesF, as previously published
reports suggested for the localization of ¢-1Rs in vesicles during active conditions (59).
Further, our Co-IP experiments showed an enhanced interaction between the o-1Rs and
GIuN2 subunits following SKF administration (Fig 13). Therefore, we wanted to ascertain
the presence of 6-1Rs in isolated VesF. First, though, we tested for the presence of 6-1RS in

the LP1 fraction under basal conditions and after administration of o-1R agonists, since low
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levels or absence of 6-1Rs in the LP1 fraction was suggested (4).

Figure 17 shows a representative immunoblot regarding the levels of 6-1Rs in the
LP1 fractions at 30, 45, and 90 min under basal conditions as well as following SKF
administration. The levels of o-1Rs underwent a significant decrease at 30 and 90 min
following SKF administration (84 + 1% of vehicle at 30 min and 67 + 4% of vehicle at 90
min, in both cases n = 4, p < 0.05), while the levels were significantly increased at 45 min
(151 % 4% of vehicle, n = 4, p < 0.05) (Fig 17A). To support these observations, we tested
the levels of o-1Rs in the LP1 fractions at the same time points following PTZ
administration. The levels of 6-1Rs also underwent a significant decrease at 90 min (59 +
5% of vehicle, n = 7, p < 0.05) without any change at the 30 or 45 min (118 = 20% of
vehicle at 30 min and 105+ 20% of vehicle, in both cases n = 4, p > 0.05) (Fig 17B).

Why do the levels of 6-1Rs decrease following agonist treatment? The decrease in
the LP1 levels of 6-1Rs could be due to multiple factors; however, we speculate two major
possibilities: (a) down regulation of ¢-1Rs and or (b) redistribution of c-1Rs from the LP1
fraction to other subcellular compartments. If 6-1Rs undergo down regulation after agonist
administration, then we should observe a decrease in overall levels of 6-1Rs (i.e., in the total
homogenate) as opposed to a decrease only in the LP1 fraction. To test this hypothesis, an
immunoblot experiment was performed on total homogenates of hippocampi isolated at 30,
45, and 90 min after SKF administration. We choose to perform this experiment following
SKF administration since the levels of 6-1Rs in the LP1 fraction were highly variable under
these conditions (Fig 17A). Results from our experiments (Fig 17C) demonstrate that the
levels of 6-1Rs were significantly higher at all of the tested time points. The 6-1Rs levels

were 130 + 1.6% at 30 min, 144 + 2% at 45 min, and 166 * 5% at 90 min of vehicle (n = 3,
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p < 0.05 in all cases), suggesting that the decrease in the LP1 levels of 6-1Rs following
agonist administration could be due to redistribution, not because of down regulation.

If the decrease (redistribution) in levels of o-1Rs in the LP1 fraction is mediated by
the agonist treatment, then we should not observe the decrease in levels of 6-1Rs in the
presence of 6-1R antagonist. We tested the levels of ¢-1Rs in the LP1 fraction at 90 min
following SKF or PTZ administration in the presence of BD1047. We chose to test the 6-1R
levels at 90 min following SKF administration because, at this time point, 6-1R agonists
increase the protein expression of GIuN2 subunits (Figs 7, 11 and 12). Surprisingly, results
from our immunoblot experiments showed that levels of o-1Rs still underwent a significant
decrease following SKF administration (51 + 3% of vehicle, n =5, p < 0.05) in the presence
of BD1047 (Fig 17E). However, the levels of o-1Rs remained unchanged after PTZ
administration in the presence of BD1047 (101 + 9% of vehicle, n = 4, p > 0.05) (Fig 17F),
and with BD1047 treatment alone (85 + 4% of vehicle, n =7, p > 0.05) (Fig 17D).

To support the observed decrease in o-1Rs levels after SKF administration in the
presence of BD1047, we repeated similar immunoblot experiments in the presence of
another o-1R antagonist, BD1063. As seen in Figure 17E, the levels of o-1Rs still
underwent a significant decrease after SKF plus BD1063 but to a lesser extent than observed
with SKF plus BD1047. The levels of 6-1Rs in the LP1 fraction were 85 + 9% of vehicle, n
= 3, p < 0.05 after SKF plus BD1063, while the levels of 6-1Rs remained unchanged after
BD1063 treatment alone (106 + 21% of vehicle, n = 3, p > 0.05) (Fig 17D).

If the decrease/redistribution in c-1Rs level continues to occur after the SKF
administration even in the presence of antagonists, then we should not observe any change in

the overall levels of 6-1Rs. To test this hypothesis, we performed immunoblot experiments
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on the total homogenates of hippocampi that isolated after SKF treatment but in the presence
of BD1047 or BD1063. Intriguingly, we still observed a significant decrease in the levels of
o-1Rs in the total homogenates of SKF plus BD1047 or BD1063 (Fig 17H), suggesting that
there may be down regulation of ¢-1Rs instead of redistribution as the total homogenate
levels of 6-1Rs in vehicle and BD1047 or BD1063 remained unchanged (Fig 17G). The
levels of 6-1Rs were 80 £ 3.6% of vehicle, p < 0.05 after SKF plus BD1063; 63 + 3.3% of
vehicle, p < 0.05 after SKF plus BD1047; 86 * 6.7% of vehicle and 86 + 5% of vehicle, p >
0.05 after BD1063 and BD1047, n = 3 in all cases.

Several investigations have demonstrated that in addition to ER/MAM distribution,
o-1Rs are present on the perinuclear membranes of the cell (81, 128, 155). Because of the
spatial dynamics of o-1Rs within the cell, it is hypothesized that o-1Rs could act as
transcriptional factors, controlling genes encoding several ion channels, possibly by
redistribution into the nucleus (34). Also, a recent investigation has suggested that ¢-1Rs
might shuttle between the nucleus and the cytoplasm i.e., ER membranes, depending on the
conditions (130). Thus, it is possible that at 90 min following SKF administration, certain
amount of o-1Rs from the LP1 fraction redistribute to the nuclear compartment and,
simultaneous association with ERK1/2 and CREB signalling pathways (Fig 12) promote the
protein synthesis of GIUN2 subunits and PSD-95.

If our assumption is correct, then in the presence of protein synthesis blocker
anisomycin, o-1R translocation from the LP1 fraction should not occur. We tested our
hypothesis by performing immunoblot experiments on the LP1 fraction at 90 min following
SKF or PTZ administration in the presence of anisomycin. As seen in the Figure 17E and F,

the levels of 6-1Rs did not undergo any decrease following treatment with agonists in the
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presence of anisomycin or following anisomycin treatment alone. The levels of 6-1RsS were
82 = 10% of vehicle after SKF plus anisomycin, 99 + 1% of vehicle after PTZ plus
anisomycin, and 100 = 7% of vehicle after anisomycin (n = 3, p > 0.05 in all cases). These
results suggest that the agonist treatment could induce certain amount of 6-1Rs to translocate
from the LP1 fraction (see Table 1V).

We next tested the presence of 6-1Rs in VesF along the lines of GIuN2 subunits and
PSD-95 (Fig 16). Immunoblotting for o-1Rs on isolated fractions of SGC following SKF
administration (Fig 171) showed that the levels of o-1Rs were significantly increased in
VesF (240 + 16% of vehicle, n = 3, p < 0.05), while the levels underwent significant
decrease in SMF (65 + 4% of vehicle, n = 3, p < 0.05). In the ERPF, the levels of 6-1Rs did
not undergo any change (123 = 8% of vehicle, n = 3, p > 0.05), suggesting that a major
proportion of 6-1Rs in the LP1 fraction are in VesF along with GIuN2 and PSD-95.

Taken together with the Co-IP and SGC results, our data suggest that activated 6-1RS
associate with NMDAR-PSD-95 complex and then aid in the trafficking and targeting of the

newly synthesized NMDARs from the ER to the plasma membrane (Fig 10).
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The regulation of ion channels’ expression, trafficking, and targeting is an emerging
theme in the role of 6-1Rs in the functional modulation of these channels, at least in the case
of voltage-gated K* ion channels (35, 92, 121). It has been well documented that activated o-
1Rs potentiate the function of NMDARs (Section 3 and (13-15, 50, 114, 120)). However,
there has been an open question as to whether activated o-1Rs also alter the expression,
trafficking, and surface levels of NMDARs. In this study, we show that, following activation
of 6-1Rs, (a) there is an increase in the protein expression of GIuN2 subunits, and (b) there is
an increase in the trafficking and targeting of NMDARs from the ER to the plasma
membrane. These resultant changes could underlie the 6-1R enhancement of NMDAR
function (13, 15).

1. ¢-1R-mediated increase in GIUN2 subunits and PSD-95 protein expression

Our study shows that acute activation of 6-1Rs leads to an increase in the protein
expression of GIuN2 subunits and PSD-95 in the rat hippocampus (Figs 7 and 11). Several
lines of evidence support our conclusion. First, 6-1Rs mediate the increase in protein levels
of GIuN2 subunits and PSD-95, since their levels remained unchanged when o-1RS were
chronically blocked with BD1047 or BD1063 (Fig 9). Second, subsequent to the activation
of 0-1Rs, the levels of c-FOS—a routinely used marker for protein synthesis (43)—
increased significantly. This suggests that a detectable increase in the protein synthesis
process occurred under our experimental conditions (Fig 11). Third, the observed increase in
GIuN2 subunits and PSD-95 protein levels after the activation of 6-1Rs was prevented in the
presence of anisomycin (Fig 11).

Administration of 6-1R ligands either in vivo or in vitro has been shown to alter the

mMRNA or protein expression of several neuronal proteins: for example, hERG ion channels
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and NMDAR subunits. The previously reported alteration in the protein expression of
NMDAR subunits took place after the chronic administration of o-1R ligands (53, 204).
Ours is the first report to demonstrate changes in the NMDAR subunits and PSD-95 protein
expression after acute activation of 6-1Rs. Thus, our results provide an important piece of
evidence regarding the o-1R-mediated alteration in the protein expression of NMDARs.

What are the mechanisms through which ¢-1Rs increase the protein expression of
GIuN2 subunits and PSD-95? The precise molecular mechanisms underlying our
observations are still unclear. Growing evidence suggests that 6-1Rs could translocate from
the ER to the nucleus and could act as a transcriptional factor for the expression of several
ion channels (34). A recent study using a multidisciplinary approach has shown that 6-1RS
could shuttle between the ER and nucleus (130). In addition, 6-1Rs are connected to several
intracellular signalling cascades, e.g., ERK1/2 during active conditions (139, 193). Taken
together, it is possible that acutely activated c-1Rs translocate from the LP1 fraction to the
nuclear compartment and—also in connection with signalling pathways such as ERK1/2 and
its downstream target, CREB—increase the protein synthesis of GIuN2 subunits and PSD-95
as in our observations. Indeed, the results shown in Figs 17A, 17B, and 12B suggest a
possible 6-1R translocation, with a simultaneous increase in the phosphorylation levels of
ERK1/2 and CREB that could eventually lead to the promotion of GIuN2 subunits and PSD-
95 protein expression (Fig 7). Our results are in line with earlier reports that demonstrate
increased phosphorylation levels of ERK1/2 and CREB promote GIuN2 subunits and PSD-
95 protein expression (28, 156, 162, 221).

Activated o-1Rs specifically affect GIUN2 subunits, as shown in our study. This

specific effect of 6-1Rs on GIuN2 subunits could be due to these subunits being an important
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contributor for the assembly and formation of functional NMDAR complexes (151, 185).
The increase in the expression of GIuN2 subunits but not that of AMPAR subunits, as seen
in our observations (Fig 8), also suggests that 6-1Rs specifically affect GIuUN2 subunits and
PSD-95 expression. This observation is in agreement with electrophysiological experiments,
where acute application of 6-1R ligands enhances the function of NMDARs but not that of
AMPARS (16, 133). It is not surprising, then, that the acute activation of ¢-1Rs did not alter
the expression of GIuN1 subunits in our study (Fig 7), because GIUN1 subunits are already
abundant in the neuron (70).

Thus, the translocation of ¢-1Rs and the promotion of the ERK1/2-CREB signal
transduction cascades may underpin the upregulation of GIuN2 subunits and PSD-95
expression following activation of 6-1Rs in our observations.

2. Increased trafficking of GIuN2 subunits and PSD-95 following activation of o-
1Rs

Previous studies have demonstrated that the activated o-1Rs facilitate the trafficking
of proteins such as p isoform of protein kinase C and voltage-gated K* ion channels (e.g.,
Kv1.2 and Kv1.4) from the ER to the plasma membrane (92, 121, 134). Our SGC and
biotinylation results also suggest that activated o-1Rs enhance trafficking and surface
presentation of NMDARs (Figs 16 and 10).

The levels of GIuN2 subunits and PSD-95 in VesF were significantly increased
following activation of o-1Rs with SKF (Fig 16). This increase could have been due to
enhanced exocytic transport vesicles containing newly synthesized GIuN2 subunits and
PSD-95 (Fig 7 and (51, 79, 173, 180, 183, 213, 221)), particularly since we observed a

concomitant significant decrease in the protein levels of GIuN2 subunits and PSD-95 in the
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ER compartment (Fig 16). However, we observed differences in the protein levels of GIuUN2
subunits and PSD-95 between isolated fractions, and increases in the LP1 fractions (Fig 7).
These differences could be due to multiple factors that are associated with SGC technique,
such as loss of material while collecting fractions and rapid movement of proteins between
different compartments when compared with isolation of LP1 fractions. Nevertheless, our
SGC experiments provided us an opportunity to track the redistribution or movement of
GIuN2 subunits and PSD-95 between the VesF and the ERPF compartments following
activation of -1Rs.

Interestingly, elevated levels of o-1R were observed in the VesF after SKF
administration (Fig 171). This is in agreement with previous studies showing sorting of c-
1Rs to exocytic vesicles following administration of 6-1R agonists (93). Hence, it is likely
that all three components (GIuN2 subunits, PSD-95, and o-1Rs) are present in the same
transport vesicles that may be destined for the synaptic plasma membrane sites. It is also
possible that our VesF includes endocytic vesicles that contain retrieved GIuN2B-containing
NMDAR complexes originating from the postsynaptic membrane. We believe this is
unlikely because the surface levels of GIuUN2B were unaltered following SKF administration
(Fig 10). SKF activation of 6-1Rs results in the enhanced surface presentation of GIuN2A-
containing NMDARs, probably at the postsynaptic density.

Therefore, 6-1Rs regulate NMDAR numbers via protein synthesis, and trafficking to
the plasma membrane by facilitating exit from the ER compartment.

3. ¢-1R-mediated increase in the surface levels of GluN2A-containing NMDARS

Electrophysiological studies demonstrate that following the administration of ¢-1R

agonists into animals, there is an enhancement in NMDAR-mediated responses and
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improvement in learning and memory (the time between first observation of the effect and
the return to baseline ranges between 30—120 min and several days) (Section 3 and reference
therein). Our data suggests that the facilitation of NMDAR function at 90 min after the
activation of o-1Rs is due to an increase in the surface NMDARs containing the GIuUN2A
subunits (Fig 10), since these NMDARSs are predominantly expressed at synaptic sites while
those that contain the GIUN2B subunits are enriched at extrasynaptic sites (57). Although we
did not observe any changes in the surface or protein expressions of NMDARs at 30 and 45
min after injection of 6-1R agonists, we speculate that the enhancement of NMDAR function
by o-1Rs at these time points is mediated via already proposed mechanisms (see Fig 3 and
Section 3.1).

The increase in surface expression of GluN2A-containing NMDARs (Fig 10) is
lower when compared with the increased expression observed in LP1 fractions (Fig 7). This
can be explained in two different ways: First, the proportion of GIUN2A subunits in the LP1
fraction that is not observed on the surface might serve as an intracellular reserve pool. Aoki
et al., demonstrated the presence of a reserve pool of GIUN2A subunits in intracellular
compartments near synaptic regions (6). Second, it has been suggested that there is only a
limited number of “slots” that can accommodate the synaptic NMDARSs at the postsynaptic
density, despite a high availability of receptors (159).

Intriguingly, the surface expression of GIuN2B remains unaltered after SKF
administration (Fig 10). Here, we assume that the o-1R-mediated insertion of GIuN2B-
containing NMDARSs into the postsynaptic membrane might occur at a slower rate than
GIuN2A-containing NMDARs. It has been shown that disrupting the interaction between

GIuN2B subunits and PSD-95 results in the removal of GIuN2B-containing NMDARs from
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the plasma membrane (158, 164, 174). Further, accumulating evidence suggests that a
disruption of this interaction could also interfere with the plasma membrane insertion of
newly synthesized and recycled pools of GIuN2B-containing NMDARs (12, 153, 160, 172,
173). Our Co-IP experiments showed a disruption of the interaction between GIuN2B
subunits and PSD-95 after activation of o-1Rs (Fig 14D). Thus, it is possible that ¢-1R-
mediated disruption of interaction between GIuN2B subunits and PSD-95 delays the surface
insertion of GIuN2B-containing NMDARSs. In this regard, a longer time course is needed to
resolve the surface increase in GIuN2B-containing NMDARs at the postsynaptic
membranes.
4. 6-1Rs exhibit increased association with GIuN2 subunits following activation
One of the striking features of activated c-1Rs is their ability to translocate from the
ER to the plasma membrane and modulate the functions of various types of voltage-gated
ion channels (e.g., K™ ion channels) via protein-protein interaction (144, 188). Our Co-IP
data suggest a ligand (SKF)-dependent enhanced interaction between 6-1Rs and NMDARs
(Fig 13). However, we also observed interactions between these proteins under basal
conditions (Figs 13 and 15A). These observations are in line with previous studies
investigating the interaction between c-1Rs and voltage-gated ion channels e.g., Na*, K",
and Ca”* (9, 10, 197). Based on this information, we can see two roles for 6-1Rs in the
context of interaction with NMDARs. First, NMDARSs are central proteins that are necessary
for executing a multitude of neuronal functions, so there is constant production of NMDAR
subunits in neurons (209). The newly synthesized NMDAR subunits (under basal conditions
as well as after activation of 6-1Rs) require proper protein folding with the aid of cellular

chaperones to form mature NMDARs (80, 125). The finding that c-1Rs have chaperone
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activity (61) raises the likelihood that 6-1Rs might act as chaperones for newly synthesized
NMDAR subunits at the ER. Second, under basal conditions, ¢-1RS associate with
NMDARs at the ER and help to cluster receptor complexes into the transport vesicles (VesF)
and then facilitate their transport from the ER to the plasma membrane (Fig 16). Balasuirya
et al. have shown that 6-1Rs can interact with NMDAR subunits at the ER and at the cell
surface under basal conditions (11), which is consistent with our finding of basal interaction
between 0-1Rs and NMDAR subunits (Figs 13 and 15). Further, a recent finding has shown
that activated o-1Rs exhibit a higher association with voltage-gated Kv1.2 ion channels at
the ER, and target them to the plasma membrane regions of the neuron (92). Our SGC
experiments demonstrated the increased presence of 6-1Rs along with the NMDAR subunits
in the VesF after the activation of o-1Rs (Fig 16). Thus, after activation, 6-1Rs show an
enhanced interaction with NMDAR subunits, followed by a pronounced exit of NMDARs
from the ER compartment. It is unclear why, under PTZ treatment conditions, o-1Rs showed
no difference in interaction with NMDAR subunits.

Our data from Co-IP experiments demonstrated an interaction between ¢-1Rs and
PSD-95 (Figs 13 and Fig 15A) under basal conditions as well as after activation of 6-1Rs.
The observation of interactions between o-1Rs and PSD-95 was not surprising given the
ability of PSD-95 to interact with multiple proteins, especially with NMDAR subunits. We
can envisage the following significance for ¢-1R interaction with the NMDAR-PSD95
complex (Fig 13): (a) o-1Rs could be involved in aiding the interaction between NMDARS
and PSD-95 under basal as well as activated conditions, similar to the role of mPins. mPins
has been shown to interact with NMDARs and facilitate the interaction between NMDARS

and PSD-95/SAP102 (173). (b) Zhang et al., demonstrated that PDZ domain proteins (e.g.,
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PSD-95) that exhibit interaction with glutamate receptors undergo chaperoning in their inter-
domains, but how this is achieved remains unclear (224). Given the fact that 6-1Rs have
chaperone activity (61), the interaction between 6-1Rs and PSD-95 might help the proper
folding of newly synthesized PSD-95. (c) It has been shown that PSD-95 plays a supportive
role in the trafficking and targeting of NMDARs from the ER to the plasma membrane (42,
183). Thus, we believe that ¢-1Rs interact with PSD-95 to promote the trafficking and
targeting of NMDARs to the synaptic plasma membranes (Fig 10).

We expected to see an increased interaction between o-1Rs and PSD-95 in SKF
treated conditions, since we observed an enhanced interaction between ¢-1Rs and GIuN2
subunits (Fig 13). It is unclear why we did not detect an enhanced interaction between c-1Rs
and PSD-95 following activation of 6-1Rs (Fig 13). It could be for the following reasons:
First, o-1Rs interact with NMDAR subunits and PSD-95 in different stoichiometric
proportions. In this case, after administration of SKF, there could be an alteration in the
conformation of NMDARs via unknown mechanisms. This alteration of NMDARs could
lead to enhanced binding to c-1Rs. Alteration of NMDAR conformation and consequent
enhancement in the binding of intracellular components to NMDARSs is not unusual and was
shown in recent work (55). Second, our observation of interaction between o-1Rs and PSD-
95 could be a consequence of o-1R interaction with NMDAR subunits. The data from
Balasuriya et al., support this possibility because o-1Rs were shown to interact with
NMDARs without the involvement of PSD-95 (11).

5. Distribution of 6-1Rs
Our SGC data clearly demonstrated the presence of o-1Rs in various subcellular

compartments of the LP1 fraction, along with NMDAR subunits and PSD-95 (Figs 16 and
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171). However, several laboratories have observed the opposite, that the protein levels of o-
1Rs in the LP1 fraction is either minimal or absent (4, 122, 148, 155). Most of these studies
investigated the distribution of 6-1Rs by employing [°H]-labeled agonists/antagonists and or
peroxidase-containing substances. The use of these substances for studying ¢-1R distribution
has several limitations: (1) high cross-reactivity and non-specificity of the radio-ligands; (2)
a very narrow detection range for identifying o-1R distribution at rest vs. after activation;
and finally, (3) an unclear distinction between electron-dense regions of the neuron, e.g.,
PSD and the peroxidase-labeled regions defining 5-1R localization (4, 148).

Our immunoblot technique confirmed the presence of c-1Rs at rest in the
hippocampal LP1 fraction of the rat (Figs 7 and 16). Interestingly, in an agonist- and time-
dependent manner, the levels of 6-1Rs in the LP1 fractions decreased after acute treatment
of rats with SKF or PTZ. These observations are in agreement with, and further supported
by, the earlier studies (4, 122, 148, 155). The decrease in o-1R protein levels in the LP1
fraction cannot be explained by downregulation since the total homogenate levels of 6-1Rs
increased after activation of 6-1Rs with agonist (Fig 16). The decreased o-1R protein levels
in the LP1 fraction after activation with agonist could be due to redistribution.

Surprisingly, agonist (SKF) activation of o-1Rs in the presence of antagonist
(BD1047 or BD1063) resulted in low levels of 6-1Rs in the total homogenates as well as the
LP1 fractions (Fig 16). The o-1R protein levels in both the LP1 fractions and the total
homogenates remained unaffected after treatment with antagonist alone (Fig 16). Thus, it is
possible that a two-day chronic treatment with antagonists could prime the o-1Rs for
downregulation (see Table 1V). The molecular mechanisms behind the upregulation of c-

IRs after agonist treatment and the decrease in o-1Rs levels after agonist-plus-antagonist
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treatment require future investigation. Several studies have also reported the bidirectional
regulation of 6-1Rs after either acute or chronic treatment with 6-1R ligands (71, 73, 74, 90),
implying that the regulation of 5-1R levels is a highly variable process that depends on drug
type, length of treatment, and experimental conditions.

We must ask, though, in our observations, where and why do c-1Rs redistribute from
the LP1 fractions following activation with agonists? It is not clear to which compartments
the 6-1Rs redistribute after activation with o-1R agonists. We hypothesize that 6-1Rs might
redistribute to the nuclear compartment and simultaneously, with intracellular signalling
cascades such as ERK1/2 and CREB, promote the synthesis of NMDARs and PSD-95 (Figs
7, 12 and 16). Support for our hypothesis comes from the facts that: (a) o-1R protein levels
in the LP1 fraction remains unchanged in the presence of anisomycin (Fig 16); (b) earlier
reports have hypothesized that o-1Rs could redistribute to the nuclear compartment after
activation with ligands and possibly act as a transcriptional factor to promote the ion channel
expression (34); and (c) two recent, but separate, studies have demonstrated that c-1Rs
localize to the nucleus and shuttle between the nucleus and cytoplasm i.e., ER membranes
depending on the conditions (3, 130). This type of retro-redistribution has been reported and
is frequently observed in the receptor tyrosine kinases of epidermal growth factor receptor
family members such as ErbB-2 and ErbB-3 (211). Therefore, o-1Rs might redistribute to
the nucleus upon activation in a time- and agonist-dependent manner, although future
investigations are required to confirm our assumption.

The other possibility that could underlie in o-1Rs redistribution from LP1 fraction
following agonist treatment is that they may be transported down to soma for degradation. In

this case, blocking the motor proteins such as kinesin with Adocia sulphate-2 (AS-2) in
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presence of SKF might prevent the redistribution of 6-1Rs from LP1 fraction. However, this
intriguing possibility needs to be tested.
6. Differences in SKF- and PTZ-mediated 6-1R action

SKF and PTZ are the two o-1R agonists most commonly used for studying c-1R-
mediated actions, so we employed SKF and PTZ for investigating 6-1R mediated changes in
the expression and surface levels of NMDARs. We found that SKF- and PTZ-activated o-
1Rs enhanced the expression and surface levels of NMDAR subunits (Figs 7 and 10). These
results are in line with earlier electrophysiological and behavioral approaches demonstrating
facilitation of NMDAR function post-administration of SKF or PTZ (14, 15, 114).

Although SKF and PTZ both upregulated the expression of NMDARSs, the change in
levels after treatment with each of these agonists was different. SKF treatment resulted in an
enhanced interaction between 6-1Rs and NMDAR subunits, while we did not observe any
change in interaction after PTZ treatment (Figs 7, 13, and 15). These differences could be
due to multiple factors, such as concentration, method of administration, bioavailability, and
efficacy.

The concentration (2 mg/kg) and method of SKF or PTZ (intraperitoneal (i.p.)
injection) administration to the rats was guided by previously published reports, where they
suggested for the induction of 6-1R-meditated effects on NMDAR function in vivo (76, 77).
A valid criticism of our study is the method of drug administration to the rats i.e., i.p.
injection of SKF or PTZ. The i.p. injection of any drug drives through first-pass metabolism
before it enters into systemic circulation and then into the brain. The exact brain
concentration of SKF or PTZ acting on ¢-1Rs to elicit changes in NMDAR subunits and

PSD-95 expression (Fig 7) is unknown.
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We have reasons to believe that the brain concentrations of SKF and PTZ were
within the range required for the 6-1Rs to execute their actions: (a) both SKF and PTZ (2
mg/kg) altered the expression of NMDAR subunits and PSD-95 at 90 min, and (b) the
observed effect was prevented when the 6-1Rs were pharmacological blocked with BD1047
or BD1063. Based on the earlier investigation and theoretical calculation (Table V), we
estimated the brain concentration of PTZ to have been within 4—6 uM. SKF and PTZ bear
analogous structures (Table V) and both belong to the benzomorphan class of chemical
compounds, so we predict that the brain concentration of SKF was also 46 puM. Our
theoretical calculation of SKF or PTZ concentration is in line with, and falls within, the
concentration range used by previous electrophysiological study (170), in which they
showed ¢-1R promotion of NMDAR function.

Thus, the major factor that is involved in our observations could be the efficacy of
drugs. Functional studies (neuroprotective, behavioral, and electrophysiological)
demonstrate that SKF has a higher efficacy when compared with PTZ (105, 108, 114, 143),
although, both SKF and PTZ demonstrate similar binding to 6-1Rs (SKF: K or Ky =19.4 []
4.6 nM (122); and PTZ: K; or Kgq =4.59 [ 0.26 nM (25, 122)). This is probably why we
observed SKF to be more effective in enhancing the expression of GluN2 subunits and ¢-1R
interaction with GIuN2 subunits when compared with PTZ.

7. Model for 6-1R-mediated increase in NMDARSs expression and surface levels

Our study showed an increase in the expression, trafficking, and surface levels of
NMDARs (GluN2A-containing NMDARs) (Fig 18). This mode of o-1R action on
NMDARs could account for the o-1R potentiation of NMDAR function observed in vivo

(Section 3). However, several other potential mechanisms could also contribute to the 6-1R
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potentiation of NMDAR function besides the mechanisms identified in this study.

It is important to consider that an increase in the NMDAR-mediated responses
following o-1R activation may also be due to a change in the NMDAR channel properties
(e.g. single-channel conductance) along with an increase in channel numbers. It is well
established that 6-1R interactions with the pore region of recombinant K, 1.3 (88) and Na,1.5
channels (82) and high-voltage activated Ca?* channels (223), leads to modulation of the
kinetics or activation curves of these ion channels with no change in channel conductance.
To date, there has been no detailed examination of the effect of 6-1Rs on the single-channel
conductance of ligand-gated ion channels. Therefore, an effect of 6-1R on the gating of
NMDARs already expressed at the cell surface cannot be ruled out at this stage, although
post-translational modifications (e.g. phosphorylation) of NMDARs are more probable
contributors (87, 167).

o-1R can modulate NMDAR functions through physical association, along with the
increase in number of surface receptors (Figs 10 and 13). It is well established that the
activation of o-1Rs leads to modulation of the Kinetics of voltage-gated ion channels
(Section 1.4) such as Na*, K*, and Ca®" via direct interaction between the o-1R and the ion
channel. In addition, c-1Rs are known to potentiate IP3 receptors (61, 216) via the formation
of a trimer between the IP3 receptor, ankyrin, and the C-terminus tail of a 6-1R, and inhibit
acid-sensing ion channels (ASIC; (26, 68)) through direct binding of a 6-1R to each ASIC
subunit. It remains to be discovered whether the interaction between ¢-1Rs and NMDARS
alters the kinetics of NMDAR ion channels. Our laboratory has previously shown that
activated o-1Rs potentiate the NMDARs function without altering the kinetics of the

NMDAR currents (110). However, these experiments were done on hippocampal slices and
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were not performed in a system that contains NMDARs and 6-1Rs alone, thus limiting us to
conclude that the enhanced interaction between o-1Rs and NMDARs alters the kinetics of
NMDAR ion channels.
8. Functional implications of ¢-1R enhancement in the expression and surface
levels of NMDARS

Our observations could be involved directly in NMDAR-dependent processes such as
the formation and maintenance of spine morphology, synaptic plasticity (e.g., LTP), and
neuroprotection. Results from the current study also provide an opportunity to understand
the plausible role of 6-1Rs in antidepressant drug action as well as presents the likelihood of
designing novel antipsychotics.
8.1  Formation and maintenance of spine morphology

Dendritic spines, which are small protrusions of the dendritic tree, form important
junctions of neuronal communication. These spines are heterogeneous in shape and size, and
have been classified as mushroom, thin, and stubby spines (123). NMDARs, in association
with the PSD-95-family of proteins and the Rho family of GTPases, are involved in the
formation and maturation of dendritic spines and in the maintenance of spine morphology
(41, 89, 171, 199). For example, a prominent member of the Rho family of GTPases, Tiam
1-Racl, couples to NMDARs via PSD-95 and regulates spine formation and dendritic
arborisation (199). Several studies have suggested that the formation and maintenance of
dendritic spines requires a sufficient amount of NMDARs because either the
pharmacological blockade or the reduction in protein expression of GIuUN2A- and GIuN2B-
NMDARs alter the density and morphology of dendritic spines (23, 207). Furthermore,

protein expression of PSD-95 also plays an important role in the growth and maturation of
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spines (41, 184).

o-1Rs have also been shown to promote neurite development in PC12 cells (192,
193). More importantly, a study has shown that o-1Rs facilitate the formation and
maintenance of hippocampal dendritic spine morphology (203). The study demonstrated that
o-1Rs regulate dendritic spine formation and morphology via the TIAM1-Racl-GTP
signalling pathway. Authors have also shown that the deficiency of ¢-1Rs in the neurons
results in lack of mushroom-shaped spines as well as functional synapses (i.e., absence of
NMDARs and PSD-95 at synapse) (203). So, based on the current findings, it is possible that
by regulating the expression of NMDARs and PSD-95 (Figs 7 and 11), o-1Rs are involved
in the formation and maintenance of dendritic spines, at least in the above study.

A separate study has shown that new glutamatergic synapses/spines (that include
NMDAR-PSD-95 complexes) can be formed in a period of 1-2 h, indicating that the
production of NMDARs and PSD-95 can occur at a faster rate (47). Our finding that 6-1RS
can increase the expression of NMDARs and PSD-95 at 90 min (Fig 7) further supports the
possible involvement of 6-1Rs in the formation of new glutamatergic synapses.

The formation, remodeling and maintenance of dendritic spines, which can occur
over a time scale ranging from seconds to tens of minutes or days, represents an important
mode of refining the neuronal circuitry in the brain (123). Exposure to addictive compounds
(e.g., cocaine, an agonist of 6-1Rs (30)) increases the dendritic spine arborization through
unclear mechanisms (171). Thus, 6-1Rs could be involved in the formation and maintenance
of dendritic spines via enhancement of the expression of NMDARs and PSD-95.

8.2  Synaptic plasticity

The LTP form of synaptic plasticity is well characterized and forms an important
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molecular correlate of learning and memory (107). Processes such as induction, expression,
and persistence of LTP are highly dependent on the function of NMDARs (19, 33, 135).
Typically, LTP can be divided into two phases: A long-lasting LTP (L-LTP), which lasts for
hours in vitro and for days in vivo, is dependent on protein synthesis (includes NMDARs and
PSD-95); the other form of LTP that occurs early (in less than a hour) is called early-LTP
(E-LTP) and is independent of protein synthesis (2, 154). Changes in the protein expression
of NMDARs and PSD-95 by overexpression, gene knock-in or gene knockout studies have
been shown to alter the LTP (including L-LTP and other classified LTP’s) to a significant
extent. For example, overexpression of GIUN2B subunits in the hippocampus improves
NMDAR function and LTP (196). This enhancement in NMDAR function was suggested to
ameliorate the learning and memory in mice. The plasticity of ocular dominance was altered
in response to the enhanced expression of GIUN2A subunits in the visual cortex (163).
Overexpression of PSD-95 enhances LTP in the hippocampus (129).

Our lab and several others have previously shown that o-1R enhancement of
NMDAR function alter LTP (27, 101, 104, 110). However, the molecular mechanisms of
how ¢-1Rs could bring changes to LTP remain unclear. In light of our current observations,
we speculate that o-1Rs contribute to the process of LTP by increasing the expression and
surface levels of NMDARs (Figs 7 and 10). Support for our assumption comes from the fact
that o-1R agonists (e.g., DTG, SKF, PTZ and PRE-084) improve learning and memory in
animal models with NMDAR-antagonism induced amnesia (114, 116, 120). Thus, it can be
concluded that o-1Rs alter synaptic plasticity by modulating the expression as well as

surface levels of NMDARs in the hippocampus.
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8.3  Neuroprotection

It is known that excessive calcium influx via NMDARs recruits and activates
neuronal nitric oxide synthase (nNOS) that is attached to PSD-95. This complex of
NMDARs/PSD-95/nNOS is the driving force for neurotoxicity (38). In this complex, PDZ-
domain-based interactions create a ternary association composed of GIuN2B C-terminal end
amino acids (-ESDV)/PSD-95 (PDZ1 and PDZ2 domains) and PSD-95 (PDZ2
domain)/nNOS PDZ-domain amino acids (-ETTF) (31, 38). Current strategies against
neurotoxicity in various models mainly include: (a) drugs acting as antagonists on NMDARs
or nNOS; and or (b) disruption of the interactions between NMDAR/PSD-95 and/or PSD-
95/nNOS using short peptides (38). Of interest, these short peptides bear similar amino acid
sequences to those involved in the interaction between NMDARs/PSD-95/nNOS and
compete for the endogenous interactions, thus providing neuroprotection (1).

Evidence from several laboratories suggests that many o-1R ligands confer
neuroprotection in different neurotoxicity models in multiple ways (119). Among them,
altering the protein-protein interaction between PSD-95/nNOS is found to be the main
mechanistic route for o-1Rs to exert neuroprotection. For example, a study has shown that
treatment with 4-PPBP, a o-1R agonist, attenuates the coupling between nNOS and PSD-95,
and thereby o-1Rs exert neuroprotection towards neonatal ischemic degeneration in striatal
neurons (220). However, in this study, it is unclear whether o-1R alters the coupling between
GIuN2 subunits and PSD-95. Yang et al. demonstrated that treatment with 4-PPBP did not
alter the interaction between GIuN2 subunits and PSD-95, but their study has a limitation
(220): They performed Co-IP experiments using a mixed GIUN2A/GIuN2B antibody to

determine the interaction between GIuN2 subunits and PSD-95, and concluded that they did
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not observe any differences in the interaction between GIuUN2 subunits and PSD-95 (220).
Previously, it was demonstrated that the interaction between GIuN2B subunit and PSD-95 is
critical in determining the toxicity levels to the neurons (1). In the present study, we
demonstrated using Co-IP experiments that the interaction between PSD-95 and GIuN2B
subunit is reduced to 50% after acute activation of 6-1Rs (Fig 14D).

Although we did not perform our Co-IP experiments on tissue subjected to toxic
conditions, when we consider the previous observations and the current results, we predict
that in addition to altering the coupling between PSD-95 and nNOS (220), o-1Rs also alter
the coupling between NMDARs and PSD-95 to protect neurons against toxic/excessive
calcium influx. Additionally, it is hypothesized that promotion of GIluN2A-containing
NMDARs results in neuroprotection, whereas the promotion of GIuN2B-containing
NMDARs results in the cell death (57). We have observed a significant increase in the
surface expression of GIuN2A-containing NMDARs after acute activation of 6-1Rs (Fig 10).
Thus, the model could be that acutely activated o-1Rs, by enhancing the surface expression
of GIuN2A-containing NMDARs, and by altering the coupling between GIuUN2B subunits
and PSD-95 as well as PSD-95 and nNOS exert neuroprotection.

8.4  Increase in NMDARs and PSD-95 expression could be involved in rapid
antidepressant drug action of ¢-1R ligands

Several studies have suggested that the dysfunction of the glutamatergic system
(especially NMDARs and their associated partners e.g., PSD-95) in the hippocampus and
other brain regions is involved in the pathophysiology of depression (39). As a result,
numerous antidepressants belonging to various chemical groups were designed to target

NMDARs (137). Initially, the mechanism of action for many of the antidepressants targeting
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NMDARs involved the antagonism of NMDARs (i.e., using ligands that bind to different
sites within the NMDAR complex(202)), thus producing “antidepressant-like” behavior.
More recent investigations have shown that several antidepressants modulate the NMDARS
expression besides as NMDAR antagonists (39). For instance, antidepressant drugs that
belong to all chemical groups produced a time- and dose-dependent change in the radio-
ligand binding to NMDARSs, which were assumed to be an adaptive change (increase) in the
protein expression of NMDARs (21, 140, 152). Notably, many of the changes in NMDAR
expression profiles were observed mainly after chronic treatment of animals with
antidepressants (140, 152). However, the recent discovery that ketamine can produce a rapid
antidepressant activity by modulating the NMDAR expression profile raised the possibility
that antidepressants can alter the function of NMDARs under acute treatment conditions as
well (7, 106).

Drugs such as SKF, PTZ, PCP, and ketamine belong to the category of
psychotomimetic agents and were shown to act as antidepressants (17, 119). Coincidentally,
the acute treatment of animals with ¢-1R ligands improved the depressive symptoms rapidly
i.e., 0-1R ligands acted as rapid antidepressants (37, 208). Nonetheless, it remained unclear
whether there were any alterations in the expression profile of NMDARs and PSD-95 after
acute treatment of animals with ¢-1R ligands that exhibit rapid antidepressant actions. Our
observation that the acute treatment of rats with 6-1R ligands increased the expression of
NMDARs and PSD-95 (Fig 7) could be involved in the rapid antidepressant action of 6-1R
ligands described in the above studies (37, 208). Also, our findings can be connected to a
recent observation that a single dose of ketamine (acute i.p injection) alleviates the

depressive behavior (after 30 min of injection) in mice (7). Two reasons might support our
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assumption. First, several reports suggest that 6-1R ligands can act as rapid antidepressants
by modulating NMDAR function when assessed through various behavioral paradigms (16,
95, 208). Second, Autry et al. demonstrated changes in the NMDAR expression profile at
rest (7), similar to our observation of changes in NMDAR subunits and PSD-95 protein
levels at rest, i.e., in the absence of depressive conditions. However, it is important to note
that the mechanism of action described by Autry et al. differs from our observations. In the
later study, the mechanism of ketamine action to bring rapid antidepressant effect in mice
was suggested to occur due to the antagonism produced at the NMDARs. Conversely, our
results demonstrated that the changes in expression profiles of NMDARs and PSD-95 in rats
were not mediated through the antagonism of NMDARs. This is because SKF or PTZ
treatment of rats in the presence of BD1047 or BD1063 (Fig 9) prevented the actions of SKF
or PTZ treatment alone. Taken together, it is reasonable to assume that the results observed
in our study could be involved in the rapid antidepressant action of several o-1R ligands.
8.5 o-1Rs as a potential target for designing novel antipsychotics

The proposal that NMDAR hypofunction could lead to positive symptoms and
cognitive decline in schizophrenic patients came from the studies demonstrating the
abnormalities in expression of NMDARSs and their associated signalling proteins (e.g., PSD-
95) (78, 94, 124). Thus, several drugs were designed and tested for promoting the expression
and function of NMDARs in animal models of schizophrenia (94). However, studies
performed on animals to evaluate many of the drugs (e.g., haloperidol, clozapine) as
antipsychotic medication resulted in varied conclusions. This is because the efficacy of many
of the drugs tested as antipsychotic medication was highly dependent on the type and length

(acute vs. chronic) of treatment (94). In these studies, acute treatment with antipsychotics
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resulted in downregulation of NMDARs, whereas chronic treatment upregulated the
expression of NMDARs in a subunit- and region-specific manner. For example, one of the
antipsychotic drugs, E-5842, that is selective towards o-1R, altered the expression of
NMDAR subunits differentially depending on the brain region under chronic treatment
conditions (53). Similarly, several other antipsychotic drugs (e.g., clozapine, haloperidol)
that mainly act as antagonists of 6-1Rs (62) showed improvement in the NMDARs function
only after chronic treatment. Even so, it remained unknown whether there was any effect on
the expression and function of NMDARs after acute treatment of animals with o-1R
agonists.

Our observation of an upregulation in the expression of NMDARs and PSD-95 (Fig
7) after acute treatment of rats with o-1R agonists might act as an important route for
improving  NMDAR hypofunction/expression observed in schizophrenia. Further,
electrophysiological and behavioral evidence demonstrate that the acute treatment of rats
with -1R agonists enhances the function of NMDARSs (Section 3). Thus, designing novel
antipsychotic drugs that can act as o-1R agonists might form a better therapeutic strategy and
will help in deciphering the existing controversy regarding the association between 6-1RS
and schizophrenia (142, 175, 205).
CONCLUSIONS

Several lines of evidence demonstrate the functional interaction between o-1Rs and
NMDARs (Section 3). However, one of the most elusive roles described for 6-1Rs is the set
of mechanisms through which o-1Rs enhance the function of NMDARs. The results
presented in this study provide novel mechanistic information (Fig 18) that could underlie

the o-1R enhancement of NMDAR function. Gaining substantial knowledge of the
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molecular details of how o-1Rs enhance the NMDARs function not only helps to decipher
the 0-1R-NMDAR role in physiological and pathological conditions, it could form a venue
for the development of novel therapeutic strategies to treat multiple disorders (e.g.,

schizophrenia, depression, amnesia, and stroke).
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FIGURE AND TABLE LEGENDS

FIGURE 1. Identity of 6-1R amino acids across mammalian species
The underlined amino acid sequences of ¢-1R from four mammalian species correspond to
the predicted transmembrane domains. Amino acid sequences of c-1R presented in the

shaded area are identical. Modified from reference (127).

FIGURE 2. Molecular architecture of 6-1R, NMDAR, and PSD-95

(A) Domain organization of the o-1R. o-1R is proposed to have a short N-terminus, two
transmembrane domains, and a long C-terminus tail. The numbers in the o-1R structure
correspond to the amino acids at the start and end of each predicted domain. (B) Domain
organization of the NMDAR individual subunit. Each NMDAR subunit has an N-terminus
domain (ATD, divided roughly into two halves, R1 and R2), a ligand-binding domain (LBD,
formed from amino acid segments S1 and S2), a transmembrane domain (formed from four
domains (M1-M4) and a P-loop), and a C-terminus tail (CTD). Functional NMDARs are
tetrameric assembles of two obligatory GIuN1 subunits with either two GIUN2 subunits
(different combinations of GIuN2 subunits) or GIuN3 subunits (not shown in the figure). For
convenience, the dimer form of the NMDAR is presented. (C) Domain organization of the
PSD-95. PSD-95 has three PDZ domains, one SH3 domain, and a GK domain. Additionally,
PSD-95 possesses two palmitoylation residues at the N-terminus tail. Structures of o-1R,

NMDAR, and PSD-95 are adapted and modified from references (42, 61, 150).
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FIGURE 3. ¢-1R enhancement of NMDAR function: Proposed vs. hypothesized
mechanisms

(A) Administration of o-1R agonists via different routes (e.g., i.p., i.v., s.c., and bath
application) to either in vivo or ex vivo potentiates different types of NMDAR-mediated
responses, as listed in the table along with their representative references. (B) Multiple
mechanisms have been put forward to describe the potentiation effect on NMDAR function
by o-1R agonists. Three major possible routes—(a) G-proteins, (b) SK channels, and (c)
intracellular kinases—have been proposed to mediate the action of o-1R agonists on
NMDAR function (for details see Section 3.1). (C) Alternatively, we hypothesize that
subsequent to acute activation of o-1Rs, an increase in protein expression, trafficking, and
surface presentation of NMDARs occurs, which could be involved in enhancement of
NMDAR function by ¢-1R. The current study aims to test the hypothesized mechanisms to

gain insights on the 6-1R-NMDAR functional association.

FIGURE 4. Schematic diagram of hippocampal biochemical fractionation used in this
study

The insulated hippocampi from rats either after vehicle or drug treatment were subjected to
homogenization and subsequently to differential centrifugation steps (as shown in the figure)
to isolate various cellular fractions. For each individual experiment, a minimum of 3 or 4
hippocampi except in discontinuous sucrose gradient centrifugation (Fig 16), where 10—
12 hippocampi were used. The schematic also shows the particular cellular fraction used for

each experiment.
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FIGURE 5. Immunoblot saturation curves of NMDARs, AMPAR subunits, PSD-95, o-
1Rs, and B-tubulin

Immunoblot band intensities of proteins—NMDAR subunits, AMPAR subunits, PSD-95, c-
IR, and B-tubulin—were collected from X-ray films using ImageJ and plotted against
exposure times (in seconds) to generate saturation curves. An example saturation curve for
these proteins is shown in the figure. Saturation curves for these proteins were generated for
each experiment. After saturation curves were generated, data or band intensities of each
protein falling under the linear range (indicated with dashed line) were collected and
normalized against similarly obtained band intensities of loading control from the same
experiment. Normalized band intensity data of all proteins (under vehicle and drug treatment
conditions) from different experiments were averaged respectively before any comparison
with vehicle was performed, to identify any statistical significance between vehicle and drug

treatment.

FIGURE 6. Specificity of 6-1R, NMDAR, and PSD-95 antibodies in detecting the
proteins on membranes

(A) Immunoblots demonstrating the specificity of c-1R antibodies in recognizing the c-1R
as a single band at its predicted molecular weight, while pre-incubation of 5-1R antibodies
with blocking peptide resulted in the absence of the 6-1R band (left). The specificity of 6-1R
antibodies was also confirmed by the absence of the o-1R band in ¢-1R knockout mice
(right). (B) Immunoblot characterization of NMDAR subunit and PSD-95 antibodies, which

also recognize the respective proteins as single bands at approximately their predicted

73



molecular weights (left). The specificity of the above antibodies was confirmed by
performing immunoblotting on whole-cell lysates of transiently transfected SH-SY5Y cells

with NMDAR subunits or PSD-95 (right).

FIGURE 7. Increase in protein levels of NMDAR subunits and PSD-95 following
activation of 6-1Rs

Hippocampi collected at 30, 45, and 90 min from rats after single i.p. injection of vehicle,
SKF (A), or PTZ treatment (B) (2 mg/kg) was subjected to isolation of LP1 fractions.
Immunoblot experiments on extracted LP1 fractions showed a significant increase in the
protein levels of GIUN2A, 2B subunits of NMDARSs, and PSD-95, at 90 min after SKF (A)
or PTZ (B) administration. The protein levels of GIuN2 subunits and PSD-95 remained
unchanged in the LP1 fractions at 30 and 45 min after SKF or PTZ administration. f-tubulin
is shown as the loading control in this and subsequent experiments. Band intensity values of
each protein were normalized to band intensity values of B-tubulin of respective treatment
and experiment. The results demonstrating the changes in GIuN2 subunits and PSD-95
protein levels at 90 min after administration of SKF or PTZ are from 9 (SKF) and 7 (PTZ)
different experiments, with two animals in each group for each experiment. Bar graphs
represent mean £ SEM. Asterisks denote statistical significance (*p < 0.05, **p<0.01, and

***p<0.001 two-tailed distribution, unpaired t-test).

FIGURE 8. No change in protein levels of AMPAR subunits following 6-1Rs activation

Insulated hippocampi at 30, 45, and 90 min from rats after single i.p. injection of SKF or

PTZ (2 mg/kg) were subjected to isolation of LP1 fractions. IB on these LP1 fractions
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showed no significant changes in protein levels of AMPAR subunits GIuAl and GluA2/3/4
at any of the tested time points following administration of either SKF (A) or PTZ (B). Bar
graphs represent mean + SEM of at least 3 different experiments for each treatment at each
time point. Statistical significance (p>0.05 in all cases) was determined using unpaired

student’s t-test, two-tailed distribution.

FIGURE 9. Prevention of increase in protein levels of GIuN2 subunits and PSD-95 by
¢-1R antagonists BD1047 and BD1063

A schematic diagram showing the experimental setup and collection of hippocampi
following administration of SKF or PTZ, from animals that underwent to a two-day osmotic
mini-pump treatment with ¢-1R antagonist BD1047 or BD1063 (A). The protein levels of
GIuN2 subunits and PSD-95 in the LP1 fractions did not change following a two-day
chronic treatment with ¢-1R antagonist BD1047 (B). Representative immunoblots showing
no change in the protein levels of GIuN2 subunits and PSD-95 at 90 min after an i.p.
injection of SKF (C) or PTZ (D) in the presence of BD1047. There was also no change in
the protein levels of GIuN2 subunits and PSD-95 in the LP1 fractions after treatment either
with BD1063 (E) or BD1063 plus SKF (F). The bar graphs represent mean £ SEM from at
least 3 or 4 different experiments. Statistical significance (p>0.05 in all cases) was

determined using unpaired student’s t-test, two-tailed distribution.

FIGURE 10. SKF activation of o¢-1Rs results in increase in the surface levels of

GluN2A-containing NMDARs

(A) The schematic explaining the isolation and procedure for surface biotinylation on
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hippocampal slices obtained from rats at 30, 45, and 90 min after single i.p. injection of
SKF. The process of surface biotinylation in our experimental paradigm was confirmed by
the marginal presence of B-actin in surface samples. (B) Data showing an upregulation in
surface levels of GIuN1 and GIuN2A without any changes in surface levels of GIuN2B at 90
min after SKF administration. There were also no changes in the surface levels of AMPAR
subunits (GIuAl and GIuA2/3/4) at this time point (C). The surface levels of NMDARs
remained unaltered at 90 min following SKF administration in the presence of BD1063 (D).
(E-F) At 30 and 45 min following SKF administration, there were no changes in the surface
levels of NMDARs. lonotropic glycine receptors (GlyRs) were used as a loading control.
The bar graphs represent mean £ SEM of at least 7 different experiments for 90 min time
points, and 3 different experiments for 30 and 45 min time points. Asterisks denote statistical
significance (*p < 0.05, two-tailed distribution, unpaired t-test) obtained after comparison

between vehicle and SKF treatment.

FIGURE 11. Increase in protein levels of GIuN2 subunits and PSD-95 following 6-1Rs
activation, via increased protein synthesis

(A) Insulated hippocampi from rats at 90 min after single i.p. injection of SKF (2 mg/kg)
were homogenized using homogenization buffer (see methods) to isolate total homogenates.
At 90 min, following the activation of ¢-1Rs with SKF, there was an increase in protein
levels of GIUN2 subunits and PSD-95 in the hippocampal total homogenate. This increase in
GIuN2 subunits and PSD95 could due to increase in de novo synthesis of these proteins,
reflected in the increase in protein levels of c-FOS, a routinely used marker for protein

synthesis (n = 5 experiments) (B). (C) A schematic illustrating the employed experimental
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approach for testing the involvement of protein synthesis in our observations. (D) The
protein levels of GIuN2 subunits and PSD-95 remained unaffected following single i.p.
injection of anisomycin alone. However, there was a significant decrease in the protein
levels of c-FOS, demonstrating that anisomycin was blocking protein synthesis process at
this time point. Administration of SKF (E) or PTZ (F) 1 h after anisomycin injection also
blocked the SKF- or PTZ-induced increase (Fig 7) in the protein levels of GIuUN2 subunits
and PSD-95 in the LP1 fractions. Bar graphs are mean = SEM of at least 3 or 4 experiments.
Asterisks indicate statistical significance (*p < 0.05, **p<0.01, two-tailed distribution,

unpaired t-test).

FIGURE 12. Increase in phosphorylation levels of ERK1/2 and CREB following
activation of 6-1Rs

(A) Increased phosphorylation levels of ERK1/2 and CREB following NMDAR activation
promotes the synthesis of several proteins, including NMDARs (indicated with black
arrows) (28, 156, 162, 221). Activation of ¢-1Rs also increases phosphorylation levels of
ERK1/2 (139, 193); however, it remains unknown if there was any change in the
phosphorylation levels of ERK1/2 and CREB in 6-1R-mediated enhancement in the protein
synthesis of NMDARs (indicated with purple arrows), i.e., in our observations (Figs 7 and
11). Hippocampi collected from rats at 90 min after an i.p. injection of SKF (2 mg/kg) were
homogenized and total homogenates were isolated. Subsequently, 1B on these total
homogenates was performed to detect any changes in phosphorylation levels of ERK1/2 and
CREB. (B) The phosphorylation levels of p42 ERK1/2 and CREB were increased following

SKF activation of o-1Rs. These changes in phosphorylation levels of ERK1/2 and CREB
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were prevented when SKF was administrated in the presence of BD1047. The bar graphs
represent mean = SEM of 3 different experiments. Asterisks indicate statistical significance
(*p < 0.05, two-tailed distribution, unpaired t-test) obtained after comparison between

vehicle and SKF treatment.

FIGURE 13. Increase in interaction between ¢-1Rs and NMDAR subunits following
activation of ¢-1Rs with SKF

Isolated hippocampi from rats at 90 min after single i.p. injection of SKF (2 mg/kg) were
homogenized and P2 fractions were isolated. Subsequently, Co-IP on these fractions was
performed to investigate the interaction between c-1Rs, NMDAR subunits, and PSD-95
(representative blots show in panels A and B). Arrows in panels A and B show an increased
interaction between c-1Rs and NMDAR subunits; however, the interaction between c-1Rs
and PSD-95 remained unchanged following SKF administration (S) when compared with
vehicle (V). Lanes 1 and 2 in all panels represent input (0.05% of total protein quantity);
lanes 3 and 4 in panel A, and lanes 2 and 5 in panel B, are IP with 6-1Rs. Lanes 5 and 6 in
panel A, and lanes 3 and 6 in panel B, are IP with 1gG, showing minimal non-specific
binding. (C) Pooled data from 4 experiments, showing a significant increase in the
interaction between o-1Rs and GIuN2 subunits following SKF administration. The
interaction between c-1Rs and PSD-95 was also slightly increased but is not statistically
significant. (D) An illustration of multimeric protein complex containing o-1Rs and
NMDAR-PSD-95 complex. (E) Representative blot demonstrating the interaction between
o-1Rs, NMDAR subunits, and PSD-95 when IP was performed using NMDAR subunits and

PSD-95 antibodies and probed (IB) with o-1R antibodies. Bar graphs are mean £ SEM of 4
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experiments. Asterisks indicate statistical significance (p < 0.05, two-tailed distribution,

unpaired t-test).

FIGURE 14. Decrease in interaction between GIuUN2B subunits and PSD-95 following
activation of 6-1Rs with SKF

Insulated hippocampi from rats at 90 min after single i.p. injection of SKF (2 mg/kg) were
homogenized and P2 fractions were isolated. Subsequently, Co-IP on these fractions was
performed to investigate the interaction between NMDAR subunits and PSD-95
(representative blots shown in panels A-C). There was no change in the interaction between
NMDAR subunits and the interaction between PSD-95 and the GIUuN2A subunit. A
significant decrease in the interaction between PSD-95 and the GIuN2B subunit was
observed after SKF administration (D). Bar graphs are mean £ SEM of 3 experiments.

Asterisks denote statistical significance (*p < 0.05, two-tailed distribution, unpaired t-test).

FIGURE 15. No change in interaction between ¢-1Rs, NMDAR subunits, and PSD-95
following activation of 6-1Rs with PTZ

Hippocampi collected from rats at 90 min after single i.p. injection of PTZ (2 mg/kg) were
subjected to isolate P2 fractions. Co-IP experiments performed on these P2 fractions
demonstrated no change in interaction (indicated with arrows, lanes 3 and 4) between o-1Rs,
GIuN2A, GIuN2B, and PSD-95 (A) following PTZ administration (P), when compared with
vehicle (V). Lanes 1 and 2 represent input material (0.05% of total protein quantity), lanes 3
and 4 represent IP with ¢-1Rs, and lanes 5 and 6 in panel A are IP with IgG. Panel B is a

representative Co-IP blot showing the interaction between NMDAR subunits and PSD-95
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following vehicle or PTZ administration. There was no change in the interaction between
GIuN2 subunits and PSD-95 following PTZ administration when IP with GIuN2 subunits

and 1B with PSD-95.

FIGURE 16. SKF activation of ¢-1Rs leads to a redistribution of GIuN2 subunits and
PSD-95 from the ER to vesicular compartment

(A) Schematic drawing showing the isolation of three fractions from the LP1 fraction, using
discontinuous sucrose gradient centrifugation. The LP1 fraction was collected from
hippocampi that were isolated from rats at 90 min after single i.p. injection of SKF (2
mg/kg). (B) Representative blots showing protein levels in the three different compartments
after vehicle (V) or SKF (S) treatment. Pooled data from 5 experiments showing a
significant increase in GIuN2A (Ci), GIuN2B (Cii) levels in the VesF, and a significant
increase of PSD-95 protein levels in both VesF and SMF (Ciii) following SKF
administration. There was also a significant decrease in the levels of all three proteins in
ERPF. B-tubulin was used as a loading control for all fractions. The purity of the fractions
was assessed by the absence of calnexin, an ER marker in VesF and SMF; synaptophysin in
ERPF; and flotillin in SMF and ERPF. Bar graphs are mean + SEM of 5 experiments.

Asterisks indicate statistical significance (p < 0.05, two-tailed distribution, unpaired t-test).

FIGURE 17. Enrichment of ¢-1Rs in the vesicular compartment following SKF
administration
Immunoblots showing the levels of o-1Rs in the LP1 fractions at 30, 45, and 90 min

following one time SKF (A) or PTZ (B) (2 mg/kg) administration to rats. The 6-1R protein
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levels underwent a significant decrease (n = 5-7, p < 0.05) at 30 and 90 min, while there was
a significant increase at 45 min after SKF administration (A). The o-1R protein levels
underwent a significant decrease only at 90 min following PTZ administration (B). The total
homogenate levels of 6-1Rs underwent a significant increase (n = 3, p < 0.05) at all tested
points following SKF administration, as shown by the representative immunoblots (C). (D)
There was no change in the protein levels of 6-1Rs in the LP1 fractions after BD1047,
BD1063, and anisomycin. (E) Surprisingly, o-1R levels decreased significantly (n = 4, p <
0.05) after SKF treatment in the presence of BD1047 or BD1063, while there was no change
after the PTZ treatment in the presence of BD1047. (E-F) The o-1R levels in the LP1
fractions remained unaffected following SKF or PTZ administration in the presence of
anisomycin. (G-H) The total homogenate levels of 6-1Rs following SKF administration in
the presence of either BD1047 or BD1063 underwent a significant decrease (n = 3, p > 0.05)
without any difference observed between vehicle and BD1047 or BD1063 treatment alone.
(1) SKF activation of 6-1Rs caused o-1Rs to localize largely in the vesicular compartment (n
= 4, p < 0.05) of the LP1 fraction, as demonstrated by discontinuous sucrose gradient
centrifugation experiments (Fig 16). Bar graphs are mean + SEM of at least 3 experiments.
Asterisks denote the statistical significance (p < 0.05, two-tailed distribution, unpaired t-test)

obtained after comparison between vehicle and respective drug treatment.

FIGURE 18. Model summarizing the 6-1R-mediated enhancement of NMDAR function
in the rat hippocampus
At 90 min after acute agonist activation of c-1Rs, there was an increase in the protein

expression of NMDARs and PSD95 (indicated with black arrows) (Figs 7, 11 and 12). SKF
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activation of o-1Rs increased the surface expression of GIluN2A-conatining NMDARs
(indicated with green and black upright arrows) (Fig 10) with concomitant enhanced
vesicular trafficking (indicated with circles) (Fig 16). These c-1R mediated facilitation in
NMDARs expression, trafficking, and targeting could underlie the 6-1R enhancement of

NMDAR function.

TABLE I. 6-1R gene structural information

The o-1R gene lacks the classical TATA box at the start of the transcription site, and has
four exons and three introns. The 6-1R genes from all four mammalian species have similar
numbers of base pairs in the open reading frame, and approximately 1580 to 1850 base pairs
in the cDNA library. However, many aspects of o-1R gene structural information are

currently unavailable, especially for species such as guinea pig and rat.

TABLE Il. Posttranslational modifications of 6-1Rs

Characterization of o-1R proteins from four mammalian species has revealed that the 6-1R
proteins contain 223 amino acids with a molecular weight of ~ 28 kDa. These o-1R proteins
have highly similar amino acids (Fig 1). Some of the amino residues of 6-1Rs, such as serine
(98 or 99 and 182 or 183) and tyrosine (142 or 143), undergo phosphorylation. 6-1Rs do not

undergo glycosylation, but they undergo myristoylation.

Table I1l. Changes in protein levels of NMDARs, AMPARs, and PSD-95 at 90 min

following i.p. injection of SKF or PTZ

The 30-, 45-, and 90-min post-injection columns are expressed as a percentage of the
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corresponding vehicle column, with the experiments done in parallel. Data are mean + SEM
of at least 4-9 different experiments for SKF and 4-7 experiments for PTZ treatments.
Numbers that are asterisked in bold and italic indicate significant differences from vehicle

injection (p < 0.05, two-tailed distribution, unpaired t-test).

TABLE IV. Alterations in protein levels of 6-1Rs in the LP1 fractions and total
homogenates, depending on treatment time and type of drug

The table summarizes the changes occurring to the protein levels of 6-1Rs in the LP1
fractions and total homogenates of hippocampi following different types of drugs at diverse
time points. In the table, possible mechanisms that could be involved in altering the protein
levels of o-1Rs were also indicated. Immunoblot experiments were performed to measure

the protein levels of 6-1Rs in the LP1 fractions and total homogenates.

TABLE V. Theoretical estimation of SKF and PTZ concentration in the brain

SKF and PTZ are the two commonly used o-1Rs agonists for studying o-1R-mediated
actions. These compounds belong to the benzomorphan class of drugs, and bear analogous
structures with only minor differences in molecular weight. The estimated brain
concentration of these compounds at 90 min after an i.p. injection of 2 mg/kg is around 4-6

UM according to the calculation described in the table.
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human MQWAVGRRWAWAAL LLAVAAVLTOIVWLWLGTQSFVFQREEIAQLARQYA (50)

guniea pig MQWAVGRRWLWVAL FLAAVAVLTOIVWLWLGTQNFVFQREEIAQLARQYA ( 50)

rat MPWAVGRRWAWITLFLTIVAVLIQAVWLWLGTQSFVFQREEIAQLARQYA (50)

mouse MPWAAGRRWAWITLTLTITAVLIQAAWLWLGTQNFVFSREETAQLARQYA (50)

human GLDHELAFSRLIVELRRLHPGHVLPDEELQWVFVNAGGWMGAMCLLHASL (100)
guinea pig GLDHELAFSKLIVELRRLHPVHVLPDEELQWVFVNAGGWMGAMCLLHASL (100)
rat GLDHELAFSRLIVELRRLHPGHVLPDEELQWVFVNAGGWMGAMCLLHASL (100)
mouse GLDHELAFSRLIVELRRLHPGHVLPDEELQWVFVNAGGWMGAMCILHASL (100)
human SEYVLLFGTALGSRGHSGRYWAEISDTIISGTFHQWREGTTKSEVFYPGE (150)
guniea pig SEYVLLFGTALGSPRHSGRYWAEISDTIISGTFHQWREGTTKSEVFYPGE (150)
rat SEYVLLFGTALGSHGHSGRYWAEISDTIISGTFHQWREGTTKSEVYYPGE (150)
mouse SEYVLLFGTALGSHGHSGRYWAEISDTIISGTFHQWKEGTTKSEVFYPGE (150)
human TVVHGPGEATAVEWGPNTWMVEYGRGVIPSTLAFALADTVFSTQDFLTLF (200)
guniea pig TVVHGPGEATAVEWGPNTWMVEYGRGVIPSTLGFALADTVFSTQDFLTLF (200)
rat TVVHGPGEATAVEWGPNTWMVEYGRGVIPSTLAFALSDTIFSTQDFLTLF (200)
mouse TVVHGPGEATALEWGPNTWMVEYGRGVIPSTLFFALADTFFSTQDYLTLF (200)
human YTLRVYARGLRLELTTYLFGQDP 96.0 % identity (223)
guniea pig YTLRVYARALQLELTTYLFGQDP 93.7 % identity (223)
rat YTLRAYARGLRLELTTYLFGQDP (223)
mouse YTLRAYARGLRLELTTYLFGQDS 93.3 % identity (223)

FIGURE 1
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Potentiation of NMDAR mediated responses following o-1R activation

Response type Method Representative reference(s)
NMDA-induced frequency of Extr'a cellular unitary
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EPSCs voltage-clamp recordings (110)
EEG spectrum EEG recordings (108)
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TABLE |

cDNA Open reading Classical TATA box at
5’-noncoding | No of exons | 3’-noncoding Chromosomal
Species | librarysize | frame of - the start of References
region (bp) and introns region (bp) location
(bp) 1R gene (bp) transcription site
Human 1653 672 59 4 and 3 922 9p13 Absent (84, 157)
Guinea
1857 672 * * * * * (56)
Pig
Rat 1582 672 30 * 880 5 * a77)
Mouse 1567 672 21 4 and 3 874 A5-B2 of 4 Absent (149, 179)

*-Information unknown
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TABLE I

Species Protein Molecular Overall Assumed Glycosylatio Serine Tyrosine Myristoylati | References
length (no. weight Sequence ER -n site phosphoryla | phosphoryla -on site
of amino (kDa) identity (1) retention -tion sites -tion site (amino acid)
acids) and signal (amino (amino acid)
similarity sequence acids)
(S) between
human,
guinea pig
rat and
mouse”
MQWAVGR (84, 149,
Human 223 ~28 None 98 and 182 142 75
R 157)
MQWAVGR
Guinea pig 223 ~25.3 None 98 and 182 142 75 (149)
>92% (1) and R
> 95% (S) MPWAVGR
Rat 223 ~28 R None * * * 77
MPWAAGR
Mouse 223 ~28 R None 99 and 182 143 76 (249, 179)

*_Source: NCBI, *-Information unknown
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TABLE Il

(+)-SKF 10,047 (2mg/kg, i.p.)

Veh 30’ post inj Veh 45’ post inj Veh 90’ post inj
GluN1 100 + 19.3 105+ 10.8 100 + 1.35 88.6 +5.73 100 £15.3 90.5 +15.3
GIluN2A 100 £ 3.45 100 + 4.81 100 + 13.2 122 +12.8 100+9.4 205.5 £ 8.8*
GIluN2B 100 + 10.7 100 + 6.94 100 + 13.6 109 + 13.6 100 + 8.7 208 + 13.6*
GluAl 100 + 4.34 115 +6.75 100 + 3.08 107 + 3.66 100 +12.2 94.1+7.10
GluA2/3/4 100 + 6.57 101 +7.32 100 + 5.03 95.2+6.14 100+ 11.8 97.6 +10.8
PSD-95 100 + 8.02 119+5.31 100 + 2.06 94.2 + 4.66 100+ 7.7 161.7 + 12.5*

(+)-Pentazocine (2mg/kg, i.p.)

GluN1 100 + 7.57 109 +6.75 100 + 8.91 90.3+7.51 100 £10.2 98.7+14.2
GIluN2A 100 + 14.3 82.1+12.6 100 + 6.12 102 +9.02 100 + 6.47 138 + 6.57*
GluN2B 100 + 10.7 95.3+9.97 100 + 8.46 103 + 8.65 100 + 2.61 128 + 2.93*
GluAl 100 + 20.5 125 +22.6 100 + 10.1 88.2+11.38 100 £17.1 108 £ 14.3
GluA2/3/4 100 £ 14.8 105 £ 9.68 100 + 7.98 101 +7.99 100 + 18.2 95.7+16.2
PSD-95 100+ 7.21 107 + 9.68 100 + 6.56 109 +7.81 100 + 10.1 153 + 9.42*
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TABLE IV

Changes in protein levels of 6-1Rs following different drug treatment

Type of drug LP1 fractions Total homogenates
Length of Possible
treatment Levels mechanism Length of Levels Possible
treatment mechanism
Agonists SKF 30, 90 min Decrease Translocation 30, 45, 90 min Increase Protein synthesis
45 min Increase
PTZ 30, 45 min No change
90 min Decrease Translocation
Antagonists BD1047 2 days No change No change No change
BD1063 2 days No change No change No change
Antagonist BD1047 plus SKF 2 days 90 min Decrease Down-regulation | 2 days 90 min Decrease Down-regulation
plus agonist BD1063 plus SKF 2 days 90 min Decrease Down-regulation | 2 days 90 min Decrease Down-regulation
BD1047 plus PTZ 2 days 90 min No change
Protein Anisomycin 2h 30 min No change
synthesis Anisomycin plus SKF 2h 30 min No change
inhibitor plus [ Anisomycin plus PTZ [ 2h 30 min No change
or minus
agonist
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TABLE V

Name

Structure

Calculation

(+)-SK&F 10047
hydrochloride (SKF)

[25-(2a,60,1 IR*]-
1,2,3,4,5,6-hexahydr 0-6,11-
dimethyl-3-(2-propenyl)-2,6-
methano-3-benza zocin-8-ol

hydrochloride

Molecular weight: 257.37 g

(+)-Pentazocine
hydrochloride (PTZ)

(2RS,6RS,11RS)-6,11-
dimethyl-3-(3-methylbut-2-
en-1-yl)-1,2,3,4,5,6-
hexahydro-2,6-methano-3-
benzazocin-8-ol

hydrochloride

CHs

CH,

Molecular weight: 285.43 g

1. According to the previous work (126), 50 mg/kg i.p.
injection of PTZ results in the availability of 3 mg/kg PTZ in
the brain 90 min after the administration.

2. We administered 2 mg/kg of PTZ. Therefore, the
availability of PTZ to the brain should be 0.12 mg/kg.

3. At the time of injection, each rat was 4-6 weeks of age and
weighed approximately 200 g. This yielded a total
availability of 0.024 mg of PTZ (0.12 mg/kg x 0.200 kg).
Using the earlier report (98), the blood volume of the rat,
based on its age and weight, was calculated to be 12.77 ml.

4. Thus, the resulting concentration of PTZ in the brain is
approximately 5.2 uM (0.024 mg/ 12.77 ml divided by
285.43 g/mole, adjusting for units).

5. Overall, the brain concentration of the injected PTZ is
approximately 4-6 uM as the weight of the animals varied

between 150-250 g at 4-6 weeks of age.
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In the early 19th century, Burdach dis-
covered an almond-shaped mass of gray
matter in the anterior portion of the mam-
malian temporal lobe, which he called
“amygdala” (Burdach, 1819-1822). The
first anatomical description of the amyg-
dala was made in 1867 by Meynert (1867).
Subsequently, a large number of other
nuclei were added to the amygdala to con-
stitute what is now known as the “amyg-
daloid complex” (AC) (Johnston, 1923).
Until this day, AC remains a subject of
intense investigation in terms of content
and evolutionary development since it is
a much more complicated structure than
what was previously thought. It is there-
fore, important to know the evolutionary
developmental origin of AC before we can
completely understand its function.

The AC is a multinuclear complex
comprised of 13 nuclei. These nuclei
are divided into three major groups:
the basolateral, cortical-like, and centro-
medial. Other accessory nuclei such as
the intercalated cell masses (I) and the
amygdalo-hippocampus area have also
been described. The basolateral group is
comprised of the lateral nucleus (LA),
basal nucleus (B), and accessory basal
nucleus (AB) (Johnston, 1923). The
cortical-like group of nuclei includes
the nucleus of the lateral olfactory tract
(NLOT), bed nucleus of the accessory
olfactory tract (BAOT), anterior and
posterior cortical nuclei (CoA and CoP,
respectively), and periamygdaloid cortex
(PAC). The centromedial nucleus con-
sists of the central nucleus (CeA), medial
nucleus (M), and amygdaloid part of the
bed nucleus of stria terminalis (BST). The
major remaining groups of AC are the
amygdalohippocampal area (AHA) and
intercalated nuclei (I) (Aggleton, 2000; Sah
et al., 2003). These different nuclei of AC
are connected within and also with various

brain regions, and thus, process various
types of information (e.g., olfactory and
Figure 1A).

Swanson and Petrovich (1998) defini-
tion of amygdala as neither a structural
nor a functional unit provides an attractive
point to explore the evolutionary develop-
mental aspects of AC because a growing
number of evidence suggests AC as an
evolutionarily conserved structure. Earlier,
research on structural organization of AC
in different amniotic vertebrates revealed
a common pattern of organization, along
with shared functional roles. Conversely,
research on anamniotes provided little
comparative information regarding struc-
tural organization of AC. However, recent
studies have shown a homology between
amygdaloid components of amniotes and
anamniotes. To better understand the evo-
lutionary and developmental history of a
particular brain region, one needs to fol-
low a “sequential (step by step) approach,”
which takes into account the develop-
mental, topological, hodological, geneti-
cal, and functional history. Interestingly,
recent data on AC of mammals, reptiles,
and anurans suggest that the evolution of
AC occurred as common traits of telen-
cephlon, for example, regions of cortical
amygdala such as nLOT and accessory
olfactory bulb (AOB) (Remedios et al.,
2007; Huilgol et al., 2013); but not as
the sum of unrelated structures with dif-
ferent origins. The present understanding
of AC in developmental and adult ver-
tebrates suggests two major divisions of
telencephlon: the pallium and the subpal-
lium (Puelles et al., 2000; Martinez-Garcia
et al., 2002; Moreno and Gonzalez, 2007b;
Remedios et al., 2007). This dual view or
origin makes AC a histogenetic complex
structure of the adult brain, with extremely
intense morphogenetic and migratory
processes during the development in all

tetrapods (Puelles et al., 2000). In mam-
mals, the pallial component is composed
of “cortical amygdala” and “basolateral
amygdala.” In turn, the subpallial compo-
nent consists of the striatal component,
central amygdala, and medial amygdala.
This basic plan is shared by reptiles, birds,
and also by anuran amphibians (Martinez-
Garcia et al., 2002; Medina et al., 2004).
Interestingly, this basic description is pos-
sible only in few mammalian tetrapods,
but not in the non-mammalian amniotes
and the anurans where they have no clear
anatomical subdivisions. The existence of
shared embryological AC components in
all tetrapods provides clues to the presence
of precursors of the amygdaloid nuclei
from anamniotes (Moreno and Gonzalez,
2007b). The following sections deal with
the current view on accepted and shared
components of AC in tetrapods.

The amygdala is a part of a phy-
logentically conserved olfactory sys-
tem, particularly the olfactory bulb,
in vertebrate evolution in terms of
embryological origin, neurochemistry,
connectivity, and function (Martinez-
Garcia et al., 2002; Huilgol et al., 2013).
Additionally, a major part of amyg-
dala is also an integral component of
the vomeronasal system of the tetra-
pod (except avian) brain (Swanson and
Petrovich, 1998; Moreno and Gonzalez,
2005a).

In mammals, the vomeronasal infor-
mation passes via the AOB to medial
(MeA) and cortical postero-medial amyg-
dala (CoApm) (Swanson and Petrovich,
1998). In addition, the amygdala also
receives information from the main olfac-
tory bulb (MOB) and hypothalamus
to modulate reproductive and defensive
behaviors (Canteras et al., 1995). In rep-
tiles and anurans, the existence of a
well-developed “vomeronasal amygdala”
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has also been reported (Moreno and
Gonzalez, 2003), although no vomeronasal
amygdaloid nuclei has been described in
birds so far (Martinez-Garcia et al., 2006).
Thus, in all tetrapods, the main secondary
vomeronasal brain areas belong to AC.

In mammals, the olfactory amygdaloid
system consists of the distinct cortical
(CoA, CoP nuclei, etc.) and basolateral
amygdala (BL, M, LA nuclei). LA receives
major sensory input, and is important for
emotional behavior (Ledoux et al., 1990).
Studies on birds indicate the presence of
nuclei that are comparable to CoP of the
mammalian amygdala. These studies also
revealed the possession of counterparts

similar to BM and LA of the mammalian
amygdala (Martinez-Garcia et al., 2006).
In reptiles, studies on the olfactory system
showed comparable functional circuitry
with the mammalian BA complex. The
anuran counterpart of the mammalian
olfactory amygdala is LA (Moreno and
Gonzalez, 2004). This part of the amygdala
in anurans receives directly or indirectly
olfactory, visual, auditory, somatosensory,
vomeronasal, and gustatory information.
The observed integration that occurs in
AC of tetrapods is responsible for the
acquisition of “emotional memory,” which
pertains to the survival of individuals dur-
ing their defence against danger, their

interaction with sexual partners, or their
fight with an enemy (Ledoux, 2000).
Therefore, the amygdala receives large sen-
sory input information from olfactory and
vomeronasal projections, and are con-
served in tetrapods.

Studies on tetrapods showed CeA as
the main receiver of a wide range of
sensory information from other amyg-
daloid regions in addition to the tha-
lamus and brain stem. Moreover, CeA
is known to link and integrate the
emotional and motor components of
behavior (Han et al., 1997), behavioral
responses to nociceptive and visceral
pain (Han and Neugebauer, 2004), and
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behavioral responses to stressful stim-
uli (Saha et al., 2000). CeA also medi-
ates many of the autonomic, somatic,
endocrine, and behavioral responses in
different tetrapods. The autonomic amyg-
dala provides a link between environ-
mental stimuli and animal behavioral
responses, and thus, provides an impor-
tant significance in terms of evolutionary
conservation.

Another conserved shared system
of tetrapods is the strong amygdalo-
hypothalamic connections (Martinez-
Marcos et al., 1999; Moreno and Gonzalez,
2005a). In mammals, nuclei that project to
hypothalamus through the stria terminalis
arise from the medial and basolat-
eral amygdala (Swanson and Petrovich,
1998). As in mammals, the amygdalo-
hypothalamic projections of anurans
(Moreno and Gonzalez, 2005b) also
project through the stria terminalis. In
anurans, the amygdalo-hypothalamic con-
nections control functions mediated by the
hypothalamus in response to pheromones
and odors (Reiner and Karten, 1985;
Swanson and Petrovich, 1998).

As in mammals, the amygdalo-
hypothalamic projections of anurans,
project through the stria terminalis. The
main similarity with amniotes is the
projection to the hypothalamus from com-
parable amygdaloid territories carrying
vomeronasal, olfactory, and multimodal
information (Reiner and Karten, 1985;
Swanson Petrovich, 1998). The
situation of amygdalo-hypothalamic pro-
jections in birds is more complicated
because of the lack of a well-developed
olfactory/vomeronasal system.

On the other hand, studies that com-
pare the distribution of neuronal markers
(either proteins or genes/transcription fac-
tors) across the development of analogous
AC nuclei from different species as well as
within the same species have also provided
valuable information on the evolution of

and

AC. For instance, similarities in the molec-
ular profiles of the pallium and subpallium
of mice and chickens were obtained by
comparing the nested expression domains
of genes such as DIx-2, Tbr-1, Pax-6, NKx-
2.1, and Emx-1 (Puelles et al., 2000).
Moreno and Gonzalez, using the distri-
bution of somatostatin, nitric oxide syn-
thase, etc. in anuran CeA and MeA in a
series of studies, has predicted that these

parts of AC could be related to AC of
amniotes (Moreno and Gonzalez, 2005a,
2007a). Medina et al. demonstrated a pos-
sible existence of evolutionary relationship
in various AC nuclei of mammals, reptiles
and birds by testing the expression pat-
terns of genes/transcription factors such as
Lhx2, Lhx9, Pax6, Islet 1, NKx2, Lhx6, and
Lhx5 in forebrain regions of these animals
(Medina et al., 2011). Using the similar-
ities and differences in the expression of
Lhx1 and Lhx5, Abellan et al. suggested a
common pattern of evolutionary conser-
vation in telencephalon between mice and
chickens during various stages of develop-
ment (Abellan et al., 2010). By examin-
ing the distribution of Lhx2, Trbl, reelin,
and CdKS5, Remedios et al. estimated a
possible developmental and evolutionary
link between nLOT of AC and neocortex
(Remedios et al., 2007; Subramanian et al.,
2009). Another study from Tole’s group,
using migratory genetic markers (e.g., NP2
and AP2a), showed that the distinct halves
of AOB [posterior and anterior (pAOB and
aAOB)] has different developmental ori-
gins, and that pAOB could be a component
of AC as it was positioned closely to MeA
in anamniotes (Xenopus) (Huilgol et al.,
2013). Finally, Barger et al. using a differ-
ent approach, i.e., by comparing the per-
centage of neurons in individual nuclei of
AC between humans and apes, suggested
that during the course of human evolu-
tion, LA of AC has further progressed in
humans (Barger et al., 2012).

CONCLUDING REMARKS

The classical hypothesis proposed by
Edinger regarding the evolution of the
brain attracted much attention (Edinger,
1908). He proposed that the telencephlon
evolved in progressive stages of complex-
ity and size, culminating to the human
brain. He also stated that there is an
“old brain” (the subpallium at the telen-
cephalic base) followed by the addition of
a “new brain” (the pallium at the top of the
telencephlon). Nevertheless, this classical
hypothesis provides evidence on the exis-
tence of a basic plan in the origin, regional-
ization, and organization of the forebrain
of vertebrates. Based on the data pertain-
ing to the organization of AC, there seems
to have several important features that are
common to all tetrapods: (1) it is formed
by pallial and subpallial derivatives; (2) it

is topographically situated in the ventro-
lateral caudal telencephalic hemispheres;
(3) it has shared features in relation
with different functional systems like the
vomeronasal, olfactory, autonomic, and
multimodal systems along with an intri-
cate intra-amygdaloid network; (4) it is the
origin of important hypothalamic projec-
tions; (5) it has a common embryological
origin for several prominent features of
AG; (6) it has the presence of a main out-
put for autonomic system; finally, (7) it
has abundant local circuit neurons that are
shared by most amniotes. Thus, in the light
of recent findings on AC (Remedios et al.,
2007; Butler et al., 2011; Huilgol et al,,
2013) also strongly support the idea that
tetrapods share the same basic plan.

The increase in size of the pallium,
especially in mammals, has an evolu-
tionary importance. The current spatial
arrangements of the mammalian AC are
still found in living anurans. Therefore,
it is now obvious that these “new evo-
lutionary nuclei” would have pushed the
“most conserved nuclei” (Moreno and
Gonzalez, 2007b). It explains why mam-
mals have the central, medial, and baso-
lateral nuclei occupying the most medial
positions, whereas the cortical amyg-
daloid nuclei occupy the most lateral posi-
tions (Figure 1B) (Moreno and Gonzalez,
2007b). Consequently, the brain of ances-
tral tetrapods developed an elaborate AC
in response to new requirements imposed
on them as a part of the transition from
water-to-land. Therefore, the basic organi-
zation of the brain system, at least in the
case of the AC, is still recognizable in all
existing tetrapods, and can be compared
with that of mammals.
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o-1R is the well-known subtype of 5-Rs
that were originally proposed in 1976
(Martin et al., 1976). 0-1R is a 223 amino
acid integral membrane protein consisting
of a short N-terminus, a large C-terminus
tail, and two transmembrane domains:
one at the N-terminus and the other
in the middle of the protein (Su et al,
2010). o-1Rs are distributed throughout
the brain. At the subcellular level, o-1Rs
are mainly localized at the endoplasmic
reticulum (ER)/mitochondrial associated
membranes (MAM) and at very low levels
in post-synaptic thickenings of the neuron
(Alonso et al., 2000; Su et al., 2010). o-1Rs
at ER/MAM membranes exist in clustered
globular structures that are enriched with
cholesterol and neutral lipids (Hayashi and
Su, 2003, 2005). Several categories of drugs
bind to o-1Rs, for example: cocaine, dihy-
droepiandrosterone, dimethyl tryptamine
(DMT), psychotomimetic compounds,
and haloperidol (antagonist). The steroids
and DMT were proposed to act as endoge-
nous ligands for the o-1R. Studies from
various laboratories performed on het-
erologous, in vivo and ex vivo systems by
employing multidisciplinary techniques
demonstrated that the o-1R interacts with
numerous cellular components (Su et al.,
2010), e.g., different classes of ion chan-
nels, kinases, G-protein coupled receptors
(GPCRs), etc. The o-1R associates with
voltage-gated ion channels, e.g., Na™,
KT, and Ca?*. Interaction of the o-1R
with voltage-gated K* and Ca?* channels
results in either inhibition or enhancement
in the activities of these ion channels,
whereas ¢-1R interaction with voltage-
gated Na™ channels results in inhibition of
the channel activity (Kourrich et al., 2012).
On the other hand, o-1R enhances the
activity of N-methyl-D-aspartate receptors
(NMDARSs) (a ligand-gated ion channel)

and dopamine D; receptors (a GPCR)
(Monnet et al.,, 1990; Navarro et al.,
2010). The o-1R modulation of D;R
is through protein—protein interactions
(Navarro et al., 2010). However, it is yet
to be determined whether -1R modulates
the NMDAR function through protein—
protein interactions. Nevertheless, a
recent study demonstrated that o-1R
inhibits the activity of small conduc-
tance Ca’t-activated KT -channels (SK
channels), and consequently potentiates
the NMDAR function (Martina et al.,
2007). It is still unknown if there is any
physical association between SK channels
and o-1Rs.

How does the o-1R, being an intra-
cellular protein, modulate the functions
of numerous cellular components that
are present at the plasma membrane?
The prevailing hypothesis is that under
resting conditions, at ER/MAM, o-1Rs
are associated with chaperone called BiP.
Upon activation of 6-1Rs by their agonists
(at concentrations ~ equal to or less than
10 times their K; value), o-1R dissociates
from BiP and modulates the function of
inositol triphosphate (IP3) receptors. The
0-1R modulation of IP3 receptor func-
tion consequently affects Ca’* influx and
signaling into the mitochondria (Hayashi
and Su, 2007). However, if o-1R ago-
nists are present at high concentrations
(~>10 times their K; value) or dur-
ing the ER stress, o-1R dissociates from
BiP and translocates to the plasma mem-
brane or plasmalemma and modulates
the activities of various cellular compo-
nents via protein—protein interactions (Su
et al., 2010). While this model is promis-
ing, several outstanding questions remain
to be addressed with respect to o-1Rs
and their association with cellular com-
ponents, especially different classes of ion

channels (Figure 1). For instance, first, it
needs to be clarified whether the o-1R
modulates multiple cellular components
at the plasma membrane or at the plas-
malemma of neurons (Su et al., 2010).
Second, it is unclear at the moment if the
0-1R associates with ion channels (e.g.,
voltage-gated Na™ or K* channels) at the
ER/MAM, and after association, whether
or not the entire complex (o-1R-ion chan-
nel) is translocated to the plasma mem-
brane. Third, investigations from different
laboratories demonstrated that the treat-
ment of animals with several o-1R ligands
alter the behavior of animals in various
behavioral paradigms such as cocaine-
induced behavioral response, NMDAR-
antagonism induced amnesia, etc. Hence,
it remains to be investigated if there
is any link between o-1Rs association
with voltage-gated and/or ligand-gated ion
channels, and the alteration in animal
behavior, at least in the above-mentioned
conditions. Forth, how the o-1R modu-
lates the functions of voltage-gated and
ligand-gated ion channels heterogeneously
and to a varying degree remains elusive.
Although there can be multiple factors
involved, the following reasons could play
an important role in differential regu-
lation of voltage-gated and ligand-gated
ion channels by o-1Rs. (a) Recently, it
is shown that the o-1R could exist in
dimers (Chu et al., 2013); therefore, do
the dimers of o-1R associate with ion
channels? (b) What is the stoichiometry
of the o-1R interaction with ion chan-
nels? (c) Several lines of evidence demon-
strate that there exist subtypes within
the o-1Rs (Bergeron and Debonnel, 1997;
Shioda et al., 2012); thus, do these sub-
types display differences in association
with ion channels? (d) What is the con-
formational crystal structure of the o-1R
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FIGURE 1 | Proposed and elusive mechanism(s) of ¢-1R modulation of
the function of voltage-gated and ligand-gated ion channels. (A) The
prevailing hypothesis is that activation of o-1Rs with high concentrations
of their agonists (red colored semi-circle) causes o-1Rs two
transmembrane domains (black colored line boundaries and respective
tails in a light brown color), at the ER/MAM, to dissociate from the
chaperone called BiP (dark gray colored triangle). The dissociated o-1Rs
translocate to the plasma membrane or plasmalemma and in a subtype
dependent manner, either inhibit or enhance the function of ion channels
by forming protein-protein interactions. (B) It remains to be identified if
the dissociated o-1Rs associate with ion channels at the ER/MAM, and
after association, whether or not the entire complex is translocated

toward the plasma membrane. The study from Kourrich et al. (2013)
supports this possibility, at least with voltage-gated K*-channel Kv1.2.
(C) It is unclear if dissociated and translocated o-1Rs associate with SK
channels or NMDARs. The functional NMDARs are tetrameric assembles
of two obligatory GIuN1 subunits with either two GIuN2 subunits
(different combinations of GIuN2 subunits) or GIuUN3 subunits. For
representation, the dimer form of NMDARs (GIuN1 and GIuN2 subunits)
and their C-terminus tails are presented in the figure. The N-terminus
domain of NMDAR subunits and GIuN3 subunits are not shown. (D) The
other possibilities that remain unexplored are whether the dimers of the
o-1R interact with ion channels, and the stoichiometry of interaction
between the o-1R and ion channels.

in association with either voltage-gated
or ligand-gated ion channels? (e) Which
amino acid residues or motif(s) in the
0-1R determine the o-1R association with
various classes of ion channels? (f) Which
polar and non-polar amino acid residues
of the o-1R influence the biophysical prop-
erties of o-1R-associated ion channels?

The crystallographic data could provide
enough evidence regarding the residues
and domains of the o-1R involved in
physical association with ion channels.
Additionally, it could also provide infor-
mation regarding the differences in asso-
ciations between o-1Rs and various ion
channels, if there are any. Finally, are

there any spatial requirements for the
0-1R to associate with ion channels,
given o-1R-modulated ion channels (e.g.,
voltage-gated Nat and K* channels) have
some overlapping distribution in the neu-
ron (Trimmer and Rhodes, 2004)?
However, a recent study by employ-
ing a multidisciplinary approach elegantly
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demonstrated that the o-1R’s interaction
with voltage-gated K channel Kv1.2 plays
an important role in the cocaine-induced
locomotor sensitization (Kourrich et al.,
2013). Using pharmacological block-
ers and knockdown of o-1Rs, Kourrich
et al. (2013) first identified that o-1Rs are
involved in cocaine-induced long-lasting
neuronal and behavioral adaptation.
Then, by employing electrophysiological
recordings as well as biochemical studies
on ex vivo tissue and heterologous cells,
they confirmed that the o-1R’s interac-
tion with voltage-gated K channel Kv1.2
contributes/participates in the behav-
ioral response (locomotor sensitization)
to cocaine. Studies from Kourrich et al.
(2013) have provided valuable informa-
tion in terms of the 5-1R’s association with
ion channels, at least with voltage-gated
K*-channels such as: (a) the o-1R could
possibly associate with these ion chan-
nels at the ER/MAM, and then the entire
complex is trafficked toward the plasma
membrane; (b) the potential link between
o-1R association with these ion channels
and alteration in the behavior of animals;
and importantly, (c) the structural orien-
tation of the o-1R at the plasma membrane
during the association with these ion chan-
nels, for example, both N-terminus and
C-terminus tails of the o-1R are extracel-
lular. Additionally, this study also provided
first direct and unequivocal evidence for
the presence of 6-1Rs at the plasma mem-
brane. Nonetheless, even though Kourrich
et al. (2013) demonstrated that both
N-terminus and C-terminus tails of the
o-1R are extracellular, the orientation of
the o-1R in vivo needs to be confirmed.
Also, future studies are necessary to test
if the 0-1R’s interaction with other ion
channels alters the behavior of animals
similar to what is shown by Kourrich et al.
(2013). For example, is there any inter-
action between o-1Rs and NMDARs that
could ameliorate the behavioral pheno-
type observed in mouse models of amnesia
induced by the blockade of NMDARs
(Maurice et al., 1994)?

It is essential to identify and under-
stand the molecular details of the o-1R
association with cellular components (Su
et al., 2010) such as different classes

of ion channels, kinases, GPCRs, etc.
Gaining substantial knowledge on the
details about o-1Rs and their structural
determinants responsible for association
with ion channels as well as other cellu-
lar components could help decipher the
o-1R’s role in pathological conditions such
as addiction, amnesia, frontotemporal
degeneration in motor neuron disease
(FTLD-MND), etc. (Hayashi et al., 2011).
Furthermore, insights on molecular fea-
tures of the o-1R interactions with var-
ious classes of ion channels provide the
opportunity to understand the critical role
of 5-1Rs in neuronal plasticity (Su et al.,
2010; Kourrich et al., 2012). Defining
the intricacies underlying the relation-
ship between o-1Rs and their interact-
ing partners during physiological and
pathological conditions will form a venue
for the development of novel therapeutic
strategies.
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The influx of ions into the neuron forms the
requisite step for the passage of information
from one neuron to the other neuron.
The functional units of the neuron — ion
channels — carry out this essential step
efficiently and in a highly coordinated
manner. Generally, a neuron expresses
a variety of ion channels that permit
the movement of specific ions. However,
the fidelity for the flow of specific ions
through a particular ion channel is often
defined by the biophysical properties of
that ion channel such as activation and
inactivation, etc. Interestingly, many of the
biophysical properties of an ion channel
are acquired by protein domains of that
ion channel. This form of dependence
on multiple intrinsic factors for given
biophysical properties gets complicated if
that ion channel has numerous protein
domains and each protein domain
functions as a semiautonomous entity.
The  N-methyl-p-aspartate  receptors
(NMDARs) are one such particular ion
channel that has distinct profiles of
biophysical properties due to the presence

of several different semiautonomous
protein  domains  (Traynelis et al
2010).

NMDARs are glutamate-gated cation
channels that are ubiquitously expressed in
various regions of the brain and are involved
in synaptic transmission. Structurally,
NMDARs are hetero-tetramers of subunits
GluN1, GluN2 and GluN3. In order to form
a functional NMDAR ion channel complex,
assemblies of two GluN1 subunits together
with either two GIuN2 subunits or a
combination of GluN2 and GluN3 subunits
are required. However, the presence of
isoforms in each NMDAR subunit results
in the existence of a large repertoire of
NMDAR subunit combinations giving

rise to functionally distinct NMDARs.
The GluN2 family includes four members
(GluN2A-D) encoded by four different
genes, while the GluN3 family includes
two members (GluN3A and B) encoded by
two separate genes. In contrast to GluN2
and GluN3 subunits, the GluN1 subunit
is encoded by a single gene but due to
alternative mRNA splicing of three exons
(5, 21 and 22) leads to eight possible
isoforms for GluNl (GluNl-la to 4a
and GluN1-1b to 4b). The isoforms ‘b’
has an additional stretch of 21 amino
acids in the amino-terminal region of the
GluN1 subunit that is encoded by exon
5. The exon 21 encodes a 37-amino-acid
segment at the C-terminus while the exon
22 encodes a 38-amino-acid segment also
at the C-terminus of the GluN1 subunit.
The distribution and expression patterns of
all NMDAR isoforms vary at different brain
regions and throughout development. Each
NMDAR subunit is a modular protein that
contains four distinct semiautonomous
domains: the amino-terminal domain
(ATD; roughly divided into two halves,
Rl and R2), the ligand-binding domain
(LBD; formed from amino-acid segments
S1 and S2), the transmembrane domain
(TMD) and the C-terminal domain (CTD).
The ATD and LBD are extracellular while
the CTD is intracellular (Traynelis et al.
2010). Studies performed by employing
electrophysiological, pharmacological and
molecular biological strategies on native
tissues and on heterologously expressed
NMDAR  subunits (different isoform
combinations that are either wild type,
chimeric, mutant and truncated versions)
have provided the essential roles of
these protein domains in conferring
NMDARs with unique functional and
heterogeneous  biophysical — properties.
These properties can be broadly grouped
into two main categories (Paoletti, 2011):
(a) permeation properties, which are
mainly acquired due to the TMD, include
single-channel conductances and their
block by extracellular Mg*" ions, and (b)
gating properties, which include sensitivity
to various agonists and antagonists,
activation and deactivation kinetics,
channel mean open time and maximal
open probability, and channel shut times,
etc. Initially, the LBD and TMD were
believed to be solely responsible for most
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of the gating properties, and therefore both
exogenous and endogenous compounds
would modulate the function of NMDARs
by binding to these domains. However,
more recent studies have shown that the
ATD is equally if not more important than
the LBD and TMD in influencing gating
properties of NMDARs.

How can the ATD of NMDAR subunits
influence various biophysical properties
of NMDARs? The detailed mechanisms
of the ATD’s role in NMDAR function
are less well understood, but modelling,
functional and crystallographic data
support the hypothesis that the ATD has
indirect effects on the LBD and TMD of
the NMDAR complex. An oversimplified
and generalized model is that R1 and R2
of the ATD oscillate between open, closed
and various intermediate conformational
states at rest as well as under conditions
during and after binding to allosteric
modulators, consequently influencing the
subsequent downstream protein domains,
ie. the LBD and TMD (Gielen et al.
2009). But there exists many differences
in interactions, orientations and structural
rearrangements under different conditions
within the ATD of NMDAR subunits
resulting in observing heterogeneity in ATD
modulation of NMDAR function. Taken
together, the ATDs of NMDAR subunits
have significant role on biophysical and
pharmacological properties of NMDARSs.
Briefly, electrophysiological studies perf-
ormed on truncated, chimeric and
mutated ATDs of GluN2-containing
NMDARs have shown alterations in
channel maximal open probability, and
deactivation and desensitization kinetics, at
least, at GluN2A- or GIluN2B-containing
NMDARs. Furthermore, many studies
have shown the role of the GluN1-1a (the
most widely used GluN1 variant) ATD in
influencing the biophysical properties of the
GluN2-containing NMDAR subunits. For
example, the GluNI1-1a subunit expressed
with GluN2D-containing NMDARs in a
heterologous system exhibited low open
probability, variations in deactivation
and desensitization kinetics, etc (Gielen
et al. 2009; Yuan et al. 2009). Despite the
knowledge available on the ATD of NMDAR
subunits, it still remains unclear how GluN1
splice variants influence biophysical and
pharmacological properties of various
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GluN2 subunit-containing NMDARs, in
particular, GluN2D-containing NMDARSs.
However, in a recent study in The

Journal of Physiology, Vance et al
(2012), by employing the heterologous
expression approach, have dissected
the role of GluN1 splice variants,

specifically the GluN1-1b isoform, on
the biophysical and pharmacological
properties of GluN1/GluN2D-containing
NMDARs. They found that inclusion of
a 2l-amino-acid stretch in the ATD of
the GluN1 subunit (i.e. the GluN1-1b
isoform) increases open probability and
deactivation kinetics, and decreases agonist
potencies of GluN1/GluN2D-containing
NMDARs as opposed to GluNl-la
isoform-containing GluN1/GluN2D rece-
ptors. Moreover, they extended their
approach in characterizing and comparing
the effects of other GluN1 splice variants
(i.e. GluNl-la to 4a and GluNI-1b to
4b) on biophysical and pharmacological
properties of GluN1/GluN2D-containing
NMDARs. Interestingly, they found that
Lys211 encoded in exon 5 mediates most
of the effects on agonist potencies
as well as deactivation kinetics of
GluN1/GluN2D-containing NMDARSs.
Finally, they proposed a model that fits
with the single channel and macroscopic
properties of GluN1/GluN2D receptors.
Although Vance et al. (2012) have yet
again demonstrated the exceptional role
of the ATD in influencing NMDAR
function, it is still not well understood
how a 2l-amino-acid stretch in the
ATD can induce such major effects on
biophysical and pharmacological properties
of GluN1/GluN2D receptors. This could
be due in part to the lack of structural
data on the ATD in full-length NMDA
receptors. However, Vance et al. (2012)
have predicted that Lys211 in the ATD of
GluN1-1b subunits plays an important role
in intra-subunit interaction with GluN2D
receptors, thus observing lower agonist
potencies and rapid deactivation time
course in their study.

Nevertheless, in spite of such significant
progress in understanding the role(s) of

Journal Club

the ATD in modulating NMDAR function,
several questions remain unanswered

(Hansen et al. 2010). For instance, how
does the ATD of NMDAR subunits
exerts its role in assembly, targeting and
trafficking of NMDARs? Second, how
does the modification of NMDAR subunit
ATD consensus sites for N-glycosylation
impact biophysical properties of NMDARSs?
Third, an increasing amount of evidence
suggests that the in vivo composition
of NMDARs is not always a binary
assembly of GIuN1/GluN2 (A-D) or
GluN1/GluN3 (A-B), but that NMDARs
can also exist as triheteromeric subunit
assemblies (GIuN1/GluN2 (A-D)/GluN3
(A-B)). Therefore, what is the role of
the ATD in influencing the biophysical
properties of triheteromeric NMDARSs?
Finally, it has been demonstrated that the
ATD of NMDAR subunits interacts with
a variety of extracellular synaptic proteins.
However, it is unclear if these interactions
have any influence on ATD modulation
of NMDAR function (Hansen et al
2010).

It is necessary to understand the role(s)
of the ATD as well as other protein
domains in proper functioning of NMDARs
because these receptors play a critical role
in several physiological and pathological
processes. NMDARs are highly permeable
to Ca’* ions and this property allows
NMDARs to operate as efficient integrators
of synaptic activity and the activation
of a multitude of intracellular signalling
cascades. The influx of Ca’t ions via
NMDARs into a postsynaptic neuron has
a tremendous impact on that neuron
because the amplitude and time course
of the calcium transient (which mainly
depends on the biophysical properties
of NMDARs) results in altering intra-
cellular signalling events that are central
for inducing the process of long-term
potentiation (Traynelis et al. 2010).
Unfortunately, the excess influx of calcium
ions through NMDARs leads to deleterious
effects on the postsynaptic neuron under
conditions such as ischaemic stroke
where overstimulation of NMDARs occurs.

J Physiol 590.22

Furthermore, inappropriate activation or
function of NMDARs protein domains
can lead to certain chronic pathologies
such as epilepsy and schizophrenia (Lau
& Zukin, 2007; Traynelis et al. 2010).
Also, given the ambiguous roles for various
protein domains of NMDARs in a multitude
of neurodegenerative disorders, studies
such as that of Vance et al (2012)
significantly contribute to our under-
standing of the previously unappreciated
role of the ATD in NMDAR physiology.
In conclusion, a better understanding of
the molecular determinants underling the
proper function of NMDARs creates the
potential for therapeutic intervention while
revealing new insights into multiple brain
pathologies that involve predominantly
NMDAR dysfunction.
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Chronically Saturating Levels of
Endogenous Glycine Disrupt
Glutamatergic Neurotransmission and
Enhance Synaptogenesis in the CAl
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ABSTRACT Glycine serves a dual role in neurotransmission. It is the primary

inhibitory neurotransmitter in the spinal cord and brain stem and is also an obliga-
tory coagonist at the excitatory glutamate, N-methyl-D-aspartate receptor (NMDAR).
Therefore, the postsynaptic action of glycine should be strongly regulated to maintain
a balance between its inhibitory and excitatory inputs. The glycine concentration at
the synapse is tightly regulated by two types of glycine transporters, GlyT1 and
GlyT2, located on nerve terminals or astrocytes. Genetic studies demonstrated that
homozygous (GlyT1—/—) newborn mice display severe sensorimotor deficits character-
ized by lethargy, hypotonia, and hyporesponsivity to tactile stimuli and ultimately die
in their first postnatal day. These symptoms are similar to those associated with the
human disease glycine encephalopathy in which there is a high level of glycine in
cerebrospinal fluid of affected individuals. The purpose of this investigation is to
determine the impact of chronically high concentrations of endogenous glycine on
glutamatergic neurotransmission during postnatal development using an in vivo
mouse model (GlyT1+/—). The results of our study indicate the following; that
compared with wild-type mice, CAl pyramidal neurons from mutants display signifi-
cant disruptions in hippocampal glutamatergic neurotransmission, as suggested by a
faster kinetic of NMDAR excitatory postsynaptic currents, a lower reduction of the
amplitude of NMDAR excitatory postsynaptic currents by ifenprodil, no difference in
protein expression for NR2A and NR2B but a higher protein expression for PSD-95,
an increase in their number of synapses and finally, enhanced neuronal excitability.
Synapse 65:1181-1195, 2011. 02011 Wiley-Liss, Inc.

INTRODUCTION

Aside from its role in protein synthesis and metabo-
lism, glycine is a well-established inhibitory neuro-
transmitter, particularly in the spinal cord and brain
stem where it activates strychnine-sensitive iono-
tropic glycine receptors (GlyRs) (Legendre, 2001; Betz
and Laube, 2006; Kirsch, 2006). In addition to its
inhibitory function, numerous studies performed in
the last two decades showed that glycine is implicated
in neurotransmission mediated by glutamate, the
major excitatory neurotransmitter in the nervous
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system that acts as a coagonist at the N-methyl-D-
aspartate receptor (NMDAR) (Johnson and Ascher,
1987; Kleckner and Dingledine, 1988; Mayer, Vyk-
licky, and Clements, 1989; Thomson, Walker, and
Flynn, 1989; Gabernet et al., 2005; Bergeron, Meyer,
Coyle, and Greene, 1998; Berger, Dieudonne, and
Ascher, 1998). It is important to mention that several
studies also indicate that D-serine could be the more
important coagonist at NMDAR, particularly in the
hippocampus (Schell, Molliver, and Snyder, 1995).

Similar to other neurotransmitters, glycine gradients
in the nervous system are tightly regulated by special-
ized transmembrane proteins known as glycine trans-
porters (GlyTs) (Smith et al., 1992; Liu et al., 1992;
Zafra et al., 1995; Borowsky, Mezey, and Hoffman, 1993;
Liu et al., 1993; Lopez-Corcuera, Alcantara, Vazquez,
and Aragon, 1993; Guastella et al., 1992; Jursky and
Nelson, 1996; Adams, et al., 1995; Zafra et al., 1995;
Eulenburg, Armsen, Betz, and Gomeza, 2005). These
ion-driven reuptake pumps have two different genes
which code for two GlyT subtypes, GlyT1 and GlyT2
(Borowsky, Mezey, and Hoffman, 1993). The in vivo role
of GlyTs contributes to the overall activity of inhibitory
GlyRs and glutamatergic neurotransmission as
recently demonstrated using genetically altered mice
(Gomeza et al., 2003; Gomeza et al., 2003; Aragon and
Lopez-Corcuera, 2005). Homozygote GlyT1-/- mice die
on their first day of birth (Gomeza et al., 2003; Tsai
et al., 2004) due to over-activation of GlyRs, whereas
heterozygote (GlyT1+/—) animals develop relatively
normally but show a disruption in glutamatergic
neurotransmission in the forebrain (Martina et al.,
2005; Gabernet et al., 2005; Yee et al., 2006).

NMDARSs play a central role in synaptic transmis-
sion and plasticity (Lau and Zukin, 2007). These
ionotropic receptors, which are gated by glutamate
(Cull-Candy, Brickley, and Farrant, 2001; Papadia
and Hardingham, 2007), incorporate different subu-

Abbreviations
ACSF artificial cerebrospinal fluid
AMPA a-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid
APV amino-phosphoro-valeric acid
CNS central nervous system
GABA y-aminobutyric acid
GlyT glycine transporter
GMS glycine modulatory site

IR immunoreactivity

NBQX 1,2,3,4-tetrahydro-6-nitro-2,3-dioxobenzo[flquinoxa-
line-7-sulfonamide

NFPS glycine transporter antagonist type 1

NMDAR N-methyl-D-aspartate receptor

PBS phosphate buffer saline

QX-314 N-ethyl bromide

TTX tetrodotoxin

WT wild type mice

EPSC excitatory postsynaptic current

EDTA ethylenediaminetetracetic acid

TBS tris-buffered saline.
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nits from a repertoire of three subtypes: NR1, NR2,
and NR3, to form heterotetrameric complexes. There
are eight NR1 splice variants, four NR2 subunits
(A-D), and two NR3 subunits (A and B). The consen-
sus is that NMDARs on CAl pyramidal cells (CA1l
PCs) are tetraheteromers, typically composed of two
glycine-binding NR1 subunits and two glutamate-
binding NR2 subunits (Anson et al., 1998; Waxman
and Lynch, 2005). NR1 is essential for a functional
NMDAR, whereas the identity of the NR2 subunit is
critical in determining many biophysical and pharma-
cological properties of the receptor. Although NR2B is
the predominant subunit at the synapse early in post-
natal development (Monyer et al., 1992; Monyer
Laurie, Sakmann, and Seeburg, 1994; Stocca and
Vicini, 1998), NR2A expression, which produces the
NMDAR current with the fastest kinetics, increases
during the postnatal period (Sans, Petralia, Wang,
Blahos, Hell, and Wenthold, 2000; Stephenson, 2001).

The purpose of this investigation is to determine
the impact of chronic high levels of glycine on differ-
ent parameters of glutamatergic NMDAR-mediated
neurotransmission during the postnatal development
in the CA1 region of the mouse hippocampus, using
the in vivo mouse model (GlyT1+/-).

EXPERIMENTAL PROCEDURES
Genotyping

All mice used for this investigation were back-
crossed at least nine generations to the 129/SvEvTac
background, as previously described (Tsai et al.,
2004). Genotyping of GlyT1+/— mice has been previ-
ously described (Martina et al., 2005; Imamura, Ma,
Pabba, and Bergeron, 2008). Briefly, polymerase chain
reaction (PCR) amplification of genomic DNA was pre-
pared from mouse tissue. Mouse tail samples were
incubated in proteinase K (0.5 mg/ml; Sigma, St.
Louis, MO) at 50°C overnight and were centrifuged
(20 min) at 1600 g. The supernatant was then added
to a double volume of isopropanol to precipitate the
genomic DNA. The supernatant was removed and the
DNA was washed with 70% ethanol and allowed to
dry. DNA was resuspended in 300 pl of water of which
1 ul was added to the PCR mixture.

PCR analysis was done using Tag DNA polymerase
(Invitrogen Corporation, Carlsbad, CA). Reaction
products were run on a 1% agarose gel and visualized
using ethidium bromide. Primer sequences (5-3')
were: Primer 1 GCCTTGGGAAAAGCGCCTCC;
Primer 2 CCCCTACTTCATCATGCTGATC; Primer 3
CACCTACCAGTAGTTGCCTT. Cycling conditions
(GeneAmp 2400, Perkin-Elmer, Foster City, CA) were
2 min at 95°C followed by 36 cycles at 94°C (melting)
for 30 s, 57°C (annealing) for 30 s, and 72°C (exten-
sion) for 1 min 40 s.
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The reaction solution contained Mg®" (1.5 mM),
dNTPs (0.2 mM each), oligonucleotide primers
(0.625 pM for Primer 1 and 0.25 pM for Primer 3),
Taq polymerase (2.5 units), reaction buffer (10X; 2 ul),
and 1 pl of solubilized genomic DNA (20 ul final
volume) in distilled water. Each mouse was genotyped
using one reaction as previously shown (Tsai, Ralph-
Williams, Martina et al., 2004). WT mice showed a
single band at 1.3 Kb,reas whe the GlyT1+/— mice had
an additional band at 1.0 Kb.

Electrophysiology
Hippocampal slices preparation

Prior to decapitation, the animals were anesthe-
tized with isofluorane in agreement with the guide-
lines of the Canadian Council of Animal Care. The
brain was removed and placed in the oxygenated
(95% Oy and 5% COy) artificial cerebrospinal fluid
(ACSF) at 4°C containing (mM): 126 NaCl, 2.5 KCI,
1 MgCl,, 26 NaHCO3;, 1.25 NaH,PO,, 2 CaCl,, and
10 glucose. The ACSF solution was adjusted to. an
osmolarity of 300 mOsml/LL and the pH adjusted to
7.2. Acute coronal brain slices (300 pm) containing
the hippocampus were obtained from GlyT1+/— and
WT mice at 2, 3, 4, and 8 weeks of age with a
vibrating microtome (Leica VT 1000S, Nassloch,
Germany). The slices were then transferred to a
chamber containing oxygenated ACSF and main-
tained at room temperature for at least 1 h prior to
the recording.

Data recording and analysis

Electrical stimulation of the Schaffer collaterals
with a bipolar microelectrode positioned in the
stratum radiatum evoked postsynaptic responses. The
stimulation was delivered every 12 s with a pulse
duration of 100 ps. The stimulation intensity was
set in order to obtain an NMDAR-mediated excitatory
postsynaptic current (NMDAR EPSC) amplitude
of 30-60 pA at a membrane holding potential of
—65 mV.

To minimize the current attenuation of NMDAR
EPSC, we performed voltage-clamp experiments with
pipettes filled with a solution containing (mM) 130 Cs*
methanesulphonate, 10 Hepes, 2 MgCl,, 2 ATP-Mg,
0.5 GTP, 1 lignocaine (lidocaine) N-ethyl bromide
(QX-314), and 2 EGTA. For recordings of spontaneous
activity, 0.2 mM EGTA was used instead of 2. To isolate
the NMDAR-mediated component of evoked responses,
we used ACSF containing a low concentration of MgCl,
(0.1 mM) with osmolarity maintained by CaCly
(2.9 mM) and added (uM): five 1,2,3,4-tetrahydro-6-
nitro-2,3-dioxobenzo[flquinoxaline-7-sulfonamide (NBQX),
50 picrotoxin, 10 CGP 52,432, and 1 strychnine, to block
a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
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(AMPA), y-aminobutyric acid (GABA) GABA,, GABAg
and GlyRs, respectively. All chemicals and drugs were
purchased from Sigma-Aldrich, with the exception of
NBQX, which was purchased from Tocris Bioscience
(Ellisville, MO).

Decay kinetics of NMDAR EPSCs were analyzed on
the average of 20 to 25 traces. The decays were fitted
with double exponential functions: y = A ¥"+ Ae V"
in which A is amplitude, t is decay time constant, and
the subscript f and s denote fast and slow components,
respectively. Weighted time constants (Tyean) Were
calculated using the equation: Tyean = [Ad(Ar + Ay)]
1 +HAJ(Ay +Ap] 15 (Stocca and Vicini, 1998; Stocca
and Vicini, 1998).

Miniature EPSCs (mEPSCs) were recorded in pres-
ence of tetrodotoxin (TTX; 1 pM). Amino-phosphono-
valeric acid (APV) and NBQX were not included in
the ACSF. Results were analyzed off-line using the
mini analysis program written by Justin Lee (Synap-
tosoft Inc., Decatur, GA). Data were collected using
pClamp 9 software (Axon Instrument, Foster City,
CA). Analysis was performed off-line with Clampfit
9.0 software (Axon Instruments).

Current-clamp experiments were performed using
mutant and WT mice at 4 and 8 weeks of age. These
current-clamp experiments required an internal solu-
tion containing the same chemicals as described
above with the exception of QX-314 which was omit-
ted and 130 Cs* methanesulphonate was replaced by
130 K+- gluconate. The ACSF contained a low Mg?"
concentration of MgCl, (0.1 mM), bicuculline (20 uM),
picrotoxin (50 pM), CGP-52,532 (10 puM), strychnine
(1 uM), and NBQX (5 uM).

Morphological identification of CA1 PCs

In some experiments, the recording pipette was
filled with 2 mM Lucifer Yellow. The slices were
removed from the chamber after recordings and fixed
in 4% paraformaldehyde in a 0.1 M phosphate buffer
solution (PBS; 0.1 M, pH 7.2) for 1 to 3 days. Slices
were then washed with dimethyl-sulfoxide for 1 h. An
LSM 510 confocal laser-scanning microscope (Zeiss,
Germany) was used to visualize the CA1l PCs using
10X and 40X water immersion objectives. A three-
dimensional structure of the neurons was obtained
from the z-series data using the confocal system soft-
ware. The scanned neurons were reconstructed with
Adobe Photoshop7.0 (San Jose, CA) and the dendritic
branches were counted manually.

Immunoblotting

Mice were sacrificed under anesthesia using isoflur-
ane, in agreement with the guidelines of the Cana-
dian Council of Animal Care. The hippocampal region
(CA1l area) from each hemisphere was dissected on
ice and homogenized by dounce tissue homogenizer
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using ice-cold TEVP lysis buffer (10 mM Tris-HCI, 5
mM Sodium fluoride (NaF), 5 mM Sodium orthovana-
date (Na3VOy), 5 mM ethylenediaminetetracetic acid
(EDTA), pH 7.4). The hippocampal tissue of 24 differ-
ent animals (12 mutant and 12 WT mice) was pooled
in two different groups. For the NR2A and NR2B
subunits, the CAl regions from 24 different
animals (four mutant and four WT mice at 2, 4, and 8
weeks of age) were dissected on ice and homogenized
by dounce tissue homogenizer using ice-cold TEVP
lysis buffer (10 mM Tris-HCl, 5 mM sodium fluoride
(NaF), 5 mM sodium Orthovanadate (NasVO,), 5 mM
EDTA, pH 7.4. The lysed tissue was centrifuged
at 5000 g for 10 min at 4°C. Twenty-four animals
at 2, 4, and 8 weeks of age (12 mutant and 12 WT
mice) were also used for the PSD-95 protein
measurement.

The pellet (P1) containing nuclei and other debris
was discarded and the supernatant (S1) was collected.
The S1 was then centrifuged at 15,000 rpm for
15 min at 4°C and the resulting pellet (P2) was
collected by discarding the supernatant (S2). The col-
lected pellet (P2) was dissolved in ice-cold TEVP
buffer containing a Mini-EDTA free protease inhibitor
cocktail tablet (Roche, Basel, Switzerland), 1 mM
phenylmethylsulphonyl fluoride, 1% Nonidet P-40,
0.5% Sodium deoxycholate and 0.1% SDS. Protein
concentration was determined using a BCA protein
assay and bovine serum albumin was used as a
standard (Pierce, Biotechnology Inc., Rockford, IL).

Fifty micrograms of membrane proteins from
GlyT1+/— and WT mice were diluted with sample
loading buffer (10% SDS, 100 pM dithiothreitol
(DTT), 10% glycerol (v/v), 0.001% bromophenol blue,
25 mM Tris pH 6.8) and boiled for 3 min at 95°C. The
proteins were separated in 7.5% SDS-polyacrylamide
gel. Subsequently, proteins were transferred to a poly-
vinylidene difluoride (PVDF) membrane using a mini
trans-blot cell (Bio-Rad, Hercules CA). Membranes
were then blocked with 5% nonfat milk in tris-buf-
fered saline (TBS; 50 mM Tris pH 8.0, 148 mM NaCl)
for 1 h at room temperature.

Membranes were incubated overnight at 4°C with
primary antibodies diluted in 5% nonfat milk in TBS.
The antibody dilution used was 1:1000 for rabbit poly-
clonal anti-NR2A antibodies; 1:7500 for rabbit polyclo-
nal anti-NR2B antibodies; 1:4000 for rabbit polyclonal
anti-PSD-95 antibodies; 1:5000 for rabbit polyclonal
anti-GAPDH antibodies. The antibodies for NR2A,
NR2B and GAPDH were purchased from Abcam,
Cambridge, MA, whereas the antibody for PSD-95
was purchased from Cell Signaling Technology,
Beverly, MA.

The membranes were washed 3 times in TBS con-
taining 0.1% NP-40 for a total of 20 min, and then
incubated with goat antirabbit IgG secondary anti-
body which is conjugated with horseradish peroxidase
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(1:3000; Santa Cruz Biotechnology, Inc, CA) for 1 h at
room temperature. The membranes were washed
again and then incubated in ECL solution (Amersham
Biosciences, Baie d’'Urfé, QC, Canada). The bands
were visualized on Amersham Hyperfilm (Amersham
Biosciences).

Immunohistochemistry

GlyT1+/— and age matching WT mice (4 and 8
weeks of age) were anesthetized with an overdose of
pentobarbital (60 mg/kg) and intracardiacally per-
fused with 4% paraformaldehyde in PBS solution.
After 30 min postfixation at 4°C, the brain was put
into 30% sucrose/PBS solution until it sunk. The
brain was then frozen at —80°C. The brain was sliced
with a cryostat (Leica CM 3050S, Nassloch, Germany)
to obtain hippocampal coronal slices of 14 um. The sli-
ces were quenched with 50 mM NH,CI in PBS for 30
min and permeabilized with 0.2% triton and 0.25%
fish gelatin in PBS for 30 min to enhance the pene-
tration of the primary antibody and reduce nonspe-
cific binding. The slices were then incubated with a
mouse antisynaptophysin (1:750; Sigma) and guinea
pig anti-VGLUT 1, 2, 3 (VGLUTSs; 1:500; Millipore/
Chemicon, Temecula, CA) primary antibodies in
0.25% gelatin and 0.2% triton PBS solution (PBSGT)
overnight at 4°C. The slices were then rinsed thor-
oughly in PBSGT and subsequently incubated with
secondary antibodies: Cy3-conjugated goat antimouse
IgG (1:500; Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) and an FITC-conjugated goat
antiguinea pig (1:250; Jackson ImmunoResearch) in
PBSGT for 2 h at room temperature. Slices were
rinsed and mounted with Vectashield mounting
medium (Vector Laboratories Inc., Burlingame, CA).
Control slices, minus the primary antibodies were
examined for background staining.

Confocal microscopy and imaging

We acquired fluorescent images of hippocampal sli-
ces using an LSM 510 confocal laser-scanning micro-
scope (Zeiss, Germany) with a 63X oil-immersion
objective (numerical aperture 1.4) at the resolution of
1024 X 1024 pixels. The stratum pyramidale of the
CAL1 region of the hippocampus were scanned twice to
optimize the signal-to-noise ratio. Three parallel
regions of each slice were selected for quantification
and the density of clusters was determined by using
Image J software (NIH, Bethesda, MD).

Statistical analysis

Student’s t tests (two-tailed) or Kolmogorov-
Smirnov two-sample test were used to determine the
statistical significance of the results. All values are
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TABLE 1. Decay time constants of NMDAR EPSCs in GlyT1+/— and WT mice

Control Ifenprodil

(n) 75 (ms) ¢ (ms) A (%) Ay (%) Tmean (MS) Tmean (MS)
2 weeks

WT (18) 648 = 49. 33, 114.0 = 12.74 26.4 = 2.18 73.6 = 2.19 234.7 = 13.93 151.0 = 8.80 (7)
GlyT1+/- (18) 457 + 30.20° 71.8 = 4.85" 29.5 + 2.23 70.5 = 2.28 185.9 + 10.9° 151.6 + 9.60 (13)
3 weeks

WT (18) 654 * 55.33 111.9 += 9.48 21.4 = 2.16 75.2 = 2.16 205.3 = 10.92 161.2 * 10.03 (9)
GlyT1+/— (19) 548 = 7.20 83.4 + 1.37 20.8 = 0.61 79.2 = 0.58 171.6 = 2.14 165.4 + 8.15 (15)
4 weeks

WT (15) 563 + 28.53 84.74 + 4.48 18.3 = 1.87 81.6 = 1.68 167.7 = 5.58_ 122.1 * 4.40 (6)
GlyT1+/- (20) 465 + 31.50 71.31 = 3.77 17.2 = 1.84 82.8 = 1.84 139.3 = 6.91 124.9 *= 5.94 (9)
8 weeks

WT (18) 559 = 27.47“, 83.89 + 3.43_ 14.9 = 1.68 85.1 = 1.68 152.4 = 5.45* 115.6 = 6.10 (7)
GlyT1+/— (18) 411 + 20.20° 76.44 = 2.78" 19.6 = 1.68 80.4 = 1.88 138.2 + 3.90° 123.8 + 14.01 (7)

Values are mean = SEM. NMDAR EPSCs were recorded in absence (control) and presence of ifenprodil (3 pM). The slow and fast decay components are desig-

nated by 1, and 1y, respectively, and the weighted time constant by t mean.
“Significant difference between WT and GlyT1+/— mice (p < 0.05).

expressed as means = SEM, and a P value of <0.05
was considered significant.

RESULTS
Biophysical properties of NMDAR EPSCs
in GlyT1+/— and WT mice during postnatal
development

Previous data from our laboratory showed that in
GlyT1+/— mice (12-13 weeks of age), the glycine mod-
ulatory site of the NMDAR at the synapse is saturated
as suggested by the finding that exogenous application
of glycine (10 uM) or D-serine (10 uM) does not modify
the amplitude of NMDAR EPSC, whereas the same
dose of glycine enhances NMDAR EPSC amplitude by
approximately 40% in WT mice (Tsai et al., 2004). We
have also previously reported that NMDAR EPSCs in
GlyT1+/— mice (12-13 weeks of age) have faster decay
kinetics compared to their age matching WT mice
(Martina et al., 2005). We recorded NMDAR EPSCs in
hippocampal CA1 PCs from both GlyT1+/— and WT
mice at 2, 3, 4, and 8 weeks of age in order to explore
whether this difference originates early in the post-
natal period.

No significant differences were noted in the 10-90%
rise time of NMDAR EPSCs between mutant and WT
mice at 2 (GlyT1+/—: 18.03 = 1.86 ms, n = 20; WT:
21.6 = 245 ms, n = 11), 3 (GlyT1+/—: 26.51 * 5.83 ms,
n = 11; WT: 2401 *+ 7.02 ms, n = 12), 4 (GlyT1+/—:
26.7 + 39 ms,n = 21; WI: 22.1 =+ 34 ms, n = 9), and
8 (GlyT1+/—: 1836 = 222 ms, n = 7, WT: 19.6 = 2.6
ms, n = 7) weeks of age. However, the averaged 1, and
1 of GlyT1 = mice at all ages are consistently faster
than those of WT mice (Table I). The weighted time con-
stant is significantly faster in GlyT1+/— compared to
that of WT mice (Figs. 1A and 1B; Table I). From these
data, we cannot conclude that this is a higher expression
of NR2A or a lower expression of NR2B subunits in the
CA1l region of mutant mice, however, one could argue
that this possibility should be addressed.
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Fig. 1. Biophysical properties of NMDAR EPSCs recorded from

CA1l PCs of GlyT1+/— and WT mice. A: Traces of NMDAR EPSCs
recorded from CA1l PCs of GlyT1+/— (dashed line) and WT (thick
line) mice at 2 (2W), 3 (3W), 4 (4W), and 8 (8W) weeks of age. B:
Histogram showing the weighted time constants (tyean) of NMDAR
EPSCs of CA1 PCs in GlyT1+/— (full bar) and WT mice (empty bar)
at 2, 3, 4, and 8 postnatal weeks. *Indicates statistically significant
differences in the Tyeqan between GlyT1+/— and WT mice (P < 0.05).

Antagonistic effect of Ifenprodil on NMDAR
EPSCs in GlyT1+/— and WT mice during
postnatal development

A limited number of drugs can selectively distin-
guish between certain subunits of NMDARs, of which
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ifenprodil is the most characterized. This drug has an
ICso that is approximately 400-fold lower for NR2B
subunit compared to that of other NMDAR subunits
(Williams, 1993). The antagonistic effect of ifenprodil
on NMDAR EPSCs correlates with developmental
changes in NMDAR composition such that NMDAR
activity in immature neurons is almost completely
inhibited by ifenprodil (Kew, Richards, Mutel, and
Kemp, 1998; Sinor et al., 2000). Because higher levels
of endogenous glycine in GlyT1+/— mice could reduce
the antagonistic effect of ifenprodil, we used 3 pM of
ifenprodil, a concentration that is glycine independent
(Legendre and Westbrook, 1991).

Immunoblotting for NR2A, NR2B, PSD-95 in the
CAl region in GlyT1+/— and WT mice during
postnatal development

We found that the reduction in the amplitude of
NMDAR EPSCs induced by ifenprodil is significantly
smaller in GlyT1+/— mice at 2, 3, 4 and 8 weeks of
ages compared to their WT littermates (P < 0.05;
Figs. 2A and 2B). This occurrence may reflect a lower
expression of NR2B in mutant mice. Nevertheless,
ifenprodil significantly reduces the NMDAR EPSC
amplitudes of CA1 PCs in GlyT1+/— mice by 51.99 =
5.60% (n = 12; P < 0.05) at 2 weeks, 45.01 = 2.51%
(n = 23; P < 0.05) at 3 weeks, 38.13 = 4.32% (n =
14; P < 0.05) at 4 weeks, and 32.61 * 5.61% (n = 8§;
P < 0.05) at 8 weeks of age, as well we noted further
reduction of NMDAR EPSC amplitudes of WT by
6791 * 4.63% (n = 18; P < 0.05) at 2 weeks, 57.66 =
2.99% (n = 14; P < 0.05) at 3 weeks, 52.05 * 5.17%
(n = 12; P < 0.05) at 4 weeks, and 47.15 * 4.66% (n
= 10; P < 0.05) at 8 weeks of age.

Since NR2B-containing NMDARs have slower decay
kinetics compared to NR2A-containing NMDARs, we
speculate that ifenprodil could also reduce the Tpean
and consequently accelerate NMDAR EPSC decay.
Indeed, we find that ifenprodil drastically reduces the
values of the Tean in both GlyT1+/— and WT mice at
all ages examined (Fig. 2C and Table I). However, the
Tmean Of WT mice significantly reduces upon ifenprodil
treatment compared GlyT1+/— mice (P < 0.05).

Differences observed in the antagonistic effect of
ifenprodil on NMDAR EPSC amplitudes and the
decay kinetics between the two types of mice suggest
a lower expression of NR2B or a higher expression of
NR2A in GlyT1+/— mice. To test this hypothesis, we
performed immunoblotting experiments to measure
NR2A and NR2B protein expression in the CAl
region of the hippocampus of GlyT1+/— and WT mice
at 2, 4, and 8 weeks of age (Fig. 3). Consistent with
the literature, our results show that NR2B protein
expression remains relatively unchanged during post-
natal development (Liu, Murray, and Jones, 2004; von
Engelhardt, Doganci, Seeburg, and Monyer, 2009),
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Fig. 2. Effect of ifenprodil on NMDAR EPSCs of CAl PCs in
GlyT1+/— and WT mice. A: Traces of NMDAR EPSCs recorded from
CA1l PCs in GlyT1+/— and WT mice in the absence (thick line) and
presence of ifenprodil (3 pM; thin line). B: Histogram showing the
effect of ifenprodil on the amplitude of NMDAR EPSCs in GlyT1+/—
(full bar) and WT mice (empty bar) at 2, 3, 4, and 8 weeks of age. Note
that the antagonistic effect of ifenprodil on NMDAR EPSC amplitude
decreased with age in both GlyT1+/— and WT mice. C: Histogram
showing the effect of ifenprodil on Tau mean reduction in GlyT1+/—
(full bar) and WT mice (empty bar) at 2, 3, 4, and 8 weeks of age.
*Indicates statistically significant differences between GlyT1+/— and
WT mice (P < 0.05).

Tau mean reduction {ms)

whereas NR2A protein expression becomes more
prominent with ages (Monyer et al., 1992; Monyer,
et al., 1994; Stocca and Vicini, 1998). However, when
comparing GlyT1+/— mice to WT littermates of the
same age, no significant difference is observed in the
protein expression of either NR2A or NR2B; n = 4 for
each group.

We also investigated PSD-95 expression, a protein
that exists at the excitatory postsynaptic region is
known to be coupled with NMDARSs, especially with
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Fig. 3. Expression of NR2A and NR2B protein in whole hippo-
campus of GlyT1+/— and WT mice. Whole hippocampus (n = 24)
was used to determine the protein expression of NR2A, NR2B, and
PSD-95 in mutant and WT mice at 2, 4, and 8 weeks of age. During
postnatal development, NR2A and PSD-95 protein expression
increases with age. When comparing both types of mice, we find a
higher expression of PSD-95 protein in GlyT1+/— mice, whereas
there is no obvious increase in NR2A protein expression. NR2B pro-
tein expression remains relatively constant. GAPDH was used as an
internal control for protein loading.

those containing the NR2A subunit (Elias et al., 2008).
This protein plays a pivotal role in preventing NR2A-
containing NMDARs to internalize (Lin et al., 2004;
Rao and Craig, 1997). In both types of mice, we found a
PSD-95 protein expression increase with age during
postnatal development. Moreover, compared to WT
mice, there is a significantly higher protein expression
of PSD-95 in mutants at 4 and 8 weeks of age (n = 4 for
each group; Fig. 3). Overall, our data suggest that
PSD-95 in mutant mice anchors NR2A-containing
NMDARs at the synapse, thereby explaining the faster
decay kinetics observed in GlyT1+/— animals.

Morphological properties of CAl PCs in
GlyT1+/— and WT mice during postnatal devel-
opment

We previously reported that there was no signifi-
cant difference in the morphology of CAl PCs
between GlyT1+/— and WT adult mice (12-13 weeks
of age). However, in that case no quantification of
dendritic branches was performed (Martina et al.,
2005; Martina et al., 2005). To further characterize
the morphological properties of CA1 PCs in GlyT1+/
— and WT mice during postnatal development (2, 3,
4, and 8 weeks of age) we labeled them by filling the
recording electrodes with Lucifer Yellow. We obtained
the morphology of CA1 PCs using confocal microscopy
following the electrophysiological recordings.

Our findings show that the number of apical and
basal dendritic segments in CAl PCs is significantly
higher in mutant compared to WT mice at 2, 3, and 4
weeks of age (Fig. 4 and Table II), whereas no signifi-
cant difference is observed at 8 weeks of age. These
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data suggest that during the early stages of postnatal
development, CA1 PCs in GlyT1+/— mice undergo
morphological changes which may impact network
excitability.

Miniature excitatory postsynaptic currents
in GlyT1+/— and WT mice during postnatal
development

We studied mEPSCs to investigate whether in
GlyT1+/— mice, changes in the number of functional
synaptic contacts could occur during postnatal devel-
opment. The averaged amplitude of mEPSCs indi-
cates a single quantum of transmitter release at an
individual synapse (or number of postsynaptic gluta-
matergic receptors), whereas their frequency corre-
sponds to the number/density of synapses (El Hus-
seini et al., 2000) or to the probability of release
(Hopf, Waters, Mehta, and Smith, 2002).

Our findings indicate that in GlyT1+/— mice, the
average of mEPSC amplitudes (pA) at 2 weeks (7.89
+ 024, n = 8), 3 weeks (795 £ 029, n = 11), 4
weeks (8.67 + 0.24, n = 7), and 8 weeks (8.71 = 0.27,
n = 6) of age is not significantly different compared
to WT mice at 2 (8.26 = 0.35, n = 6; P > 0.05), 3
(8.66 = 0.30,n = 6; P > 0.05), 4 (8.64 = 0.43, n = 10;
P > 0.05), and 8 weeks (9.10 = 0.24, n = 6; P > 0.05;
Figs. 5A, 5B, and 5D and Supporting Information
Fig. 1) of age. These results suggest that there is no
difference in the number of glutamatergic postsynap-
tic receptors (AMPARs and NMDARs) between
GlyT1+/— and WT mice.

Interestingly, our observations show that the fre-
quency (Hz) of mEPSCs is significantly higher in
GlyT1+/— mice at 4 (0.627 = 0.06, n = 7) and 8
weeks (0.654 = 0.07, n = 6) of age compared with
their matching WT littermates (4 weeks: 0.455 =
0.03, n = 10; P < 0.05; 8 weeks: 0.520 + 0.06, n = 6;
P < 0.05; Figs. 5A, 5C, and 5E and Supporting Infor-
mation Fig. 2). In contrast, there is no significant dif-
ference in the frequency of mEPSCs at 2 and 3 weeks
of age between GlyT1+/— (2 weeks: 0.310 = 0.05, n
= 8; 3 weeks: 0.560 = 0.07, n = 11) and WT mice (2
weeks: 0.284 = 0.07, n = 6; P > 0.05; 3 weeks: 0.470
+ 0.08, n = 6; P > 0.05; Kolmogorov-Smirnov test).

We conducted the paired-pulse (PP) protocol to
determine the release probability to test whether the
high frequency of mEPSC in mutant mice (at 4 and 8
weeks of age) was not due to a higher release of glu-
tamate from presynaptic terminals, (Hsia, Malenka,
and Nicoll, 1998; Wasling, Hanse, and Gustafsson,
2004). We performed PP stimulation to Schaffer col-
lateral terminals using a pulse interval of 40, 80, and
100 ms and recorded the NMDAR-mediated paired-
response in CA1 PCs. We found that there was a sig-
nificantly higher PP ratio in GlyT1+/— mice at 3, 4,
and 8 weeks of age compared to those of WT litter-
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Fig. 4. Morphological properties of CA1l PCs in GlyT1+/— and WT mice during different stages of
postnatal development (A-D) Lucifer yellow-labeled CA1 PCs obtained from GlyT1+/— and WT mice
at 2, 3, 4 and 8 weeks of age showed that mutants have a higher number of dendritic branching than
WT littermates (see Table II for details). [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

mates (Supporting Information Fig. 1; P < 0.05). This antagonist strychnine at the dose of 1 pM but are
suggests a lower release probability in GlyT1+/— blocked by APV (20 uM).

compared to WT mice (Supporting Information Fig. 1)

and may argue in favor of a higher density of synap-

ses in mutant mice at 4 and 8 weeks of age. It is Synaptic organization in GlyT1+/-

worth mentioning that the above findings, such as and WT mice

the amplitude and frequency of the mEPSCs as well NMDAR activation is required for early synapse
as the paired pulse ratio are not reversed by the GlyR formation and neural development. Blocking NMDAR

Synapse
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TABLE II. Morphological properties of CA1 PCs labeled with Lucifer yellow in GlyT1+/— and WT mice during different stages of
postnatal development

Apical dendrites

Basal dendrites

(n) II 111 v \% I I 111

2 weeks

WT 8.42 * 1.05 (12|| 11.83 = 1.55(12)  6.45 = 0.62 (11)  7.33 = 1.76 (3) 3.90 = 0.31 (10) 7.40 = 0.58 (10) 11.89 = 1.41 (9)
GlyT1+/— 6.25 + 0.99 (16) 16.25 + 1.54 (16)" 10.88 + 2.32 (16)" 5.78 + 0.94 (9) 4.36 + 0.28 (11) 9.45 + 0.59 (11)" 12.88 + 1.36 (8)
3 weeks

WT 6.67 * 1.86 (3) 10.0 = 1.0 (2), 4 (1) n/a 3.560 = 1.50(2) 9.50 £ 3.5 (2) 10.40 = 4.0 (2) |
GlyT1+/— 1278 £ 0.9(9) 2144 = 1.5(9) 9.63 + 1.55 (8) 50+ 1.0(2) 462 *+0.52(8 11.75 = 1.68(8) 14.88 = 0.67 (8)"
4 weeks

WT 8.0 = 0.82 (6) 10.17 = 1.62 (6) 4.33 £0.76 (6) 5.75 = 0.85(4) 3.80 = 0.37(5)  9.00 = 0.89 (5) 7.60 = 1.33 (5),
GlyT1+/— 12.50 = 2.1 6 (6) 15.33 = 1.84 (6) 9.17 £ 1.64 (6) 7.60 = 1.21 (5) 4.20 = 0.49 (5) 9.4 + 1.33 (5) 14.0 = 2.07 (5)"
8 weeks

WT 7.00 = 4.9 (7) 11.10 = 1.12(7) 6.86 = 1.32 (7) 6.50 = 0.26 (2) 4.28 = 0.43(7) 10.14 = 0.19(7) 11.86 = 0.19 (7)
GlyT1+/— 8.86 = 2.20 (7) 13.14 = 1.14(7) 7.14 = 1.03(7) 7.00 = 0.54 (2) 4.14 + 0.46 (7) 9.0 = 0.82(7) 13.43 + 1.46 (7)

Values are mean + SEM. CAl PCs labeled with Lucifer yellow were recorded frome GlyT1+/— and WT mice at 2, 3, 4, and 8 weeks of age. We identified (I) as
the first dendritic segments leaving the soma, (II) the dendritic segments branching from (I), (III) the dendritic segments branching from (II), etc.

“Significant difference between GlyT1+/— and WT mice (P < 0.05).

activity inhibits dendritic arbor growth (Rajan and
Cline, 1998). We performed double immunostaining
using synaptophysin, a protein involved in the pre-
synaptic exocytosis machinery and vesicular gluta-
mate transporter subtypes (VGLUT1, 2, 3; VGLUTS),
the specific molecular markers of glutamatergic
vesicles to compare the density of excitatory
synapses at Schaffer collaterals/CA1 synapses
between GlyT1+/— and WT mice at 4 and 8 weeks of
age. Colocalization of synaptophysin and VGLUTSs
formed bright fluorescent clusters that are uniformly
distributed in the stratum pyramidale in both
GlyT1+/— and WT mice (Figs. 6A—6D). The density of
synaptophysin and VGLUTSs clusters as well the den-
sity of coclusters is much higher in GlyT1+/— mice at
4 and 8 weeks of age compared with that of WT
littermates (Supporting Information Figs. 4A-4C).
These findings suggest a higher density of excitatory
presynaptic terminals and further suggest a higher
number of synaptic contacts at Schaffer collaterals/
CA1l synapses in mutant mice.

Neuronal excitability in GlyT1+/— and WT mice

Thus far, the results of our study suggest that in
the hippocampal network of mutant mice, there is a
higher level of synaptic contact which could lead to
higher excitability. In the last series of experiments,
we sought to investigate this hypothesis by assessing
the firing frequency of action potentials of CA1 PCs
at 4 and 8 weeks in both types of mice. If indeed the
neuronal network is more excitable in mutant mice,
the frequency of action potentials should increase
when compared to WT mice. We recorded CA1 pyram-
idal neurons in current-clamp mode. Cs methanesul-
fonate was not used because it would inhibit potas-
sium channels. For these experiments, K+ gluconate
was used instead of Cs methanesulfonate. As illus-
trated in Figures 7A and 7B, there is a significant

increase in the frequency of action potentials in
GlyT1+/— mice at 4 and 8 weeks. Interestingly, we
do not find any significant change in resting mem-
brane potential. Moreover, in both GlyT1+/— and WT
mice at 8 weeks of age, the firing frequency was
reduced upon bath application of the competitive
NMDAR antagonist, APV (Fig. 7C).

DISCUSSION

In this study, using GlyT1+/— mice, we investi-
gated the impact of chronic high levels of endogenous
glycine on important parameters of glutamatergic
neurotransmission involving NMDARs. Our results
indicate that throughout postnatal development, com-
pared with control animals, mutant mice undergo
major changes with respect to the pharmacological
properties and functionality of NMDARs in CA1 PCs.
More precisely, differences observed in GlyT1+/—
mice are the following: (1) a faster decay kinetic
of NMDAR EPSCs; (2) a reduction of the antagonis-
tic effect of ifenprodil; (3) a higher protein expression
of PSD-95; (4) an increase in dendritic branching
and glutamatergic presynaptic terminals; (5) a
higher frequency of mEPSC; and (6) higher network
excitability.

During early postnatal development, NMDARs at
the synapse are predominantly composed of NR2B
subunits, whereas NR2A subunits are gradually
inserted into the synapse at maturation (Monyer,
et al., 1994; Sheng et al., 1994; Flint et al., 1997), a
transition that is reflected by the acceleration of the
decay kinetics of NMDAR EPSCs (Hestrin, 1992;
Cathala, Misra, and Cull-Candy, 2000) and the loss of
ifenprodil sensitivity (Tovar and Westbrook, 1999;
Williams, 2001). Accordingly, in both mutant and WT
mice, we observed a developmental decrease in the
decay kinetics of NMDAR EPSCs, however, GlyT1+/—
mice exhibited significantly faster decay kinetics com-
pared with WT littermates at all studied ages. Consist-
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Fig. 5. mEPSCs of CAl PCs in GlyT1+/— and WT mice during
postnatal development. A: mEPSCs recorded from CA1l PCs of
GlyT1+/— (right panel) and WT (left panel) mice at 2, 3, 4, and 8
weeks of age. B and D: Both types of mice had no significant differ-

ent with previous reports (Monyer et al., 1994; Sheng
et al., 1994; Flint et al., 1997), the results of our im-
munoblotting experiments confirmed an increase in
NR2A protein expression with age in both GlyT1+/—
and WT mice. However, our results did not reveal any
significant difference in protein expression of NR2A
between GlyT1+/— and WT mice at any studied time
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ence in mEPSCs amplitudes at 2, 3, 4, and 8 weeks of age. C and
E: The frequency of mEPSCs was significantly higher in mutants at
4 and 8 weeks of age. *Indicates statistically significant differences
between GlyT1+/— and WT mice (P < 0.05).

points. Our observation that decay kinetics of NMDAR
EPSCs is faster in mutant mice cannot be explained
by a difference in NR2A or NR2B protein expression.
In agreement with other studies (Stocca and Vicini,
1998), our data from immunoblotting experiments
revealed that NR2B protein expression remains rela-
tively constant despite the faster decay kinetics of
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Fig. 6.
VGLUTS in the stratum pyramidale of GlyT1+/— and WT mice at 4
and 8 weeks of age. A-D: Immunofluorescent confocal sections of
CA1 PCs layer in the hippocampus, double labeled for (a) synapto-

Immunohistochemistry detection of synaptophysin and

NMDAR EPSCs and the decrease in ifenprodil sensi-
tivity, suggesting that NR2A subunits are inserted into
these synapses forming heteromerics complexes.

physin, (b) VGLUTS in GlyT1+/— and WT mice at 4 and 8 weeks of
age and (c) merged image. Scale bar is 5 pm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]

A core component of the postsynaptic density at
excitatory synapses during postnatal development is
that PSD-95 protein expression parallels that of
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Fig. 7. Neuronal excitability in GlyT1+/— and WT mice. A:
Traces representing spontaneous NMDAR-dependent activity in
CA1l PCs recorded in current-clamp mode. We observed a higher fre-
quency of action potentials in mutants compared to WT mice at 4
and 8 weeks of age. B: Bar histogram shows a significantly higher
frequency of action potentials in GlyT1+/— mice compared with WT
littermates. C: The action potential frequency in mutants (8W) and
WT animals (8W) was reduced upon bath application of NMDAR an-
tagonist APV (50 uM). *Indicates statistically significant differences
between GlyT1+/— and WT mice (P < 0.05).

NR2A. Indeed, a past study shows that over-expres-
sion of PSD-95 in cultured cerebellar granule cells pro-
motes NR2A synaptic expression (Losi et al., 2003).
Therefore, the faster decay kinetics observed in
GlyT1+/— mice could be explained by the increased
expression of PSD-95, which is involved in the
trafficking and stabilization of NR2A subunits at the
synapse (Elias et al., 2008). Previous reports have
already shown the molecular mechanisms that could
be involved in the phenomenon (Tovar and Westbrook,
1999; Fox, Henley, and Isaac, 1999; MacDonald,
Jackson, and Beazely, 2006; Hoffmann, Gremme, Hatt,
and Gottmann, 2000).

We observed that throughout postnatal develop-
ment, GlyT1+/— mice exhibited a higher number of
dendritic branching (Fig. 4 and Table II) as well as a
higher density of excitatory glutamatergic synapses
(Fig. 6 and Supporting Information Fig. 4) in the CA1

Synapse

W. BAKKAR ET AL.

region of the hippocampus compared to WT mice.
Indeed, the results of our investigation are consistent
with those of previous reports in which focal applica-
tion of glutamate lead to a dramatic increase in the
length of the shaft filopodia leading to dendritic
growth and branching during neuronal development
(Portera-Cailliau, Pan, and Yuste, 2003). Moreover,
numerous studies highlight that neuronal activity
mediated by the NMDARs promotes dendritic arbor
growth (Niell, Meyer, and Smith, 2004; Sin, Haas,
Ruthazer, and Cline, 2002), whereas blocking
NMDARSs reduces dendritic growth (Rajan and Cline,
1998). Recently, Cline and coworkers showed that
NR2A and NR2B subunits have specific functions in
the morphological development of tectal neurons in
the living Xenopus and found that NR2A but not
NR2B increased dendritic branch clusters (Ewald,
Keuren-Jensen, Aizenman, and Cline, 2008). GlyT1+/
— mice exhibited a higher degree of synaptic connectiv-
ity (Fig. 5 and Supporting Information Fig. 2) as well
as a higher degree of network excitability in the CA1
region of the hippocampus compared to WT mice (Fig.
7). Several mechanisms could explain this occurrence.
First, the higher synaptic expression of NR2A in
mutants endows the NMDAR channel with a higher
open probability (Po; 5-fold higher) as well as a higher
peak open probability than NR2B-containing NMDARSs
(Erreger et al., 2005; Mellor, Nicoll, and Schmitz,
2002), resulting in a higher degree of synaptic excit-
ability. Second, NR2A-containing NMDARs have a
faster glutamate unbinding rate (30-fold faster) than
NR2B-containing NMDARsS; this attribute reduces the
degree of receptor desensitization, thereby enabling
the receptor to respond promptly to repetitive synaptic
signal inputs, especially during high frequency stimu-
lation (Erreger et al., 2005). Finally, the morphological
findings in our study, e.g., the higher number of postsy-
naptic dendritic branching in GlyT1+/— mice and
higher density of synapses, provide the postsynaptic
neurons with a stronger ability for integration of
multiple synaptic inputs by temporal and spatial
summation, altogether facilitating the generation of
action potentials (Xu, Ye, Poo, and Zhang, 2006;
Hausser, Spruston, and Stuart, 2000; Magee, 2000).
These mechanisms could explain, at least in part,
the higher network excitability encountered in
mutant mice.

One of the more interesting and intriguing findings
of our work is that there is a higher expression of
PSD-95 protein in the hippocampus of mutant com-
pared with WT mice. PSD-95 has been particularly
studied because in the central nervous system it
is one of the major constituents of excitatory
PSDs (Chen et al., 2005), and it is directly involved
in synaptic plasticity (Migaud et al.,, 1998). It is
well documented that this abundant postsynaptic
scaffold, PSD-95, regulates the formation of excitatory
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synapses. PSD-95 is essential for synaptogenesis and
for neurons to establish correct connectivity. PSD-95
protein plays major roles in synapse organization and
function (Funke, Dakoji, and Bredt, 2005). Overex-
pression of PSD-95 in neurons is associated with mod-
ifications in the properties of synaptic transmission
and has also been proposed to affect synapse
maturation and stabilization (El-Husseini, Schnell,
Chetkovich, Nicoll and Bredt, 2000) and, thus, syn-
apse number. Acute knockdown of PSD-95 reduces
the development of synaptic structures (Ehrlich,
Klein, Rumpel, and Malinow, 2007), and PSD-95
mutant mice exhibit variations in spine densities in
several brain regions (Vickers et al., 2006).

Morphological properties of excitatory synapses
upon over-expression of PSD-95 reveals important
new functions of this protein in regulating spine syn-
apse formation and plasticity. The expression of PSD-
95 resulted in changes in spine shape, a marked
increase of the spine volume, and an enlargement of
the PSD, resulting in the formation of synapses with
complex and perforated or segmented PSDs. The
effect is very significant because, on average, the PSD
area increased by a factor of six to eight, and the
spine volume increased about 3-fold, emphasizing the
close relationship existing between spine volume and
PSD size (Harris and Stevens, 1989). Moreover, PSD-
95 has diverse synaptic functions. One such function
is to interact with membrane proteins and regulate
their synaptic localization. PSD-95 seems to stabilize
interacting membrane proteins at synapses by sup-
pressing their lateral diffusion or internalization
(Roche et al., 2001; Prybylowski et al., 2005). In
addition to its role in protein trafficking, PSD-95 can
regulate the functional properties of interacting
membrane proteins, as shown by PSD-95-dependent
changes in the gating of NMDA receptors (Lin et al.,
2006).

Glycinergic neurotransmission is known to control
motor functions and arousal states (Legendre, 2001;
Betz et al., 2006) while glutamatergic neural path-
ways are involved in the regulation of cognitive proc-
esses such as learning and memory storage (Citri and
Malenka, 2008; MacDonald, Jackson, and Beazely,
2006; Citri and Malenka, 2008). Presumably, GlyT1
disruption affects one or more of these processes. This
could likely play a role in glycine encephalopathy
(GE) pathophysiology. This disease is believed to
result from a shortage of an enzyme that normally
breaks down glycine in the body. This defect allows
excess glycine to build up in tissues and organs, par-
ticularly in the brain, leading to serious medical com-
plications. Typically, neonatal individuals suffering
from GE display a number of neuropsychological
symptoms including hypotonia, convulsions and even
coma, while mental retardation, psychomotor limita-
tions, and behavioral abnormalities are wusually
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observed later during childhood (Hayasaka et al.,
1982; Hayasaka, Tada, Fueki, and Aikawa, 1990;
Agamanolis, Potter, and Lundgren, 1993; Kikuchi,
Motokawa, Yoshida, and Hiraga, 2008). Most GE
individuals die as newborns but the rare ones that
survive demonstrate lack of neurological develop-
ment, intractable seizures and many neuropsychiatric
symptoms including learning disabilities and mental
retardation (Applegarth and Toone, 2001; Toone,
et al., 2003; Applegarth and Toone, 2004).

GlyT1 knockout mouse models (Gomeza et al.,
2003; Tsai et al., 2004) suggest the intriguing possibil-
ity that mutations in the corresponding gene in
humans could cause GE. It is tempting to speculate
that many of the symptoms present in GE patients
could be explained by some of the new findings that
we are reporting in our study. However, it is worth
mentioning that all animal models of any human dis-
ease must be viewed with some scepticism. Indeed,
homozygous GlyT1 deficient mice display most of the
symptoms observed in individuals with GE, however,
one would argue that the phenotype of heterozygous
GlyT1 mice is relatively normal compared with WT
mice. Indeed, GlyT1+/— are quite healthy, rarely
exhibit seizures and perform relatively well in the
Morris Water Maze (Tsai et al., 2004). However,
GlyT1+/— mice have higher levels of glycine in their
brain, blood, and urine, similar to what has been
reported in GE patients that survive until early
adulthood (Agamanolis, Potter, and Lundgren, 1993;
Hardingham, 2009; Gomeza et al., 2003). NMDAR
antagonists as a first line treatment for patients with
GE have been used by several groups (Ohya, et al.,
1991). The results of our investigations are indeed in
support of this approach. However, one should never
minimize the potential side effects of this type of
treatment and the use of NMDAR antagonists should
be done with caution.

ACKNOWLEDGMENTS

The authors thank Dr J.T. Coyle for providing the
transgenic mice and Adrian Wong for his critical
input. We also thank Chris Métivier and Jonathan
Boyd for technical assistance.

REFERENCES

Adams RH, Sato K, Shimada S, Tohyama M, Puschel AW, Betz H.
1995. Gene structure and glial expression of the glycine trans-
porter GlyTl in embryonic and adult rodents. J Neurosci
15:2524-2532.

Agamanolis DP, Potter JL, Lundgren DW. 1993. Neonatal glycine
encephalopathy: biochemical and neuropathologic findings.
Pediatr Neurol 9:140-143.

Anson LC, Chen PE, Wyllie DJ, Colquhoun D, Schoepfer R. 1998.
Identification of amino acid residues of the NR2A subunit that
control glutamate potency in recombinant NR1/NR2A NMDA
receptors. J Neurosci 18:581-589.

Applegarth DA, Toone JR. 2001. Nonketotic hyperglycinemia
(glycine encephalopathy): laboratory diagnosis. Mol Genet Metab
74:139-146.

Synapse



1194

Applegarth DA, Toone JR. 2004. Glycine encephalopathy (nonketotic
hyperglycinaemia) : review and update. J Inherit Metab Dis
27:417-422.

Aragon C, Lopez-Corcuera B. 2005. Glycine transporters: crucial
roles of pharmacological interest revealed by gene deletion.
Trends Pharmacol Sci 26:283-286.

Berger AJ, Dieudonne S, Ascher P. 1998. Glycine uptake governs
glycine site occupancy at NMDA receptors of excitatory synapses.
J Neurophysiol 80:3336-3340.

Bergeron R, Meyer TM, Coyle JT, Greene RW. 1998. Modulation of
N-methyl-D-aspartate receptor function by glycine transport. Proc
Natl Acad Sci U S A 95:15730-15734.

Betz H, Gomeza J, Armsen W, Scholze P, Eulenburg V. 2006. Gly-
cine transporters: essential regulators of synaptic transmission.
Biochem Soc Trans 34:55-58.

Betz H, Laube B. 2006. Glycine receptors: Recent insights into their
structural organization and functional diversity. J Neurochem
97:1600-1610.

Borowsky B, Mezey E, Hoffman BJ. 1993. Two glycine transporter
variants with distinct localization in the CNS and peripheral
tissues are encoded by a common gene. Neuron 10:851-863.

Cathala L, Misra C, Cull-Candy S. 2000. Developmental profile of
the changing properties of NMDA receptors at cerebellar mossy
fiber-granule cell synapses. J Neurosci 20:5899-5905.

Chen X, Vinade L, Leapman RD, Petersen JD, Nakagawa T, Phillips
TM, Sheng M, Reese TS. 2005. Mass of the postsynaptic density
and enumeration of three key molecules. Proc Natl Acad Sci U S
A 102:11551-11556.

Citri A, Malenka RC. 2008. Synaptic plasticity: Multiple forms,
functions, and mechanisms. Neuropsychopharmacology 33:18-41.
Cull-Candy S, Brickley S, Farrant M. 2001. NMDA receptor subu-
nits: Diversity, development and disease. Curr Opin Neurobiol

11:327-335.

Ehrlich I, Klein M, Rumpel S, Malinow R. 2007. PSD-95 is required
for activity-driven synapse stabilization. Proc Natl Acad Sci U S A
104:4176-4181.

El Husseini AE, Schnell E, Chetkovich DM, Nicoll RA, Bredt DS.
2000. PSD-95 involvement in maturation of excitatory synapses.
Science 290:1364—1368.

Elias GM, Elias LA, Apostolides PF, Kriegstein AR, Nicoll RA. 2008.
Differential trafficking of AMPA and NMDA receptors by SAP102
and PSD-95 underlies synapse development. Proc Natl Acad Sci U
S A 105:20953-20958.

Erreger K, Dravid SM, Banke TG, Wyllie DJ, Traynelis SF. 2005.
Subunit-specific gating controls rat NR1I/NR2A and NR1/NR2B
NMDA channel kinetics and synaptic signalling profiles. J Physiol
563:345-358.

Eulenburg V, Armsen W, Betz H, Gomeza J. 2005. Glycine trans-
porters: essential regulators of neurotransmission. Trends Bio-
chem Sci 30:325-333.

Ewald RC, Keuren-Jensen KR, Aizenman CD, Cline HT. 2008. Roles
of NR2A and NR2B in the development of dendritic arbor mor-
phology in vivo. J Neurosci 28:850—-861.

Flint AC, Maisch US, Weishaupt JH, Kriegstein AR, Monyer H.
1997. NR2A subunit expression shortens NMDA receptor synaptic
currents in developing neocortex. J Neurosci 17:2469-2476.

Fox K, Henley J, Isaac J. 1999. Experience-dependent development
of NMDA receptor transmission. Nat Neurosci 2:297-299.

Funke L, Dakoji S, Bredt DS. 2005. Membrane-associated guanylate
kinases regulate adhesion and plasticity at cell junctions. Annu
Rev Biochem 74:219-245.

Gabernet L, Pauly-Evers M, Schwerdel C, Lentz M, Bluethmann H,
Vogt K, Alberati D, Mohler H, Boison D. 2005. Enhancement of
the NMDA receptor function by reduction of glycine transporter-1
expression. Neurosci Lett 373:79-84.

Gomeza J, Hulsmann S, Ohno K, Eulenburg V, Szoke K, Richter D,
Betz H. 2003. Inactivation of the glycine transporter 1 gene dis-
closes vital role of glial glycine uptake in glycinergic inhibition.
Neuron 40:785-796.

Gomeza J, Ohno K, Hulsmann S, Armsen W, Eulenburg V, Richter
DW, Laube B, Betz H. 2003. Deletion of the mouse glycine trans-
porter 2 results in a hyperekplexia phenotype and postnatal
lethality. Neuron 40:797-806.

Guastella J, Brecha N, Weigmann C, Lester HA, Davidson N.
1992. Cloning, expression, and localization of a rat brain high-
affinity glycine transporter. Proc Natl Acad Sci U S A 89:7189—
7193.

Hardingham GE. 2009. Coupling of the NMDA receptor to neuro-
protective and neurodestructive events. Biochem Soc Trans
37:1147-1160.

Harris KM, Stevens JK. 1989. Dendritic spines of CA 1 pyramidal
cells in the rat hippocampus: serial electron microscopy with

Synapse

W. BAKKAR ET AL.

reference to their biophysical characteristics. J Neurosci 9:2982—
2997.

Hausser M, Spruston N, Stuart GdJ. 2000. Diversity and dynamics of
dendritic signaling. Science 290:739-744.

Hayasaka K, Narisawa K, Satoh T, Tateda H, Metoki K, Tada K,
Hiraga K, Aoki T, Kawakami T, Akamatsu H, Matsuo N. 1982.
Glycine cleavage system in ketotic hyperglycinemia: a reduction
of H-protein activity. Pediatr Res 16:5-7.

Hayasaka K, Tada K, Fueki N, Aikawa J. 1990. Prenatal diagnosis
of nonketotic hyperglycinemia: enzymatic analysis of the glycine
cleavage system in chorionic villi. J Pediatr 116:444—445.

Hestrin S. 1992. Developmental regulation of NMDA receptor-medi-
ated synaptic currents at a central synapse. Nature 357:686-689.
Hoffmann H, Gremme T, Hatt H, Gottmann K. 2000. Synaptic
activity-dependent developmental regulation of NMDA receptor
subunit expression in cultured neocortical neurons. J Neurochem

75:1590-1599.

Hopf FW, Waters J, Mehta S, Smith SJ. 2002. Stability and plastic-
ity of developing synapses in hippocampal neuronal cultures.
J Neurosci 22:775-781.

Hsia AY, Malenka RC, Nicoll RA. 1998. Development of excitatory
circuitry in the hippocampus. J Neurophysiol 79:2013-2024.

Imamura Y, Ma CL, Pabba M, Bergeron R. 2008. Sustained saturat-
ing level of glycine induces changes in NR2B-containing-NMDA
receptor localization in the CA1l region of the hippocampus.
J Neurochem 105:2454-2465.

Johnson JW, Ascher P. 1987. Glycine potentiates the NMDA
response in cultured mouse brain neurons. Nature 325:529-531.
Jursky F, Nelson N. 1996. Developmental expression of the glycine
transporters GLYT1 and GLYT2 in mouse brain. J Neurochem

67:336-344.

Kew JN, Richards JG, Mutel V, Kemp JA. 1998. Developmental
changes in NMDA receptor glycine affinity and ifenprodil sensitiv-
ity reveal three distinct populations of NMDA receptors in
individual rat cortical neurons. J Neurosci 18:1935-1943.

Kikuchi G, Motokawa Y, Yoshida T, Hiraga K. 2008. Glycine
cleavage system: reaction mechanism, physiological significance,
and hyperglycinemia. Proc Jpn Acad Ser B Phys Biol Sci
84:246-263.

Kirsch J. 2006. Glycinergic transmission. Cell Tissue Res 326:535—
540.

Kleckner NW, Dingledine R. 1988. Requirement for glycine in acti-
vation of NMDA-receptors expressed in Xenopus oocytes. Science
241:835-8317.

Lau CG, Zukin RS. 2007. NMDA receptor trafficking in synaptic
plasticity and neuropsychiatric disorders. Nat Rev Neurosci
8:413-426.

Legendre P. 2001. The glycinergic inhibitory synapse. Cell Mol Life
Sci 58:760-793.

Legendre P, Westbrook GL. 1991. Ifenprodil blocks N-methyl-D-
aspartate receptors by a two-component mechanism. Mol Pharma-
col 40:289-298.

Lin Y, Jover-Mengual T, Wong J, Bennett MV, Zukin RS. 2006.
PSD-95 and PKC converge in regulating NMDA receptor traffick-
ing and gating. Proc Natl Acad Sci U S A 103:19902-19907.

Lin Y, Skeberdis VA, Francesconi A, Bennett MV, Zukin RS. 2004.
Postsynaptic density protein-95 regulates NMDA channel gating
and surface expression. J Neurosci 24:10138-10148.

Liu QR, Lopez-Corcuera B, Mandiyan S, Nelson H, Nelson N. 1993.
Cloning and expression of a spinal cord- and brain-specific glycine
transporter with novel structural features. J Biol Chem
268:22802-22808.

Liu QR, Nelson H, Mandiyan S, Lopez-Corcuera B, Nelson N. 1992.
Cloning and expression of a glycine transporter from mouse brain.
FEBS Lett 305:110-114.

Liu XB, Murray KD, Jones EG. 2004. Switching of NMDA receptor
2A and 2B subunits at thalamic and cortical synapses during
early postnatal development. J Neurosci 24:8885-8895.

Lopez-Corcuera B, Alcantara R, Vazquez J, Aragon C. 1993.
Hydrodynamic properties and immunological identification of the
sodium- and chloride-coupled glycine transporter. J Biol Chem
268:2239-2243.

Losi G, Prybylowski K, Fu Z, Luo J, Wenthold RJ, Vicini S. 2003.
PSD-95 regulates NMDA receptors in developing cerebellar gran-
ule neurons of the rat. J Physiol 548:21-29.

MacDonald JF, Jackson MF, Beazely MA. 2006. Hippocampal long-
term synaptic plasticity and signal amplification of NMDA recep-
tors. Crit Rev Neurobiol 18:71-84.

Magee JC. 2000. Dendritic integration of excitatory synaptic input.
Nat Rev Neurosci 1:181-190.

Martina M, Turcotte ME, Halman S, Tsai G, Tiberi M, Coyle JT,
Bergeron R. 2005. Reduced glycine transporter type 1 expression



GLYCINE ENCEPHALOPATHY AND GLUTAMATERGIC DYSFUNCTION

leads to major changes in glutamatergic neurotransmission of
CA1 hippocampal neurones in mice. J Physiol 563:777-793.

Mayer ML, Vyklicky L Jr, Clements J. 1989. Regulation of NMDA
receptor desensitization in mouse hippocampal neurons by gly-
cine. Nature 338:425-427.

Mellor J, Nicoll RA, Schmitz D. 2002. Mediation of hippocampal
mossy fiber long-term potentiation by presynaptic Th channels.
Science 295:143-147.

Migaud M, Charlesworth P, Dempster M, Webster LC, Watabe AM,
Makhinson M, He Y, Ramsay MF, Morris RG, Morrison JH,
O’Dell TJ, Grant SG. 1998. Enhanced long-term potentiation and
impaired learning in mice with mutant postsynaptic density-95
protein. Nature 396:433-439.

Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH.
1994. Developmental and regional expression in the rat brain and
functional properties of four NMDA receptors. Neuron 12:529-
540.

Monyer H, Sprengel R, Schoepfer R, Herb A, Higuchi M, Lomeli H,
Burnashev N, Sakmann B, Seeburg PH. 1992. Heteromeric
NMDA receptors: Molecular and functional distinction of sub-
types. Science 256:1217-1221.

Niell CM, Meyer MP, Smith SJ. 2004. In vivo imaging of synapse
formation on a growing dendritic arbor. Nat Neurosci 7:254-260.
Ohya Y, Ochi N, Mizutani N, Hayakawa C, Watanabe K. 1991. Non-
ketotic hyperglycinemia: treatment with NMDA antagonist and

consideration of neuropathogenesis. Pediatr Neurol 7:65-68.

Papadia S, Hardingham GE. 2007. The dichotomy of NMDA recep-
tor signaling. Neuroscientist 13:572-579.

Portera-Cailliau C, Pan DT, Yuste R. 2003. Activity-regulated
dynamic behavior of early dendritic protrusions: evidence for dif-
ferent types of dendritic filopodia. J Neurosci 23:7129-7142.

Prybylowski K, Chang K, Sans N, Kan L, Vicini S, Wenthold RJ.
2005. The synaptic localization of NR2B-containing NMDA recep-
tors is controlled by interactions with PDZ proteins and AP-2.
Neuron 47:845-857.

Rajan I, Cline HT. 1998. Glutamate receptor activity is required for
normal development of tectal cell dendrites in vivo. J Neurosci
18:7836-7846.

Rao A, Craig AM. 1997. Activity regulates the synaptic localization
of the NMDA receptor in hippocampal neurons. Neuron 19:801-
812.

Roche KW, Standley S, McCallum J, Dune Ly C, Ehlers MD, Went-
hold RJ. 2001. Molecular determinants of NMDA receptor inter-
nalization. Nat Neurosci 4:794-802.

Sans N, Petralia RS, Wang YX, Blahos J, Hell JW, Wenthold RdJ.
2000. A developmental change in NMDA receptor-associated pro-
teins at hippocampal synapses. J Neurosci 20:1260-1271.

Schell MdJ, Molliver ME, Snyder SH. 1995. D-serine, an endogenous
synaptic modulator: localization to astrocytes and glutamate-
stimulated release. Proc Natl Acad Sci U S A 92:3948-3952.

Sheng M, Cummings J, Roldan LA, Jan YN, Jan LY. 1994. Chang-
ing subunit composition of heteromeric NMDA receptors during
development of rat cortex. Nature 368:144-147.

Sin WC, Haas K, Ruthazer ES, Cline HT. 2002. Dendrite growth
increased by visual activity requires NMDA receptor and Rho
GTPases. Nature 419:475-480.

Sinor JD, Du S, Venneti S, Blitzblau RC, Leszkiewicz DN,
Rosenberg PA, Aizenman E. 2000. NMDA and glutamate evoke

1195

excitotoxicity at distinct cellular locations in rat cortical neurons
in vitro. J Neurosci 20:8831-8837.

Smith KE, Borden LA, Hartig PR, Branchek T, Weinshank RL.
1992. Cloning and expression of a glycine transporter reveal coloc-
alization with NMDA receptors. Neuron 8:927-935.

Stephenson FA. 2001. Subunit characterization of NMDA receptors.
Curr Drug Targets 2:233-239.

Stocca G, Vicini S. 1998. Increased contribution of NR2A subunit to
synaptic NMDA receptors in developing rat cortical neurons.
J Physiol 507(Pt 1):13-24.

Thomson AM, Walker VE, Flynn DM. 1989. Glycine enhances
NMDA-receptor mediated synaptic potentials in neocortical slices.
Nature 338:422-424.

Toone JR, Applegarth DA, Levy HL, Coulter-Mackie MB, Lee G.
2003. Molecular genetic and potential biochemical characteristics
of patients with T-protein deficiency as a cause of glycine ence-
phalopathy (NKH). Mol Genet Metab 79:272—-280.

Tovar KR, Westbrook GL. 1999. The incorporation of NMDA recep-
tors with a distinct subunit composition at nascent hippocampal
synapses in vitro. J Neurosci 19:4180-4188.

Tsai G, Ralph-Williams RJ, Martina M, Bergeron R, Berger-Swee-
ney J, Dunham KS, Jiang Z, Caine SB, Coyle JT. 2004.
Gene knockout of glycine transporter 1: Characterization of
the behavioral phenotype. Proc Natl Acad Sci U S A 101:8485-
8490.

Vickers CA, Stephens B, Bowen J, Arbuthnott GW, Grant SG, Ingham
CA. 2006. Neurone specific regulation of dendritic spines in vivo by
post synaptic density 95 protein (PSD-95). Brain Res 1090:89-98.

von Engelhardt J, Doganci B, Seeburg PH, Monyer H. 2009. Synap-
tic NR2A- but not NR2B-containing NMDA receptors increase
with blockade of ionotropic glutamate receptors. Front Mol Neuro-
sci 2:1-14.

Wasling P, Hanse E, Gustafsson B. 2004. Developmental changes in
release properties of the CA3-CAl glutamate synapse in rat hip-
pocampus. J Neurophysiol 92:2714-2724.

Waxman EA, Lynch DR. 2005. N-methyl-D-aspartate receptor sub-
types: Multiple roles in excitotoxicity and neurological disease.
Neuroscientist 11:37-49.

Williams K. 1993. Ifenprodil discriminates subtypes of the N-
methyl-D-aspartate receptor: selectivity and mechanisms at
recombinant heteromeric receptors. Mol Pharmacol 44:851-859.

Williams K. 2001. Ifenprodil, a novel NMDA receptor antagonist:
Site and mechanism of action. Curr Drug Targets 2:285-298.

Xu NL, Ye CQ, Poo MM, Zhang XH. 2006. Coincidence detection of
synaptic inputs is facilitated at the distal dendrites after long-
term potentiation induction. J Neurosci 26:3002—-3009.

Yee BK, Balic E, Singer P, Schwerdel C, Grampp T, Gabernet L,
Knuesel I, Benke D, Feldon J, Mohler H, Boison D. 2006. Disrup-
tion of glycine transporter 1 restricted to forebrain neurons is
associated with a procognitive and antipsychotic phenotypic pro-
file. J Neurosci 26:3169—-3181.

Zafra F, Aragon C, Olivares L, Danbolt NC, Gimenez C, Storm-
Mathisen J. 1995. Glycine transporters are differentially
expressed among CNS cells. J Neurosci 15:3952-3969.

Zafra F, Gomeza J, Olivares L, Aragon C, Gimenez C. 1995.
Regional distribution and developmental variation of the glycine
transporters GLYT1 and GLYT2 in the rat CNS. Eur J Neurosci
7:1342-1352.

Synapse



@ JOURNAL OF NEUROCHEMISTRY | 2008 | 105 |

Journal of
Neurochemistry

2454-2465

;I]\J‘:: /1 ]

doi: 10.1111/j.1471-4159.2008.05324.x

Sustained saturating level of glycine induces changes in
NR2B-containing-NMDA receptor localization in the CA1 region

of the hippocampus

Yukio Imamura,’ Chun-Lei Ma,! Mohan Pabba and Richard Bergeron

Department of Cellular and Molecular Medicine, Department of Psychiatry, University of Ottawa, Ottawa Health Research Institute,

Ottawa, Ontario, Canada

Abstract

Post-synaptic actions of glycine are terminated by specialized
transporters. There are two genes encoding glycine trans-
porters, GlyT1 and GlyT2. Glycine acts as a co-agonist at
N-methyl-p-aspartate glutamatergic receptors (NMDARS).
Blockage of GlyT1 enhances NMDAR function by controlling
ambient glycine concentrations. Using whole-cell patch-clamp
recordings of acute hippocampal slices, we investigated
NMDAR kinetics of CA1 pyramidal neurons of mice express-
ing 50% of GlyT1 (GlyT1+/-). In this study, we report that the
glycine modulatory site of the NMDAR at CA1 synapses is
saturated in GlyT1+/- but not in wild-type (WT) mice. We also
found that the effect of ifenprodil, a highly selective NR2B-
containing-NMDAR antagonist, is significantly reduced at CA1
synapses in GlyT1+/— compared to WT mice while immuno-
blotting experiments do not show significant differences for

At central synapses, glutamate is the main excitatory
neurotransmitter. Once released from pre-synaptic terminals,
glutamate activates a number of different glutamatergic
receptors one of which is the NMDAR. NMDARs are
oligomeric ligand-gated ion channels formed by the assem-
bly of different subunits. Biophysical studies of NMDARs
outline its complex pharmacology with multiple modulatory
binding sites. NMDARSs are critical players in excitatory
synaptic transmission, synaptic plasticity, and have special-
ized characteristics including voltage-dependent block by
magnesium, calcium permeability, and slow deactivation
kinetics. One of the peculiar properties of NMDARs is that
they require the binding of two different agonists for gating.
In addition to glutamate, glycine/p-serine acts as obligatory
co-agonists for NMDAR activation.

In the forebrain, NMDARs contain two essential NR1
subunits paired with two NR2 subunits, implying four
subunits within the functional channel (Laube ef al. 1998).
The NRI1 subunit is expressed throughout the CNS and is
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NR1, NR2A-B-C-D subunits in both types of mice, suggesting
alteration in NR2B-containing-NMDAR localization under a
state of chronic saturating level of endogenous glycine. Using
a pharmacological approach with MK-801 and DL-TBOA, we
discriminated synaptic vis-a-vis extra-synaptic NMDARs. We
found that NR2B-containing-NMDARs are expressed at a
higher level in the extra-synaptic area of CA1 pyramidal
neurons from GlyT1+/— compared to WT mice. Our results
demonstrate that chronic saturating level of glycine induces
significant changes in NMDAR localization and kinetic.
Therefore, results from our study should help to gain a better
understanding of the role of glycine in pathological conditions.
Keywords: extra-synaptic NMDA receptors, glutamate,
ifenprodil, whole-cell patch-clamp recording.

J. Neurochem. (2008) 105, 2454—2465.

essential for NMDAR-channel activity. The NR2 subunit,
when co-expressed with NR1, determines the pharmacolog-
ical profile, the gating properties, and the Mg”" sensitivity
(Vicini et al. 1998). There are four NR2 subunits (A-D), but
NR2A and NR2B (which form high conductance channels)
predominate in the forebrain (Yamakura and Shimoji 1999).
At the synapse, NR2B subunits are more abundant early in
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life, whereas NR2A expression increases with development.
As the NR2A subunit produces NMDAR current with the
fastest kinetics (Stocca and Vicini 1998), the increasing speed
of NMDAR current decay kinetics over post-natal develop-
ment is likely because of its increased expression (Vicini et al.
1998). NR1 and NR2 subunits harbor the glycine and
glutamate binding sites, respectively (Monyer ef al. 1992;
Wafford et al. 1995; Ivanovic et al. 1998). Although the
binding sites for glutamate and glycine are on different
subunits, the presence of one influences the binding of the other
(Regalado et al. 2001). Notably, it is the type of NR2 subunit
co-assembled with NR1 that determines NMDAR affinity for
glycine (Kew et al. 1998). Glycine has approximately a
10-fold higher affinity for NR2B-, NR2C-, or NR2D-contain-
ing than for NR2A-containing NMDARSs (Danysz and Parsons
1998). Moreover, NMDARs are found not only at the synapse
but also extra-synaptically (Clark and Cull-Candy 2002).

We have previously reported, using whole-cell voltage-
clamp recordings, that the glycine modulatory site of the
NMDAR is saturated in heterozygote mice for GlyTl
(GlyT1+/-) but not in WT mice, since the application of
glycine (10 pM) did not enhance the amplitude of the
isolated NMDAR current in GlyT1+/— while increasing the
amplitude of the isolated NMDAR current by approximately
40% in WT mice (Tsai et al. 2004; Martina et al. 2005). We
have also observed a significant reduction in the antagonistic
effect of the highly NR1/NR2B-selective antagonist, ifen-
prodil, on the amplitude of the isolated NMDAR current in
CAl pyramidal neurons from GlyT1+/— compared to WT
mice (Martina et al. 2005). Moreover, we found a faster
kinetic of the synaptic NMDAR current in GlyT1+/— mice,
suggesting a lower expression of NR2B or a higher
expression of NR2A subunits in GlyT1+/— mice.

These results raise an important issue concerning the
impact of sustained saturating level of glycine on NMDAR
amplitude or kinetic. Does the saturating level of glycine
promote a loss of NR2B-containing-NMDAR expression or
a different ratio of NR2A/NR2B expression in the CAl
region of the hippocampus of GlyT1+/— compared to WT
mice? Is there a differential compartmentalization or subcel-
lular redistribution of NR2A/NR2B subunits between
GlyT14+/— and WT mice? Using whole-cell patch-clamp
recording of acute hippocampal slices from 11-12 weeks of
age GlyT1+/— and WT mice, we investigated the impact of
sustained saturating level of endogenous glycine on
NMDAR localization and kinetic of CA1 pyramidal neurons.

Materials and methods

Genotyping

All genotyping of mice was performed using polymerase chain
reaction (PCR) amplification of genomic DNA prepared from mouse
tissue as described in our previous manuscript (Martina et al. 2005).

© 2008 The Authors
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Throughout our experimental series, only GlyTl+/— and their
matching WT mice at 11-12 weeks of age were used.

Immunoblotting

Mice were killed under anesthesia using isoflurane, in agreement
with the guidelines of the Canadian Council of Animal Care. The
hippocampal region (CA1 area) from each hemisphere was dissected
on ice and homogenized by dounce tissue homogenizer using ice-
cold tobacco etch virus protease (TEVP) lysis buffer (10 mM Tris—
HCI, 5 mM sodium fluoride (NaF), 5 mM sodium orthovanadate
(Na3;VO,), 5 mM Ethylenediaminetetracetic acid (EDTA), pH 7.4).
The hippocampal tissue of 16 different animals (16 mutant and 16
WT mice) was pooled in two different groups. The lysed tissue was
centrifuged 1000 g for about 5 min at 4°C. The pellet (P1)
containing nuclei and other debris were discarded by collecting the
supernatant (S1). S1 was subjected to centrifugation of 15 000 rpm,
15 min at 4°C and the resulting pellet (P2) was collected by
discarding the supernatant (S2). The collected pellet was dissolved in
ice-cold TEVP buffer containing complete, Mini-EDTA free
protease inhibitor cocktail tablet (Roche, Basel, Switzerland),
1 mM phenylmethylsulphonyl fluoride, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS) and
subjected to short centrifugation of 2—3 min at 15 000 rpm. After
centrifugation, the supernatant (S3) were collected and protein
concentration was determined using a BCA protein assay and bovine
serum albumin as standard (Pierce Biotechnology, Inc., Rockford,
IL, USA). Please note that the region of the hippocampus that was
chosen for the immunoblotting since it is the whole-cell recordings
were made from this brain area. NR1 antibodies were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA, Cat. No.
4204); NR2A, 2B and 2C antibodies were purchased from Abcam
(Cambridge, MA, USA, Cat. No. ab14596, ab14400, ab110); NR2D
antibodies were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA, Cat. No. sc-10727).

Fifty microgram aliquots of membrane proteins was diluted with
sample loading buffer (10% SDS, 100 uM dithiothreitol, 10%
glycerol, 0.001% (w/v) bromophenol blue, 25 mM Tris pH 6.8) and
boiled at 95°C for 3 min. Boiled samples from WT and GlyT1+/—
mice were randomly paired-wised and proteins were separated on
7.5% SDS-polyacrylamide gel and transferred to a polyvinylidene
difluoride membrane using a trans-blot semi-dry transfer cell (Bio-
Rad, Hercules CA, USA). Membranes were then blocked with 5%
milk in Tris-buffered saline (50 mM Tris pH 8.0, 148 mM NaCl) for
1 h at 20°C. Subsequently, membranes were then incubated with
primary antibodies diluted in 5% milk in Tris-buffered saline (TBS)
(1 : 1000 for rabbit polyclonal anti-NR1 antibodies; 1 : 5000 for
rabbit polyclonal anti-NR2A antibodies; 1 : 7500 for rabbit poly-
clonal anti-NR2B antibodies; 1 : 1000 for rabbit polyclonal anti
NR2C antibodies; 1 : 500 for rabbit polyclonal anti-NR2D antibodies;
1 : 5000 for rabbit polyclonal anti-GAPDH antibodies) for overnight
at4°C, washed three times in TBS containing 0.1% NP-40 for a total of
20 min, incubated with horseradish peroxidase-conjugated secondary
antibody (Santa Cruz Biotechnology, Cat. No. sc-2004) diluted in 5%
milkin TBS (1 : 5000) for 1 hat 20°C and washed three times in TBS
containing 0.1% NP-40 for a total of 20 min. Membranes were then
incubated in enhanced chemiluminescence solution (Amersham
Biosciences, Inc., Baie d’Urfée, QC, Canada) and bands visualized
on Amersham Hyperfilm (Amersham Biosciences, Inc.).
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Whole-cell patch-clamp recording

We performed the electrophysiological experiments using acute brain
slices. Coronal brain slices (300 um containing the hippocampus)
were obtained from mice (11-12 weeks of age). Prior to decapitation,
the animals were anesthetized with isofluorane in agreement with the
guidelines of the Canadian Council of Animal Care. The brain was
removed and placed in an oxygenated (95% O,/5% CO,) physiolog-
ical solution, artificial cerebrospinal fluid (ACSF) at 4°C, containing
(mM): NaCl (126), KCI (2.5), MgCl, (1), NaHCOs5 (26), NaH,PO,
(1.25), CaCl, (2) and D-glucose (10). The osmolarity of the ACSF was
adjusted to 300 mOsmol-1 and the pH to 7.2. A block containing the
region of interest was prepared, and sections (300 pum) were obtained
with a vibrating microtome (Leica VT 1000S, Leica Microsystems
GmbH, Wetzlar, Germany). The slices were stored for 1 h in an
oxygenated chamber at room temperature prior to the experiments.
The recordings were performed with borosilicate electrodes filled with
a solution containing (in mM) Cs-methansufonate (120), TEA-CI1
(10), HEPES (10), EGTA (0.6), MgCl, (2), Mg2-ATP (2), Na-GTP
(0.5)and QX-314(0.5). The pH was adjusted to 7.2 and the osmolarity
to 280290 mOsmol-1. The recording pipettes had a resistance of
3-6 MQ when filled with this solution. The series resistance was
monitored during the experiment and the data were discarded when
the series resistance was changed more than 15% of the original level.

Voltage-clamp recordings were obtained with a Multiclamp 700A
amplifier (Axon Instruments, Foster City, CA, USA) under visual
control using differential interference contrast and infrared video
microscopy (IR-DIC; Leica DMLFSA, Germany). Whole-cell
currents were recorded at room temperature from individual
pyramidal neurons of the CAl region of the hippocampus
voltage—clamped at —65 mV.

The CA3 input to CAl pyramidal neurons, mediated by the
Schaffer collaterals, is glutamatergic (Amaral and Witter 1989).
Post-synaptic responses were evoked by electrical stimulation of the
Schaffer collaterals with a bipolar microelectrode positioned in the
stratum radiatum. The stimulation pulse was delivered every 15 s
(i.e., 0.067 Hz) with the pulse duration of 100 ps. The stimulation
intensity was set to obtain the excitatory post-synaptic current
(EPSC) amplitude of 60-70 pA.

The recordings were first obtained in normal ACSF. To isolate the
NMDAR-mediated EPSC, we used an ACSF containing a low
concentration of MgCl, (0.1 mM) with osmolarity maintained by
CaCl,, and the a-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid receptor (AMPAR) antagonist 1,2,3,4-tetrahydro-6-nitro-2,3-
dioxobenzoquinoxaline-7-sulphonamide (NBQX), the GABA,
receptor antagonist picrotoxin, the GABAp receptor antagonist
3-[[(3,4-dichlorophenyl)methyl]amino]propyl]diethoxymethyl)phos-
phinic acid (CGP 52432), and the glycine receptor antagonist
strychnine. When required, dizocilpine (MK-801) and amino-
phosphoro-valeric acid (APV) were bath-applied.

To facilitate the blocking of synaptic NMDAR currents by
MK-801, the interval of stimuli was changed from 15 to 5 s during
MK-801 application. The concentration of drugs applied in the
perfusate was (UM): NBQX (10), picrotoxin (50), CGP 52432 (10),
strychnine (0.5), MK-801 (30), DL-TBOA (30) and ifenprodil (5).
All drugs were purchased from Sigma—Aldrich, with the exception
of DL-TBOA (Tocris, Bristol, UK). Baseline NMDAR currents
were normalized by the average of 5 min control recordings
(average of 20-25 traces).

© 2008 The Authors

Kinetic analysis was performed on averaged EPSCs (usually 20—
25 consecutive traces). The rise time constants of NMDAR currents
were measured by fitting the single exponential function by using
Clampfit. The decay time constants were measured by fitting the
exponential functions: y = Are™; + Ae %, for double and
y=A;exp " for single exponential decay, where A is the
amplitude, 7 is the decay time constant, and the subscript f and s
denote fast and slow components, respectively. Weighted time
constants (T pean) Were calculated using the equation: T ean = [A¢/
(Ag + Ag)]te + [A/(As + Ap)]ts (Stocca and Vicini 1998).

The Data were made with Microsoft Excel or Igor Pro
(WaveMetrics, Inc.). Results are presented as means + SE. Data
were compared statistically by Student’s #-tests and significance was
defined as p < 0.05.

Results

We used an in vivo animal model with reduced expression of
the GlyT1 gene. Since homozygote GlyT1-/— mice die
during the first postnatal day (Gomeza et al. 2003; Tsai et al.
2004), only GlyT1+/— mice and their matching wild-type
(WT) mice were used for this investigation. These transgenic
mice (genetic background: C57Black6) are valuable models
to investigate NMDAR amplitude and kinetic under a state of
sustained saturating level of glycine.

No significant difference between GlyT1+/— and WT mice
was observed in protein expression levels of NR1,
NR2A-B-C-D in the hippocampus

The different antagonistic effect to ifenprodil to the
amplitude of the NMDAR current raised one intriguing
question. Could this lower antagonistic effect of ifenprodil
on the amplitude of the NMDAR current be due to a lower
expression of NR2B subunit between the two types of
mice? In this first experimental series, we determined the
level of NR2B but also for NR1, NR2A-C and D subunits.
The level of expression of NR1, NR2A-B-C- D subunit
proteins in the hippocampus in both types of mice between
11-12 weeks of age was investigated by western blot
analysis using subunit specific antibodies. Our results did
not reveal any significant difference in the level of protein
expression for NR1, NR2A, NR2B, NR2C, and NR2D
subunits between the two types of mice, WT (n = 16) and
GlyT14+/= (n =16) mice (Fig. 1) as is evident by the
verification of internal marker GAPDH, suggesting that the
abnormal high level of glycine does not promote any
significant change in the level of expression of NRI-
NR2A-B-C-D -containing-NMDAR subunit in the hippo-
campus of GlyT1+/— compared to WT mice.

Glycine modulatory site of NMDAR of CA1 pyramidal
neurons was saturated in GlyT1+/— but not in WT mice
We have previously reported, using whole-cell voltage-clamp
recordings, that the glycine modulatory site of NMDAR is
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Fig. 1 Western blot analysis of hippocampus for NR2A and NR2B
subunits between GlyT1+/— and WT mice. (a) NR1, NR2A, NR2B,
NR2C, and NR2D immunoreactive bands. Western blot analysis of
protein samples (50 pg) prepared from hippocampal CA1 region of
GlyT1+/— and WT mice. The protein samples were separated on 7.5%
SDS-polyacrylamide gels, transferred to PVDF membrane and probed
with respective NMDAR subunit(s) primary antibodies. Note that no
significant difference in protein expression levels for NMDAR subunits
was detected between GlyT1+/— and WT mice (number of animals
used: n = 16 for each).

saturated in GlyTl1+/— but not in WT mice since the
application of glycine (10 uM) did not enhance the ampli-
tude of NMDAR current in GlyT1+/— while increasing the
amplitude of NMDAR current by approximately 40% in WT
mice (Tsai et al. 2004; Martina et al. 2005).

In this series of experiments, we compared the antagonistic
effect of 7-chlorokynurenic acid on the NMDAR current
amplitude by recording CA1 pyramidal neurons from mutant
and WT mice. NMDAR current was pharmacologically
isolated as described in the experimental procedures. Exper-
iments were performed blinded to the investigator and the
genotyping was revealed only after the analysis was
completed. NMDAR current amplitude was determined at
baseline. The effect of the selective glycine modulatory
binding site antagonist, 7-chlorokynurenic acid (Kemp et al.
1988) was measured at four different doses. We determined
the antagonistic effect of 7-chlorokynurenic acid by calcu-
lating the percent reduction on the amplitude of the isolated
NMDAR current in both types of mice. Experiments were
performed in voltage-clamp mode, at =65 mV in a low Mg**
solution (see Materials and methods).

Application of 7-chlorokynurenic acid at the doses of
10 uM and 100 pM did not induce significant differences in
the amplitude reduction in NMDAR current of CAl
pyramidal neurons between the two types of mice (Fig. 2).
However, we found that at the doses of 0.1 and 1 pM, 7-

© 2008 The Authors
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Fig. 2 Dose—-response curve of the effect of 7-chlorokynurenic acid, a
selective and potent antagonist for the glycine modulatory site of the
NMDAR. We determined the antagonistic effect of 7-chlorokynurenic
acid by calculating the percent reduction on the amplitude of the iso-
lated NMDAR current in both types of mice. Experiments were per-
formed in voltage-clamp mode, at —65 mV in a low Mg?* solution. The
higher doses 7-chlorokynurenic acid that are required to block the
isolated NMDAR current in GlyT1+/— mice suggest a higher level of
ambient glycine at Schaffer collaterals/CA1 synapses in GlyT1+/—-
compared to WT mice.

chlorokynurenic acid induced a smaller amplitude reduction
in the isolated NMDAR current of CA1 pyramidal neurons in
GlyT1+4/= compared to WT mice. These results strengthen
our hypothesis that there is a higher level of endogenous
glycine at the extracellular milieu at the CA1 region of the
hippocampus in GlyT1+/— mice in comparison to WT mice

(Fig. 2).

Pharmacological paradigm was used to isolate

of extra-synaptic NMDARs

Since there is no significant difference in the expression of
NR1, NR2A-B-C-D subunits in the hippocampus between
mutant and WT mice, we hypothesized that the lower
reduction in the amplitude of the isolated NMDAR current at
the synapse induced by ifenprodil in GlyT1+/— compared to
WT mice could be explained by a lower density of synaptic
NR2B-containing-NMDAR  subunits of CAl pyramidal
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neurons of GlyT1+/— mice. To selectively activate extra-
synaptic NMDARs, we performed the experiment in three
steps.

First, we stimulated the Schaffer collaterals and induced
EPSC every 15s. NMDAR component of EPSC was
pharmacologically isolated using selective antagonists for
AMPAR, GABAA, GABAg, and glycine receptor, in a low
MgZJr solution. The concentration of drugs applied in the
perfusate was (uM): NBQX (10), picrotoxin (50), CGP
52432 (10), strychnine (0.5), MK-801 (30), DL-TBOA (30)
and ifenprodil (5). The recording of NMDAR current during
the first 5 min was normalized at 100% and used as the
control value.

Second, we took advantage of the unique property of the
‘irreversible’ open channel blocker MK-801, a use-depen-
dent antagonist with a high-affinity for the phencyclidine site
within the NMDAR channel (Huettner and Bean 1988).
Following a baseline recording of 10 min, MK-801 (30 pM)
was included in ACSF. MK-801 blocked selectively synaptic
NMDARSs that opened in response to synaptically released
glutamate. Repeated electrical stimulation in the presence of
MK-801 (every 5 s) progressively blocked NMDAR-medi-
ated synaptic activity. Because MK-801 is a use-dependent
NMDAR antagonist, we used a 5 s interval for the electrical
stimulation only when MK-801 was applied in the ACSF in
order to block more rapidly the synaptic NMDARs. In all
other situations, the electrical stimulation interval was always
performed at every 15 s. Application of MK-801 in the
ACSF induced a rapid decline in the amplitude of the
NMDAR current after 15 min: 6.93 +0.93% n =15 in
GlyT1+/— mice and 7.74 + 0.96%, n =5 in WT mice. The
residual current remained stable following the removal of
MK-801 from the ACSF even after 30 min: 6.42 + 0.88%,
n=>5 in GlyTl+/= mice and 7.23 £+ 0.94% n =5 in WT
mice (Fig. 3a and b). Because MK-801 dissociates very
slowly from NMDARs at —65 mV (Huettner and Bean
1988), NMDARs bound to MK-801 were no longer
contributing to the amplitude of the isolated NMDAR
current.

Third, following the removal of MK-801 from the ACSF,
we applied a glutamate reuptake antagonist, DL-TBOA
(30 uM) and the electrical stimulation interval was read-
justed back to every 15 s. Under these conditions, glutamate
can diffuse at extra-synaptic sites away from synaptic
contacts and activate the extra-synaptic NMDAR population
(Clements et al. 1992). We found that the application of
DL-TBOA induces a recovery in the current amplitude
presumably via activation of extra-synaptic NMDARs
(98.54 £ 12.31%, n =5 in GlyT1+/— and 95.22 + 14.92%,
n =4 in WT mice (Fig. 3c and d). We also found that the
amplitude of the current induced following application of
DL-TBOA, was blocked by the highly potent competitive
NMDAR antagonist, APV (100 uM; Fig. 3e and f). These
results suggest that the extra-synaptic currents were indeed
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mediated by NMDARs and not the result of activation of
other ion currents.

We compared the results obtained with MK-801 (30 pM)
with APV (100 uM). We observed a more rapid decline of
the amplitude of the isolated synaptic NMDAR currents
when APV (100 uM) was included in the ACSF, since APV
is a competitive NMDAR antagonist compared to MK-801
which is a use dependent antagonist. In contrast to the
experiments performed with MK-801, following the removal
of APV (100 uM) from the ACSF, the amplitude of the
isolated synaptic NMDAR current recovered rapidly in WT
mice: (1) 99.53 + 4.51%, baseline synaptic NMDAR cur-
rent; (2) 6.24 + 1.21% following application of APV in the
ACSF; (3) 82.96 + 12.23% after removal of APV from
the ACSF, n =4 (Fig. 4a). In GlyT1+/— mice: (1) 99.93 +
2.68%, baseline synaptic NMDAR; (2) 9.23 + 0.45%,
following application of APV in the ACSF; (3) 90.23 +
3.56%, after removal of APV from the ACSF, n=235
(Fig. 4b). Even though APV is a very potent competitive
antagonist for the glutamate binding site on the NMDAR, we
also observed a residual current in GlyT1+/— and in WT
mice (Fig. 4a and b) similar to the one observed following
application of MK-801 (Fig. 3a and b).

The residual current remaining following the block of
synaptic NMDAR current by MK-801 is intriguing. We used
two different approaches to determine whether that current
could be blocked. First, in WT mice, application of APV
(100 uM) was tested on the residual current following
application of MK-801 in the ACSF. Interestingly, APV
(100 pM) did not modify significantly the remaining current
[8.57 £ 0.59%; following application of MK-801 in the
ACSF and 7.58 + 0.70% following application of APV in the
ACSF; n=6, p=0.64 (Fig. 4c)]. The effect of APV
(100 uM) was also determined in GlyT1+/— mice. We
observed that the amplitude of the residual current was
7.94 + 0.72% following application of MK-801 in the ACSF
and 8.73 £ .61%, following application of APV; n =6,
p = 0.27 (Fig. 4d). Second, we investigated the effect of
MK-801 (100 pM) on the amplitude of the isolated NMDAR
at two different voltages (—65 mM, data not shown and
—30 mV). Even though at —30 mV, all NMDARSs should be
opened, we observed a residual current at that voltage
(Fig. 4e and f) similar to the one observed at —65 mV
(Fig. 4c and d). These results strongly suggest that the
residual current is not mediated by NMDAR but may arise
from a baseline noise of the recording or the lack of complete
penetration of MK-801 through the slice.

No significant difference was observed in paired pulse ratio
between WT and GlyT1+/— mice

Perfusion of the slice with DL-TBOA blocked the glutamate
transporters and increased the extracellular level of gluta-
mate. This increase in glutamate at the extracellular milieu
may not only activate the extra-synaptic NMDARs but also
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Fig. 3 Stability of NMDAR currents follow-
ing removal of MK-801 (a and b) and acti-
vated extra-synaptic currents during the
administration of DL-TBOA (¢ and d). (a
and b) Plots of normalized NMDAR current
reduction induced by MK-801 (30 uM) in
GlyT1+/- (n=5) and WT (n=5) mice.
Representative traces are shown at the
time points as indicated (1, control; 2, MK-
801; 3, after removal of MK-801). Please
note that following the removal of MK-801
from the ACSF, the remaining current was
stable over a period of 30 min. (c and d) DL-
TBOA activates of extra-synaptic NMDAR
currents in GlyT1+/- (n=5) and WT
(n = 4) mice. Synaptic NMDAR current was
blocked by MK-801 (30 M) and application
of DL-TBOA (30 uM) induced spillover of
glutamate in the extra-synaptic area, which
in turn activated extra-synaptic NMDARs.
Representative traces are shown at the
time points as indicated (1, control; 2, MK-
801; 3, DL-TBOA). Bars: 20 pA, 200 ms. (e
and f) DL-TBOA activated extra-synaptic
NMDAR currents (thick line), which in turn
were blocked by APV (100 pM; thin line).
Please note that no significant difference in
the amplitude of the isolated NMDAR cur-
rent was observed between GlyT1+/— and
WT mice. Bars: 20 pA, 200 ms.

metabotropic glutamatergic receptors located pre- and post-
synaptically. In such conditions, pre-synaptic release prob-
ability may be affected (Benquet et al. 2002). We performed
a series of experiments to rule out this possibility. We used
the pair-pulse paradigm to determine the release probability.
A change in the ratio of the NMDAR current amplitude

© 2008 The Authors
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would suggest that the application of DL-TBOA changed the
rate of pre-synaptic release probability. Our results demon-
strate that the paired-pulse paradigm did not show any
significant differences in the ratio of NMDAR current
amplitude in both types of mice (4.56 + 0.25: 50 ms;
100 ms;

1.89 £0.16: 200 ms; 1.09 = 0.11:
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Fig. 4 Synaptic NMDARs in CA1 pyramidal
! neurons from GlyT1+/— mice and WT mice.
Synaptic NMDAR currents in CA1 pyrami-
dal neurons were obtained by electrical
stimulation of Schaffer collateral fibers
using a bipolar electrode. Recordings were
made in voltage-clamp mode at Vm =
¢ —-65 mV. (a and b) Synaptic NMDAR cur-
rent recorded in low Mg?* ACSF (0.1 mM)

40 0

Time (min)

20 pA
200 ms

WT (d)

3 4

()

1

_| —

2
——

_MK-801__ APV

1

tude (%)

—_
(=3
(=]

1

%
(=]

50

Normalized NMDAR
current amplitude (%)

Normalized NMDAR

current ampl

20
Time (min)
GlyT1+/-
1 2 3
_L PP
MK-801

2

from GlyT1+/— (n=5) and WT (n = 4) was
blocked by APV (100 uM). (c and d) Plots of
synaptic NMDAR current inhibition by MK-
801 (30 uM) in GlyT1+/— (n=7) and in WT
(n=7). Following the removal of MK-801
from low Mg®* ACSF, the remaining cur-
rents were still detectable upon the admin-
istration of APV (100 uM). Please note that
following the removal of APV from the
ACSF (c and d) did not modify significantly
the amplitude of the residual current. Rep-
resentative traces shown in each inset are
indicated at the time point of each plot.
Bars: 20 pA, 200 ms. (e and f) The effect of

I

W

APV
3 4

0 20

1 2 3 4
l =
\hﬂﬂﬂ
( 40

0 20
Time (min)
WT

MK-801
30 UM

—
()
-

(f)
MK-801
100 uM

Time (min)

GlyT1+/-

MK-801
30 uM

40 higher dose (100 uM) of MK-801 on the

amplitude of the isolated NMDAR current
was also determined at —30 mV in both
types of mice in a low Mg solution (see
Materials and methods). The results indi-

MK-801
100 uM

(=3
(=]

.l
i

w
=]

LS

Normalized NMDAR
current amplitude (%)
Normalized NMDAR

current amplitude (%)

cate that there is not a significant difference
in the amplitude of the residual current fol-
lowing the application of MK-801. The re-
sults further suggest that the remaining
current is likely not mediated by NMDARs
but may only represent the fact that pene-

i

(=]
1=
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Time (min)

60 20

500 ms; 091 £0.06: 1s; n=26 for GlyT1+/— mice and
455+ 1.05: 50 ms; 3.08+0.47: 100 ms; 1.81 &+ 0.25:
200 ms; 0.96 = 0.01: 500 ms; 0.85 £0.05: 1s; n=6 for
WT mice; data not shown), suggesting that pre-synaptic
release probability is not modified by the increase of
glutamate following application of DL-TBOA, at least at
the dose that we used. We also performed the paired-pulse
ratio experiments using AMPAR EPSC before and following
application of DL-TBOA in both types of mice. Some
investigators use the AMPAR-EPSC as a standard for paired
pulse paradigm. Paired-pulse paradigms were performed at
100 and 50 ms intervals before and after the application of
DL-TBOA. Our results do not suggest any significant
difference in the paired-pulse ratio of AMPAR EPSC before
and after application of DL-TBOA and between 100 or
200 ms intervals, in agreement with the result obtained in the
NMDAR EPSC ratio (Fig. 5).
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40 60 tration of the slice by MK-801 is not com-

pletely achieved.

Ifenprodil antagonism in extra-synaptic area was higher in
GlyT1+/— mice

We selectively activated extra-synaptic NMDARs of CAl
pyramidal neurons from both types of mice using the
paradigm described above. We determined the antagonism
induced by ifenprodil by measuring the amplitude reduction
in the isolated NMDAR current. We found that the percent
reduction in the amplitude of the isolated NMDAR current
was significantly greater in GlyT1+/—compared to the WT
mice (50.12 £4.03%; n =9 for GlyT1+/— mice; p < 0.05
and 32.82 + 6.17%; n =8 for WT; Fig. 6), suggesting a
higher density of NR2B-containing-NMDARSs in the extra-
synaptic area in GlyT1+/— compared to WT mice. One may
argue that the concentration of endogenous glycine could
effect the antagonism of ifenprodil on extra-synaptic
NMDARs. To address this possibility, we repeated the same
experimental series in presence of a saturating dose of
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Fig. 5 Paired-pulse ratio in extra-synaptic AMPAR currents. Paired
pulse ratio reflects neurotransmitter release probability. Representa-
tive traces of extra-synaptic AMPAR current in paired-pulse stimuli
with the interval of 50 and 100 ms: No significant difference in paired-
pulse ratio was observed between WT (n=5) and GlyT1+/— mice
(n=25).

glycine (10 pM). In these conditions, we also observed a
greater reduction in ifenprodil (10 uM) on the amplitude of
the NMDAR current in mutant compared to WT mice (data
not shown).

Deactivation kinetics of synaptic NMDAR currents from
GlyT1+/— mice were faster in synaptic NMDARs but slower
in extra-synaptic NMDARs

Finally, we characterized the kinetics of NMDARSs in both
types of mice. Indeed, another convincing argument that
favors a difference in NMDAR subunit makeup between the
GlyT14/— and WT mice could be a difference in the kinetics
of the isolated NMDAR current between synaptic vis-a-vis
extra-synaptic sites in both types of mice. If indeed NR2B-
containing-NMDARs moved from synaptic to extra-synaptic
area in mutant, one would expect a slower NMDAR kinetic
in the extra-synaptic areas of mutant. Data are summarized
in Table 1. These results show that the kinetics of the
synaptic NMDAR current from CAl pyramidal neurons is
faster in GlyT1+/— compared to WT mice. In contrast, the
kinetics of the extra-synaptic NMDAR-mediated currents
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Fig. 6 Reduction rate of extra-synaptic NMDAR currents by ifenprodil
(specific NR2B antagonist) is larger in GlyT1+/— pyramidal neurons.
Ifenprodil antagonized extra-synaptic NR2B-containing-NMDAR.
Representative traces of extra-synaptic NMDAR current from WT mice
(a) and from GlyT1+/— mice (c) during application of DL-TBOA (thick
line), and DL-TBOA + ifenprodil (thin line) are superimposed. Sample
traces showing activation of extra-synaptic NMDAR current and
reduction in extra-synaptic NMDAR current in WT mice (b) and
GlyT1+/— mice (d) by 5 uM ifenprodil are shown. (e) Ifenprodil reduced
the amplitude of the extra-synaptic NMDAR current by 32.8 + 6.17%
in WT (n=8) and 50.1 £ 4.03% in GlyT1+/— (n=29). Bars: 20 pA,
200 ms.

from CA1l pyramidal neurons is slower in GlyT1+/—
compared to WT mice (255.32 £20.57 ms, n=14 in
GlyT14/— mice and 180.49 + 9.00 ms, n = 14 in WT mice:
p < 0.05; Table 1). These results suggest higher density of
NR2B-containing-NMDARs in the extra-synaptic area of
GlyT1+/— mice.

All together, our results suggest a ‘displacement’ of
NR2B-containing-NMDAR subunits from the synaptic to the
extra-synaptic area under a state of chronic saturating level of
glycine.
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Table 1 Rise and decay time constants of NMDAR currents in WT and GlyTl+/— CA1 pyramidal neurons recorded in low Mg?* ACSF (0.1 mM) at
-65 mV

Synaptic Ifenprodil-synaptic
Trise Tt Ts Tmean Trise Tt Ts Tmean
Synaptic
WT 10.40 + 0.56 70.18 + 2.44 469.11 £ 31.06 135.33 £549 1474 £ 245 61.22 +3.24  376.01 + 18.28 107.50 = 3.40
n=28 n=28 n=28 n=28 n==6 n==6 n==6 n==6
GlyT1+/- 8.78 + 0.40 63.47 + 1.77 393.01 + 21.90* 113.70 + 5.50* 11.50 + 0.81 60.25 + 1.15  377.25 + 26.07 109.21 + 2.75
n=25 n=25 n=25 n=25 n=5 n=5 n=5 n=5
DL-TBOA DL-TBOA+Ifenprodil
Trise T¢ Ts Tmean Trise T¢ Ts Tmean
Extra-synaptic
WT 33.02 + 2.68 94.12 + 4.07 496.11 + 34.29 180.49 £ 9.00 33.82 + 1.60 80.62 + 6.48  423.17 + 42.12 160.14 + 17.23
n=14 n=14 n=14 n=14 n==8 n=28 n=28 n=28
GlyT1+/— 37.21 £ 3.11 133.75 + 11.84* 682.89 + 45.43* 255.32 + 20.57* 37.14 + 0.95 110.34 + 22.56 316.53 + 23.16 215.42 + 19.75
n=14 n=14 n=14 n=14 n=28 n=28 n=28 n=28

Electrically evoked NMDAR currents were recorded in a low Mg2 + ACSF (0.1 mM) in presence of NBQX (10 uM), picrotoxin (50 uM), strychnine
(0.5 uM), MK-801 (30 uM), DL-TBOA (30 uM), and ifenprodil (5 pM). Following blockade of synaptic NMDAR, extra-synaptic NMDAR was
activated by DL-TBOA. Each component is designated as rise time constants of the NMDAR currents by t,se and the weighted time constant by

Tmean- Values are mean = SE. * Significant differences were observed between WT and GlyT1+/— mice (p < 0.05).

Discussion

In the present study, we report that the sustained saturating
level of endogenous glycine impacts on the NMDAR kinetic
of CA1 pyramidal neurons. The assumption that there is a
higher level of endogenous glycine in mutant mice was
confirmed by a dose-response curve comparing the antago-
nistic effect of 7-chlorokynurenic acid in both types of mice.
Faster kinetics of synaptic NMDARs in mutant mice may
suggest a change in NMDAR subunit makeup. However, the
results of immunoblotting experiments do not demonstrate
any significant changes in the level of protein expression for
NR1, NR2A, and NR2B. We hypothesized that a displace-
ment of NR2A- or NR2B-containing NMDAR from synaptic
to extra-synaptic. Our challenge was then to find an
experimental design that could allow the discrimination
of the two populations (synaptic and extra-synaptic) of
NMDARs. We took advantage of the unique property of
irreversible block of NMDARs by MK-801 and the potent
effect of DL-TBOA to induce glutamate spillover to extra-
synaptic areas. Using that pharmacological paradigm, we
found that at the extra-synaptic area, the antagonistic effect
of ifenprodil was significantly higher in GlyT1+/— compared
to WT mice, suggesting a displacement of NR2B-containing-
NMDAR subunits from the synaptic to extra-synaptic site in
GlyT1+/— mice.

NMDARs are localized in both synaptic and extra-
synaptic areas, but they are found at higher density within
the synapse (Clark and Cull-Candy 2002). Shortly after birth,
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synaptic NMDARs of cortical neurons display relatively
large and long-duration NMDAR-mediated EPSC (Barth and
Malenka 2001; Lu efal 2001) and have a low open
probability (Rosenmund et al. 1995; Chen ef al. 1999;
Popescu and Auerbach 2003). However, during postnatal
development, the decay of synaptic NMDAR kinetic
becomes faster (Monyer et al. 1994; Crair and Malenka
1995). These changes are accompanied by a decline in the
ability of the highly NR1/NR2B-selective antagonist ifen-
prodil to reduce NMDAR current (Legendre and Westbrook
1991; Williams 1993; Quinlan et al. 1999). After the peak of
synaptogenesis, the NR1/NR2A complex, characterized by
rapid offset kinetics, dominates at the synapse, while the
NRI1/NR2B complex, characterized by slow kinetics, pre-
dominates in the extra-synaptic area (Rumbaugh and Vicini
1999; Tovar and Westbrook 1999; Li ef al. 2002). The
activation of extra-synaptic NMDARs by glutamate escaping
from the synaptic cleft during episodes of high synaptic
activity (Conti and Weinberg 1999; Kullmann 1999) suggests
that they may have a different role (Sattler et al. 2000;
Vanhoutte and Bading 2003; Scimemi et al. 2004). More-
over, extra-synaptic NMDARs are the target for astrocytic
glutamate release (Fellin ef al. 2004). While extra-synaptic
NMDAR-mediated signaling may contribute to the overall
dynamics of neuronal synchrony, its presence raises a series
of intriguing questions on its possible role in pathological
changes (Hardingham et al. 2002). It has been proposed that
extra-synaptic NMDARs are important mediators of excito-
toxicity, whereas synaptic NMDARs appear neuroprotective
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(Prybylowski and Wenthold 2004). Another major difference
between synaptic and extra-synaptic NMDARs is that the
former colocalize and interact with many signaling proteins
that are concentrated within the post-synaptic compartment
(Ziff 1997).

The use of MK-801 to block synaptic NMDAR has been
previously reported. Work from Westbrook laboratory has
shown that in immature hippocampal neuron -cultures,
NMDAR EPSC exhibits a slow recovery following MK-
801 blockade of synaptic NMDARs (Tovar and Westbrook
2002). It has been suggested that this may be due to a lateral
movement of extra-synaptic NMDARs into the synapse
(Tovar and Westbrook 2002; Triller and Choquet 2003; Groc
et al. 2004). However, this phenomenon has not been
investigated in mature neurons from acute hippocampal
slices. Moreover, MK-801 dissociating from synaptic
NMDAR channels over time also needed to be considered.
We carefully addressed these two possibilities and our results
illustrated in Fig. 3 do not support the observations from
immature neurons in culture.

The nature of the remaining current observed after the
block of synaptic NMDARs by MK-801 is puzzling. In all
experiments performed in the present investigation, there was
always a residual current of approximately 10%. Application
of APV (100 uM) and MK-801 (100 uM) on that residual
current did not modify significantly its amplitude. Indeed,
when we compared the amplitude between APV and MK-801
for each mouse line, the statistical values were: in GlyT1+/—
mice, p =0.64, n=6 and in WT mice, p =0.27, n=6
(Fig. 5¢ and d). Using the paradigm described in our
manuscript, we recorded more than 1000 neurons so far in
which synaptic NMDARs were inactivated with MK-801
and we always observed the same finding. This is in contrast
to the recordings made on slices from cultures where the
thicknesses are much less (approximately 40 pum). In such
conditions, the penetration of MK-801 through the slice is
facilitated.

We have established a rigorous experimental approach to
discriminate synaptic from extra-synaptic NMDARs. To do
so, we induced glutamate ‘spillover’ using a glutamate
reuptake blocker. It has been reported that glutamate
‘spillover’ is observed between Schaffer collateral fiber
synapses onto CAl pyramidal neurons only when gluta-
mate transporters are blocked (Diamond and Jahr 2000;
Diamond 2001, 2002). Moreover, NMDARs are especially
sensitive to the phenomenon of glutamate ‘spillover’ due to
their high affinity for glutamate and their slow desensiti-
zation (Kullmann and Asztely 1998; Rusakov and Kull-
mann 1998; Lozovaya et al. 1999). Finally, a recent study
suggests that at the Schaffer collateral/CA1 synapse,
NR2B-containing-NMDARs are activated by glutamate
‘spillover’ while NR2A-containing-NMDARs do not share
such ‘spillover’ signals (Scimemi et al. 2004). This is of
particular interest since our experimental paradigm is
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designed to investigate the difference between NR2B
subunits in the synaptic cleft compared to the extra-
synaptic pool between the two types of mice. Our results
shown in Fig. 4 strongly suggest that at these synapses,
DL-TBOA induces glutamate spillover and activates solely
extra-synaptic NMDARs since the recovering EPSC is
abolished by the application of APV (100puM).

Deactivation time constant for current mediated by NR1/
NR2A assemblies is comprised of tens of milliseconds,
compared to hundreds of milliseconds for NR1/NR2B, and
several seconds for NR1/NR2D (Vicini et al. 1998; Wyllie
et al. 1998). A recent study has shown that NR2D-contain-
ing-NMDARs are present in the adult mouse hippocampus
(Lozovaya et al. 2004) but only extra-synaptically. One can
argue that the slower kinetic of extra-synaptic NMDAR
current that we observed in GlyT1+/— mice may be due, at
least in part, to the contribution of NR2D. However,
immunohistochemical studies from adult murine hippocam-
pal formation indicate that NR2D-like immunoreactivity is
totally excluded from CAl pyramidal bodies (Thompson
et al. 2002).

One of the very important scaffolding proteins known to
interact with NMDAR is PSD-95 (Kornau ef al. 1995;
Niethammer et al. 1996; Liao et al. 2000; Roy et al. 2002;
Rutter et al. 2002; Lavezzari et al. 2003). Recently, it has
been reported that PSD-95 interacts with GlyT1 and impairs
its internalization (Cubelos et al. 2005). Indeed, biochemical
evidence suggests a physical interaction of GlyT1 and PSD-
95 by the C-terminal sequence of the transporter. We
performed immunoblotting experiments using a selective
antibody for PSD-95. Interestingly, we found that the
expression of PSD-95 was approximately 50% less in mutant
compared to the WT mice (n = 6, data not shown). Even
though it has been reported that deletion of the gene for PSD-
95, synaptic NMDAR currents, subunit expression, and
morphology are all unaffected in the mutant mice (Migaud
et al. 1998), it appears that PSD-95 is important in coupling
NMDAR. It is generally agreed that the role of PSD-95 is
likely to be restricted to the control expression of synaptic
AMPAR as its over-expression seems to have minimal effect
on NMDAR synaptic current amplitude (Lim et al. 2003;
Beique er al. 2004). 1t is unclear at this point to what extent
which acute manipulation of PSD-95 expression (over-
expression or RNAI strategies (Nakagawa et al. 2004; Kim
and Sheng 2004) might have a more subtle effect on
NMDAR expression.

The in vivo animal model used for this investigation may
be an excellent model to study a disease that is known to be
related to a chronic high level of glycine. Glycine enceph-
alopathy is an autosomal recessive disorder in which the
level of glycine is elevated in the blood and CSF of afflicted
individuals. Glycine concentration is markedly elevated in
the brain tissue (Agamanolis ef al. 1993). Most patients die
soon after birth, and those who survive manifest severe
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neurological deficits such as psychomotor retardation and
convulsions that are difficult to treat (Agamanolis et al.
1993). It has been proposed that neonatal glycine enceph-
alopathy may be due to excessive post-synaptic inhibition.
However, attempts to reverse this inhibition with strychnine,
an antagonist of glycine receptor, have been unsuccessful.
Interestingly, oral administration of NMDAR antagonists,
such as ketamine, improved the patient’s condition and this is
correlated with electroencephalographic findings (Ohya et al.
1991). Moreover, early treatment with NMDAR antagonists
appeared to reduce late neurological complications (Boneh
et al. 1996). Our findings further support the role of
NMDARSs in this pathological condition.
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