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Abstract
The delta family of ionotropic glutamate receptors consists of glutamate delta-1 (GluD1) and
glutamate delta-2 (GluD2) receptors. These receptors are unique in that they do not exhibit ion
channel currents in response to typical glutamate receptor agonists. GluD1 receptors are
expressed throughout the forebrain during development with high expression in hippocampus
during adulthood. Although the function of GluD2 in cerebellum is well understood, the role of
GluD1 in the CNS remains elusive. GRID1, the gene for GluD1, is shown to be associated with a
number of neuropsychiatric disorders including autism spectrum disorder (ASD). ASD is
characterized by core features namely social interaction and communication deficits and
repetitive behaviors as well as variable symptoms such as aggression, depression and
hyperactivity. We have recently shown that GluD1 knockout mice exhibit social interaction
deficits, repetitive behaviors, hyperactivity, hyperaggression and depression-like behavior which
mimic both the core and variable symptoms in ASDs. GluD1 knockout mice also exhibit deficit
in reversal learning in the Morris water maze which is analogous to resistance to change
behavior in ASDs. Glutamate delta receptor subunits GluD1 and GluD2 have been shown to play
a crucial role in neuronal synapse formation and regulation. Interestingly, we also find that loss
of GluD1 leads to increased number of immature dendritic spines similar to the characteristic
observations of higher immature spine number in ASD and Fragile-X syndrome human patients
and Fragile-X mental retardation protein (FMRP) knockout mice. This morphological difference
may be associated with abnormal group 1 metabotropic glutamate receptor (mGluR) signaling
found in the animal models of autism spectrum disorder. In this study, we tested the effect of
deletion of GluD1 on regulation of metabotropic glutamate receptor function. Our results
demonstrate that GluD1 is necessary for normal mGluR signaling.
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Chapter 1
Introduction

1

Introduction:
Neurons are functional units of the central nervous system (CNS). They regulate the
working and development of the central nervous system (CNS) by interacting with each other via
physical connections called “synapses”. The neurons convey either excitatory or inhibitory
information across synapses by releasing neurotransmitters. These neurotransmitters released
from the presynaptic membrane bind to the respective receptor on the postsynaptic membrane.
The activation of these receptors leads to electrical response or stimulation of a secondary
messenger pathway which either excites or inhibits postsynaptic neuron.
L-glutamate serves as a neurotransmitter for the majority of excitatory synapses in the
mammalian central nervous system. The post-synaptic receptors for glutamate are called
glutamate receptors which are ubiquitously present in the CNS. Glutamatergic neurotransmission
is important for normal neuronal function and development. Calcium entry through glutamate
receptors plays an important role in synaptic plasticity which forms the basis of learning and
memory (Dingledine et al. 1999). They are mainly classified according to their mechanism of
activation into two groups: ionotropic glutamate receptors (iGluRs) and metabotropic glutamate
receptors (mGluRs). Depending on sequence homology and pharmacology, iGluRs are further
classified into four classes.
1. N-methyl-D-aspartate Receptors: NMDARs,
2. α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors: AMPARs,
3. Kainate receptors,
4. Delta receptors.
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The metabotropic glutamate receptors are further classified on the basis of their structure,
physiological function and site of expression into three classes.
1. Group 1 mGluRs:
2. Group 2 mGluRs:
3. Group 3 mGluRs:

Glutamate
receptors
Ionotropic
glutamate receptors

Metabotropic
glutamate receptors

MNDARs

AMPARs

Kainate
receptors

Delta
receptors

Group1

Group2

Group3

NR1
NR2A-B
NR3A-B

GluR1-4

GluR5-7
KA1-2

GluD1-2

mGluR1
mGluR5

mGluR2
mGluR3

mGluR4
mGluR6
mGluR7
mGluR8

Figure 1: Classification of glutamate receptors: Classification of glutamate receptors into
different families and subfamilies depending upon their mechanisms of action, structural
homology and pharmacology.
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1. Ionotropic glutamate receptors (iGluRs):
Ionotropic glutamate receptors (iGluRs) are ligand gated ion channels that mediate
majority of excitatory neurotransmission (Dingledine et al. 1999). A functional iGluRs consists
of four subunits which are encoded by specific genes. An iGluR can be a homomer or a
heteromer depending upon the composition of the subunits. Structurally, each subunit consists of
four regions (Figure 2):
1. Amino terminal domain (ATD),
2. Ligand binding domain (LBD),
3. Transmembrane domain (TMD),
4. Carboxy terminal domain (CTD)
The ATD and LBD are the two extracellular domains. LBD is defined by two distinct
amino acid segments, S1 and S2. The TMD forms the part of ion channel pore with three
membrane spanning helices (M1, M3 and M4) and a re-entrant loop (M2) (Trayneliset al., 2010).
The intracellular CTD contains several residues that interact with scaffolding proteins and signal
transduction proteins. This domain is important for regulation of trafficking and localization
(Bredt & Nicoll 2003; Lee et al. 2003; Petralia et al. 2003).
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Figure 2: Membrane topology of a typical iGluR subunit: A Schematic representation
membrane topology of a typical iGluR subunit Glutamate receptor subunits have a modular
structure composed of two large extracellular domains (ATD and LBD); a TMD that forms part
of the ion channel pore; and an intracellular CTD. The LBD is defined by two segments of amino
acids termed S1 and S2. The TMD contains three membrane-spanning helices (M1, M3, and M4)
and a membrane re-entrant loop (M2) [Adapted from (Traynelis et al., 2010)].

5

Mammalian receptor family

Subunit

Gene

Chromosome
(Human)

NMDAR

AMPAR

Kainate Receptors

Delta Receptors

NR1 (GluN1)

GRIN1

9q34.3

NR2A (GluN2A)

GRIN2A

16p13.2

NR2B (GluN2B)

GRIN2B

12p12

NR2C (GluN2C)

GRIN2C

17q24-q25

NR2D (GluN2D)

GRIN2D

19q13.1qter

NR3A (GluN3A)

GRIN3A

9q31.1

NR3B (GluN3B)

GRIN3B

19p13.3

GluR1(GluA1)

GRIA1

5q33

GluR2 (GluA2)

GRIA2

4q32-33

GluR3 (GluA3)

GRIA3

Xq25-26

GluR4 (GluA4)

GRIA4

11q22-23

GluR5 (GluK1)

GRIK1

21q21.1-22.1

GluR6 (GluK2)

GRIK2

6q16.3-q21

GluR7 (GluK3)

GRIK3

1p34-p33

KA1 (GluK4)

GRIK4

11q22.3

KA2 (GluK5)

GRIK5

19q13.2

GluD1

GRID1

10q22-23

GluD2

GRID2

4q22

Table 1: Ionotropic glutamate receptors: A table elucidating different mammalian ionotropic
glutamate receptor families, the respective subunits, genes encoding the subunits along with the
chromosomal regions where the genes are located (Traynelis et al., 2010).
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A. NMDA receptors:
NMDA receptors are different from other iGluRs as they are obligate heterotetramers (Behe
2005). The NMDA receptor subunits are encoded by three different gene families (Dingledine et
al. 1999). NMDA receptors are assembled as tetramers and are composed of two obligatory
glycine binding NR1 subunits and two glutamate binding NR2/NR3 subunits. They are arranged
as dimers of dimmers. Each dimer is composed of one NR1 and one NR2 or NR3 subunit. NMDA
receptors with NR1 and NR2 subunits require both glycine and glutamate as co-agonists for the
activation (Kleckner & Dingledine 1988; Sobolevsky et al. 2010).NMDA receptors are ligand
gated as well as voltage dependent as the channel pore exhibit magnesium block at
physiological voltage. This block is relieved at the time of synaptic transmission as the
postsynaptic neuron undergoes rapid depolarization following AMPA receptor activation
(Mayoret al., 1984).
NMDA receptors are abundantly expressed and carry out the slow component of the
synaptic transmission in the CNS. Like the rest of the glutamate receptors they play an important
role in synaptic plasticity which forms the basis of learning and memory. NMDA receptor
disregulation is implicated in neuro-pathological conditions such as stroke and different neurodevelopmental disorders (Dingledine et al. 1999).
B. AMPA receptors:
AMPA receptors are responsible for fast excitatory neurotransmission in CNS along with
Kainate receptors. AMPA receptor subunits are encoded by a single gene family. They are either
homotetramers or heterotetramers of GluA1, GluA2, GluA3 and GluA4 subunits (Dingledine et
al. 1999). GluA2 subunit is unique in that it renders the AMPA receptor impermeable to Ca+2
7

ions. They are activated in voltage independent manner and require only glutamate for their
activation. Regulation of AMPA receptor trafficking at the synapses is essential for synaptic
plasticity and maturation (Bassaniet al., 2013).
C. Kainate receptors:
Kainate receptor subunits are encoded by two different families of genes. Out of five
subunits GluK1, GluK2 and GluK3 subunits form homomers in heterologous expression system
but they can also coassemble in vivo with GluK4 and GluK5 subunits (Egebjerg et al 1991;
Schiffer et al. 1997; Herb et al. 1992). Both glutamate and GABAergic synapses posses post- as
well as pre-synaptic kainate receptors and their activation leads to different effects on synaptic
transmission (Jin & Smith, 2011).
D. Delta receptors:
In 1993, two more subunits of glutamate receptors were discovered and were categorized as
iGluR subunits on the basis of sequence homology. These two subunits were named Delta1
(GluD1) and Delta2 (GluD2) and were more homologous to each other than the rest of the
iGluRs. Attempts to electrophysiologically characterize ligands for these subunits in
heterologous expression system revealed that both subunits were insensitive to common iGluR
agonists, hence they were designated as orphan receptors. However, GluN1 subunits specific
agonists like glycine and D-serine were later shown to bind to the isolated ligand binding
domains of these subunitsas demonstrated by isothermal titration calorimetry.. Binding of Dserine and glycine to the ligand binding domain induces a conformational change in the receptor
destabilizing the dimer interface. However detectable current was not produced due to the
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agonist binding to the delta receptors in heterologous expression system (Naur et al., 2007;
Yadav et a., 2011).
a. Expression of glutamate delta receptor subunits:
GRID1 and GRID2 are the two human genes which encode for the two glutamate delta
receptor subunits, GluD1 and GluD2 respectively. These genes, in comparison with genes
encoding other iGluR subunit are unusually large (Schmid & Hollmann, 2008). GRID1 (770kd)
is encoded by 16 exons present on chromosome 10 (q23). Similarly, GRID2 (1400kd) is encoded
by 16 exons on chromosome 4 (q22). Comparable structure and sizes are found in rat and mouse
(Kent et al. 2002; Treadaway & J Zuo 1998; Hu et al. 1998).
GluD2 subunit is abundantly and specifically expressed in the cerebellum. The Purkinje
cells are one of the major types of cells in the cerebellum receiving two distinct excitatory inputs,
climbing fibers from the inferior olivary neurons in the brainstem and parallel fibers from the
granule cells of the cerebellum. GluD2 mRNA can be detected in Purkinje cells during early
development and up to postnatal day 10, the GluD2 protein is localized at both the excitatory
synapses. However GluD2 protein is selectively present at parallel fiber-Purkinje cell synapses in
the adult animals (Takayama et al. 1996; Zhao et al. 1997; Landsend et al. 1997).
GluD1 subunit on the other hand is the least abundantly expressed iGluR subunit in the
adult CNS. The adult brain shows weak but specific expression of GluD1 mRNA in the
hippocampal pyramidal and dentate granular cells. However in the developing brain (late
embryonic and early postnatal stages), GluD1 mRNA is ubiquitously present with high levels in
the caudate putamen region (Schmid & Hollmann 2008; Lomeli et al. 1993). GluD1 mRNA is
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also specifically expressed in the inner ear in the organ of Corti and in the vestibular end organ
(Safieddine & Wenthold 1997; Gao et al. 2007).

Table 2: Expression of Glutamate delta receptor subunits: Different brain regions which
show expression of delta receptor subunits are listed in the table along with the strength of
expression in the respective brain regions (Schmid & Hollmann, 2008).
b. Structure-function of Glutamate delta receptor subunits:
Glutamate delta receptors have structural topology similar to other iGluRs. They are
considered to be present as homomeric receptors but GluD2 subunit has been shown form
heteromeric receptor with GluR1 and GluR6 subunit in heterologous expression system.
Expression of GluD2 significantly reduced glutamate induced current of GluR1 without affecting
the channel properties (Kohda et al., 2003). In spite of sharing similar structural topology, wild
type glutamate delta receptors do not show ion channel activity upon agonist binding unlike
other iGluRs (Schmid & Hollmann, 2008). A point mutation in GluD2 found in Lurcher mice is
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responsible for neurodegeneration and cerebellar ataxia. This mutation is called the ‘lurcher
mutation’, where an alanine is replaced for a threonine (A654T) in the highly conserved
SYTANLAAF motif at the end of transmembrane domain TM2, renders GluD2 receptor
constitutively active (Zuo et al., 1997; Naur et al., 2007). D-serine and glycine binding to the
ligand binding domain of the GluD2 lurcher causes conformational changes which results in a
reduction of spontaneous currents through the channel pore (Zuo et al., 1997). Moreover,
calcium and D-serine have been shown to have opposing effects on the stability of the dimer
interface of the GluD2 lurcher receptor. Calcium binds to the dimer interface and stabilizes it,
thus increasing the currents through GluD2 lurcher receptor (Hansen et al., 2009). Our laboratory
has recently shown that mutations (A650C, L652A, A654C and F655A) in the transmembrane
domain TM3 of GluD1 result in spontaneously open ion channels. This finding suggests that
GluD1 can form homomeric receptors. Similar to the findings with GluD2 lurcher receptor, we
found that extracellular Ca2+ potentiated the spontaneous currents through GluD1F655A
suggesting that extracellular Ca2+ may interact with the conserved residues at GluD1 LBD dimer
interface. Moreover, D-serine and glycine produced a modest reduction of spontaneous currents
through GluD1F655A and robust reduction in currents through a chimeric GluD1-D2 lurcher
receptor suggesting conformational changes induced by D-serine binding are also conserved in
GluD1 receptors (Yadav et al., 2011).
The C-terminal domain of the glutamate delta receptor subunits has been shown to
interact with different post-synaptic density proteins. Amongst them are two classes of MAGUK
(membrane-associated guanylate kinases) family of protein, namely PSD-93 and synaptic
scaffolding molecule (S-SCAM). Both bind to the distal four amino acids of the C terminus of
GluD2 via one of their conserved PDZ domains. This interaction localizes the receptor subunits
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at the PSD. Apart from the two above mentioned binding partners, glutamate delta receptors bind
to several other proteins such as PSD95, SAP97, spectrin (alpha and beta), PTP MEG, EMAP,
nPIST, Delphilin, AP-4, Shank1, Shank2, PKC, PICK1 (Schmid & Hollmann, 2008).

Table 3: Protein interactions with the CTD of glutamate delta receptor subunits: The table
contains list of several proteins which interact with the CTD of delta receptor subunits. The table
elaborates upon respective interaction sites of these proteins, different experimental systems used
to study these interactions, the site of localization of the interacting proteins in the respective
studies and possible functions involving the interactions between these proteins (Schmid &
Hollmann, 2008).

PSD-95 plays a role in the synaptic trafficking and localization of different glutamate
receptors during different stages of excitatory synapse development (Elias et al., 2008). SAP
12

family of proteins are involved in the regulation of NMDA and kainate receptors, and
modulation of ion channel activity (Fujita & Kurachi, 2000). An actin-binding protein spectrin
anchors GluD2 to the cytoskeleton in a calcium-dependent manner. Stimulation of ionotropic or
metabotropic glutamate receptors induces a significant decrease in the density of synaptic GluD2
in cultured Purkinje cells (Hirai, 2000; Hirai, 2001). Protein tyrosine phosphatase MEG, a
second link to downstream protein kinase and phosphatase pathways associated with the C
terminus of GluD2 via its PDZ domain. GluD2 also binds directly to the PDZ domain of Shank
proteins via a stretch of amino acids in the CTD. Shank proteins are linked to AMPA receptors
via GRIP, to NMDA receptors via GKAP/PSD-95 (Schmid & Hollmann, 2008) and to mGluR1
via Homer, thus placing GluD2 in the immediate vicinity of essential players in LTD induction.
GluD1 does not interact with Shank in the manner found for GluD2 (Uemura et al., 2004).
However, these results do not rule out that full-length Shank may interact with GluD1. PSD93 is
known to bind to both GluD1 (Roche et al., 1999) and GKAP (Kim et al., 1998); thus GluD1
should be able to link to NMDA receptors as well.
Recent studies indicate that the N-terminal domain (NTD) of GluD2 is necessary for synapse
formation and presynaptic differentiation. The N-terminal domain of GluD2 interacts with
cerebellin1 (Cbln1), a member of the C1q/tumor necrosis factor family. Cbln1 acts as a ligand
and binds the NTD of GluD2. Moreover, Cbln1 also interacts with presynaptic Neurexin 1
(NRXN1). This NRXN1-Cbln1-GluD2 trans-synaptic triad mediates parallel fiber-Purkinje cell
synapse formation and maturation in the cerebellum (Uemura & Mishina, 2008; Kuroyanagi et
al., 2009; Kakegawa et al., 2009; Matsuda et al., 2010; Uemura et al., 2010). Cbln1 has been
shown to bind to GluD1 in heterologous expression system. Hence GluD1 has emerged as a
potential alternative postsynaptic receptor for Cbln1 (Matsuda & Yuzaki, 2012; Matsuda et al.,
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2010). There is a strong possibility that GluD1 may induce synapse formation by interacting with
Cbln1.

Figure 3: Role of glutamate delta receptors in presynaptic differentiation and synapse
formation: Left: Schematic drawing showing localization of Cbln1–GluD2 and its function as a
bidirectional synaptic organizer. Cbln1 directly induces the accumulation of presynaptic
terminals and indirectly clusters several postsynaptic proteins via the C-terminus of GluD2.
[Adapted from (Matsuda & Yuzaki, 2012)] Right: Interaction between delta receptor subunits
with Cbln1 and presynaptic neurexin 1 leading to ‘triad’ formation [Adapted from (Yuzaki,
2011)].

c. Physiological roles of Glutamate delta receptors:
i)

Glutamate delta 2 (GluD2):

14

The Knockout model of GluD2 has been instrumental in dissecting the physiological role
of the receptor. GluD2 plays an important role in the parallel fiber-Purkinje cell synaptogenesis
and as 1a presynaptic organizer. The NTD of the receptor interacts with presynaptic neurexin via
cbln1 and this interaction is essential for synapse formation (Uemura & Mishina, 2008;
Kuroyanagi et al., 2009; Kakegawa et al., 2009; Matsuda et al., 2010; Uemura et al., 2010). The
flap loop (Arg321-Trp339) in the NTD of GluD2 is a crucial region where Cbln1 binds and
induces presynaptic differentiation (Kuroyanagi & Hirano, 2010). Electron microscopy studies
of dendritic spines reveal that synaptic contacts with postsynaptic densities were more spars in
GluD2 Knockout suggesting improper synapse formation. Reduced parallel fiber-Purkinje cell
synapses leads to multiple innervation of Purkinje cells by climbing fibers and emergence of free
spines (Kashiwabuchi et al., 1995; Takayama et al., 1997). Apart from synapse formation
GluD2 also plays an important role in the regulation of cerebellar LTD, the form of synaptic
plasticity underlying motor learning (Hirano et al., 1994; Kuroyanagi et al., 2009; Kakegawa et
al., 2009; Yuzaki, 2012). Similar to the role played by the NTD in synapse formation and presynaptic differentiation, the C-terminal domain of GluD2 plays a role in synapse formation and
LTD induction. In recent transgenic rescue studies, delta2 receptors carrying a mutation that is
predicted to disrupt ligand binding were still able to rescue aberrant synaptogenesis and LTD
induction in delta2-knockout mice (Hirai et al., 2005; Yuzaki, 2005). Contrastingly, C-terminally
truncated delta2 did not rescue LTD in delta2-deficient mice, despite the fact that the truncated
subunits were trafficked normally and restored normal synapse formation almost completely.
Similarly a decoy peptide representing the C terminus of the protein that was intracellularly
perfused during patch clamp experiments could abrogate LTD in acute cerebellar slices,
suggesting that the correct interaction of intracellular proteins with the extreme C terminus of
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delta2 is sufficient for mediating the receptor’s role in LTD induction (Kakegawa et al., 2008;
Kohda et al., 2007). LTD could be normally induced in cultured delta2-deficient Purkinje cells
that had been transfected with mutant delta2 receptors lacking the C terminus (Naur et al., 2007).
Moreover, D-serine has been shown to regulate cerebellar LTD through GluD2.D-serine binding
to GluD2 enhances LTD and motor performance (Kakegawa et al., 2008). Behavioral studies
involving tests for motor learning such as the runway task, the rotating rod task and the rope
climbing task show that GluD2 KO mice manifested deficits compared to the wild type mice due
to motor incoordination, however there was no significant difference between the GluD2 KO and
wild type mice in locomotor activity.

ii)

Glutamate delta 1(GluD1):
Although the physiological role of GluD2 in cerebellum is well understood, the function

of GluD1 still remains elusive. GluD1 is highly expressed throughout the forebrain during early
development with high levels in the hippocampus (Schmid & Hollmann, 2008). Although GluD1
receptors do not conduct ion currents upon agonist binding, D-serine and glycine bind to the
LBD of GluD1 and produce a conformational change in the receptor (Yadav et al., 2011). It is
well known that GluD2 acts as a synaptic organizer by binding to presynaptic Neurexin1 through
cbln1 and interacting with different post-synaptic density proteins. Like GluD2, recent studies
reveal that cbln1 binds to GluD1 in heterlogous expression system thus establishing cbln1 as a
potential ligand for GluD1 (Uemura & Mishina, 2008; Kuroyanagi et al., 2009; Kakegawa et al.,
2009; Matsuda et al., 2010; Uemura et al., 2010). GluD1 CTD also interacts with several proteins
that act as a link to cytoskeleton and mediate trafficking. This evidence suggests the potential
role of GluD1 in synapse formation.
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Understanding of the GluD1 function comes from the GluD1 knockout mice created by
the targeted disruption of the GluD1 locus. GluD1 KO mice exhibit substantial loss of type IV
spiral ligament ﬁbrocytes in cochlear region correlated with significant hearing loss at high
frequencies. Both hippocampal and cochlear morphology was found to be normal. GluD1 KO
mice had normal hippocampal long-term potentiation (LTP) in response to 200Hz tetanic
stimulation and performance in the place task of the water maze did not show signiﬁcant
differences between wildtype and GluD1 KO mice (Gao et al., 2007).
Our laboratory has recently demonstrated that deletion of GluD1 leads to cognitive
deficits and abnormal emotional and social behaviors. We found that, GluD1 KO mice exhibit
an enhanced working memory but a normal reference memory in the eight arm radial maze test.
Enhanced working memory in GluD1 KO mice was also observed the in spontaneous
alternations test in the Y-maze. GluD1 KO mice showed normal object recognition memory. In
Morris water maze test, GluD1 KO mice had deficit in reversal learning task. GluD1 KO mice
exhibit deficits in fear acquisition in contextual and cue fear learning although these mice had
normal latent inhibition. The deficit in contextual fear conditioning was reversed by DCS (30
mg/kg) administration (Yadav et al., 2012, 2013).
Moreover, we found that GluD1 knockout mice (GluD1 KO) were hyperactive,
manifested robust aggression in the resident-intruder test and had higher depression-like
behavior in a forced swim test. GluD1 KO mice also manifested deficits in social interaction and
D-cycloserine (DCS) (320 mg/kg) administration reversed these deficits. At molecular level, the
synaptoneurosomes prepared from hippocampus of GluD1 KO mice revealed lower levels of
GluA1, GluA2, GluK2, glutamate decarboxylase 67 (GAD67) and contrasting higher levels of
GluN2B and postsynaptic density protein 95 (PSD95). In accordance with this finding,
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synaptoneurosome preparations from prefrontal cortex had lower levels of GluA1 and GluA2
subunits. Moreover there was higher GluA1, GluK2 and PSD95 expression in the amygdala of
GluD1 knockout. The lower GluA1 levels in prefrontal cortex were normalized by 320mg/kg
dose of DCS administration (Yadav et al., 2012, 2013).
These findings suggest that deletion of GluD1 leads to molecular abnormalities in
different brain regions such as amygdala, prefrontal cortex and hippocampus. These molecular
abnormalities may explain different behavioral deficits observed in GluD1 Knockout mice. Dcycloserine (DCS) is a partial agonist with ∼60% efficacy at GluN2B receptors but acts as a full
agonist at other GluN2 subtypes (Dravid et al., 2010). Rescue of molecular and behavioral
deficits by DCS may be due GluN2B inhibition and subsequent potentiation of NMDAR
containing other subtypes.
We have found that GluD1 KO mice have increased densities of immature spines in
hippocampus and cortical region (data not published). Hence GluD1 may be involved in the
spine formation and pruning process during early development.

d. GluD1 and Neuropsychiatric disorder:
Human genetic studies have identified GRID1, the gene that encodes for GluD1 as a
susceptibility gene in several neuropsychiatric disorders. Single neucleotide polymorphism and
copy number variation studies reveal strong association of GRID1 with different
neuropsychiatric disorders like Autism spectrum disorder (Glessner et al., 2009; Griswold et al.,
2012; Smith, Spence, & Flodman, 2009; Nord et al., 2011), schizophrenia (Braff, Freedman,
Schork, & Gottesman, 2007; Greenwood et al., 2011), bipolar disorder (Fallin et al., 2005) and
major depression (Edwards et al., 2012; Treutlein et al., 2009). GRID1 gene is located on
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chromosome 10 locus q22-23. Recurrent deletions and rearrangements in this chromosomal
region are reported in cases of ASD, developmental delay and hyperactivity (Garbett et al., 2008;
Zhu et al., 2009).

Figure 4: GRID1 as a susceptibility gene for different neurodevelopmental disorders: The
chromosomal region containing the GRID1 gene (10q22-23). The rearrangements in this
chromosomal region are reported in different patients of ASD, developmental delay and
hyperactivity.
Autism spectrum disorders (ASD) are a heterogeneous group of disorders with different
etiologies, phenotypic outcomes and ages of onset. The core symptoms include impaired social
interactions, communication or language deficits and repetitive, ritualistic behavior. Apart from
the core symptoms, other conditions such as anxiety, depression, aggression, seizures, attention
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defect and sleep disorders (Crawley, 2004; Delorme et al., 2013). Mutations in genes responsible
for synaptic function are identified in ASD. According to human brain transcriptome studies,
these genes are expressed during early intrauterine development GluD1 has a potential role in
synapse formation. Moreover, GluD1 mRNA expression reaches its peak during early embryonic
and late postnatal stages ((Lomeli et al., 1993)Reports suggest an increase in spine density in
cortical regions and hippocampus in different animal models of ASD such as Fmr1 KO model of
fragile X syndrome as well as in human patients (Swanger et al., 2001;Grossman et al., 2006;
Penzes, et al., 2011).
GluD1 has also been recently identified as a synaptic organizer required for formation
and maintenance of synapses. It is also a possible regulator of synaptic function. We have
recently showed that GluD1 KO mice show behaviors reminiscent of core as well as auxiliary
symptoms

in

ASD

like

social

interaction

deficits,

repetitive-ritualistic

behaviors,

hyperaggression, and depression like behavior. GluD1 KO also has increased spine density in the
hippocampus and cortical region. Hence, this plethora of evidence suggests that GluD1
dysregulation may be a predisposing factor in the pathophysiology of these neuropsychiatric
disorders.
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Test

Behavior

Phenotype

CORE FEATURES
Social Preference

Social

↓

Social Novelty

Social

↓

Marble burying

Repetitive behavior

↓

Reversal learning

Resistance to change

↓

Open field

Hyperactivity

↑

Resident-intruder

Aggression

↑

Forced Swim

Depression-like

↑

Sucrose Preference

Depression-like

↑

Foot-shock response

Pain sensitivity

↑

Fear conditioning

Associative learning

↓

VARIABLE FEATURES

Table 4: Behavioral abnormalities due to deletion of GluD1: Loss of GluD1 in a mouse
model leads to abnormal social and emotional behaviors as well as specific cognitive deficits
including hippocampal-dependent reversal learning and contextual fear conditioning which are
listed in the table. These behaviors are reminiscent of different core features as well as variable
symptoms found in the autism spectrum disorders (ASD) (Yadav et al., 2012, 2013).
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Figure 5: Deletion of GluD1 leads to increase in immature dendritic spines similar to ASD
patients. A: Putative lifetime trajectory of dendritic spine number in the in a normal subject in
Autism spectrum disorder (ASD), in schizophrenia (SZ) and in Alzheimer’s disease (AD)
(Penzes et al., 2011). B: Loss of GluD1 leads to molecular phenotypes in the hippocampus
reminiscent of early development and autism spectrum disorders including higher density of
immature dendritic spines in the prefrontal cortex and hippocampus (data not published).
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2. Metabotropic Glutamate receptors:
Metabotropic glutamate receptors (mGluRs) are G-protein coupled receptors (GPCRs)
which are activated upon glutamate binding within a large extracellular domain and transmit
signals through the receptor protein to intracellular signaling partners. They participate in the
modulation of synaptic transmission throughout the CNS (Niswender & Conn, 2010). Genes
encoding eight distinct mGluR subunits have been identified (mGluR1 to mGluR8) and are
classified into three different classes depending upon their synaptic location, structure and
physiological activity. Group I contains mGlu1 and mGlu5, Group II contains mGlu2 and
mGlu3, while Group III is composed of mGlu4, mGlu6, mGlu7 and mGlu8. mGluRs of the same
group share about 70% sequence homology, however between groups they share about 45%
sequence homology. Group 1 mGluRs (mGluR1 and mGluR5) are coupled to Gq/G11 proteins
and their activation generally leads to phospholipase C (PLC) stimulation as well as stimulation
of adenylate cyclase. Group 2 and 3 mGluRs are coupled to Gi/Go proteins and their activation
leads to inhibition of adenylate cyclase (Nicoletti et al., 2011; Niswender & Conn, 2010).
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Family

Receptor

Gene

Mechanism

Synaptic
Localization

Group I

mGluR1

GRM1

mGluR5

GRM 5

Gq/G11 coupled.

Predominantly

Phosholipase C stimulation. Activation

postsynaptic.

of adenyl cyclase.
Group II

mGluR2

mGluR3

GRM 2

GRM3

Gi/Go coupled.

Presynaptic and

Inhibition of adenylate cyclase.

postsynaptic.

Inhibition of Ca+2 channels. Activation
of K+ channels.

Group III

mGluR4

GRM4

Gi/G0 coupled.

Predominantly

mGluR6

GRM6

Inhibition of adenylate cyclase.

postsynaptic.

mGluR7

GRM7

Inhibition of Ca+2 channels. Activation

mGluR8

GRM8

of K+ channels.

Table 5: Metabotropic glutamate receptors: A table classifying different families of
metabotropic glutamate receptors containing receptor subunits and their respective genes along
with the respective mechanisms of action and specific synaptic locations (Nicoletti et al., 2011).

A. Structural features of mGluRs:
Metabotropic glutamate receptors consist of an extracellular N-terminal domain, seven
transmembrane domains (7-TM) and an intracellular C-terminal domain coupled to G-proteins.
The N-terminal domain is linked to the transmembrane domain through Cysteine rich domains
(CRDs).
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a. Venus Fly Trap domain (VFT):
The large extracellular N-terminal domain is called the Venus Fly Trap (VFT) domain.
The examination of crystal structures of VFT domains of mGluR1 , mGluR3 and mGluR7
reveals that each VFT is comprised of two lobes that sit on top of each other (Kunishima et al.,
2000; Muto et al., 2007; Tsuchiya et al., 2002). Each lobe is made of α-helices around a large βsheet. The glutamate binding site is located in the cleft between the two lobes. The VFT domain
is linked to the transmembrane domain via a highly conserved cysteine-rich domain (CRD)
(Figure 6).

Figure 6: Structure of dimeric mGluRs: General organization of mGluRs deduced from the
structure of dimeric mGluR3 extracellular domains associated with two rhodopsin-like 7-TM
domains. Venus Fly Trap Domain (VFT) binds to the 7-Transmembrane Domain (7-TM)
through Cysteine-Rich Domain (CRD) [Adapted from (Nicoletti et al., 2011)].
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Studies indicate that two VFT dimerize together and large conformational changes are
induced when agonists bind to one or both VFT (Jingami et al., 2003). The three main states in
which the VFT dimer exists are open-open, open-closed or closed-closed (Figure 7). Open-open
is an inactive conformation which is stabilized by the antagonists whereas open-close/ closeclose are active conformations induced by the binding of ligand (Niswender & Conn, 2010).

Figure 7: Different activity states of mGluR dimmers: Schematic diagram of the mGluR
dimer in different activity states. mGluR dimers contain two large extracellular domains called
the Venus flytrap domains (VFDs), which bind glutamate and other orthosteric ligands. The
cysteine-rich domain links the VFDs to seven transmembrane-spanning domains; the C-terminus
faces intracellularly and is often subject to alternative splicing to generate different C-terminal
protein tails. The open-open state is the inactive state and can be stabilized by antagonists. Either
one or two VFDs can then bind glutamate, resulting in active receptor conformations (Niswender
& Conn, 2010).
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b. Cysteine rich domains (CRDs):
The conformational change induced by the glutamate binding is propagated from VFT
via cysteine rich domains (CRDs) to C-terminal tail. CRD consists of nine important cysteine
residues, eight of which are connected by disulphide bridges. The ninth residue is linked to the
second lobe of VFT domain via disulphide bridge as well (Muto et al., 2007; Rondard et al.,
2006).

c. Transmembrane domain:
The transmembrane domain comprises of the heptahelical domain (7-TM) and
intracellular loops. It has been suggested that the second intracellular loop (i2) of mGluR may
play an important role in regulating G-protein coupling specificity. The i2 loop also contains
sites used for the regulation of the receptor function by kinases like G-protein coupled receptor
kinase 2 (Dhami et al., 2005; Gomeza et al., 1996; Pin et al., 1994).
Most of the allostearic modulators that either positively or negatively affect the glutamate
activity have binding sites located within the heptahelical domain. Mostly, the positive allosteric
modualtors (PAMs) do not activate the receptor directly but potentiate the response to the
orthosteric ligand. However, PAMs tend to activate mGluR5 following the truncation of the Nterminal domain (Goudet et al., 2004; Hampson et al., 2008). This evidence suggests that VFTCRD region produces a conformational restraint which prevents the PAMs from acting as
agonists through their interaction with heptahelical domain.

d. C-terminal domain:
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The C-terminal domains of mGluRs are important regions for modulating the G-protein
coupling. G proteins are traditionally heteromeric complexes of α, β and γ subunits.
Conformational change resulting from the agonist binding to GPCRs activates the G-protein. In
their inactive state G-proteins are bound to guanosine-5-diphosphate (GDP). Upon activation, the
GDP is exchanged for guanosine-5 triphosphate (GTP) within the α subunit of the receptor.
Activated G-protein subunits then modulate the function of various effector molecules.
Additionally, CTD of several mGluRs is subject to alternate splicing, differential regulation by
phosphorylation and different modulatory protein-protein interactions (Niswender & Conn,
2010).

B. Group 1 mGluRs:
a. Splice varients:
Several mGluR subtypes undergo alternative splicing; in many cases, this generates
different Cterminal tails. The gene for mGluR1a encodes four main distinct C-terminal splice
variants: mGluR1a, b, c, and d; of these, mGluR1a is the longest. mGluR1e encodes an inactive
form of mGluR1 that terminates before the transmembrane domains. mGluR5 exists as two main
splice variants: mGluR5a and mGluR5b (Nicoletti et al., 2011; Niswender & Conn, 2010).

b. mGluR activation:
The mGluR family of receptors constitute as dimers. There is controversy whether
glutamate binding to only one of the dimers is sufficient for the activation of entire complex.
There is contrasting evidence in case of group 1 mGluRs suggesting they are different than other
some GPCRs like GABA-b receptors where ligand binding to one of the heterodimers is
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sufficient to cause activation (Galvez et al., 2000). Glutamate was unable to activate mGluR1
dimer formed by one wildtype and one mutant subunit, suggesting that glutamate binding to only
one of the dimmers might not be sufficient to activate mGluR1 receptor (Kammermeier & Yun,
2005). In contrast, one glutamate molecule can activate mGluR5 homodimers however
occupation of both VFT domains with ligand is more effective (Kniazeff et al., 2004).

c. General signaling profile:
Generally, group I mGluRs are coupled to Gq/G11 and activate phospholipase Cβ. This
results in the hydrolysis of phosphotinositides and generation of inositol 1,4,5-trisphosphate
(IP3) and diacylglycerol (DAG). This classical pathway leads to calcium mobilization and
activation of protein kinase C (PKC). However, it is now recognized that these receptors can
modulate additional signaling pathways including other cascades downstream of Gq as well as
pathways stemming from Gi/o, Gs, and other molecules independent of G proteins (Hermens et
al., 2001). Several reports suggest that depending on the cell type or neuronal population, group I
mGluRs can activate a range of downstream effectors, including phospholipase D, protein kinase
pathways such as casein kinase 1, cyclin-dependent protein kinase 5, Jun kinase, components of
the mitogen-activated protein kinase/extracellular receptor kinase (MAPK/ERK) pathway, and
the mammalian target of rapamycin (MTOR)/p70 S6 kinase pathway (Hou & Klann, 2004; Li et
al., 2007; Page et al., 2006; Saugstad & Ingram, 2008). Out of these, MAPK/ERK and
PI3K/mTOR pathways are thought to be particularly important for the regulation of synaptic
plasticity by group I mGluRs.
mTOR is a protein kinase whose activation serves as one of the primary triggers for
initiation of cap-dependent translation via phosphorylation of eukaryotic translation initiation
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factor binding protein (4E-BPs) and ribosomal protein S6 kinase p70S6Ks. 4E-BP
phosphorylated by mTOR does not bind eukaryotic translation initiation factor (eIF4E) and leads
to initiation of protein translation. S6K inhibits eukaryotic elongation factor 2 (eEF2) kinase
activity reducing inhibitory phosphorylation of eEF2, thereby increasing elongation rates.
mGluR-LTD is known to be protein synthesis dependent and is mediated via the PI3K-AktmTOR pathway Multiple reports suggest that mGluR-LTD is a translation-dependent process
involving activation of Akt-mTOR pathway (Costa-Mattioli et al., 2009; Hoeffer & Klann,
2010). Similar to PI3K/mTOR pathway, MAPK/ERK pathway is also reported to regulate
protein translation in several cell types including neurons. Long term decrease in the surface
AMPA receptor subunits requires protein synthesis (Snyder et al., 2001). These pathways are
activated following group 1 mGluR agonist dihydroxyphenylglycine (DHPG) treatment and are
essential for mGluRdependent long term depression (Kelleher et al., 2004; Klann & Dever,
2004).
Many of these pathways are abnormal in Fmr1 knockout mice, a mouse model for fragile X
syndrome (FXS) and Tsc2 heterozygous mouse model of tuberous sclerosis syndrome. The
correction of these pathways caused by the lack of one Grm5 (gene encoding for mGluR5) allele
as well as systemic mGluR5 negetive allosteric modulator MPEP treatment leads to reversal of
most of the phenotypes associated with FXS such as cognitive dysfunction, seizures and
morphological abnormalities (Nicoletti et al., 2011). In Tsc2 heterozygous mice, correction of
overactive mTOR leads to reversal of synaptic as well as behavioral abnormalities (Auerbach et
al., 2011).
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Figure 8: Signaling pathways associated with mGluR5 activation: Representative sketch of
the multiple signaling pathways involved in mGluR5 activation. A) Activation of mGluR5 leads
to the activation of PI3K/mTOR and MAPK/ERK pathway. B) A proposed model for the
relation between the retrograde endocannabinoid system and group1 mGluR activation. For the
release endocannabinoids like 2-AG,

phospholipase C-β (PLC-β) and diacylglycerol lipase-α

(DLG-α) are recruited. The released 2-AG binds to post-synaptic endocannabinoid receptors
which reduce the neurotransmitter release from pre-synaptic vesicle either by inhibition of
calcium influx or by direct effect on the vesicular release (.

Recent studies suggest that mGluR activation lead to a novel mechanism which involves
the production and subsequent release of retrograde messengers called endocannabinoids. Two
types of Endocannabinoid receptors CB1 and CB2 have been cloned and share 44% of sequence
similarity. Different expression patterns exist for the two subtypes and CB1 is the major subunit
expressed in hippocampus. Several endocannabinoids like anadamide, 2-arachidonoyl glycerin,
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2- arachidonoyl glycerol (2-AG) have been identified. The exact composition of
endocannabinoids released following group1 mGluR activation is still unknown but 2-AG is
considered to be the strongest candidate. In hippocampus, majority of CB1 receptors were found
on the presynaptic terminals of GABAergic interneurons (Irving et al., 2000; Katona et al.,
1999). Endocannabinoids like 2-AG are retrograde transmitters released following the activation
of mGluR5 in the hippocampus (Jung et al., 2012). 2-AG release requires sequential recruitment
of enzymes like phospholipase C-β (PLC-β) and diacylglycerol lipase-α (DLG-α).

2-AG

stimulates pre-synaptic CB1 receptors predominantly expressed in hippocampus and decrease
neurotransmitter release. Reports suggest that the inhibition of neurotransmitter release is due to
inhibition of calcium influx or

direct effect on the vesicular release, however the exact

mechanisms are still considered to be unknown (Doherty & Dingledine, 2003) . mGluR5
receptors may be physically linked to DLG-α through homer (Jung et al., 2007; Won et al., 2009)
and disruption of this linkage due to GluD1 deletion may be responsible for abnormal
endocannabinoid signaling in hippocampus.

d. Protein-protein interactions:
Several proteins are known to interact directly with the C-terminal domains of each of the
group 1 mGluR subtypes and play important roles in regulating mGluR1/5 signaling. The most
well- characterized amongst the proteins interacting with group 1 mGluRs are Homer proteins,
which contain PDZ1 domains that interact with the last several amino acids of mGluR1a,
mGluR5a, and mGluR5b. Distinct Homer gene and splice variants can differentially regulate
localization of mGluR1 and mGluR5 receptors in transfected cells and neurons (Beneken et al.,
2000; Ehrengruber et al., 2004; Shiraishi-Yamaguchi & Furuichi, 2007; TU et al., 1998). Homer
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proteins also participate in the assembly of protein complexes at the C-terminal tails of mGluRs
that are critical for receptor activity or that mediate functional responses downstream of
receptors. In other words, homer proteins play a role of linking the receptors with their respective
effectors. For example, the long isoform of protein PI3 kinase enhancer (PIKE-L) associates with
mGluR5 via Homer interactions. This interaction is necessary for the downstream activation
PI3K pathway upon activation of mGluR5 (Mao et al., 2005).

e. Pharmacological profiles:
i)

Orthosteric ligands:
The first selective orthosteric agonist at group1 mGluRs, (S)-3,5-dihydroxyphenylglycine

[(S)-3,5-DHPG], has similar potencies at mGluR1 and mGluR5 and remains the most selective
group1

mGluR agonist. Most other group 1 mGluR agonists have activity at ionotropic

glutamate receptors or other mGluR subtypes for example (1S,3R)-ACPD. A related compound,
2-chloro-5-hydroxyphenylglycine (CHPG), is a selective orthosteric agonist of mGluR5 but has
limited utility because of its relatively weak potency and efficacy. Multiple orthosteric
antagonists for group I mGluRs, including MCPG and related phenylglycine derivatives, have
potency but have been widely used in electrophysiology and other studies. More recently, more
potent and selective orthosteric antagonists of group1 mGluRs have emerged from further
optimization of the 4-carboxyphenylglycine scaffold. These include compounds with improved
potencies such as LY367385, which is highly useful as a selective antagonist of mGluR1 relative
to mGluR5 (Niswender & Conn, 2010; Schoepp et al., 1999).
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ii)

Allosteric modulators:
CPCCOEt was the first NAM discovered selective for mGluR1 and provided a major

breakthrough in demonstrating the utility of targeting allosteric sites for discovery of highly
subtype-selective mGluR antagonists. A large number of structurally distinct mGluR1-selective
NAMs have become available, including Bay 36–7620, JNJ16259685, FTIDC, YM298198, and
others. Many of these compounds have nanomolar potencies and are useful for in vivo studies
(Niswender & Conn, 2010).
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The discovery of two highly selective mGluR5 NAMs SIB-1757 and SIB-1893 and
subsequent structural analogs MPEP and MTEP provide different potency, selectivity, and brain
penetration (Lea & Faden, 2006). Many structurally distinct and highly selective mGluR5 NAMs
have now been reported, including compounds that have unique properties such as selective
partial antagonists of mGluR5. MTEP and MPEP, however, remain the most commonly used and
selective mGluR5 antagonists for probing the function of this receptor in the CNS (Rodriguez et
al., 2005).
Highly selective PAMs have also been developed for each of these group I mGluR subtypes.
These compounds do not activate the mGluR directly but act at an allosteric site in the
transmembrane domain to potentiate the response to glutamate, inducing robust leftward shifts of
the glutamate concentration response relationship. Ro 67–7476, Ro 67–4853, and VU71 are
selective mGluR1 PAMs. Additionally, multiple mGluR5-selective PAMs have been identified
including DFB, CPPHA, CDDPB, VU29, and ADX47273 (Conn et al., 2009). Whereas DFB and
CPPHA are not sufficiently potent or soluble in physiological buffers to make them useful for
studies of mGluR5 function, other mGluR5 PAMs are proving highly useful for assessment of
the functional roles of mGluR5 in the CNS (Kinney et al., 2005; Niswender & Conn, 2010).
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f. mGluR dependent LTD:
Long term depression (LTD) of excitatory neurotransmission is a major form of synaptic
plasticity required for learning and memory. It includes decrease in the number of post-synaptic
AMPA receptor subunits as well as reduction in pre-synaptic release of neurotransmitter. mGluR
mediated LTD involves signal transduction mechanisms that are different from those that
underlie other forms of LTD like NMDAR mediated LTD. mGluR-LTD is triggered
predominantly through activation of group1 mGluRs (Collingridge, 2010). In hippocampal CA1
neurons mGluR5 is the most abundantly expressed subtype (Lujan et al., 1996; Volk et al.,
2006). mGluR5 is supposed to be necessary for either the induction or expression of LTD in
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hippocampus (Hou & Klann, 2004; Huang & Hsu, 2006; Ronesi et al., 2012) although mGluR1
receptors may initiate certain forms of LTD in this region too (Faas et al., 2002; Volk et al.,
2006)). The typical signalling pathway of group 1 mGluRs involves the hydrolysis of
phosphatidyl inositol to generate inositol trisphosphate (IP3) and diacylglycerol (DAG), which in
turn can activate PKC. This pathway is required for mGluR-LTD triggered by both mGluR1 and
mGluR5 receptor activation in the hippocampus, cerebellum (Linden & Connor, 1991) and
perirhinal cortex (Jo et al., 2008). Different signaling mechanisms involved in the induction
group1 mGluR dependent LTD are described in figure 9. mGluR-LTD is classically induced by
synaptic low frequency stimulation (LFS) or by application of group1 mGluR agonist DHPG.
Moreover, DHPG-LTD can be induced in the absence of Ca+2 (Fitzjohn et al., 2001) and is
unaffected by inhibition of PKC (Schnabel et al., 1999). This could be because activation of
group I mGluRs lead to both Ca+2 dependent and independent signaling pathways, depending on
how they are activated. PICK1 is also required for mGluR-LTD at different synapses11 (Bellone
& Lüscher, 2006; Jo et al., 2008).
Several other protein kinases have been implicated in various forms of mGluR LTD,
including MAPK (Bolshakov et al., 2000; Moult et al., 2008; Rush et al., 2002) and also
extracellular signal-regulated kinase-ERK (Gallagher et al., 2004). Phosphoinositide 3-kinase
(PI3K) has also been associated with DHPG-LTD (Hou & Klann, 2004). These protein kinases
are reported to activate translation in response to group1 mGluR activation. New protein
synthesis is required for the expression of mGluR-LTD, however mGluR-LTD can also be
induced in the presence of protein synthesis inhibitors (Moult et al., 2008). This suggests that, at
least during its initial phase, mGluR-LTD can be independent of protein synthesis followed by
protein synthesis dependent phase involving AMPA receptor endocytosis. Various factors
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determine the protein synthesis dependence of mGluR LTD including the developmental stage of
the animal (Nosyreva & Huber, 2005). The protein synthesis-dependent component of LTD is
observed within minutes of mGluR-LTD induction, which clearly requires rapid de novo
synthesis of one or more proteins. These proteins include activity regulated cytoskeleton
associated protein (Arc/Arg3.1), striatal enriched protein phosphatase (STeP) and microtubule
associated protein 1B (MAP1B). All these proteins are reported to be involved in the
internalization of AMPA receptors following mGluRs stimulation (Collingridge et al., 2010).
DHPG induced mGluR-LTD also leads to tyrosine dephosphorylation of GluA2 which is
associated with the endocytosis of AMPA receptors (Gladding et al., 2009; Moult et al., 2006)
which can be blocked by the GluA23y peptide (Scholz et al., 2010).
NMDA receptor dependent LTD and mGluR dependent LTD are independently
expressed at the CA1 region of hippocampus and both involve activation of several protein
kinases. Both types of LTD are associated with decrease of surface AMPA receptors due to
internalization. There are two distinct pools of surface AMPA receptors linked to different
anchoring proteins. One type is linked to AMPAR binding protein (ABP-GRIP) and others
bound indirectly to PSD95 through transmembrane AMPAR regulatory protein (TARP). It is
possible that the two types of LTD lead to internalization of different subsets of surface AMPA
receptors via different signaling mechanisms, thus explaining their independent expression
(Collingridge et al., 2010).
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Figure 9: Different mechanisms involved in Group1 mGluR dependent LTD: Signaling
mechanisms that are involved in metabotropic glutamate receptor (mGluR)-dependent, AMPARmediated long-term depression. Figure 9 A) depicts the signaling mechanisms specific to
mGluR5 mediated LTD while figure 9 B) is specific to mGluR1 mediated LTD [Adapted from
(Collingridge et al., 2010)].

g. Relevance to human disoreders:
Ataxia is associated with a defective expression and abnormal function of mGluR1
receptors in purkinje cells. Cerebellar motor ataxia is due to impaired mGluR1 mediated LTD at
parallel fiber-Purkinje cell synapse (Nicoletti et al., 2011). Ataxic transgenic mice show
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mutations in Grm1 gene or reduced expression of mGluR1. There are reports of reduced activity
of mGluR or downstream effector molecules in ataxic transgenic mice (Conti et al., 2006;
Nicoletti et al., 2011; Sachs et al., 2007). mGluR1 is also implicated in malignant melanomas
(Pollock et al., 2003) and neurodegeneration. mGluR1 antagonists are reported to protect
hippocampal neurons against post ischemic degeneration in both in-vitro as well as in-vivo
models (Pellegrini-Giampietro, 2003).
Fragile X syndrome (FXS) is one of the most frequently reported genetic cause of mental
retardation and autism spectrum disorders. It is caused by silencing of Fmr1 gene, which encodes
for fragile X mental retardation proteins (FMRP) which is an RNA binding protein and known to
regulate transcription (Bear et al., 2004; Pieretti et al., 1991; Waung & Huber, 2009) The mGluR
theory of FXS states that dysregulation of mGluR function underlie the phenotypes in ASDs
(Bear et al., 2004). The Fmr1 knockout mice exhibit exaggerated mGluR5 mediated LTD in the
CA1 region of the hippocampus. Whereas other forms of synaptic plasticity like NMDA receptor
dependent LTD in the hippocampus, do not show any abnormalities (Huber et al., 2002; Waung
& Huber, 2009). Many signaling pathways leading to dendritic protein synthesis in response to
mGluR5 activation are also reported to be abnormal. These include MAPK/ERK pathways and
PI3K/mTOR pathway (Gallagher et al., 2004; Ronesi & Huber, 2008; Sharma et al., 2010).
Normal interactions between Homer scaffolds and mGluR5 are necessary for mGluR-LTD in
CA1 region of hippocampus and dysruption of interactions with long isoform of homer leads to
abnormal mGluR5 function, circuit function and abnormal behaviors in Fmr1 knockout mouse
model (Ronesi & Huber, 2008; Ronesi et al., 2012). Other proteins which are synthesized
following group1 mGluR activation and play an important role in mGluR-LTD are Step, Map1b,
Arc and APP (Figure 10). In Fmr1 knockout mice, increased translation rates of these proteins
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have been reported (Lüscher & Huber, 2010). In Tsc2 heterozygous model of Tuberous sclerosis
syndrome of ASD, mGluR-LTD has been shown to be reduced. The positive allosteric
modulators of mGluR5 are shown to reverses deficits in mGluR LTD and hippocampal
dependent behaviors in Tsc2 heterozygous animals (Auerbach et al., 2011).

Figure 10: Translation-dependent mGluR-LTD in fragile X syndrome: Implications for
Fragile X Syndrome A) In wildtype hippocampal CA1 neurons brief activation of Group 1
mGluRs triggers rapid endocytosis of AMPARs. mGluR-stimulated AMPAR endocytosis
requires activity of the Tyr phosphatase STEP as well as existing Arc protein. mGluRs also
triggers translation of proteins through activation of translation initiation, as well as
dephosphorylation of the RNA binding protein, FMRP. Proteins synthesized by mGluRs
activation play a role in mGluR-LTD include Step, Map1b, Arc and APP. These proteins are
known to regulate and/or stimulate AMPAR endocytosis. B) In the absence of FMRP, as in
Fragile X Syndrome, mGluRs stimulate endocytosis of AMPARs, but it is unknown if the
mechanisms are similar to those at normal synapses. In FMRP knockout mice, there are
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increased steady state translation rates and protein levels of MAP1b and APP, as well as a deficit
in mGluR stimulation of translation. mGluR-LTD in FMRP knockout mice is enhanced and
independent of translation suggesting that the “LTD proteins” are available to maintain persistent
decreases in AMPARs and LTD [Adapted from (Lüscher & Huber, 2010)].
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Hypothesis:
Although glutamate delta1 receptor is classified as an iGluR it not exhibit ligand gated
currents and its function in the CNS remains unknown. We have recently shown that loss of
GluD1 in a mouse model leads to abnormal social and emotional behaviors as well as specific
cognitive deficits including hippocampus dependent reversal learning and contextual fear
conditioning (Yadav et al., 2012; 2013). Moreover, our data also indicate that loss of GluD1
leads to molecular phenotypes in the hippocampus reminiscent of early development including
higher density of immature dendritic spines. Interestingly, these characteristics closely resemble
the observation of immature spines in postmortem brains in ASD patients and psychiatric
symptoms in ASD. Consistent with our findings in a mouse model, a strong genetic association
of the GRID1 gene, encoding GluD1, has been observed in patients with ASDs, developmental
delay, and schizoaffective disorders. The mechanisms that underlie the ability of GluD1 to
regulate synapse structure and function and ultimately behavior and cognition are unknown.
We hypothesize that GluD1 acts as a postsynaptic organizer and is critical for normal
mGluR5-Homer interactions and loss of GluD1 therefore leads to reorganization of the
downstream effectors of mGluR5 signaling. This results in occlusion of mGluR5-mediated
postsynaptic plasticity and a contrasting overexpression of presynaptic plasticity which involves
retrograde endocannabinoid signaling. We further hypothesize that the molecular and behavioral
abnormalities due to loss of GluD1 can be corrected pharmacologically by restoring normal
mGluR5 signaling.
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Chapter 2
Regulation of metabotropic glutamate receptor 5
(mGluR5) signaling by glutamate delta-1 receptor in
the hippocampus.
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1.

Introduction:
Glutamate delta receptors belong to ionotropic glutamate receptors family. Amongst the

two subunits delta 1 (GluD1) and delta 2 (GluD2) which show about 60% sequence similarity,
the role GluD2 in the cerebellar synapse formation, long term depression and motor learning is
well characterized. However the role of GluD1 remains poorly understood. GluD1 is expressed
widely in the brain during early development with high levels in the hippocampus (Lomeli,
Sprengel, Laurie, Kiihr, et al., 1993). GluD1 and GluD2 are unique in that they do not exhibit
agonist-induced current (Schmid & Hollmann, 2008), even though, as recent studies have shown,
D-serine and glycine bind to the ligand-binding domain and induce conformational change in the
receptor (Naur et al., 2007; Yadav et al., 2011). Recent evidence, in turn, suggests that these
receptors are involved in synapse formation. The N-terminal domain of GluD1 and GluD2
interact with presynaptic Neurexin1 via Cbln1 and can induce synapse formation (Kuroyanagi et
al., 2009; Ryuet al., 2012; Uemura et al., 2010; Yuzaki, 2010). Similarly, the C-terminal domain
of the glutamate delta receptors interact with different post-synaptic scaffolding proteins such as
Shank isoforms, PSD93, PSD95, SAP97 and spectrin. As Shank proteins are linked to AMPA
receptors via GRIP1 and group1 mGluRs via Homer, these interactions put gluatamate delta
receptor in close vicinity of other iGluRs subunits and associated kinases (Schmid & Hollmann,
2008). The C-terminal domain of GluD2 has been shown to be important for the LTD induction
in the cerebellum. Similarly, interactions with GluD1 might be important for the normal
physiology in hippocampus.
The expression pattern of GluD1 and its potential role in synapse formation strengthens
the hypothesis that dysregulation of GluD1 may have important implications for
neurodevelopmental disorders. Moreover, single-nucleotide polymorphism and copy-number
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variation studies have identified GRID1 as a susceptibility gene for autism spectrum disorders
(ASDs), developmental delay, schizophrenia, bipolar disorder and major depression (Edwards et
al., 2012; Fallin et al., 2005; Glessner et al., 2009; Greenwood et al., 2011; Griswold et al., 2012;
Nord et al., 2011; Smith et al., 2009). We have recently shown that loss of GluD1 in a mouse
model leads to abnormal social and emotional behaviors including social interaction deficits,
repetitive behavior, hyperactivity, depression-like behavior and hyperaggression which are
reminiscent of core as well as variable symptoms in autism spectrum disorder (ASD) (Sigmanet
al., 2004; Westet al., 2009). We also observed specific cognitive deficits in hippocampusdependent contextual fear learning and reversal learning in a spatial task in GluD1 knockout
mice (Yadav et al., 2012, 2013). Moreover, loss of GluD1 leads to molecular phenotypes
reminiscent of early development including higher density of immature spines in hippocampus
and cortical region (Data unpublished). This phenotype is similar to the characteristic
observation of higher immature spine number in ASD and Fragile X Syndrome (a cause of ASD)
patients and in Fmr1 knockout mouse model of Fragile X Syndrome (Grossman et al., 2006;
Penzes et al., 2011; Swanger et al., 2011).
One of the most prominent hypotheses in ASDs is the mGluR theory. This theory
postulates that dysregulation of mGluR function underlie the phenotypes in ASDs (Bear et al.,
2004). Fmr1 knockout is a well characterized mouse model for fragile X syndrome show
exaggerated group 1

metabotropic glutamate receptors (mGluRs)-dependent LTD. mGluR

antagonist reverses molecular and behavioral deficits in Fmr1 knockout mice and have also been
tested in clinical trials for Fragile-X patients with promising results (Dölen et al., 2007; Dölen et
al., 2010; Jacquemont et al., 2011). Conversely, lower mGluR-LTD is also reported in the Tsc2
heterozygous mouse model of ASD where a positive allosteric modulator of mGluR5 reverses
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mGluR-LTD and behavioral deficit (Auerbach et al., 2011). Group 1 mGluRs are composed of
two subtypes, mGluR1 and mGluR5. Both receptors are coupled to Gq/G11 type of heteromeric G
proteins and activate phospholipase C. mGluR1 and mGluR5 both contribute to a number of
functions in CNS such as increased neuronal excitability, intracellular Ca2+ increase, synaptic
plasticity and pain (Gubellini et al., 2003; Ireland & Abraham, 2002; Rae & Irving, 2004; Snyder
et al., 2001). Group1 mGluR stimulation of CA1 pyramidal neurons by the selective agonist 3,5dihydroxyphenylglycine (DHPG) or by low frequency synaptic stimulation (1-5 Hz) causes longterm depression (LTD) of excitatory synaptic transmission (Huber et al., 2000; Volk et al.,
2006). This mGluR-LTD in mature rodents is mediated post-synaptically by persistent decreased
in surface AMPA receptor subunits (Nosyreva & Huber, 2005; Snyder et al., 2001). Long-term
decrease in the AMPA receptor subunit is protein synthesis dependent (K M Huber et al., 2000)
and requires the activation of signaling pathways responsible for translation such as PI3K/mTOR
and MAPK/ERK (Hou & Klann, 2004; Kelleher et al., 2004; Klann & Dever, 2004a). However,
there is strong evidence of pre-synaptic contributions to the expression of mGluR-LTD. One of
the mechanisms involving pre-syanptic mGluR-LTD recruits retrograde messengers called
endocannabinoids which act on pre-synaptically expressed receptors in hippocampus and reduce
the neurotransmitter release following group1 mGluR activation (Doherty & Dingledine, 2003).
Homer proteins which are known to link mGluRs to other post-synaptic density proteins such as
Shank and actin cytoskeleton (Niswender & Conn, 2010; Shiraishi-Yamaguchi & Furuichi,
2007) also modulate their function by interacting with proteins necessary for the activation of the
downstream effectors (Jung et al., 2007; Mao et al., 2005; Won et al., 2009). Studies show that
normal interactions with homer scaffolds are necessary for mGluR-LTD and translation
activation and disruption of interactions with long the isoform of homer is responsible for
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abnormal mGluR5 function in Fmr1 knockout mouse model (Ronesi et al., 2012; Ronesi and
Huber, 2008).
As GluD1 knockout mice have behavioral and molecular phenotype similar to that
observed in ASD patients and animals models, it would be interesting to study the effect of
GluD1 deletion on mGluR function. In the present study we tried to uncover the role played by
GluD1 in regulation of mGluR function in the hippocampus. In hippocampal CA1 neurons
mGluR5 is the most abundantly expressed subtype (Lujan et al., 1996; Volk et al., 2006). We
found abnormalities in the expression mGluR5 mediated long term depression due to GluD1
deletion. We also found reduced mGluR5-Homer interactions and exaggerated PI3K/mTOR
signaling in GluD1 knockout mice. Moreover we were able to rescue some of the deficits by
pharmacological correction of the mGluR5 signaling.
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2. Methods:
Animals:
As described earlier in Yadav et al., (2011), GluD1 KO mice were obtained from from
Dr. Jian Zuo, St. Jude’s Children’s Hospital (Gao et al., 2007). WT and GluD1 KO mice were
obtained from previously genotyped parent cages. Genotyping was done as previously described
(Gao et al., 2007). WT and GluD1 KO mice were housed (maximum 7 mice/square cage and 3
mice/split cage) in the animal house facility at a constant temperature (22±1 °C) and a 12-hr
light-dark cycle with free access to food and water.
In this study strict measures were taken to minimize pain and suffering to animals in accordance
with the recommendations in the Guide for Care and Use of Laboratory Animals of the National
Institutes of Health. All experimental protocols were approved by the Creighton University
Institutional Animal Care and Use Committee.
Drugs:
DHPG, CHPG (abcam), MPEP, rapamycin (Tocris bioscience), temsirolimus (Sigmaaldrich) and rimonabant (Cayman chemicals) was used in this study. Stock solutions were
prepared with proper solvents and stored at -20 0C. Final concentrations for the in-vitro treatment
were prepared by diluting stock solutions with artificial cerebrospinal fluid (ACSF). For in-vivo
experiments, the final concentrations were prepared by using DMSO (Vehicle).
Extracellular field potential recording:
GluD1 KO and wild type animals (21 to 30 days old) were anesthetized using isoflurane,
then decapitated. The brain was isolated and mounted on the vibrotome to cut 300-400µm
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transverse sections using cutting buffer (Sucrose 115mM, KCl 3.5mM, NaHCO3 24mM,
NaH2PO4 1.25mM, Glucose 10mM, CaCl2 1mM, MgCl2 3mM). All experimental procedures up
to mounting the brain on vibrotome and cutting sections were performed on ice. Before every
experiment, the vibrotome was calibrated. After cutting the sections were incubated in the
incubation artificial cerebrospinal fluid or incubation ACSF (NaCl 122mM, KCl 3.5mM,
NaHCO3 24mM, NaH2PO4 1.25mM, Glucose 10mM, CaCl2 0.5mM, MgCl2 4mM) for at least 1
hour at 30˚C. fEPSPs were recorded with extracellular electrodes filled with artificial ACSF
from the CA1 region by stimulating Schaffer collaterals. The submerged recording chamber was
perfused continuously with recording ACSF at a rate of 2-2.5 mL/min. The stimulation
intensities were adjusted was adjusted to produce 40-50% of maximal response. fEPSPs were
evoked every 30 seconds. Stable baseline was recorded for at least 10 minutes. mGluR-LTD was
induced chemically by application of mGluR1/5 agonist DHPG (100µM for 5 minutes).
NMDAR antagonist DL-AP5 (100µM) was added during the application of DHPG to prevent
activation of NMDA receptors and to get LTD selective to mGluR1/5. After drug washout,
fEPSPs were recorded for at least 60 minutes. For paired pulse ratio, the inter-pulse interval was
50 ms.
Estimation of surface AMPAR subunits:
Transverse hippocampal sections were prepared from GluD1 knockout and wildtype
animals (21 to 30 days old) similar to the electrophysiology experiments. After cutting, the
sections were incubated in the incubation artificial cerebrospinal fluid or incubation ACSF (NaCl
122mM, KCl 3.5mM, NaHCO3 24mM, NaH2PO4 1.25mM, Glucose 10mM, CaCl2 1.5mM,
MgCl2 1.5mM) for 1 hour at 30˚C. The slices were placed on inserts in a 6 well plate to provide
optimum aeration. The slices were then divided into control and treatment groups. The slices in
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treatment group were treated with DHPG 100µM (in presence of 100µM AP-5) for 5 minutes.
After treatment the slices were washed with the 5 ml ACSF twice. For the specific mGluR5 and
mTOR antagonist experiment, the slices were pretreated for 20 minutes with MPEP 10 µm and
rapamycin 200nm respectively. For mGluR5 specific agonist experiment, the slices were treated
with CHPG (300µM for 15mins). In the experiment involving solutions made in DMSO, the
control groups were exposed to DMSO treatment for the same amount of time. The slices were
incubated for another 15 or 60 minutes before placing them on ice. The CA1 region of
hippocampus was crudely dissected from the slices and incubated with NHS biotin (1.5 mg/ml,
made fresh immediately before the use) for 1 hour on ice. After this step to quench the
biotinylation reaction the slices were washed with 10mM glycine solution in ice cold ACSF and
tris-buffered saline (TBS) for 5 minutes twice followed by washing with ACSF for 5 minutes
twice. The dissected slices were homogenized in RIPA buffer with 25 gauze needle. The
homogenates were incubated over the ice for 10 minutes and sonicated with 3 pulses at 5 sec
interval. Samples were centrifuged at 13000xg for 10 minutes and supernatants were collected.
Streptavidine beads were prewashed with the binding buffer (0.1% SDS and 1% NP-40 in 0.1 M
PBS) at 3500xg for 1 min twice at 4˚c. For 3µg of protein, 2µl of reconstituted streptavidine
bead slurry was taken. A fraction of input samples was saved as total protein samples. From the
remaining fraction equal amounts of protein for each group was taken and was diluted with
RIPA buffer so that each sample would have equal concentration (1µg/µl). These samples were
added to the streptavidine bead and incubated overnight at 4˚c. After incubation the beads were
washed with binding buffer twice at 3500xg for 1 min. The beads were boiled with 1X lameli’s
buffer with 5% β-mercaptoethanol at 100˚C for 5 minutes. The samples were microcentrifuged at
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3500g for 1minute. The supernatant was collected and hereafter referred as surface protein
fraction.
Estimation of PI3K/mTOR and MAPK/ERK pathway:
Transverse hippocampal sections were prepared from GluD1 knockout and wildtype
animals (21 to 30 days old) similar to the electrophysiology experiments and treatments were
carried out similar to biotinylation experiments. After DHPG treatment (100 µM for 5 minutes),
slices were dissected on ice and homogenized in RIPA buffer at different time points (0, 5, 15
and 60 minutes). The homogenates were sonicated (3 pulses with 5 seconds intervals) and boiled
with lameli’s buffer with 5% β-mercaptoethanol at 100˚C for 5 minutes.
Co-immunorecipitation:
Transverse hippocampal sections were prepared from GluD1 knockout and wildtype
animals (21 to 30 days old) similar to the electrophysiology experiments and treatments were
carried out similar to biotinylation experiments. The slices were then divided into control and
treatment groups. The slices in treatment group were treated with DHPG 100µm (in presence of
100µm AP-5) for 5 minutes. After treatment the slices were washed with the 5 ml ACSF twice
and were allowed to incubate for 60 minutes in the recording ACSF. After incubation the CA1
region of hippocampus was dissected on ice and was homogenized in IP Buffer (50 mM Tris, pH
7.4, 120 mM NaCl, 0.5% NP40). To pull down specific proteins, the lysates were tumbled
overnight with respective antibodies at 4˚C. Protein A/G agarose bead slurry (Thermoscientific)
was washed a couple of times with IP buffer and added to the lysates for four additional hours.
The beads were then washed with co-i.p. buffer two times at 3500xg for 1 min. The beads were
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boiled with 1X sample buffer with 5% β-mercaptoethanol at 100˚C for 5 minutes and supernatant
was collected as IP samples.
Western Blot Analysis:
Protein samples (15-20µg protein) were resolved on 10% SDS-page gel using 114 volts
for duration of 1 hr 15 minutes. Proteins were transferred onto nitrocellulose membrane using
wet transfer. Electrophoresis and transfer apparatuses used were the Biorad mini protean tetra
cell (Bio-Rad Laboratories, Inc., Hercules, California, USA). Membranes were blocked with
0.5% BSA in TBST at room temperature for 1 hour and incubated with appropriate antibodies
overnight at 4 ºC [GluR1 subunit, 1:1000; GluR2 subunit (Millipore), 1:1000; Actin,
(Bioreagents, CO, USA); Homer 1:100 (Santa cruz biotechnologies); mTOR, 1:1000; phosphomTOR, 1:1000; Akt, 1:1000; phospho-Akt, 1:1000; p-P42/44 1:1000; p42/44 1:1000 (Cell
Signaling technologies, USA)].
The blots were incubated in appropriate secondary antibody prepared in 0.5% milk solution at
room temperature for 1 hour. Blots were developed using enhanced chemiluminescent (ECL) kit
(GE Healthcare, Piscataway, NJ, USA). Images were taken using Precision Illuminator Model
B95 (Imaging Research Inc., Germany) with a MTI CCD 72S camera and analyzed using MCID
Basic software version 7.0 (Imaging Research, St. Catharines, ON, Canada). For analysis of
protein expression, the optical density of each sample was normalized appropriate controls.
Contextual Fear conditioning:
Fear conditioning was performed in a Plexiglas rodent conditioning chamber (chamber
A; model 2325-0241 San Diego Instruments, San Diego, CA) with a metal grid floor that was
enclosed in a sound-attenuating chamber. The chamber was illuminated with a 40-watt white
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light and cleaned with a 19.5% ethanol/1% vanilla solution to give the chamber a distinct scent.
A web-camera (Logitech QuickCam) was mounted at the top of the chamber to videotape all
sessions. Animals were not pre-exposed to the conditioning chamber (chamber A) prior to
conditioning. Mice were injected with either vehicle or drug. Rimonabant (1µM) was injected 30
minutes before fear acquisition whereas MTEP 10µM or Temsirolimus 1µM were injected 12
hours or 24 hours before the fear acquisition respectively. On the day of conditioning, animals
were placed in chamber A for 3 min followed by three presentations of the US (foot-shock) with
a 90 sec inter trial interval (ITI). The US was a 0.8 mA foot-shock delivered for 2 sec. Mice were
removed from chamber A 2 min after the final US presentation. On test day (day2), the mice
were placed in chamber A for 4 min and freezing behavior was recorded. Freezing behavior
prior-to and after presentation of the US on day 1 and during testing on day 2 was recorded as
absence of all non-respiratory movements every five seconds. Scores of 0 for immobility and 1
for movement were averaged and divided by the total number of readings to derive a percent
freezing. Behavioral freezing was also analyzed with the Freeze Monitor System (San Diego
Instruments) software to verify visual scores.

54

3. Results:
At adulthood, GluD1 is weakly but specifically expressed in the hippocampus (Schmid &
Hollmann, 2008) and has been reported to be involved in synapse formation (ref). We previously
showed in Morris water maze tests, GluD1 knockout mice had deficit in context based reversal
learning, which requires LTD in the hippocampus (Yadav et al., 2013). GluD1 knockout mice
share behavioral and molecular abnormalities with mouse models of autism spectrum disorders
(ASD) which show abnormal mGluR dependent LTD in hippocampus.

Misexpression of mGluR-LTD induced by DHPG treatment in GluD1 knockout mice.
At adulthood, GluD1 is weakly but specifically expressed in the hippocampus (Schmid &
Hollmann, 2008). We previously showed in Morris water maze tests, GluD1 knockout mice had
deficit in context based reversal learning, which requires LTD in the hippocampus (Yadav et al.,
2013). Extracellular fEPSP recordings were performed from transverse sections prepared from
25-30 day old mice. fEPSPs were recorded from CA1 region in response to stimulation of
Schaffer collaterals. Stimulation intensity was adjusted to produce 40-50% of maximal response.
No difference in the input-output ratio was observed between wildtype and GluD1 knockout.
mGluR-LTD was induced chemically by application of mGluR1/5 agonist DHPG. These and all
subsequent experiments were performed in the presence of NMDA receptor antagonist D,L-AP5
(100 µM) to prevent the induction of NMDAR dependent LTD and to get LTD selective to
mGluR1/5. We found that DHPG (100 µM for 10 minutes) induced robust LTD in both wildtype
and GluD1 knockout mice to the same extent (P>0.05) (Figure 2A). Since group1 mGluR-LTD
involves postsynaptic internalization of AMPA receptor subunits (Snyder et al., 2001), we
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assessed changes in surface GluA1 expression in CA1 region of hippocampus with biotinylation
assays. Acute transverse slices were prepared similar to those used for extracellular recordings.
DHPG (100 µM) was applied for 5 minutes and the slices were incubated for 15 or 60 minutes.
After incubation slices were placed on ice to stop endocytosis, biotinylation was carried out and
then the CA1 region was dissected and collected. Avidin-biotin conjugation was performed and
this protein fraction was subjected to western blotting as previously described (Nosyreva and
Huber, 2005). We found that the surface expression of GluA1 was significantly reduced in
wildtype CA1 in agreement with AMPA receptor internalization during mGluR-LTD.
Interestingly, however no reduction in AMPA receptor internalization was observed in GluD1
knockout slices (Figure 1A). In addition, GluA2 internalization in response to DHPG-LTD was
observed in wildtype but not in GluD1 knockout mice indicating that the impairment in
internalization is not restricted to GluA1 subunit (Figure 1B). Moreover, internalization of
GluA1 was absent in slices prepared from GluD1 heterozygous animals as well suggesting that
GluD1 heterozygous along with knockout animals have impaired post-synaptic mGluR-LTD
(Figure 1C).
In spite of the impaired internalization of AMPA receptor subunits in GluD1 knockout
mice, we observed the same level of mGluR-LTD both wildtype and GluD1 knockout mice in
fEPSP recordings. Hence the synaptic mechanism of expression of mGluR-LTD in wildtype and
GluD1 knockout animals is likely to be different. We performed paired-pulse recordings to
determine whether mGluR-LTD was presynaptically expressed in GluD1 knockout. The pairedpulse ratio (PPR) was found to significantly increase in the case of GluD1 knockout mice after
induction of LTD suggesting presynaptic expression of LTD (P<0.05). No change in PPR after
induction of LTD was observed in wildtype mice. No difference in basal levels of PPR was
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observed between wildtype and GluD1 knockout mice (Figure 2B). These data together supports
the idea that mGluR-LTD in wildtype is primarily expressed postsynaptically while in GluD1
knockout mGluR-LTD is expressed presynaptically.

Postsynaptic LTD induced by mGluR5 activation is impaired in GluD1 knockout mice.
We wanted to study whether the defects in internalization (impaired post-synaptic LTD)
seen in GluD1 knockout following the group 1 mGluR agonist DHPG treatment were specific
either mGluR1 or mGluR5 stimulation or dependent on both the subtypes. In hippocampal CA1
neurons mGluR5 is the most abundantly expressed subtype (Lujan et al., 1996; Volk et al.,
2006). However, the different functions of mGluR1 have been better explained by using
selective antagonist LY367385 (Berkeley & Levey, 2003; Ireland & Abraham, 2002; Rae &
Irving, 2004). Selective mGluR5 antagonist MPEP has been shown to reduce or abolish mGluRLTD and selective mGluR1 blockade had no or partial effect on DHPG induced LTD in CA1
region (Faas et al., 2002; Hou & Klann, 2004; Huang & Hsu, 2006). Instead, reports confirm that
mGluR1 activation is essential for acute short term depression of excitatory synaptic
transmission following DHPG treatment (Faas et al., 2002; Mannaioniet al., 2001). A conflicting
study showed that selective antagonism of mGluR1 but not mGluR5 results in the complete
blockade of LTD induced by DHPG treatment (Volk et al., 2006).
In order to study the subtype specificity of post-synaptic DHPG-LTD, we performed
biotinylation experiments with acute hippocampal slices pre-incubated in mGluR5 specific
antagonist MPEP (10 µM for 20 minutes) or ACSF. LTD was induced by brief application of
DHPG (100 µM for 5 minutes). After washing, the slices were incubated for 60 minutes
followed by freezing on ice and bioninylation as explained earlier. We found that in wildtype
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slices pre-incubated with MPEP, DHPG induced internalization of GluA1 was reduced but not
completely abolished (Figure 3A). This result confirms that mGluR5 plays a major in role long
term post-synaptic LTD. In slices prepared from GluD1 knockout, pretreatment with MPEP
caused similar levels of GluA1 internalization as seen in pretreated wildtype slices (Figure 3A).
This result suggests that impaired mGluR5 and not mGluR1 signaling may be responsible for the
deficit in post-synaptic LTD observed in GluD1 knockout. We further confirmed this result using
an mGluR5 selective agonist CHPG instead of DHPG to induce LTD. CHPG (300 µM for 15
minutes) induced internalization of GluA1 (60 minutes after CHPG treatment) in wildtype but
not in GluD1 knockout mice suggesting that the postsynaptic LTD induced by mGluR5 is
impaired (Figure 3C). We also confirmed whether that the loss of postsynaptic mGluR-LTD is
due to reduced mGluR5 expression in GluD1 knockout mice. We found no difference in the
hippocamal expression of mGluR5 between wildtype and GluD1 knockout (Figure 3B). Hence
the deficit in post-synaptic LTD may be due to the disruption of mechanisms downstream of
mGluR5 in case of GluD1 Knockout mice.

Overactive PI3K/mTOR pathway in GluD1 knockout mice.
Long term decrease in the surface AMPA receptor subunits requires protein synthesis
(Snyder et al., 2001). Several reports reveal that PI3K/mTOR and ERK pathways regulate
protein translation in several cell types including neurons. These pathways are activated
following DHPG treatment and are essential for mGluR-LTD (Hou & Klann, 2004; Kelleher et
al., 2004; Klann & Dever, 2004). PI3K/mTOR is a translation-dependent pathway responsible
for translation of LTD proteins required for AMPAR endocytosis (Lüscher & Huber, 2010;
Waung & Huber, 2009). Overactivation of this pathway may occlude and prevent further
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activation of this pathway in response to DHPG leading to loss of postsynaptic mGluR-LTD. We
measured the levels of p-Akt, Akt, p-mTOR and mTOR in total protein obtained from the CA1
region both under the basal state and after DHPG application for different durations.
Experiments were performed in acute brain slices similar to those used in electrophysiology and
biotinylation experimnts. As seen in Figure, the basal level of p-Akt and p-mTOR was
significantly higher in the case of GluD1 knockout mice (Figure 4). Moreover, although DHPG
(100 µM for 5 minutes) lead to a transient increase in p-Akt and p-mTOR in the CA1 region of
wildtype slices in agreement with a previous report (Hou & Klann, 2004), this increase was not
observed in GluD1 knockout slices suggesting a potential saturation of the Akt-mTOR pathway.
We observed no difference in basal levels of p-ERK1/2 and DHPG application failed to cause
further increase in the p-ERK levels suggesting the specificity of the effect to PI3K/mTOR
pathway (Figure 4). Similar higher basal levels of p-Akt and p-mTOR but not p-ERK1/2 were
observed in synaptoneurosome preparation from the hippocampus of GluD1 knockout mice
further supporting the total protein data from acute slices (data not shown).

Disrupted mGluR5-Homer interaction in GluD1 knockout mice.
Homer is a scaffolding protein most well-characterized amongst the proteins interacting
with group 1 mGluRs. Homer proteins also participate in the assembly of protein complexes at
the C-terminal tails of mGluRs that are critical for receptor activity. Long isoform of protein PI3
kinase enhancer (PIKE-L) associates with mGluR5 via homer. This interaction is necessary for
the downstream activation PI3K pathway upon activation of mGluR5 (Ehrengruber, et al., 2004;
Shiraishi-Yamaguchi & Furuichi, 2007). Homer isoforms interact with different post-synaptic
density proteins like shank isoforms, which are reported to interact with GluD1 and GluD2
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(Schmid & Hollmann, 2008). GluD2 is linked with mGluR1 indirectly via shank-homer
interactions in cerebellum and modulates mGluR1 function (Schmid & Hollmann, 2008). Our
hypothesis is that GluD1 acts as a synaptic organizer and is necessary for maintenance of normal
protein interactions specifically between mGluR5 and Homer. In preliminary studies we tested
this hypothesis by immunoprecipitation of full-length Homer followed by western blotting for
mGluR5 and Homer. The ratio of mGluR5/Homer helps us to quantify the amount of mGluR5
protein pulled down along with Homer isoforms. It serves as an indicator of the level of
interaction between the two proteins. The mGluR5/Homer ratio was higher for wildtype
compared to GluD1 knockout mice (Figure 5). DHPG decreased the interaction between Homer
and mGluR5 in wildtype consistent with the potential sequestration of mGluR5 by short-form
Homer1a, leading to less interaction with the long-form Homer (Ango et al., 2001).
Surprisingly, however, DHPG dramatically increased the interaction between Homer and
mGluR5 in knockout mice suggesting dysregulated mGluR5 interaction with Homer both in
basal and activated state (Figure 5).

Rescue of impaired postsynaptic mGluR-LTD in GluD1 knockout mice by mTORC1
inhibitor rapamycin.
Our working hypothesis is that the mTOR pathway is overactivated in GluD1 knockout
which leads to loss of postsynaptic mGluR-LTD. Studies in Tsc2 heterozygous mice suggest
excessive mTOR activity suppresses protein synthesis dependent component of mGluR-LTD
(Auerbach et al., 2011). This deficit was rescued by rapamycin treatment before LTD induction.
We tested this hypothesis by pre-treating the hippocampal slices with mTORC1 inhibitor
rapamycin (200 nM). Rapamycin was applied for 20 minutes and then washed out before
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application of DHPG (100 µM for 5 minutes). Slices were incubated for 60 minutes and
subjected to biotinylation. Surface GluR1 levels were determined for each group with western
blotting. In wildtype slices, we found that pre-incubation with rapamycin reduced the
internalization of GluA1 compared to vehicle treated slices. However, pre-incubation with
rapamycin led to rescue of the postsynaptic mGluR-LTD in GluD1 knockout (Figure 6A).
We also observed that in slices prepared from GluD1 knockout, pretreatment with MPEP
caused similar levels of GluA1 internalization as seen in pretreated wildtype slices. We wanted
to test whether MPEP pretreatment normalizes the over-activated PI3K/mTOR pathway. We
found significantly reduced levels of p-mTOR following MPEP treatment (Figure 6B). Hence,
correction of over-activated PI3K/mTOR pathway may lead to rescue of molecular, structural as
well as behavioral abnormalities.

Rescue of contextual fear conditioning deficit by cannabinoid receptor1 (CB1) antagonist
rimonabant and mTORC1 inhibitor temsirolimus.
Our model suggests that defects in post-synaptic LTD may be due to overactivated
PI3K/mTOR pathway and pre-treatment with mTORC1 inhibitor rapamycin resulted in rescue of
these deficits. The exaggerated presynaptic mGluR-LTD seen in our model may be mediated by
endocannabinoid signaling (Doherty & Dingledine, 2003). Endocannabinoids like 2-AG are
retrograde transmitters released following the activation of mGluR5 in the hippocampus (Jung et
al., 2012). 2-AG release requires sequential recruitment of enzymes like phospholipase C-β
(PLC-β) and diacylglycerol lipase-α (DLG-α). 2-AG stimulates pre-synaptic CB1 receptors
predominantly expressed in hippocampus and decrease neurotransmitter release by unknown
mechanisms (Doherty & Dingledine, 2003). mGluR5 receptors may be physically linked to
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DLG-α through homer (Jung et al., 2007; Won et al., 2009) and disruption of this linkage due to
GluD1 deletion may be responsible abnormal endocannabinoid signaling in hippocampus.
We have previously demonstrated specific cognitive deficits in GluD1 knockout mice
including hippocampal-dependent contextual fear conditioning deficit (Yadav et al., 2013). We
therefore tested the effect of CB1R inhibitor rimonabant (1 mg/kg i.p.) on contextual fear
conditioning. Contextual fear conditioning was performed as we have previously described
(Hillman et al., 2011; Yadav et al., 2013). Wildtype and GluD1 knockout mice were
administered vehicle or rimonabant intraperitoneally 30 minutes prior to contextual fear
conditioning. Testing was performed 24 hrs after fear conditioning. Freezing behavior was
analyzed as a measure of fear. We found that freezing response was significantly lower in GluD1
knockout mice compared to wildtype in agreement with our previous observation (Yadav et al.,
2013). Interestingly, rimonabant rescued the contextual fear deficit in GluD1 knockout mice
(Figure 7A).
We also tested the effect of mTORC1 inhibitor temsirolimus on contextual fear
conditioning. Temsirolimus has a plasma half-life of 13-24 hours (Fujisaka et al., 2010; Hidalgo
et al., 2006). As mTOR activation is necessary for fear learning (Parsons et al., 2006; Sui et al.,
2008) as well as long term memory formation in hippocampus (Bekinschtein et al., 2007),
mTORC1 inhibitors administered just before the fear acquisition results in reduced fear
expression. We wanted to mimic the effect of in vitro rapamycin pretreatment in the in vivo
experiments. Hence the drug was injected 24 hours before the fear acquisition. Temsirolimus
treatment had no effect on freezing response in wildtype animals. We observed a partial rescue
of freezing response in the GluD1 knockout mice following temsirolimus treatment (Figure 7B).

62

Therefore, inhibition of mTOR can lead to correction of behavioral phenotype due to GluD1
deletion.

4. Discussion:
GluD1 does not exhibit typical ion channel currents like other iGluRs. The role of GluD1 in
hippocampus remains elusive. In the present study, we report the effects of deletion of GluD1 on
regulation of metabotropic glutamate receptor function in the CA1 region of hippocampus. We
found that deletion of GluD1 leads to impaired internalization of surface AMPA receptor
subunits during post-synaptic LTD in the CA1 region of the hippocampus. Also predominantly
pre-synaptic mechanism of LTD induction was observed in GluD1 knockout mice. We also
found overactive PI3K/mTOR pathway in the CA1 region of hippocampi from GluD1 knockout
mice. Stimulation of PI3K/mTOR pathway following DHPG application was absent in GluD1
knockout mice suggesting a possible explanation for the observed deficit in translation dependant
post-synaptic LTD. This deficit in post-synaptic LTD was rescued by mTORC1 antagonist
rapamycin further consolidating the hypothesis. Retrograde endocannabinoid signaling regulates
presynaptic neurotransmitter release in CA1 region via CB1 receptors. Presynaptic expression of
mGluR-LTD in GluD1 knockout animals hints towards possible dysregulation of retrograde
endocannabinoid signaling in the GluD1 knockout mice. Pharmacological inhibition of the
endocannabinoid system as well as overactive mTOR signaling leads to the correction of
behavioral and molecular abnormalities associated with hippocampus in GluD1 knockout mice.
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Deletion of GluD1 leads to molecular phenotype reminiscent of early development.
Our data shows that deletion of GluD1 leads to increase in the density of immature spines.
During early postnatal development, the rate of synapse formation exceeds that of elimination,
and the excess synapses are subsequently eliminated by activity-dependent refinement
(Goldman-Rakic, 1987). Moreover higher immature spine number in hippocampus and cortex is
observed in patients of autism spectrum disorders (ASD) and of fragile X syndrome, a common
cause of ASD (Grossman et al., 2006; Penzes et al., 2011; Swanger et al., 2011). There is a
possibility that the process of elimination of immature spines is absent in phenotypes of ASD.
We found that the higher spine density in GluD1 knockout mice persisted from 15 days to 6
months of age indicating both an enhanced dendritic spine formation in early development and
impaired pruning (data not published).
It has been reported that during development, there is a switch in the synaptic mechanism of
mGluR-LTD from pre-synaptic to post-synaptic in the CA1 region of hippocampus. Studies in
neonatal rats show that mGluR-LTD in the CA1 region of hippocampus is associated with
changes in pre-synaptic function whereas post-synaptic internalization of AMPA receptor
subunits is impaired (Nosyreva & Huber, 2005).

We found similar results in the GluD1

knockout mice where the expression of mGluR-LTD was pre-synaptic and the translation
dependent post-synaptic component of LTD was absent.
Another molecular feature during development is the switch of NMDA receptor subtypes. The
GluN2B subunit is expressed in early postnatal days whereas the expression of GluN2A is low
and increases during development. Consequently the ratio of GluN2A/GluN2B expression
increases during development (Williams et al., 1993). We found a dramatically low expression of
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GluN2A subunit in hippocampal synaptoneurosomes in GluD1 knockout mice. The ratio of
GluN2A/GluN2B at postnatal day 25 was significantly lower in GluD1 knockout mice (data not
published). Hence there is strong evidence suggesting that deletion of GluD1 leads to a
phenotype reminiscent of early development.

GluD1 knockout as a mouse model for neurodevelopmental disorders.
We have previously shown that deletion of GluD1 leads to behavioral abnormalities including
hyperactivity, social interaction deficits, repetitive behavior, depression-like behavior and
hyperaggression which are reminiscent of the core as well as variable symptoms of ASD (Yadav
et al., 2012). In this study we observed misexpression of mGluR-LTD and abnormal mGluR5
signaling due to deletion of GluD1. This phenotype is similar to that found in genetic mouse
models of autism spectrum disorders (ASD). FMRP knockout mouse model is a model for
fragile X syndrome, a common cause of ASD. The mGluR theory of Fragile X syndrome states
that dysregulation of mGluR function underlies the phenotypes in ASDs (Bear et al., 2004). The
FMRP knockout mice have exaggerated mGluR5 mediated LTD in the CA1 region of the
hippocampus (Huber et al., 2002; Waung & Huber, 2009). Signaling pathways responsible for
dendritic protein synthesis in response to mGluR5 activation like MAPK/ERK pathway and
PI3K/mTOR pathway are also reported to be abnormal in FMRP Knockout mice. (Gallagher et
al., 2004; Lüscher & Huber, 2010; Ronesi & Huber, 2008; Sharma et al., 2010). Similar to
GluD1 knockout, higher number of immature dendritic spines is also observed in ASD patients
and FMRP Knockout mice (Grossman et al., 2006; Penzes et al., 2011; Swanger et al., 2011)
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Contrastingly, reduced dendritic protein synthesis and mGluR-LTD is found in Tsc2
heterozygous model of Tuberous sclerosis syndrome. Higher p-mTOR level due to disinhibition
of mTOR signaling substantially contributes to the phenotype of Tsc2 heterozygous animals
(Ehninger et al., 2009). Rapamycin and positive allosteric modulators of mGluR5 have shown to
reverses deficits in mGluR-LTD and hippocampal dependent behaviors in Tsc2 heterozygous
animals (Auerbach et al., 2011; Dan Ehninger et al., 2008).

GluD1 is critical for maintaining mGluR5 interactions with its scaffolding proteins.
This study addresses the possibility that potential abnormalities in mGluR5 scaffolding proteins
that regulate effector activation in GluD1 knockout mice. Our data suggests that impaired
scaffolding interaction is a potential mechanism for reorganization of the mGluR5 signaling
effectors. Specifically we found that the interaction between homer and mGluR5 is basally
lower in GluD1 knockout mice. We found in wildtype animals, group 1 mGluR stimulation by
DHPG decreases the interactions between mGluR5 and homer. The interaction between mGluR5
and long isoforms of homer are necessary for the normal functioning of the receptor. It is known
that the dominate-negative short isoform of Homer (Homer1a) is expressed in an activity
dependant manner after group1 mGluR stimulation DHPG application. It completes with the
long isoforms of Homer to bind to mGluR5 and thereby sequesters mGluR5. This in turn reduces
activity dependent stimulation of downstream effectors which requires mGluR5-homer long
isoform interaction (Ango et al., 2001; Shiraishi-Yamaguchi & Furuichi, 2007). Decrease in
mGluR5-Homer interactions found in wildtype following DHPG treatment is in accordance with
these findings. In contrast, in GluD1 knockout mice we find that the interaction between the long
Homer isoforms and mGluR5 is enhanced after DHPG treatment, suggesting a potential impaired
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activity-dependent expression of Homer1a and sequestration of mGluR5. Studies show that
normal interactions with Homer scaffolds are necessary for mGluR-LTD and translation
activation (Ronesi et al., 2012). Dysrupted interactions between long isoform homer and
mGluR5 lead to abnormal mGluR5 signalling, circuit function and abnormal behaviors in Fmr1
knockout mouse model (Ronesi & Huber, 2008). Hence abnormal mGluR5-homer interactions
found in GluD1 knockout animals can be responsible for the abnormal mGluR5 signaling.
Different iGluR subunits are known to be linked to the group 1 metabotropic receptors through
two mechanisms, both which involve Homer and Shank proteins. GluD2 subunits couple directly
to the PDZ domain of Shank. Shank, in turn binds to Homer which couples to mGluR1 through
Homer’s EVH domain. These interactions are essential for GluD2’s ability to modulate mGluR1
signaling and LTD in the cerebellum (Schmid & Hollmann, 2008). GluD1 does not interact with
Shank in the manner found for GluD2 (Uemura et al., 2004). However, these results did not rule
out that full-length Shank may interact with GluD1. Alternatively, NMDA receptors are known
to couple to mGluR5 via NMDA receptor binding to PSD95/PSD93 which binds to GKAP that
binds to Shank. Importantly, PSD93 is known to bind to both GluD1 (Roche et al., 1999) and
GKAP (Kim et al., 1998). Thus PSD93, full length shank and GKAP are all potential proteins
interacting with GluD1 and through these interactions GluD1 may be able to regulate the
mGluR5-Homer interactions. Identification of the key scaffolding protein interacting with GluD1
through which regulates mGluR5 function is necessary.
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Pharmacological correction of mGluR5 signaling leads to rescue of behavioral deficits and
molecular abnormalities in GluD1 knockout mice.
Our data suggests that GluD1 knockout animals have exaggerated mTOR signaling and further
simulation of PI3K/mTOR pathway following group1 mGluR activation is absent. Furthermore,
GluD1 knockout animals exhibit pre-synaptic expression of mGluR-LTD at CA1 region of
hippocampus possibly due to disregulation of retrograde endocannabinoid signaling.
Cannabinoid modulation of long term plasticity in hippocampus is shown to be modulated by
mTOR signaling (Puighermanal et al., 2009). We have recently shown that GluD1 knockout
mice exhibit specific cognitive deficits in hippocampus dependent contextual fear conditioning
which is relevant to cognitive defects in ASDs (Crawley, 2004; Yadav et al., 2013). We
hypothesized that inhibition of CB1 receptors and mTORC1 will normalize mGluR5 signaling
and rescue the behavioral and molecular abnormalities seen in GluD1 knockout mice. In in-vivo
studies, intraperitonial injections of CB1 receptor antagonist rimonabant and mTORC1 inhibitor
temsirolimus partially rescued the deficits in contextual fear conditioning. In in-vitro
experiments, pretreatment with the mTORC1 inhibitor rapamycin in slices prepared from GluD1
knockout animals leads to the rescue of deficit in post-synaptic LTD. Moreover, pretreatment
with the mGluR5 antagonist MPEP in GluD1 knockout slices leads to normalization of
exaggerated p-mTOR levels. Hence pharmacological correction of mGluR5 signaling can lead to
the rescue of deficits exhibited by GluD1 knockout animals.
These results further consolidate the relation between GluD1 knockout and different mouse
models of autism spectrum disorders or ASD. Fragile X syndrome is the leading cause of mental
retardation in ASD. Negative allostearic modulators of mGluR5 have potential utility in the
treatment of fragile X syndrome (Bear et al., 2004; Dölen et al., 2007; Yan et al., 2005) because
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the primary mutation in Fmr1 gene giving rise to the disorder leads to increased mGluR5
signaling. Apart from fragile X syndrome, tuberous sclerosis syndrome is another major cause of
ASD. mTORC1 inhibitor Rapamycin rescued behavioral deficits as well as deficits in long term
depression in Tsc2 heterozygous mouse model of tuberous sclerosis syndrome (Auerbach et al.,
2011; Ehninger et al., 2009; Ehninger & Silva, 2011;

Ehninger et al., 2008). Hence

pharmacological inhibition of mGluR5 signaling leads to the correction of several deficits in
GluD1 Knockout mice similar to that observed in some of the mouse models of ASD.

5. Conclusion:
We find that loss of GluD1 leads to presynaptic rather than postsynaptic expression of mGluRLTD in the CA1 region of hippocampus. GluD1 knockout mice also exhibit impaired postsynaptic mGluR-LTD characterized by abnormal internalization of AMPA receptor subunits.
Pre-synaptic expression of mGluR-LTD along with absence of post-synaptic LTD is often seen
during early development. Post-synaptic LTD requires rapid internalization of surface proteins
which requires translation dependent mechanisms like P3K/mTOR pathway. We found
exaggerated baseline p-Akt and p-mTOR levels in GluD1 knockout mice. Further stimulation of
P3K/mTOR pathway following DHPG treatment was also abolished in GluD1 knockout mice.
These results explain the loss of translation dependent post-synaptic mGluR-LTD in the GluD1
knockout mice. An interaction of mGluR5 with the scaffolding homer isoforms plays an
important role in the activation of downstream PI3K/mTOR pathway. Reduced mGluR5–homer
interactions were also seen in GluD1 knockout mice which might explain basally exaggerated
activation of PI3K/mTOR pathway. Our studies support the notion that GluD1 is a critical
regulator of postsynaptic density proteins and deletion of GluD1 may lead to reorganization of
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the downstream effectors of mGluR signaling that mediate synaptic plasticity. We found that
molecular and behavioral abnormalities due to loss of GluD1 were be corrected
pharmacologically by restoring mGluR signaling. Pre-treatment with mTOR antagonist
rapamycin resulted in rescue of post-synaptic LTD in acute hippocampal slices. Moreover,
pretreatment with mGluR5 antagonist MPEP normalized the p-mTOR levels in acute GluD1
knockout slices. Pre-synaptic expression of mGluR-LTD in GluD1 Knockout mice may be due
to exaggerated endocannabinoid signaling. Correction in the endocannabinoid as well as
PI3K/mTOR signaling by cannabinoid receptor 1 antagonist rimonabant and mTORC1
antagonist temsirolimus normalized hippocampus dependent contextual fear conditioning deficit.
These data suggest the potential role of GluD1 in regulation of mGluR5 function in the
hippocampus.
GluD1

knockout

mice

exhibit

behavioral

and

molecular

features

reminiscent

of

neurodevelopmental disorders such as autism spectrum disorder (ASD). In this study we show
that like other mouse models of ASD, GluD1 knockout mice also show abnormal mGluR5
signaling. This study further consolidates importance of GluD1 during early development and
GluD1 knockout as a model for neurodevelopmental disorders.
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6. Figures:

Figure 1: Impaired postsynaptic mGluR-LTD in GluD1 KO mice. Surface biotinylation was
performed in slices after DHPG treatment and CA1 region was dissected. A) Surface GluA1 was
reduced in wildtype (P<0.05, unpaired t test) but not in GluD1 Knockout. B) Similar deficit in
internalization of GluA2 subunit was also seen in GluD1 Knockout. C) Impairment in post-
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synaptic LTD was also observed in GluD1 heterozygous animals as internalization of surface
GluR1 was absent following DHPG application.

Figure 2: Presynaptic expression of mGluR-LTD due to deletion of GluD1: A) No change in
DHPG-induced LTD was observed GluD1 KO. fEPSP was recorded and LTD was induced by
DHPG in the presence of AP5. No difference was observed in the LTD in GluD1 KO (N=5-8).
B) PPR was increased in GluD1 KO after DHPG-LTD. Paired stimuli (100 ms ITI) were given
during the entire experiment and PPR was measured and normalized. PPR was significantly
higher compared pre-DHPG in GluD1 Knockout but not in wildtype. P<0.05, Two-way NOVA
(N=8-10).\
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Figure 3: Postsynaptic LTD induced by mGluR5 activation is impaired in GluD1 knockout
mice. A) DHPG treatment induced significant reduction in surface GluR1 in slices prepared from
WT (N=3, unpaired t-test, p<0.001), In slices from GluD1 KO, pretreatment with mGluR5 NAM
MPEP caused similar levels of GluA1 internalization as seen in pretreated wildtype slices (N=5)
suggesting that impaired mGluR5 signalling may be responsible for the deficit in post-synaptic
LTD. B) no difference was seen in the hippocamal expression of mGluR5 between wildtype and
GluD1 knockout mice (N=5). C) mGluR5 selective agonist CHPG did induce internalization of
GluA1 in wildtype slices (unpaired t-test, p<0.005) which was blocked by MPEP treatment
(N=3). However CHPG application fails to induce GluA1 internalization in GluD1 KO (N=3)
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Figure 4: Elevated basal level of pAkt and pmTOR and lack of DHPG-induced pAkt and
pmTOR in GluD1 KO. Total protein was used for immunoblotting and higher basal levels of
p-Akt and p-mTOR (P<0.05) were observed in GluD1 KO. In addition there was an increase in
p-Akt and p-mTOR by DHPG in wildtype but not in GluD1 KO (N=7, P=0.05, Unpaired t-test).
No change in basal p-ERK1/2 was observed between wildtype and GluD1 KO (N=5).

Figure 5: Reduced mGluR5-Homer interaction in GluD1 knockout under basal conditions.
Homer (full-length) was immunoprecipitated and immunoblotting for mGluR5 and Homer was
performed. Under basal conditions the ratio of mGluR5/Homer was lower in GluD1 KO suggest
lower interaction. More surprisingly DHPG leads to reduced interaction in wildtype but a
contrasting significant increase in interaction between mGluR5 and Homer in GluD1 KO. (N=3,
Two way ANOVA, *p<0.005).
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Figure 6: Rapamycin rescues deficit in postsynaptic mGluR-LTD in GluD1 Knockout mice.
A) Biotinylation assay was performed in presence or absence of mTORC1 inhibitor rapamycin
and immunoblotting was performed for GluA1 surface expression. In WT slices, DHPG
treatment induced significant reduction in surface GluR1 (N=3, unpaired t test, P,0.005).
Internalization was not observed in wildtype rapamycin pretreated slices in accordance with
translation-dependence of mGluR-LTD. In GluD1 KO slices rapamycin rescued the postsynaptic
mGluR-LTD most likely by reducing basal p-mTOR levels. (N=5, unpaired t test, P<0.005). B)
MPEP pretreatment normalized the elevated p-mTOR levels (N=4, Two way ANOVA, WT vs
KO P<0.005, Drug X genotype interaction, P<0.001) and p-Akt levels (N=3, Two way ANOVA,
WT vs KO P<0.005, Drug X genotype interaction, P<0.005) in GluD1 KO slices.
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Figure 7: Reversal of contextual fear conditioning deficit by CB1R inhibitor rimonabant
and mTORC1 inhibitor temsirolimus: A) Rimonabant (1 mg/kg i.p.) significantly rescued
contextual fear conditioning deficit in GluD1 knockout. (N=4-8, Two-way ANOVA, *P<0.05
WT vs KO, #P<0.05, drug X genotype interaction). B) Temsirolimus (10 mg/kg i.p.) injection
24hrs before fear conditioning shows a partial rescue of the deficit in contextual fear
conditioning (N=4-7, Two way ANOVA, P<0.05 WT vs KO).
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Figure 8: Schematic representation of potential abnormalities occurring due to GluD1
deletion and pharmacological rescue: Impaired postsynaptic mGluR5-LTD and exaggerated
presynaptic endocannabinoid mediated mGluR5-LTD in GluD1 KO. GluD1 maintains normal
mGluR5-homer interaction via its C-terminal interactions. Correction of mGluR5 signaling can
reverse behavioral, molecular and synaptic abnormalities. Use of rimonbant-CB1R inhibitor,
MPEP-mGluR5 NAM and rapamycin/temsirolimus-mTORC1 inhibitor rescued deficits in post-
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synaptic LTD contextual fear conditioning deficits and normalized elevated p-mTOR levels in
GluD1 KO mice.
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