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ABSTRACT 
The delta family of ionotropic glutamate receptors (iGluRs) consists of glutamate delta-1 

(GluD1) and glutamate delta-2 (GluD2) receptors. The function of GluD1 in the central 

nervous system (CNS) remains elusive. As a first step we conducted electrophysiological 

studies on the rat clone of GluD1 to study the activation gate and ligand binding domain 

of GluD1 receptor. Site directed mutagenesis in the SYTANLAAF region resulted in four 

constitutively open mutants GluD1A650C, GluD1L652A, GluD1A654C, and 

GluD1F655A. Channel blockers pentamidine and NASP inhibited currents through the 

GluD1 mutant receptors. D-serine and extracellular calcium had opposing effects on 

GluD1 mutants and a chimeric GluD1-D2 lurcher. D-serine decreased currents through 

GluD1F655A and chimeric GluD1-D2 lurcher while calcium increased currents through 

GluD1F655A. These results suggest, GluD1 receptors have a conserved activation gate. 

In addition conformational changes brought about by D-serine and calcium are conserved 

among GluD1 and GluD2 receptors.  

GluD1 functions in synapse formation. Addtionally the GRID1 gene has been implicated 

in neuropsychiatric disorders. We hypothesize that synaptic abnormalities due to GluD1 

deletion would lead to aberrant behaviors. Thus we performed tests in GluD1 knockout 

(GluD1 KO) mice to study the functional significance of the GluD1 receptor. GluD1 KO 

mice showed hyperactivity, lower anxiety-like behavior, hyperaggression, depression-like 

behavior, and social interaction deficits. Altered levels of synaptic proteins and iGluR 

subunits were seen in prefrontal cortex and amygdala. Few aberrant behaviors were 

rescued by chronic lithium and D-cycloserine (DCS) treatment.  
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Amygdala functions in associative fear learning while prefrontal cortex plays a role in 

working memory. We found molecular abnormalities in amygdala and prefrontal cortex.   

Thus we tested the effect of GluD1 deletion on amygdalar and prefrontal cortex 

associated learning tasks. We observed normal or enhanced learning for prefrontal cortex 

associated tasks. However we found deficits in fear learning.  iGluR expression was  

altered in the hippocampus along with synaptic anomalies in the amygdala, prefrontal 

cortex and hippocampus. These data suggest GluD1 functions in regulation of behavior 

and synaptic physiology. In addition GluD1 KO mice manifest symptoms related to 

neuropsychiatric disorders with which GRID1 has been associated.  
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Chapter 1 

 

Introduction 
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A. Glutamate Receptors 

There are of two classes of glutamate receptors: ionotropic and metabotropic. The 

ionotropic glutamate receptors (iGluRs) are ligand gated ion channels mediating the vast 

majority of excitatory neurotransmission in the brain. At most excitatory synapses in the 

central nervous system, glutamate is used as a neurotransmitter. Glutamate signaling is 

important for normal neuronal development and synaptic plasticity associated with 

learning and memory.  Calcium entry through glutamate receptor channels plays an 

important role in synaptic plasticity that leads to learning and memory (Dingeldine et al., 

1999). iGluRs are involved in chronic neurodegenerative conditions, in psychiatric 

disorders and in acute injury and trauma (Jane et al., 2009; Lipton, 2006; Alt et  al., 2006;  

Labrie and Roder., 2009). Based on sequence homology and pharmacology, iGluRs are 

subdivided into four classes: 

1. N-methyl D-aspartate Receptors: NMDAR, 

2. α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors: AMPAR,  

3. Kainate receptors   

4. Delta receptors 

 

Architecture of Glutamate Receptors 

Each iGluR subunit is composed of four distinct regions, an extracellular amino 

terminal domain (ATD), an S1S2 ligand binding domain (LBD), a membrane associated 

domain, and an intracellular carboxy terminal domain. The carboxy terminus domain 

contains residues that interact with numerous membrane scaffolding and signal 
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transduction proteins, and this region is an important control point for trafficking, 

regulation and localization (Sheng 2001; Wenthold et al., 2003; Bredt and Nicoll 2003).  

 

                                    

Figure 1. Structure and domain organization of glutamate receptors. Glutamate receptor 

subunits have a modular structure composed of two large extracellular domains; 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 SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, 

Hansen KB, Yuan H, Myers SJ, and Dingledine R (2010) Glutamate Receptor Ion 

Channels: Structure, Regulation, and Function. Pharmacological Reviews 405-496.]                                       

  1. NMDA Receptors:  These are glutamate-gated cation channels, being unique among 

iGluRs as they are ligand gated as well as voltage dependent. NMDA receptors are highly 

permeable to calcium (Ca2+), play a role in regulation of synaptogenesis, use-dependent 
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synaptic remodeling, and long-term plastic changes in synaptic strength (Benarroch, 

2011). NMDA receptors are obligate heteromeric complexes (Monyer 1992) composed 

of 4 subunits derived from 3 related families: GluN1, GluN2, and GluN3, respectively. 

The GluN1 subunit is the obligatory subunit that combines with GluN2 or GluN3 

subunits to form a functional receptor. The typical NMDAR consists of 2 GluN1 

subunits, which bind glycine, and 2 GluN2 subunits, that bind glutamate. NMDA 

receptors function as coincidence detectors since, they require membrane depolarization 

to relieve magnesium block (Mayer et al., 1984) together with binding of glycine and 

glutamate. 

2. AMPA Receptors: AMPA receptors are composed of four types of subunits- GluA1, 

GluA2, GluA3 and GluA4 respectively.  The GluA2 subunit is responsible for rendering 

the AMPA receptors impermeable to Ca2+. They require only glutamate for activation. 

AMPA receptors have a role in fast excitatory synaptic transmission at resting membrane 

potentials.  

3. Kainate Receptors: Kainate receptor subunits GluK1, GluK2 and GluK3 can form 

functional homomeric ion channels in heterologous expression systems (Egebjerg et al., 

1991; Schiffer et al., 1997), but in vivo they they coassemble with the GluK4 and GluK5 

subunits (Herb et al., 1992). Kainate receptor activation mediates a large variety of pre- 

and post-synaptic effects on either glutamatergic or GABAergic synaptic transmission 

(Jin and Smith, 2011).  
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4. Delta Receptors: The delta receptor family has two members, GluD1 and GluD2. The 

GluD2 is the more extensively studied of the two. The two delta receptors assemble as 

homomers in heterologous expression system.  

 

B. Gene and Expression Profile of the Glutamate Delta Receptors 

1. The GRID1 gene and Glutamate Delta-1 Receptor (GluD1) 

The GluD1 subunit is encoded by the GRID1 gene which is the second largest 

(770kb) human iGluR gene. The human GRID1 gene is encoded by 16 exons on 

chromosome 10 (q23). In mice the GRID1 gene is located at chromosome 14.  

The GluD1 subunit shows a pronounced developmental peak in late embryonic and early 

postnatal stages with high messenger RNA (mRNA) levels in the caudate putamen at 

postnatal day 0, at postnatal day 12 GluD1 mRNA expression is higher in the 

anteroventral thalamic nucleus, which then gradually decline to those of the adult. In the 

adult, weak but specific expression has been seen in the pyramidal and dentate granule 

cell layers of the hippocampus (Lomeli et al., 1993). GluD1 is highly expressed in the 

inner hair cells of the organ of Corti (Safieddine and Wenthold, 1997; Gao et al., 2007). 

GluD1 is also present in ganglion and bipolar cells of the retina (Jakobs et al., 2007). The 

timing of expression of GluD1 may indicate a role in development (Lomeli et al., 1993).  
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2. The GRID2 gene and Glutamate Delta-2 Receptor (GluD2) 

GluD2 is encoded by the GRID2 gene which is the largest (1400kb) human iGluR 

gene. The GRID2 gene is located on chromosome 6 in mice and on chromosome 4 in 

humans. GluD2 is encoded by 16 exons.  

GluD2 is selectively expressed postsynaptically at the parallel fiber-Purkinje cell (PF-PC) 

synapse in the cerebellum (Takayama et al., 1996; Landsend et al., 1997; Zhao et al., 

1997). GluD2 mRNA can be detected as early as embryonic day 15 in Purkinje 

neuroblasts (Mayat et al., 1995). GluD2 is not completely specific to Purkinje cells; is 

also expressed in several neurons in the midbrain-spinal cord region, such as the dorsal 

cochlear nucleus and the trigeminal motor nucleus (Yuzaki, 2003; Mayat et al., 1995) as 

well as in the pineal gland (Yatsushiro et al., 2000). 

 

C. Physiological Roles of the Glutamate Delta Receptors 

1. Glutamate Delta-1 Receptor: Clues to GluD1 function have come from the GluD1 

KO mice created by targeted disruption of the GluD1 locus (Gao et al., 2007).  The locus 

encoding GluD1 represents a candidate gene for congenital or acquired high-frequency 

hearing loss in humans (Treadaway and Zuo, 1998; Gao et al., 2007). Targeted disruption 

of GluD1 causes significant hearing loss at high frequencies in the GluD1 KO mice (Gao 

et al., 2007). GluD1 KO mice show no obvious developmental abnormality, except for 

overall weight reductions by 4 months of age. Further Gao et al., (2007) have shown that 

in the Morris water maze which tests spatial learning and memory GluD1 KO have 

normal learning.  
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  2. Glutamate Delta-2 Receptor: Clues to GluD2 function have come from animal 

models, these include the GluD2 knockout mouse, lurcher mutant mouse and hotfoot 

mouse. Lurcher (Lc) is a spontaneous, semidominant mouse neurological mutation 

(Phillips, 1960). Heterozygous lurcher mice display ataxia as a result of death of 

cerebellar Purkinje cells (Caddy and Biscoe, 1979). Hotfoot is a naturally occurring 

recessive mouse mutation characterized by cerebellar ataxia associated with mild 

abnormalities of the cerebellum (Lalouette et al., 1998, 2001).  

      

  Role of the GluD2 Receptor in Cerebellar Functions and Behavioral Phenotypes 

In the absence of selective drugs, the knockout model of GluD2 has identified a 

role for the GluD2 receptor in cerebellar long-term depression, synaptogenesis and motor 

learning and motor coordination (Hirano et al., 1994; Kashiwabuchi et al., 1995; 

Kuroyanagi et al., 2009; Kakegawa et al., 2009; Funabiki et al., 1995; Kurihara et al., 

1997; Kishimoto et al., 2001; Hashimoto et al., 2001; Ichikawa et al., 2002; Takatsuki et 

al., 2003; Yoshida et al., 2004; Katoh et al., 2005).  

 Behavioral studies in the GluD2 KO mice show that there was no significant 

difference between the GluD2 KO and wild type mice in locomotor activity. In tests for 

motor learning such as the runway task, the rotating rod task and the rope climbing task 

GluD2 KO mice manifested deficits compared to the wild type mice due to motor 

incoordination. In the runway task GluD2 mutant mice walked slowly along the runway 

with many slips, while in the rotating rod task which compares motor coordination 

ability, GluD2 mutant mice had shorter retention time than that of the wild type mice. 
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Additionally the synaptogenesis in the cerebellum was abnormal, with reduced parallel 

fiber-Purkinje cell synapses, multiple innervation of Purkinje cells by climbing fibers and 

emergence of free spines (Kashiwabuchi et al., 1995; Kurihara et al, 1997; Hashimoto et 

al., 2001; Ichikawa et al, 2002; Liu & Shio, 2008; Mandolesi et al., 2009).   

Another function of the GluD2 receptor may involve active control of AMPA 

receptor endocytosis.  

 

 

 

Figure 2. Targeted disruption of the GluD1 locus. (Gao et al., 2007) [Adapted from Gao 

J, Maison SF, Wu X, Hirose K, Jones SM, Bayazitov I, Tian Y, Mittleman G, Matthews 

DB, Zakharenko SS, Liberman MC & Zuo J (2007) Orphan glutamate receptor delta1 

subunit required for high-frequency hearing. Mol Cell Biol 27: 4500-12.]  
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D.  Structure-Function of Glutamate Delta Receptors 

Glutamate delta receptors share a structural topology similar to other iGluRs and are 

thought to exist as a homomeric receptor (Lomeli et al., 1993; Yuzaki, 2004; Traynelis et 

al., 2010). Interestingly, GluD2 has been shown to form heteromeric receptors with 

GluR6 subunit in heterologous expression system (Kohda et al., 2003). Wild type 

glutamate delta receptors do not show ion channel activity and do not conduct currents 

upon agonist binding unlike other iGluRs (Lomeli et al., 1993; Araki et al., 1993; Zuo et 

al., 1997; Naur et al., 2007). In the absence of known agonists, the spontaneously active 

GluD2 lurcher mutant receptor (GluD2Lc) has helped gain an understanding of the 

GluD2 receptor (Zuo et al., 1997). Lurcher is a point mutation where an alanine is 

replaced for a threonine (A654T) in the SYTANLAAF motif. GluD2Lc receptors display 

constitutive activity, since the lurcher mutation renders the channel pore spontaneously 

active (Zuo et al., 1997; Naur et al., 2007). Currents through GluD2Lc channels are 

reduced by pentamidine and 9-tetrahydroaminoacridine, which are antagonists that inhibit 

NMDA receptors but not AMPA receptors (Williams et al., 2003). Naur et al., (2007) 

have studied the ligand binding domain (LBD) of GluD2Lc and have shown that D-serine 

and glycine bind to the LBD of GluD2Lc. Additionally they have shown that D-serine 

and glycine binding to the ligand binding domain of the GluD2Lc results in a reduction 

of spontaneous currents through the channel pore. This occurs due to conformational 

changes induced at the channel pore. Hansen et al., (2009) have shown that calcium and 

D-serine have opposing effects on the stability of the dimer interface of the GluD2Lc 

receptor. Calcium binds to the dimer interface and stabilizes the dimer interface. 

Spontaneously active GluD2Lc channels possess properties that are similar to those of 
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other iGluRs, including Ca2+ permeability that is similar to that found in GluA2-lacking 

AMPA receptors (Zuo et al., 1997; Wollmuth et al., 2000; Kohda et al., 2000). 

Although where delta receptors function as ion channel is debatable, a role of the 

other domains of GluD2 in cerebellar functions has been extensively studied. Here we 

describe the functions attributed to the different domains.  

1. The ligand binding domain (LBD)- The importance of the LBD was shown by 

application of an antibody specific to the ligand binding domain (LBD) of the 

GluD2 receptor to cultured Purkinje cells. This induced AMPA receptor 

endocytosis, attenuated synaptic transmission and abrogated long-term depression 

(Hirai et al., 2003).  

2. C-terminal domain (CTD)-  The C-terminal domain of the GluD2 receptor plays 

a role in LTD induction (Uemura et al., 2007; Kohda et al., 2007). Further, it has 

been shown that D-serine regulates cerebellar LTD and motor coordination 

through the GluD2 receptor. D-serine conveys signals for LTD through the C-

terminus domain of GluD2 (Kakegawa et al., 2011). The C-terminal domain of 

GluD2 differentially regulates synaptic plasticity and cerebellar motor learning 

(Kakegawa et al., 2008).   

3. Pore forming transmembrane domain 2- GluD2Lc is known to function as an 

ion channel (Zuo et al., 1997). It has been shown that mutations induced in the 

channel pore of the GluD2Lc blocked ion channel activity. These mutations were 

similar to those that disrupt channel pore activity in AMPA and kainate receptors 

(Kakegawa et al., 2007). 
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4. The amino terminal domain (NTD)- The NTD of delta receptors plays a role in 

synapse formation (Kakegawa et al., 2009; Kuroyanagi and Hirano, 2010). Further, 

by NTD deletion experiments, it has been shown that it regulates receptor trafficking. 
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Figure 3. The structure of the ligand binding core of GluD2 (A). Domain organization of 

the GluD2 subunit - an extracellular amino terminal domain (NTD), three transmembrane 

domains (M1, M2 and M3, a reentrant membrane loop (P) and an intracellular C 

terminus. The extracellular region harbors the NTD and the ligand binding core (D1 and 

D2). (B). Representation of the two fold symmetric dimer of GluD2-S1S2 apo (in 

yellow). The structure of GluD2-S1S2 in complex with D-serine has been superimposed 

on GluD2-S1S2 apo and has been shown in red. D-serine is displayed in green spheres. 

[Adapted from  Naur P, Hansen KB,  Kristensen AS, Dravid SM, Pickering DS, Olsen L, 

Vestergaard B, Egebjerg J, Gajhede M,  Traynelis SF, and Kastrup JS. (2007) Ionotropic 

glutamate-like receptor δ2 binds d-serine and glycine PNAS 104(35): 14116–14121.] 
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E. Role of the Glutamate Delta Receptors in Synapse Formation and Synaptogenesis 

Recent studies have established that the N-terminal domain (NTD) of GluD2 is 

necessary and sufficient for induction of presynaptic differentiation and synapse 

formation (Uemura & Mishina, 2008; Kuroyanagi et al., 2009; Kakegawa et al., 2009; 

Matsuda et al., 2010; Uemura et al., 2010).  Moreover, it was found that Cerebellin1 

(Cbln1), a member of the C1q/tumor necrosis factor family, acts as a ligand and binds the 

NTD of GluD2 (Matsuda et al., 2010; Matsuda and Yuzaki, 2010; Uemura et al., 2010). 

Matsuda et al., (2010) have further shown in vitro and in vivo that, in the cerebellum, 

induction of new synapses requires postsynaptic GluD2 and exogenous Cbln1. In 

immunoblot analysis they have shown that Cbln1 binds specifically to the NTD of 

GluD2.  Kuroyanagi and Hirano, (2010) have shown that the flap loop (Arg321-Trp339) 

in the NTD of GluD2 is a crucial region where Cbln1 binds and induces presynaptic 

differentiation. Mutations in the flap loop disrupt these functions. 

 Moreover, Cbln1 interacts with presynaptic Neurexin 1 (NRXN1) and the 

NRXN1-Cbln1-GluD2 trans-synaptic complex mediates synapse formation in the 

cerebellum (Uemura et al., 2010). Additionally they have shown that GluD2 requires 

both neurexin and Cbln1 for presynaptic differentiation. Interaction of neurexin, Cbln1 

and GluD2 is essential for PF-PC synapse formation. This triad is essential for proper 

functioning of excitatory synapses in the cerebellum. It provides for a physical linkage 

between the post synaptic density and the active zone. Ablation of GluD2 results in 

presence of free spines which are indicative of impaired synapse formation in the 

cerebellar purkinje cells (Kashiwabuchi et al., 1995). It is also highly likely that neurexin 

may interact with GluD1 through Cbln1 and this triad may be involved in synapse 
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formation in the forebrain.  Experiments by Matsuda and Yuzaki, (2010) show that Cbln1 

acts as a direct presynaptic organizer and GluD2 serves as a scaffold to accumulate and 

stabilize Cbln1 at synaptic junctions. They have also shown that Cbln1 also acts as an 

indirect presynaptic organizer and leads to GluD2 clustering both in vitro and in vivo, 

thereby indirectly affecting the localization of other postsynaptic molecules via the c-

terminus of GluD2. Cbln1-GluD2 function in both synaptogenesis as well as for synapse 

stabilization (Matsuda and Yuzaki, 2010). Interestingly, the behavioral, physiological and 

anatomical phenotypes of Cbln-1 null mice precisely mimic those of the GluD2 KO mice 

(Selimi and Heintz, 2005; Hirai et al., 2005). Cbln1 has been shown to bind to 

heterologous cells expressing GluD1 and GluD2, also GluD1 has been suggested as an 

alternative postsynaptic receptor for Cbln1 (Matsuda and Yuzaki, 2010). In vitro studies 

in an artificial system and binding studies suggest that GluD1 similarly induces 

presynaptic differentiation and synapse formation and interacts with Cbln1 (Uemura & 

Mishina, 2008; Kuroyanagi et al., 2009; Kakegawa et al., 2009; Matsuda et al., 2010; 

Uemura et al., 2010). Cbln1 is expressed in brain regions where GluD2 is not expressed, 

such as the olfactory bulb, the entorhinal cortex, and certain thalamic nuclei which 

indicates that Cbln1 may bind to other receptors in these regions. GluD1 is the alternative 

candidate receptor, which is highly expressed in these brain regions, especially during 

development. 

 

             

14 



                                 

Figure 4. 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 K, Yuzaki M (2011) Cbln family proteins promote 

synapse formation by regulating distinct neurexin signaling pathways in various brain 

regions. Eur J Neurosci 33:1447-61.] 

 

F. The C-Terminus of Glutamate Delta Receptors and Proteins Interacting with the 

C-Terminus 

There is a line of intracellular proteins that interact with the C-terminal domain 

(CTD) of GluD1 and GluD2. These include PSD93, PSD95, SAP97, spectrin (alpha and 

beta), PTP MEG, EMAP, nPIST, Delphilin, AP-4, S-SCAM, Shank1, Shank2, PKC, 

PICK1. Of these PSD93, EMAP and nPIST interact specifically with the GluD1 receptor.  

PSD-95 plays a role in the regulation of synaptic trafficking of glutamate subtypes 

during different developmental stages and has a known role in excitatory synapse 

development (Elias et al., 2008). 
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The main roles of SAP family proteins are in the regulation of NMDA and kainate 

receptors, and modulation of ion channel activity (Fujita and Kurachi, 2000). 

nPIST is known to regulate AMPA receptor clustering. nPIST has been 

implicated as a chaperone for stargazing-AMPAR synaptic targeting and functions as an 

adaptor protein (Cuadra et al., 2004). It interacts with the C-terminal domain of GluD2 

via the PDZ domain (Orr, 2002). nPIST and Beclin1 have been synergistically known to 

induce autophagy (Yue et al., 2002). GluD2Lc death takes place as a result of autophagy 

(Yue et al., 2002). 

   

G. The GRID1 Gene and Mental Illness and Other Physiological Disorders 

Genetic association studies have established the GRID1 gene, that codes for the 

GluD1 receptor, as a strong candidate gene for schizophrenia, bipolar disorder, and major 

depressive disorder (Fallin et al., 2003; 2005; Guo et al., 2007; Venken et al., 2008; 

Treutlin et al., 2009; Zhu et al., 2009; Greenwood et al., 2011) which may have a 

common genetic link with autism (DeLong, 2004; Mazefsky et al., 2008; Burbach & van 

der Zwaag, 2009). Copy number variation studies have implicated GRID1 in autism 

spectrum disorder (ASD, Glessner et al., 2009; Smith et al., 2009). In addition, the 

GRID1 gene is localized to 10q22-q23 genomic region which is a site for recurrent 

deletions associated with cognitive and behavioral abnormalities (Balciuniene et al., 

2007; van Bon et al., 2011; Cooper et al., 2011). The 10q22-q23 genomic region is the 

locus where other genes such as PTEN and neuroligin3 are present which have been 

implicated in similar neuropsychiatric disorders (Ricci et al., 2004). Further, 
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downregulation of the GluD1 mRNA in the frontal cortex in a chronic mild stress model 

of depression-like behavior rats was reported by Orsetti et al., (2008) which could be 

completely reversed by the antipsychotic quetiapine (Orsetti et al., 2009). Interestingly, 

there is a genetic overlap between autism, schizophrenia and bipolar disorder (Carroll and 

Owen, 2009). Additionally the GRID1 gene is placed close to other genes such as PTEN, 

neuroligin3 which have been implicated in similar neuropsychiatric disorders. 

Mutations in the GRID1 gene have been found to be associated with other 

physiological disorders. Weinberg et al., 2010 in their study have shown that a 

deregulated expression of the GRID1 gene is seen in breast cancer. In a study by Vasan et 

al., (2009), a SNP in the GRID1 gene is implicated in left ventricular wall thickness. Van 

Bon et al., (2011) have shown that GRID1 is a putative candidate gene for cardiac defects 

because of its association with cardiac structure and function. 
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ABSTRACT 

Glutamate delta-1 receptors (GluRδ1) are expressed in the adult hippocampus and inner 

ear and have recently been shown to be important for high frequency hearing.  Similar to 

the closest homolog glutamate delta-2 receptor (GluRδ2), no agonist induced currents are 

observed from GluRδ1 receptors.  In an effort to understand the function of the GluRδ1 

subunit we probed the conserved transmembrane 3 (TM3) region of the GluRδ1 subunit, 

where the GluRδ2 lurcher mutation is localized.  Four mutations in the TM3 domain 

A650C, L652A, A654C and F655A resulted in spontaneously open GluRδ1 channels 

suggesting that GluRδ1 receptors can form homomeric receptors.  The leak currents were 

partially blocked by pentamidine but showed negligible inhibition by NASP.  It has been 

demonstrated that extracellular Ca2+ binds and stabilizes the ligand binding domain 

(LBD) dimer interface leading to potentiation of currents through GluRδ2Lc channels.  

We found that extracellular Ca2+ potentiated the spontaneous currents through 

GluRδ1F655A suggesting that extracellular Ca2+ may interact with the conserved 

residues at GluRδ1 LBD dimer interface.  A recent study suggested that D-serine and 

glycine bind to the GluRδ2 LBD and reduce spontaneous currents through the GluRδ2Lc 

channels.  D-serine and glycine produced only a modest reduction of spontaneous 

currents through GluRδ1F655A and had no effect on the spontaneous current through 

GluRδ1L652A.  However, spontaneous currents in a chimeric GluRδ1-δ2Lc were robustly 

inhibited by D-serine.  These results suggest that the activation gate is conserved in 

GluRδ1 receptors.  Moreover the conformational changes induced by D-serine and 

extracellular Ca2+ are conserved among GluRδ1 and GluRδ2 receptors.  
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1. INTRODUCTION 

GluRδ1 and GluRδ2 receptors form the orphan family of ionotropic glutamate 

receptors (iGluRs).  In the adult brain GluRδ2 is localized postsynaptically at the parallel 

fiber – Purkinje cell synapse (Landsend et al., 1997; Mayat et al., 1995; Takayama et al., 

1996; Zhao et al., 1997). In contrast to GluRδ2, GluRδ1 subunit is expressed in many 

areas in the developing forebrain including caudate putamen and hippocampus (Lomeli et 

al., 1993).  In-situ hybridization and immunohistochemistry reveal high levels of GluRδ1 

mRNA expression in the hippocampal pyramidal neurons and dentate granule neurons 

(Gao et al., 2007; Lein et al., 2007; Lomeli et al., 1993; Mayat et al., 1995).  GluRδ1 

receptors are also highly expressed in the inner ear in particular in the inner hair cells of 

organ of Corti, spiral ganglion neurons, satellite glial cells, type I and type II vestibular 

hair cells and vestibular ganglion neurons (Gao et al., 2007; Safieddine and Wenthold, 

1997) and play a role in high frequency hearing (Gao et al., 2007).  

 

The GluRδ1 and GluRδ2 receptors are predicted to share similar topology as 

other iGluRs (Yuzaki, 2003).  They consist of an extracellular amino terminal domain 

(ATD), a ligand binding domain (LBD), three transmembrane domains (TM1, TM3, and 

TM4), an ion channel-forming re-entrant loop segment (TM2 or P-loop), and a 

cytoplasmic C-terminal domain (CTD).  However, despite their structural similarity to 

the iGluRs, common iGluR agonists fail to generate current responses in GluRδ1 or 

GluRδ2 receptors expressed individually or together in heterologous expression systems 

(Lomeli et al., 1993; Naur et al., 2007).  In addition, the channel properties of some of the 

iGluRs are not modulated upon co-expression of GluRδ2 receptor (Naur et al., 2007).    
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Interestingly a mutant form of GluRδ2 receptor was found to naturally occur in the 

Lurcher mouse that exhibits ataxia and cerebellar dysfunction (Zuo et al., 1997).  The 

Lurcher mouse has a single alanine to threonine substitution (GluRδ2A654T, or 

GluRδ2Lc) in the highly conserved TM3 region of GluRδ2 receptor.  This mutation 

generates a spontaneously open GluRδ2 receptor leading to loss of Purkinje neurons 

followed by cerebellar decortication, ataxia, and deterioration of cognitive functions 

(Phillips, 1960). The pore of GluRδ2Lc receptors is functionally similar to Ca2+-

permeable AMPA/kainate receptors, showing a doubly rectifying current-voltage 

relationship (Kohda et al., 2000; Wollmuth et al., 2000).  Currents through GluRδ2Lc 

receptors are potentiated by extracellular Ca2+ (Hansen et al., 2007; Wollmuth et al., 

2000) and are inhibited by protons and blockers such as pentamidine, tacrine and NASP 

(Koike et al, 1997; Williams et al., 2003).  Recent crystallization study showed that, 

similar to NR1 and NR3 subunits, the LBD of GluRδ2 subunit binds D-serine and glycine 

(Naur et al, 2007).  However, these ligands fail to evoke currents at wildtype GluRδ2 

receptors expressed in heterologous expression systems (Naur et al., 2007).  Interestingly 

D-serine and glycine reduce the spontaneous GluRδ2Lc currents.   

 

The function of GluRδ1 receptors is unknown.  A previous study suggested that 

introduction of the Lurcher mutation in GluRδ1 fails to generate constitutively open 

channels (Williams et al., 2003). Thus it remains unknown whether GluRδ1 can arrange 

as a homomeric receptor with a possible ion channel pore. We performed alanine 

scanning mutagenesis and found several mutations in the TM3 region of the GluRδ1 

receptor that generate spontaneously open channels suggesting that GluRδ1 subunits are 
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capable of forming homomeric receptors with an ion channel pore.  Moreover the 

conformational changes induced by D-serine and extracellular Ca2+ appear to be 

conserved among GluRδ1 and GluRδ2 receptors (Hansen et al., 2009; Naur et al., 2007).  

 

2. RESULTS 

2.1. Mutations in the transmembrane 3 region generate spontaneously open GluRδ1 

receptors 

The alanine to threonine mutation in GluRδ2 produces a spontaneously open 

channel known as the lurcher mutation (Zuo et al., 1997; GluRδ2A654T or GluRδ2Lc).  

However, the corresponding mutation in GluRδ1 fails to generate constitutively open 

channels (Williams et al., 2003).  The lack of spontaneously open GluRδ1A654T may be 

due to inherent differences in the arrangement of the transmembrane domains between 

GluRδ1 and GluRδ2 receptors.  The residues in the transmembrane 3 region are known to 

form the activation gate for iGluRs (Chang and Kuo, 2008; Jones et al., 2002; 

Sobolevsky et al., 2009; Yuan et al., 2005) and may be involved in the gating of GluRδ1 

receptors, provided they are arranged as homomers capable of forming an ion channel.  

We probed this region of the GluRδ1 subunit by performing alanine scanning site-

directed mutagenesis.  If an alanine was present in the wild type receptor it was mutated 

to a cysteine.  The residues SYTANLAAFLTV were individually mutated; cRNA was 

prepared and injected into oocytes.  Recordings were performed 5 days after cRNA 

injection. The constitutive activity of GluRδ1 mutants expressed in oocytes was 

measured as described in the methods.  We found that four mutants GluRδ1A650C, 

GluRδ1L652A, GluRδ1A654C and GluRδ1F655A had significantly higher holding 
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currents (>200nA, n=4) compared to uninjected oocytes or oocytes expressing other 

GluRδ1mutants (Figure 1).  Moreover, the constitutive currents through these four 

mutants were also partially blocked by 100 µM pentamidine, an inhibitor previously 

shown to inhibit GluRδ2Lc (Williams et al., 2003), suggesting that the currents are indeed 

through the ion channel formed by mutant GluRδ1 subunits.  An alanine scanning 

mutagenesis has not been performed previously on GluRδ2 and further studies will be 

required to test whether the mutations in GluRδ1 that result in spontaneously open 

channels have similar functional effects in GluRδ2.     
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  Figure 1:  Scanning mutagenesis reveals 4 mutants, GluRδ1A650C, GluRδ1L652A, 

GluRδ1A654C and GluRδ1F655A,  in the SYTANLAAFLTV region with high leak 

currents suggestive of spontaneous inward currents (n=4 for each mutant).  Inset: a 
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representative two-electrode voltage clamp recording from GluRδ1A650C expressed in 

Xenopus oocytes showing the experimental protocol for detection of spontaneously open 

channels (holding potential= -40 mV).  Dashed line indicates zero current level achieved 

by application of impermeant NMDG.     

 

2.2. Pharmacology of spontaneously open GluRδ1 receptors 

1-Naphthylacetyl spermine (NASP) which is a selective calcium-permeable 

AMPA/kainate channel blocker (Koike et al., 1997) has been shown to effectively inhibit 

currents through GluRδ2Lc receptors (Kakegawa et al., 2007; Naur et al., 2007).  We 

tested the inhibition of constitutively open GluRδ1 channels by NASP.  NASP produced 

a modest, approximately 10%, inhibition of the constitutive currents at the 

GluRδ1A650C, GluRδ1L652A, GluRδ1A654C and GluRδ1F655A (Figure 2A, n=4) 

suggesting possible differences in the ion channel pore between GluRδ1 and GluRδ2.  

Pentamidine (100 µM) inhibited the leak currents by 54 ± 2%, 41 ± 8%, 43 ± % and 39 ± 

4% for GluRδ1A650C, GluRδ1L652A, GluRδ1A654C and GluRδ1F655A mutants 

(Figure 2B, n=4) respectively. Concentration-response curves were generated for 

pentamidine inhibition of the constitutive currents (Figure 2A).  The IC50 for inhibition 

ranged from 10 ± 2 µM to 11 ± 1 µM for the four constitutively open GluRδ1 mutants 

(n=3 for each mutant).   

 

 

 

 

39 



 

NMDG

Pentamidine (µM) 

NASP

0.2µA
1min

NaCl NaCl
A B

A65
0C

L65
2A

A65
4C

F65
5A

0

10

20

30

40

50

60

%
 In

hi
bi

tio
n 

of
 le

ak
 c

ur
re

nt
by

Pe
nt

am
id

in
e 

(1
00

μ
M

)

0

GluRδ1 (A650C)

10

30
100 300

3

 

 

Figure 2:  A. A representative two-electrode voltage clamp recording from 

GluRδ1A650C (holding potential= -40 mV) showing inhibition of spontaneous inward 

currents by NASP and pentamidine. Only a modest (~10%) inhibition was observed by 

NASP.  Dashed line indicates zero current level achieved by application of impermeant 

NMDG.    B. Pentamidine (100 µM) inhibited the leak currents by 54 ± 2%, 41 ± 8%, 43 

± % and 39 ± 4% for GluRδ1A650C, GluRδ1L652A, GluRδ1A654C and GluRδ1F655A 

mutants (n = 4) respectively.      

 

 The spontaneous currents through the GluRδ2Lc receptor are potentiated by 

extracellular Ca2+ (Hansen et al., 2009; Wollmuth et al., 2000).  The crystal structure has 

revealed that the Ca2+ binding site in GluRδ2 is formed by Glu531, Val534, Asp535 and 

Asp782 (Hansen et al., 2009; Naur et al., 2007).  These Ca2+ binding residues are 

conserved in GluRδ1 (Glu527, Val530, Asp531 and Asp782; Figure 5B) and therefore, it 

is likely that Ca2+ may similarly potentiate spontaneously open GluRδ1 mutants.  To 

investigate the effect of extracellular Ca2+ we applied increasing concentrations of Ca2+ 
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(10 µM to 3 mM) to oocytes expressing the spontaneously open GluRδ1 mutants or the 

GluRδ2Lc. Extracellular Ca2+ markedly potentiated spontaneously active currents at 

oocytes expressing GluRδ1F655A by 2.0 ± 0.3-fold (n=5, p<0.05 paired t-test, Figure 

3B).  Increase in extracellular Ca2+ had a modest but significant effect on currents 

through GluRδ1L652A receptors (1.42 ± 0.17-fold increase, n = 15, p<0.05 paired t-test, 

Figure 3B).  The Ca2+-induced potentiation of GluRδ1F655A currents was however less 

than the potentiation of GluRδ2Lc currents (4.2 ± 0.3-fold increase, n=8, p<0.0001 paired 

t-test, Figure 3B). The EC50 of Ca2+ potentiation at GluRδ2Lc, GluRδ1F655A and 

GluRδ1L652A was 305±43 µM, 228±8 µM and 889±23 µM, respectively. Choline 

chloride was used to normalize and control for changes in osmolarity resulting from 

increased CaCl2 concentration. Moreover control experiments in uninjected oocytes 

demonstrated that increase in leak currents was not merely due to increase in extracellular 

Ca2+ (data not shown) suggesting that Ca2+-mediated increase in spontaneous currents is 

specifically through GluRδ1 mutants and GluRδ2Lc.  Nevertheless the role of Ca2+-

activated chloride channel in the increase in leak currents at high Ca2+ concentrations 

cannot be completely eliminated.    
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Figure 3:  A. Representative two-electrode voltage clamp recording of current responses 

to increasing concentrations of extracellular Ca2+ (10 µM to 3 mM) at GluRδ1F655A 

expressed in Xenopus oocytes (holding potential= -40 mV). B. GluRδ2Lc (n=8), 

GluRδ1F655A (n=5), and GluRδ1L652A (n=15), showed substantial spontaneous inward 

currents, which were further potentiated by extracellular Ca2+. Potentiation of GluRδ2Lc, 

GluRδ1F655A and GluRδ1L652A inward currents by extracellular Ca2+ was 

concentration dependent. The data were fit to the Hill equation, which showed that Ca2+ 

potentiates GluRδ1F655A, GluRδ1L652A and GluRδ2Lc with an EC50 of  305±43  µM, 

228±8 µM  and 889±23 µM respectively and a maximal fold potentiation of 2.0 ± 0.3, 

1.42 ± 0.17 and 4.2 ± 0.3, respectively, relative to baseline spontaneous inward currents. 

    An important step in understanding the structure-function of orphan glutamate 

receptors was the recent crystallization of the LBD of the GluRδ2 subunit (Naur et al., 
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2007).  It was identified that the binding pocket of GluRδ2 has similarity to the NR1 

binding pocket and allows binding of small amino acids D-serine and glycine but not 

glutamate.  Although D-serine and glycine bind to the LBD of GluRδ2, they fail to 

induce ion channel currents in wild type receptors expressed in heterologous expression 

system (Naur et al., 2007).  Interestingly, in the GluRδ2Lc mutant receptor, D-serine and 

glycine lead to a concentration-dependent reduction in the spontaneous currents (Naur et 

al., 2007).  We tested whether D-serine and glycine inhibit currents through the 

spontaneously open GluRδ1 mutants.  In the GluRδ1F655A mutant D-serine and glycine 

lead to a modest reduction in current (Figure 4A). Application of 3mM D-serine was able 

to inhibit spontaneous currents by 47 ± 3% while 3mM glycine inhibited currents by 37 ± 

3% that of 100 µM pentamidine (n=4). No reduction in current was observed in the 

GluRδ1L652A (data not shown) which further indicates that the effect of D-serine and 

glycine at GluRδ1F655A may not be due to non-specific effects such as change in 

osmolarity.  Nonetheless, the possibility that presence of a contaminant compound leads 

to the reduction in spontaneous currents cannot be completely eliminated.  Interestingly, 

the results of D-serine inhibition of spontaneous currents through GluRδ1 mutants are in 

contrast to GluRδ2Lc where 3 mM D-serine inhibits majority of the spontaneous currents 

(Naur et al., 2007; Figure 4E).  Thus these results suggest that unique structural 

differences may exist between GluRδ1 and GluRδ2 which lead to greater inhibition or 

conformational change induced by D-serine at GluRδ2Lc (Naur et al., 2007) in 

comparison to GluRδ1 mutants.  Alternatively it is also possible that different mutations 

in residues forming the activation gate may have different characteristics including the 
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degree of conformational change induced by D-serine that leads to reduction in 

spontaneous current.  
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Figure 4:  A. Representative two-electrode voltage clamp recording of current responses 

from GluRδ1F655A to application of 100µM pentamidine, 3mM D-serine and 3mM 

glycine (holding potential= -40 mV).  B. Application of 3 mM D-serine and 3mM glycine 

inhibited currents by 47 ± 3% and 37 ± 3% that of 100 µM pentamidine respectively 

(n=4)  C. Topological representation of the GluRδ1- δ2Lc chimera.  D.  Representative 

recording showing inhibition of spontaneous inward currents through GluRδ1- δ2Lc 

chimera by pentamidine (100 µM) and D-serine (10 µM -3 mM).  E.  Concentration-

response plots for D-serine inhibition of spontaneous currents at GluRδ1- δ2Lc and 

GluRδ2Lc.  The EC50 of D-serine inhibition was 179±24 µM for GluRδ1- δ2Lc (n=5) and 

231±10 µM for GluRδ2Lc (n=6).        

 

 It is well understood that the linker between TM3 to S2 directly couples LBD 

movements into channel gating (Jones et al., 2002).  Thus it is possible that difference in 

the TM3-S2 linker or the following elements between GluRδ1 and GluRδ2 may lead to 

difference in the degree of D-serine-induced inhibition of spontaneous currents.  To test 

this hypothesis we took a general approach and created a chimeric receptor (Figure 4C). 

In this chimera, the region preceding the lurcher mutation site was GluRδ1 and following 

was GluRδ2 and this chimera contained the lurcher (A to T) mutation (referred as 

GluRδ1- δ2Lc hereafter; Figure 4C).  Surprisingly, GluRδ1- δ2Lc was found to exhibit 

spontaneous current (n=5, Figure 4D).  Moreover, D-serine (10 µM- 3mM) reduced the 

spontaneous currents through GluRδ1- δ2Lc in a concentration-dependent manner similar 

to GluRδ2Lc (Figure 4D).  The EC50 of D-serine inhibition was 179±24 µM for GluRδ1- 

δ2Lc (n=5) and 231±10 µM for GluRδ2Lc (n=6, Figure 4E).  The most parsimonious 
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explanation for this result is that the residues in the S2 domain or perhaps the linkers 

connecting the TM3 and TM4 to the S2 domain may have distinct characteristics between 

GluRδ1 and GluRδ2 which leads to difference in the degree of inhibition by D-serine at 

GluRδ1 mutants compared to GluRδ2Lc.  Alternatively, it is possible that the Lurcher 

mutation, in contrast to other mutations in the activation gate, is unique in that it allows 

greater conformational change and greater D-serine-induced inhibition of spontaneous 

currents.                 

 

3. DISCUSSION 

 This is the first report characterizing the putative ion channel function of the 

orphan GluRδ1 receptor.  There are three important findings of this paper. First, the 

activation gate is conserved in the GluRδ1 receptor similar to other iGluRs.  Several 

mutations in the conserved TM3 region generated pentamidine-sensitive spontaneously 

open channels.  These data further suggest that GluRδ1 can assemble as homomeric 

receptors to form ion channels.  Second, the Ca2+ binding site at the dimer interface of 

GluRδ2 receptor most likely is functionally conserved in GluRδ1 receptor since the 

application of extracellular Ca2+ potentiated currents through GluRδ1 mutants similar to 

GluRδ2Lc.  And lastly, D-serine produced an inhibition of spontaneous currents through a 

GluRδ1 mutant and chimeric GluRδ1-δ2Lc further suggesting conservation of the LBD 

structure-function in GluRδ1 and GluRδ2.  It should be noted that the degree of Ca2+-

potentiation and D-serine-inhibition at the GluRδ1 mutants was less than GluRδ2Lc which 

could point to inherent differences between GluRδ1 and GluRδ2 in the structure of these 

binding sites or the interacting residues.        
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3.1. Conserved Activation Gate in GluRδ1 similar to other iGluRs 

 It is well established that a highly conserved region in the transmembrane 

region 3 forms the activation gate of iGluRs (Chang and Kuo, 2008; Jones et al., 2002; 

Sobolevsky et al., 2009; Yuan et al., 2005). Mutations in this region lead to leaky iGluRs 

and decrease in agonist EC50 (Klein et al., 2004; Kohda et al., 2000; Taverna et al., 2000). 

Studies by Kashiwagi et al., (2002) and Chang and Kuo (2008) have shown that 

mutations in the SYTANLAAF region of NR1 and NR2B subunit resulted in 

constitutively open channels. Moreover in the case of GluRδ2, which does not show 

agonist-induced currents, Lurcher mutation leads to generation of constitutively open 

channels (Zuo et al., 1997).  The results in this study extend this finding to the GluRδ1 

receptor.  Our results establish that the residues in the highly conserved SYTANLAAF 

region form the activation gate for GluRδ1 since mutations in a set of closely arranged 

residues were found to generate spontaneously open channels. Pharmacologically some 

differences were observed between GluRδ1 and GluRδ2.  For example, only a modest 

NASP inhibition was observed in our study on spontaneously open GluRδ1 mutants in 

comparison to GluRδ2Lc (Hansen et al., 2009). It is possible that the structural 

arrangement of residues interacting with NASP lead to the difference in the block.  In 

contrast, the inhibition of these currents by pentamidine was found to be similar to 

GluRδ2Lc (Williams et al., 2003).   

 

3.2. Extracellular Ca2+ and D-serine have opposing effects on spontaneous currents 

 Increase in extracellular Ca2+ potentiates currents through GluRδ2Lc (Ikeno et 

al., 2001; Hansen et al., 2009; Wollmuth et al., 2000; Taverna et al., 2000).  We found 

48 



that an increase in extracellular Ca2+ lead to a two-fold potentiation of currents through 

GluRδ1F655A.  Results from a recent study (Hansen et al., 2009) indicate that Ca2+ 

interacts with the residues at the dimer interface of GluRδ2 and stabilizes the LBDs 

which thereby leads to potentiation of spontaneous GluRδ2Lc currents.  The residues 

forming the Ca2+ binding site at the dimer interface are conserved among GluRδ1 and 

GluRδ2 (Figure 5B).  Thus it is likely that a dimer stabilizing mechanism may be 

involved in Ca2+ mediated potentiation of GluRδ1F655A currents.  Interestingly only a 

modest but significant potentiation was observed for GluRδ1L652A suggesting that 

different residues in the SYTANLAAF region may have unique effects on the 

conformation of the receptor and its modification by extracellular Ca2+ binding. 
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Figure 5:  Homology model of GluRδ1 superimposed on crystal structure of GluRδ2 

ligand binding domain (PDB ID: 2V3T, 2V3U).  A.  Ligand binding pocket of GluRδ2 

showing residues interacting with D-serine (PDB ID: 2V3U, White (Green, online)).  

Homology model of GluRδ1 is shown in Grey (Orange, online).  The D-serine binding 

site in GluRδ2 is formed by Tyr496, Ala523, Thr525, Arg530, Tyr543, Ala686 and 

Asp742 (Naur et al., 2007; Hansen et al., 2009).  These D-serine interacting residues are 

conserved in the GluRδ1 receptor (Tyr492, Ala519, Thr521, Arg526, Tyr539, Ala686 

and Asp742). B.  Ca2+ interacts at the dimer interface of GluRδ2 (PDB ID: 2V3T).  The 

residues interacting with Ca2+ are conserved in GluRδ1.  The Ca2+ binding site in GluRδ2 

is formed by Glu531, Val534, Asp535 and Asp782 (Naur et al., 2007; Hansen et al., 
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2009). These Ca2+ binding residues are conserved in the GluRδ1 receptor (Glu527, 

Val530, Asp531 and Asp782).   

 

Recent crystallization of GluRδ2 LBD in complex with D-serine has demonstrated that 

D-serine can bind and induce closure of the LBD around the ligand (Naur et al., 2007). 

Similar conformational changes activate AMPA, kainate and NMDA receptors however, 

D-serine application fails to activate wildtype GluRδ2 and GluRδ1 receptors (Naur et al., 

2007).  Nonetheless, D-serine inhibits currents through the constitutively open GluRδ2Lc 

(Hansen et al., 2009; Naur et al., 2007). Studies by Schmid et al., (2009), have shown that 

transplantation of the GluR6 LBD in place of GluRδ2 LBD resulted into glutamate-gated 

ion channels possessing low Ca2+ permeability and inward rectification of currents. 

Conclusions drawn from their studies suggest that the GluRδ receptors differ from other 

iGluRs in the LBD. Studies have shown that at AMPA and kainate receptors, the stability 

of the dimer interface is reduced upon agonist binding and closure of the LBD around the 

agonist (Armstrong et al., 2006; Hansen et al., 2007; Horning and Mayer, 2004; Jin et al., 

2003, 2005; Weston et al., 2006). This instability leads to rearrangement of the dimer 

interface such that the receptor switches to a non-conducting conformation leading to 

closure of the ion channel and desensitization (Armstrong et al., 2006; Hansen et al., 

2007; Mayer, 2006).  A similar mechanism of desensitization has been suggested for D-

serine inhibition of currents through GluRδ2Lc (Hansen et al., 2009).  On a similar line, 

we found that D-serine inhibits currents in the GluRδ1F655A mutant as well as the 

GluRδ1-δ2Lc chimera suggesting that D-serine most likely binds at the LBD of GluRδ1 to 

produce these effects.  Thus similar to GluRδ2Lc (Hansen et al, 2009), D-serine and Ca2+ 
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binding have opposing effects on GluRδ1 mutants, D-serine binding induces a negative 

rearrangement of the dimer interface whereas Ca2+ leads to stabilization of the dimer 

interface.  

 

3.3. Conclusion 

 Recent studies have provided strong evidence that several functions of GluRδ2 

such as LTD and synaptogenesis (Kashiwabuchi et al., 1995; Hirai et al., 2003; Yuzaki 

2004) do not require ion channel activity, but rather, the ATD or CTD is necessary for 

these processes (Kakegawa et al., 2007, 2009; Kohda et al., 2007; Kuroyanagi et al., 

2009; Uemura et al., 2007, 2008; Yawata et al., 2006). Experiments in artificial systems 

suggest that GluRδ1 may also be involved in presynaptic differentiation (Kuroyanagi et 

al., 2009; Uemura and Mishina, 2008). Moreover, recent studies have identified that 

Cbln1 may act as a ligand for the ATD of GluRδ1 and GluRδ2 receptors (Matsuda et al., 

2010; Uemura et al., 2010). Nonetheless, ion channel function of the GluRδ1 and GluRδ2 

receptors cannot be ruled out. Our studies suggest that GluRδ1 has similar structural ion 

channel attributes as GluRδ2 and is capable of assembling as homomers.  Additionally, 

some of the most important pharmacological characteristics such as pentamidine 

inhibition, potentiation by extracellular Ca2+ and inhibition by D-serine in spontaneously 

open mutant form of GluRδ1 are similar to GluRδ2Lc.  Further studies on GluRδ1 

receptor will provide valuable insight into the physiological role of the GluRδ1 receptor. 
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4. EXPERIMENTAL PROCEDURES 

 

4.1. Site-directed mutagenesis 

  Site directed mutagenesis was performed as previously described (Dravid et 

al., 2007).  Cyclic RNA was synthesized from linearized template cDNA according to 

manufacturer's specifications (Ambion) as previously described (Dravid et al., 2007). The 

quality and quantity of the synthesized cRNA was assessed by gel electrophoresis and 

spectroscopy and was injected into oocytes. Briefly, stage V and VI oocytes were 

surgically removed from the ovaries of Xenopus laevis anaesthetized with 3-amino-

benzoic acid ethylester (1 g l–1). Clusters of oocytes were incubated with 292 U ml–1 

type IV collagenase Worthington (Freehold, NJ, USA) for 2 h in a Ca2+-free solution 

comprised of (mM): 115 NaCl, 2.5 KCl and 10 Hepes, pH 7.5 (adjusted by 5N NaOH), 

with slow agitation to remove the follicular cell layer. Oocytes were then washed 

extensively in the same solution supplemented with 1.8 mM CaCl2 and maintained in 

Barth's solution comprised of (mm): 88 NaCl, 1 KCl, 2.4 NaHCO3, 10 Hepes, 0.82 

MgSO4, 0.33 Ca(NO3)2 and 0.91 CaCl2 and supplemented with 100 µg ml–1 gentamycin, 

40 µg ml–1 streptomycin and 50 µg ml–1 penicillin. Oocytes were injected within 24 h of 

isolation with 5 ng of cRNA for rat GluRδ1 or rat GluRδ2 or mutants in a 50 nl volume, 

and incubated in Barth's solution at 18°C for 3–7 days; some oocytes were stored at 4°C 

after 3–5 days. All laboratory practices and animal care were consistent with current NIH 

guidelines and all experimental protocols were approved by the Creighton University 

Institutional Animal Care and Use Committee (IACUC).  
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4.2. Voltage-clamp recordings from Xenopus oocytes 

  Two-electrode voltage-clamp recordings were made 3–5 days postinjection. 

Oocytes were placed in a dual-track recording chamber with a single perfusion line that 

split to perfuse two oocytes. Dual recordings were made using Warner OC725B two-

electrode voltage clamps configured as recommended by the manufacturer. The bath 

clamps communicated across silver chloride wires placed into each side of the recording 

chamber, both of which were assumed to be at a reference potential of 0 mV. Oocytes 

were perfused with a solution comprised of (mM): 90 NaCl, 1 KCl, 10 Hepes and 0.5 

BaCl2, pH 6.9 or 7.6, and recorded at a holding potential of -40mV. All experiments were 

performed at room temperature (23°C). 

 

4.3. Determination of constitutively open channels 

 Under voltage-clamp the extracellular recording solution containing NaCl was 

be switched to the buffer where NaCl is replaced by equimolar quantities of the 

impermeant cation N-methyl D-glucamine chloride (NMDGCl).  The leak current in the 

NaCl containing solution was recorded.  The presence of constitutive currents was 

indicated by; (1) High leak currents based on extracellular solution containing NaCl 

compared to that when NaCl is replaced by impermeable NMDG, (2) The inhibition of 

leak currents by putative channel blocker pentamidine. 
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4.4. Data analysis 

  All values are given as mean + SEM.  We compared the differences of means 

using unpaired t-test, and values p<0.05 were considered significantly different.  Data 

were analyzed with GraphPad Prism 4.0 (Graph-Pad Software). 
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Abstract 

The delta family of ionotropic glutamate receptors consists of glutamate δ1 (GluD1) and 

glutamate δ2 (GluD2) receptors.  While the role of GluD2 in the regulation of cerebellar 

physiology is well understood, the function of GluD1 in the central nervous system 

remains elusive.  We demonstrate for the first time that deletion of GluD1 leads to 

abnormal emotional and social behaviors.  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. Chronic lithium partially rescued 

the mania- and depression-like behavior in GluD1 KO.  GluD1 KO mice also manifested 

deficits in social interaction.  In the sociability test, GluD1 KO mice were found to spend 

more time interacting with an inanimate object compared to a conspecific mouse. D-

Cycloserine (DCS) administration was able to rescue social interaction deficits observed 

in GluD1 KO mice.  At a molecular level synaptoneurosome preparations revealed lower 

GluA1 and GluA2 subunit expression in the prefrontal cortex and higher GluA1 and 

PSD95 expression in the amygdala of GluD1 KO. Moreover, DCS normalized the lower 

GluA1 expression in prefrontal cortex of GluD1 KO.  We propose that deletion of GluD1 

leads to aberrant circuitry in prefrontal cortex and amygdala owing to its potential role in 

presynaptic differentiation and synapse formation.  Furthermore, these findings are in 

agreement with the human genetic studies suggesting a strong association of GRID1 gene 

with several neuropsychiatric disorders including schizophrenia, bipolar disorder, autism 

spectrum disorders and major depressive disorder.   
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Introduction 

The delta family of ionotropic glutamate receptors (iGluRs) consists of the 

glutamate δ1 (GluD1) and glutamate δ2 (GluD2) receptors which share ~60% homology 

(Lomeli et al., 1993).  GluD2 is selectively expressed at the parallel fiber-Purkinje cell 

(PF-PC) synapse in the adult cerebellum (Takayama et al., 1996; Landsend et al., 1997; 

Zhao et al., 1997). Deletion of GluD2 leads to severely reduced PF-PC synapses and 

abrogated long-term depression together with ataxia and impaired motor learning 

(Kashiwabuchi et al., 1995).  Moreover, recent studies have established that the N-

terminal domain (NTD) of GluD2 is necessary and sufficient for induction of presynaptic 

differentiation and synapse formation (Uemura and Mishina, 2008; Kakegawa et al., 

2009; Kuroyanagi et al., 2009).  GluD1 is highly expressed in the inner hair cells of the 

organ of Corti (Safieddine and Wenthold, 1997; Gao et al., 2007).  Deletion of GluD1 

leads to a deficit in high frequency hearing in mice (Gao et al., 2007).  In the central 

nervous system (CNS), GluD1 is expressed diffusely throughout the forebrain during 

early development (Lomeli et al., 1993), (Mayat et al., 1995)  however its functional 

significance remains elusive. GluD1 knockout mice (GluD1 KO) have normal learning in 

the water maze test and intact hippocampal long-term potentiation (Gao et al., 2007).  In 

vitro studies indicate that GluD1, similar to GluD2, may induce presynaptic 

differentiation and synapse formation (Uemura and Mishina, 2008; Kuroyanagi et al., 

2009; Matsuda et al., 2010; Uemura et al., 2010).   

The strongest evidence of potential involvement of GluD1 in regulating neural 

circuitry comes from human genome-wide association studies.  Genetic association 

studies have established the GRID1 gene, which codes for GluD1, as a strong candidate 

67 



gene for schizophrenia, bipolar disorder, and major depressive disorder (Fallin et al., 

2005; Guo et al., 2007; Orsetti et al., 2008; Venken et al., 2008; Orsetti et al., 2009; 

Treutlein et al., 2009; Zhu et al., 2009; Greenwood et al., 2011).  Copy number variation 

studies have also implicated GRID1 in autism spectrum disorder (ASD) (Glessner et al., 

2009; Smith et al., 2009; Cooper et al., 2011).  In addition, GRID1 gene is localized to 

the 10q22-q23 genomic region which is a site for recurrent deletions associated with 

cognitive and behavioral abnormalities (Balciuniene et al., 2007; van Bon et al., 2011).   

In this study we performed behavioral characterization of the GluD1 KO mice and 

found remarkable features including hyperactivity, hyperaggression, greater depression-

like behavior and deficits in social interaction in the GluD1 KO.  Additionally we found 

changes in synaptoneurosomal expression of synaptic proteins, including iGluR subunits, 

in the prefrontal cortex and amygdala of GluD1 KO.  The synaptoneurosomal 

abnormalities further support a potential role of GluD1 in the regulation of synapse via its 

proposed effect on presynaptic differentiation and synapse formation (Uemura and 

Mishina, 2008; Kuroyanagi et al., 2009; Matsuda et al., 2010; Uemura et al., 2010).   

Overall, our results underscore the importance of GluD1 in development of normal neural 

circuitry in brain regions that regulate emotional and social behaviors, dysregulation of 

which may lead to appearance of characteristic features of neuropsychiatric disorders.  
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Materials and Methods 

Animals 

GluD1 KO mice were obtained from Dr. Jian Zuo, St. Jude’s Children’s Hospital [10]. 

These mice had been generated by creating a targeting construct that deleted exons 11 

and 12 of the GluD1 gene (GRID1). The targeted disruption ensured removal of three of 

the four transmembrane domains of the GluD1 receptor and introduced a frameshift after 

exon 12. In the PCR analysis no 220 bp wildtype bands (in the deleted region) were 

detected in the homozygous GluD1 KO mice. All mice analyzed were from a mixed 

background of 129/SvEv and C57BL/6 in the F2 to F6 generations (Gao et al., 2007). 

Wildtype (WT), GluD1 heterozygous and GluD1 KO male mice, aged 8 weeks were 

either group housed (4-5 mice) or single housed (as per the requirements of the test) 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.  Behavioral testing was performed between 9:00 a.m 

and 4:00 p.m. The study did not involve using female mice to avoid the confounding 

effects of the estrus cycle on behavioral and neurochemical measures. The WT, GluD1 

heterozygous and GluD1 KO mice were obtained from previously genotyped parent 

cages. Genotyping was done as previously described (Gao et al., 2007). The primers used 

for the reaction were as follows: a pair of primers from the deleted region of GluD1; 

5’GCAAGCGCTACATGGACTAC 3’ and 5’GGCACTGTGCAGGGTGGCAG 3’ 

and a pair of primers from the targeting vector; 5’CCTGAATGAACTGCAGGACG 3’  

and 5’CGCTATGTCCTGATAGCGATC 3’. As per the requirements of the tests, mice 

were handled for 3 days to acclimatize them to the experimenter before subjecting them 

to the experimental procedures. Each day the experimenter picked up each animal and the 
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animal was allowed to explore the experimenter’s hand for 2 min. All experimental 

animals were placed in the experimental room at least 60 min before beginning any 

experimental protocol. Unless indicated otherwise, all experimental environments were 

thoroughly cleaned with 70% ethanol between trials which was given time to dry. All 

behavioral procedures were video-recorded and scored by a scorer blind to the genotype 

of the animal via a random coding system of the video files. 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.  

 

Test for vision 

To test normal vision in GluD1 KO we performed a qualitative test.  The mice 

were picked up by the tail and slowly lowered to a wire cage lid.  Normal vision was 

suggested by the animal extending its forepaws and attempting to grip the lid just before 

contact with the surface.   

 

Test for olfaction  

Hide the cookie test was performed to test olfaction (Yang and Crawley, 2009). 

Two days before the test, mice were acclimatized to the food stimulus; a mini cookie 

from Teddy Grahams (Nabisco, Hanover, New Jersey). 18-24 hrs before the test, mice 
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were fasted with free access to water.  The mouse to be tested was then placed in a clean 

cage with 3 cm deep bedding and allowed to acclimate to the cage for 5 min. The mouse 

was then transferred to an empty cage. In the cage containing the bedding, the food 

stimulus was buried 1 cm beneath the bedding in a random corner of the cage. The 

bedding surface was made smooth. The mouse was reintroduced into the cage and the 

latency to find the food stimulus was recorded.  In case a mouse failed to find the buried 

food stimulus, the mouse was allowed to explore the cage for 15 min and the latency was 

scored as 900 sec. 

 

Open field test   

The open field test was performed as previously described (Hillman et al., 2011). 

Spontaneous locomotor activity was recorded in an open field 25 X 25 cm arena with 

grid marking (6.25 X 6.25 cm) on the bottom. White light of 300-330 lux intensity was 

used to evenly illuminate the entire open field arena.  The number of times and total time 

the mouse entered the central four squares (central field penetration) as well as the total 

number of line crosses made by the mouse in the 15 min interval were tallied and 

expressed as cumulative line crosses during the 15 min interval. Scoring was done by an 

experimenter blind to the genotype of the mice.  

 

 

 

71 



Marble burying test 

The marble burying test was performed as previously described (Deacon, 2006) 

with minor modifications. Anxiety-like behavior was assessed with the marble burying 

test using a square 25 X 25 cm arena with the home cage bedding to a height of 5 cm. 

White light of 300-330 lux intensity was used to evenly illuminate the entire arena of the 

marble burying test.  36 dark colored marbles 1.5 cm in diameter were placed 5 cm apart. 

The test mouse was placed in the same corner of the open field arena and left in the arena 

for 30 min. At the end of the 30 min the mouse was taken out and the number of marbles 

buried was counted. If two-thirds of a marble was buried inside the bedding it was 

counted as buried otherwise non-buried.  The marble burying test is based on the 

observation that mice experiencing greater anxiety-like behavior would bury greater 

number of marbles (Deacon, 2006).  

 

Resident-intruder test  

The resident-intruder test was performed as previously described (Saudou et al., 

1994) with minor modifications. The resident animals were singly housed for three weeks 

and the last one week prior to conducting the test no cage change was done. A WT mouse 

(intruder) was introduced into the home cage of the singly housed resident animal. The 

grid wire holding the feed and the water bottle was removed; the cotton in the cage was 

also removed while conducting the test. All the resident animals weighed 4-5 g more than 

the intruder animals. The two mice were left to interact for 10 min. Each intruder mouse 

was only used once.  The interaction between the two mice was videotaped and scored 
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later for attack latency and frequency of attacks with the scorer being blind to the 

genotype of the mice. Attack latency is defined as the time taken for the resident to the 

first attack. 

 

Forced swim test  

The forced swim test measures depression-like behavior in mice (Porsolt et al., 

1977).  Mice were placed in a glass cylinder 13 cm diameter X 24 cm high, filled with 10 

cm high water (22±2 ºC), for a period of 5 min. Water was changed between subjects.  

All test sessions were recorded by a video camera positioned in front of the glass 

cylinder.  Videotapes were subsequently scored by an observer blind to the genotype of 

the mice.  Mice were judged immobile when they remained floating passively in the 

water, with minor movements to keep their heads above the water. The videos were 

scored for total duration of immobility and latency to immobility. Latency to immobility 

is defined as the duration of time from the beginning of the test session, to the appearance 

of the first 3 sec immobile event.   

 

Lithium treatment 

Chronic lithium treatment was conducted as previously described (Shaltiel et al., 

2008).  This protocol has been shown to maintain trunk blood level of lithium within the 

human therapeutic level (0.4-1.2 mM).  We measured the blood lithium concentration at 

the end of the experiments and found that they were within this stipulated range (0.7-1.0 
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mM) (performed at Creighton University Medical laboratory).  WT and GluD1 KO mice 

were fed lithium carbonate chow (2.4 g/kg, Bioserve, Frenchtown, NJ, USA) or control 

chow identical to lithium carbonate chow with the exception of lithium salt for 4 weeks.  

Due to the side effects of polyuria and polydipsia the cage bedding and water bottles 

were changed twice a week.  Mice were also supplied with 0.9% NaCl in addition to tap 

water to supplement for possible electrolyte imbalance.      

 

Sociability test/Preference for social novelty   

The procedure for the social interaction and social novelty test were performed as 

previously described (Moy et al., 2004; Crawley, 2007) with minor modifications. The 

experiment was conducted in a room with a light intensity of 300-330 lux.  The social 

interaction chamber is a three chambered apparatus made of clear Plexiglas. Doorways 

built into the two dividing walls controlled access to the side chambers. Each of the three 

chambers was 20 cm length X 40.5 cm width X 22 cm high.  In the sociability test, the 

experimental mouse was subjected to a 5 min acclimation period in the middle chamber 

with doors to both the side chambers closed. This was done in the presence of an 

unfamiliar adult male (Stranger 1) in one of the chambers and an inanimate object in the 

other chamber.  A transparent plastic container with holes was used to enclose the 

Stranger 1 mouse. The other chamber contained an empty container of the same size 

(referred to as inanimate object). A weighted plastic cup was placed on top of each plastic 

container to prevent the subject from climbing to the top. Location of the stranger mouse 

and the inanimate object was alternated between the two-side chambers on consecutive 
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sessions.  During the sociability test doors to the chambers on either side were opened 

and the experimental mouse was allowed to explore the three chambers for 10 min.  A 

circle with a 1 cm radius was marked around the periphery of the plastic container.  The 

duration the experimental mouse spent within this circle interacting with the inanimate or 

Stranger 1 containing plastic container was recorded.  The percent time interacting with 

Stranger 1 was reported as: time interacting with Stranger 1/[(time interacting with the 

inanimate object) + (time interacting with Stranger 1)]*100.  Subsequently the same 

experimental mouse was subjected to the test for social novelty, beginning with the 

experimental mouse being acclimatized to the middle chamber for 10 min in the presence 

of the two stranger mice, one on either side, with the second unfamiliar mouse being a 

new stranger mouse (Stranger 2) placed in the opposite side, which was previously empty 

during the sociability test with the doors on either side of the middle chamber to the side 

chambers being closed.  During the test for social novelty, the doors on either side were 

raised open and the experimental mouse was allowed to explore all the three chambers 

for 10 min.  The duration the experimental mouse spent exploring the circle around 

plastic container containing Stranger 1 or Stranger 2 was recorded.  The percent time 

interacting with Stranger 2 was reported as: time interacting with Stranger 2/[(time 

interacting with Stranger 1 + time interacting with Stranger 2)]*100. All the stranger 

mice used for the experiment were WT mice. The entire procedures were video-taped and 

scored later by a person blind to the genotype of the mice.  
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D-Cycloserine (DCS) treatment 

The sociability test and the test for social novelty were performed and scored in 

the same manner as described above. There were four groups of mice, WT saline, GluD1 

KO saline, WT DCS and GluD1 KO DCS.  DCS (Sigma-Aldrich (C6880); St Louis, MO) 

was dissolved in 0.9% saline.  Freshly dissolved DCS was used for experiments. We used 

a dose of DCS that has previously been shown to be efficacious in social behavior in 

mice (McAllister, 1994; Deutsch et al., 2011). Mice were administered a single dose of 

320 mg/kg DCS in 0.9% saline (80-100 µl) or 0.9% saline (90 µl) intraperitoneally, 20 

min prior to beginning the sociability/social novelty test.  

 

mRNA expression analysis  

The amygdala, hippocampus and prefrontal cortical tissue samples were extracted 

and homogenized in 1ml TRIzol reagent per 50-100 mg of tissue. Phase separation was 

achieved by addition of 0.2 ml of chloroform and centrifugation at 12,000 X g for 15 min 

at 2-8 ºC. For RNA precipitation, the aqueous phase was transferred into a fresh tube and 

0.5ml isopropyl alcohol was added. The samples were incubated for 10 min and 

centrifuged at 12,000 X g for 10 min at 2-8 ºC. RNA pellet was washed once with 75% 

ethanol, briefly dried and dissolved in DEPC water.  

The primers used for the reaction were as follows: GluD1 forward 5’ 

ACCTCCTGGAATGGGATGAT, GluD1 reverse 5’CCTCAGGCTTCTTGATGAGG, 

β-actin forward 5’AATTTCTGAATGGCCCAGGT, β-actin reverse 5’TGTGCACTT 

TTATTGGTCTCAA. For RT-PCR, 3 µg RNA was purified from the amygdala,  
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hippocampus and the prefrontal cortex of postnatal day 15, WT and GluD1 KO mice and 

subjected to DNAse treatment and was thereafter reverse transcribed into cDNA in a 10 

µl reaction and the cDNA thus obtained was subjected to a conventional RT-PCR . In 

each case, RNA samples were verified as free of DNA contamination by running RT-

PCR negative control lacking reverse transcriptase. From the 10 µl cDNA, 5 µl was used 

for PCR reaction with GluD1 primers and 5 µl was used for PCR reaction with β-actin 

primers. For the PCR, total of 32 cycles were employed with annealing at 55 ºC and 

extension at 72 ºC. 12 µl of each sample’s PCR product was separated by 2% agarose gel 

electrophoresis and the gels were imaged using a UV image analyzer.   

 

Synaptoneurosome preparation and western blot analysis 

For synaptoneurosomal preparation amygdala and prefrontal cortex were isolated 

from WT and GluD1 KO mice (45-50 day old naïve mice) and homogenized in 

synaptoneurosome buffer (10 mM HEPES, 1 mM EDTA, 2 mM EGTA, 0.5 mM DTT, 

10 µg/ml leupeptin, and 50 µg/ml soybean trypsin inhibitor, pH 7.0) as previously 

described (Villasana et al., 2006), additionally containing 5 mg/ml pepstatin, 50 mg/ml 

Aprotonin and 0.5 mM phenylmethanesulfonylfluoride (PMSF). From this step forward 

the homogenate was kept ice-cold at all times to minimize proteolysis throughout the 

isolation procedure. The homogenate was diluted further with the same volume of 

synaptoneurosome buffer and briefly and gently sonicated delivering 3 pulses using an 

output power of 1 Sonic dismembrator Model 100 (Fischer Scientific). The sample was 

loaded into a 1.0 ml Luer-lock  syringe (BD syringes) and filtered twice through three 
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layers of a pre-wetted 100 µm pore nylon filter CMN-0105-D (Small Parts) held in a 13 

mm diameter filter holder XX3001200 (Milipore, MA). The resulting filtrate was loaded 

into a 1 ml Luer-lock syringe and filtered through a pre-wetted 5 µm pore hydrophilic 

filter CMN-0005-D (Small Parts) held in a 13 mm diameter filter holder. The resulting 

filtrate was centrifuged at 1000 X g for 10 min. The pellet obtained corresponded to the 

synaptoneurosome fraction. Isolated synaptoneurosomes were resuspended in 75 µl of 

buffer solution containing 0.32 M sucrose, and 1 mM NaHCO3 (pH 7.0). 

For western blotting synaptoneurosomes prepared from WT and GluD1 KO mice 

were loaded on 10% Sodium dodecyl sulfate gel in equal amount (15 µg / well). Gels 

were transferred to nitrocellulose membrane (GE Healthcare, Piscataway, NJ ) followed 

by blocking with 5% milk in Tris-buffered Saline with 1% Tween 20 (TBST) for 1 hr at 

room temperature. The primary antibodies GluA1 (Millipore, Billerica, MA), 1:1500; 

GluA2 (Millipore), 1:2000; GluN2B (Millipore), 1:1000; GluK2 (Abcam, Cambridge, 

MA), 1:1000; vGluT2 (Millipore), 1:1000; GAD67 (Millipore), 1:1000; PSD95 (Affinity 

Bioreagents, CO), 1:2500 and Synaptophysin (Zymed, Carlsbad, CA), 1:2500 were used 

and kept overnight for incubation at 4 ºC followed by washing and were incubated with 

horse-radish peroxidase conjugated anti-rabbit secondary antibody 1:5000; (Cell 

Signaling Technology, Danvers, MA) for 1 hr at room temperature followed by washing 

with TBST. Blots were developed using ECL Plus Western Blotting Detection System kit 

RPN2132 (GE Healthcare, Piscataway, NJ) and images were taken using Precision 

Illuminator Model B95 (Imaging Research Inc.) with a MTI CCD 72S camera and 

analyzed using MCID Basic software version 7.0.  
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Statistics 

Data were analyzed using Student’s unpaired t-test with Welch’s correction or 

one-way ANOVA with Tukey’s post-hoc test or two-way ANOVA with Bonferroni’s 

post-hoc test.  Differences were considered significant if P≤0.05. Prism 4 (GraphPad 

Software Inc., San Diego, CA) was used for analysis and representation.   

 

Results 

GluD1 KO mice have previously been described to be normal in motor 

coordination and balance and spatial learning (Gao et al., 2007). A general observation 

we made with the GluD1 KO was their uneasiness during regular human handling. We 

performed a set of experiments to further test for locomotor activity, aggression- and 

depression-like behaviors and social interaction, in GluD1 KO mice.  Moreover, we 

tested the effect of lithium and DCS on the behavioral deficits in GluD1 KO.        

 

GluD1 knockout mice exhibit greater spontaneous activity  

As a first step we assessed some of the sensory abilities in GluD1 KO since these 

may confound results obtained from other behavioral tasks.  We measured the olfaction 

ability for WT (n=8) and GluD1 KO (n=7) and found no significant difference between 

the two genotypes (unpaired t-test, P=0.7618, F=1.185). GluD1 KO had normal vision as 

seen from the results of the grip test for vision.  We next examined the spontaneous 

activity in an open field test.  Compared to the WT mice (n=22), GluD1 KO mice (n=21) 
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displayed higher spontaneous locomotor activity (Fig. 1A; unpaired t-test, P=0.0002, 

F=5.226). Both genotypes displayed habituation to the novel environment, as indicated 

by gradual reduction in activity in a time-dependent manner (data not shown). 

Interestingly, GluD1 heterozygous mice (n=8) manifested spontaneous locomotor activity 

intermediary of the WT and GluD1 KO mice. The line crosses of GluD1 heterozygous 

mice were significantly higher than WT mice (GluD1 heterozygous total line crosses = 

284.8 ± 38.87, unpaired t-test, P=0.0323, F=1.372, data not shown).  In order to study 

anxiety-like behavior, we conducted the marble burying test. GluD1 KO mice (n=6) 

buried significantly fewer marbles compared to WT mice (n=6) (Fig. 1B; unpaired t-test, 

P=0.0097, F=2.333). In addition, in the elevated plus maze GluD1 KO mice were found 

to have significantly higher entries into the open arms (data not shown). Although the 

parameter of number of entries may be confounded by hyperactivity, overall these results 

suggest that GluD1 KO mice manifest lower anxiety-like behavior.    
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Figure 1. GluD1 KO have higher spontaneous activity and less anxiety-like 

behavior. A. GluD1 KO mice (n=21) displayed increased spontaneous locomotor 

activity in the 15 min open field test compared to the WT mice (n=22) (unpaired t-test, 

P=0.0002, F=5.226). B.  GluD1 KO mice (n=6) buried significantly fewer marbles 

compared to WT mice (n=6) (unpaired t-test, P=0.0097, F=2.333). Data are presented as 

mean ± SEM.  *** represents P<0.001 and ** represents P<0.01. 

 

GluD1 knockout mice exhibit greater aggression- and depression-like behavior 

We also observed that the GluD1 KO mice displayed more home cage fights 

when group housed (data not shown). Thus, in order to assess aggressive behavior in the 

GluD1 KO mice we conducted the resident-intruder test. The GluD1 KO mice (n=12) 

attacked an intruder mouse with a significantly higher frequency than WT mice (n=9) 

(Fig. 2A; unpaired t-test, P=0.0003, F=6.577). GluD1 KO mice on an average attacked 

the intruder mouse twelve times as compared to the WT mice which attacked the intruder 
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approximately twice in the 10 min duration of the resident-intruder test. In addition, 

GluD1 KO mice had a shorter latency to attack compared to the WT mice (Fig. 2A; 

unpaired t-test, P=0.0105, F=4.605).  

We next tested depression-like behavior in WT and GluD1 KO using the forced 

swim test (Porsolt et al., 1977). GluD1 KO mice (n=13) displayed a significantly greater 

duration of immobility (Fig. 2B; unpaired t-test, P<0.0001, F=1.060) compared to the 

WT (n=11) mice.  In addition, the latency was significantly shorter for GluD1 KO 

compared to WT (Fig. 2B; unpaired t-test, P=0.0040, F=3.446). We also assessed the 

GluD1 heterozygous mice in the forced swim test. The immobility time of GluD1 

heterozygous mice (n=8) was significantly higher than WT (n=11) (GluD1 heterozygous 

mice immobility time = 149.8 ± 7.423 sec, unpaired t-test, P<0.0001, F=2.826, data not 

shown). Additionally, the latency was significantly shorter for GluD1 heterozygous mice 

compared to WT mice (GluD1 heterozygous latency = 81.88 ± 4.623 sec, unpaired t-test, 

P=0.0087, F=57.07, data not shown).    
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Figure 2.  GluD1 KO are hyperaggerssive and exhibit depression-like behavior.  A. 

In the resident-intruder test for aggression GluD1 KO mice (n=12) manifested robust 

aggression with a higher attack frequency and shorter attack latency compared to WT 

mice (n=9) (attack frequency, unpaired t-test, P=0.0003, F=6.577; attack latency, 

unpaired t-test, P=0.0105, F=4.605).  B.  In a forced swim test GluD1 KO (n=13) 

displayed a greater duration of immobility compared to WT (unpaired t-test, P<0.0001, 

F=1.060) compared to the WT (n=11) mice.  In addition latency was much shorter for 

GluD1 KO compared to WT (unpaired t-test, P=0.0040, F=3.446).  Data are presented as 

mean ± SEM.  *** represents P<0.001, ** represents P<0.01 and * represents P< 0.05. 
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Behavioral effects of chronic lithium treatment on GluD1 knockout mice  

Cycling of mania and depression is a characteristic feature of bipolar disorder for 

which the drug of choice is lithium (Goodwin and Jamison, 1990, Baldessarini and 

Tondo, 2000, Manji et al., 2001).  Since, hyperaggression- and depression-like behavior 

in the GluD1 KO mirror some aspects of bipolar disorder, we tested the effect of chronic 

lithium on these behaviors  (Goodwin FK, 1990).  Four groups of mice, control diet WT, 

lithium diet WT, control diet GluD1 KO and lithium diet GluD1 KO were kept on a 

lithium treatment protocol as described in the Methods. We first performed the open field 

test (n=7-9 for each group). Although we found no drug X genotype effect in the open 

field test (Fig. 3A; two-way ANOVA, drug F(1, 27)=0.8275, P=0.3710; genotype F(1, 

27)=5.678, P=0.0245; interaction F(1, 27)=2.589, P=0.1192) there was a trend for 

reduction in line crossing in lithium diet GluD1 KO group (unpaired t-test, GluD1 KO 

control diet compared to lithium diet, P=0.0942, F=1.218).  We next performed the 

resident-intruder test using a different set of animals (n=5-6 for each group). Lithium was 

not affective in reversing the hyperaggression as measured by number of attacks (Fig. 3B; 

two-way ANOVA, drug F(1, 17)=0.3570, P=0.5581; genotype F(1, 17)=17.12, P=0.0007; 

interaction F(1, 17)=0.9182, P=0.3514). Further we performed the forced swim test 

(n=11-13 for each group). Lithium was effective in normalizing the depression-like 

behavior as measured by duration of immobility in the forced swim test (Fig. 3C; two-

way ANOVA, drug F(1, 43)=9.717, P=0.0033; genotype F(1, 43)=80.49, P<0.0001; 

interaction F(1, 43)=15.84, P=0.0003).  Thus lithium was able to partially rescue the 

hyperactivity and depression-like behaviors in GluD1 KO.     
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Figure 3.  Lithium partially rescued mania- and depression-like behavior in GluD1 

KO.  A. Open field test was performed on four groups, control diet WT (n=7), lithium 

WT (n=9), control diet GluD1 KO (n=8) and lithium GluD1 KO (n=7). In the open field 

test no drug X genotype effect was observed in the number of line crossings (two-way 

ANOVA, drug F(1, 27)=0.8275, P=0.3710; genotype F(1, 27)=5.678, P=0.0245; 

interaction F(1, 27)=2.589, P=0.1192).  B. Resident-intruder test was performed on 

control diet WT (n=5), lithium WT (n=5), control diet GluD1 KO (n=6) and lithium 

GluD1 KO (n=5). Lithium failed to rescue the higher attack frequency in GluD1 KO in 

the resident-intruder test (attack frequency: two-way ANOVA, drug F(1, 17)=0.3570, 

P=0.5581; genotype F(1, 17)=17.12, P=0.0007; interaction F(1, 17)=0.9182, P=0.3514).  

C. Forced swim test was performed on control diet WT (n=12), lithium WT (n=13), 

control diet GluD1 KO (n=11) and lithium GluD1 KO (n=11). Lithium reduced the 

immobility time in forced swim test in the GluD1 KO (two-way ANOVA, drug F(1, 

43)=9.717, P=0.0033; genotype F(1, 43)=80.49, P<0.0001; interaction F(1, 43)=15.84, 

P=0.0003). Data are presented as mean ± SEM. *** represents P<0.001    
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GluD1 knockout mice exhibit behavioral abnormalities in social interaction  

GRID1 gene is strongly associated with schizophrenia and ASD, disorders that 

are characterized by social deficits, (Stevens et al., 1997; Sheinkopf, 2005; Stilo and 

Murray, 2010; Guo et al., 2011).  Therefore we next tested whether GluD1 KO exhibit 

social interaction deficits.  We performed the sociability test as previously described 

(Moy et al., 2004; Crawley, 2007).  In the test of social approach, where the mice chooses 

to explore either an empty container or a container with a conspecific mouse (Stranger 1), 

the WT mice (n=6) spent more time interacting with Stranger 1 compared to the empty 

container (Fig. 4A).  This is in accordance with a preference of a WT mouse for social 

interaction (Crawley, 2004).  However, GluD1 KO mice (n=7) spent almost the same 

time around the container with the Stranger 1 or the empty container suggesting that 

GluD1 KO have a deficit in social interaction (Fig. 4A).  There was a significant 

difference in the percent time interacting with Stranger 1 in WT and GluD1 KO (Fig. 4A; 

unpaired t-test, P=0.0215, F=9.851).  In the test for social novelty where a second mouse 

(Stranger 2) was introduced into the empty container there was no significant difference 

in the percent time spent interacting with Stranger 2 in WT and GluD1 KO mice (Fig. 

4B; unpaired t-test, P=0.2420, F=1.904).  
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Figure 4.  GluD1 KO exhibit a deficit in social interaction.  A. In the sociability test 

GluD1 KO mice (n=7) spend less percent time interacting with the Stranger 1 (unpaired t-

test, P=0.0215, F=9.851) compared to WT mice (n=6). B. In the test for social novelty 

where a second stranger (Stranger 2) mouse was introduced into the empty container 

there was no significant difference in the percent time spent interacting with Stranger 2 in 

WT and GluD1 KO mice (unpaired t-test, P=0.2420, F=1.904). Data are presented as 

mean ± SEM. * represents P< 0.05.  

 

D-cycloserine rescues the social interaction deficit in GluD1 knockout mice 

DCS is an NMDA receptor GluN1 subunit agonist (Dravid et al., 2010) that has 

shown efficacy in social interaction behaviors in rodents and social impairment in 

humans (Posey et al., 2004; Deutsch et al., 2011; Modi and Young, 2011). We therefore 

tested the effect of DCS on the social deficits in GluD1 KO mice.  WT and GluD1 KO 

mice were intraperitoneally injected with DCS (320 mg/kg) or saline 20 min prior to 

sociability test (n=6 for each group).  Remarkably, DCS administration in GluD1 KO 
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significantly enhanced percent time spent interacting with Stranger 1 compared to the 

empty container (Fig. 5A; two-way ANOVA, drug F(1, 20)=34.28, P<0.0001; genotype 

F(1, 20)=2.103, P=0.1625; interaction F(1, 20)=44.79, P<0.0001).  In the test of social 

novelty, DCS administered GluD1 KO showed significantly higher percent time 

interacting with Stranger 2 compared to Stranger 1 (Fig. 5B; two-way ANOVA, drug F(1, 

20)=3.897, P=0.0624; genotype F(1, 20)=5.811, P=0.0257; interaction F(1, 20)=29.66, 

P<0.0001). Additionally, a small group of GluD1 KO mice, that received a single dose of 

DCS (320 mg/kg) were retested after 2 weeks of the first test and demonstrated normal 

social interaction (data not shown).  This data suggests that a single dose of DCS may 

have long lasting effects. Of note, the differences in the values for the saline treated mice 

(Fig. 5A, B) versus naïve mice (Fig. 4A) in the social interaction test may arise due to the 

injection stress.  
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Figure 5. DCS rescues social interaction deficits in GluD1 KO.  A. WT and GluD1 

KO mice were intraperitoneally injected with DCS (320 mg/kg) or saline 20 min prior to 

sociability test (n=6 for each group).  DCS administration in GluD1 KO significantly 

enhanced percent time spent interacting with Stranger 1 compared to the empty container 

(two-way ANOVA, drug F(1, 20)=34.28, P<0.0001; genotype F(1, 20)=2.103, P=0.1625; 

interaction F(1, 20)=44.79, P<0.0001). B. In the test of social novelty GluD1 KO showed 

significantly higher percent time interacting  with Stranger 2 compared to Stranger 1 

(two-way ANOVA, drug F(1, 20)=3.897, P=0.0624; genotype F(1, 20)=5.811, P=0.0257; 

interaction F(1, 20)=29.66, P<0.0001).  Data are presented as mean ± SEM. *** 

represents P< 0.001 
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Molecular abnormalities in the amygdala and prefrontal cortex of GluD1 knockout 

mice and effect of D-cycloserine 

Next we determined if expression of other iGluR subunits and synaptic proteins is 

altered in the GluD1 KO mice. We specifically tested changes in amygdala and prefrontal 

cortex of GluD1 KO since these regions have been shown to regulate social and 

emotional behaviors (Franzen and Myers, 1973; Adolphs et al., 1998; Anderson et al., 

1999; Wood, 2003). As a first step we performed RT-PCR to determine expression of 

GluD1 signal in amygdala and prefrontal cortex.  GluD1 mRNA could be detected in 

both amygdala and prefrontal cortex by RT-PCR, in addition to hippocampus which is 

the primary site for GluD1 expression (Lomeli et al., 1993; Gao et al., 2007) (Fig. 6A).  

Synaptoneurosomes were collected for 5-11 animals each for WT and GluD1 KO. We 

tested the effect of deletion of GluD1 on a set of proteins representative of; (1) iGluR 

subunits: GluA1, GluA2, GluK2, GluN2B; (2) presynaptic and postsynaptic proteins: 

synaptophysin and PSD95 respectively and (3) excitatory and inhibitory neurons: vGluT2 

and GAD67 respectively. In the amygdala we found a significantly higher expression of 

GluA1 (P=0.0486), GluK2 (P=0.0327) and PSD95 (P=0.0028) and a trend for higher 

expression of GAD67 (P=0.0640) in GluD1 KO (Fig. 6B, Table 1). A significantly lower 

expression of GluA1 (P<0.001) and GluA2 (P=0.0345) was observed in the prefrontal 

cortex of GluD1 KO and there was a trend towards higher expression of GluN2B 

(P=0.1364) (Fig. 6B, Table 1). These results suggest that deletion of GluD1 leads to 

significant changes in the expression of synaptic proteins which are crucial for both 

excitatory and inhibitory synaptic neurotransmission.   
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Figure 6.   Altered expression of iGluR subunits and synaptic proteins in GluD1 

KO.  A. RT-PCR showed expression of the GluD1 mRNA in the amygdala, hippocampus 

and the prefrontal cortex of P15 WT mice. No expression of GluD1 mRNA was seen in 

GluD1 KO. B. Synaptoneurosomes were collected (5-11 animals each for WT and GluD1 

KO) and western blotting analysis was performed for iGluR subunits and synaptic 

proteins.  In synaptoneurosomal preparations from the amygdala of GluD1 KO and WT 
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mice we found a significantly higher expression of GluA1 (P=0.0486), GluK2 (P=0.0327 

and PSD95 (P=0.0028) and a trend for higher expression of GAD67 (P=0.0640) in 

GluD1 KO. In the prefrontal cortex we observed a significantly lower expression of 

GluA1 (P<0.001) and GluA2 (P=0.0345) in GluD1 KO.  Data are presented as mean ± 

SEM. *** represents P< 0.001, ** represents P<0.01 and * represents P< 0.05.  

 

We further tested whether the effect of DCS on social interaction deficit is 

mediated by normalization of altered synaptic proteins.  We focused on GluA1 

expression since this was altered in both amygdala and prefrontal cortex.  

Synaptoneurosomes were prepared from amygdala and prefrontal cortex, 2 hours after the 

end of social novelty test in which saline or DCS (320 mg/kg) was administered (n=3 for 

each group).  As seen in Fig. 7, DCS did not normalize the higher GluA1 expression in 

amygdala (unpaired t-test, P=0.4477, F=2.353).  However, in the prefrontal cortex the 

lower GluA1 expression was increased to the WT levels by DCS treatment (Fig. 7, 

unpaired t-test, P=0.0032, F=2.212).  These results are in accordance with a potential role 

of glutamate receptors in the prefrontal cortex in social behaviors (Franzen and Myers, 

1973; Hall et al., 2002; Hermes et al., 2011).    
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Figure 7.  DCS normalized the reduced GluA1 expression in prefrontal cortex in 

GluD1 KO.  Synaptoneurosomes were prepared from amygdala and prefrontal cortex 2 

hours after the end of the social novelty test in which saline or DCS (320 mg/kg) was 

administered intraperitoneally (Fig. 5) (n=3 for each group).  GluA1 expression was 

higher in GluD1 KO amygdala and lower in the prefrontal cortex.  DCS did not 

normalize the higher GluA1 expression in amygdala (unpaired t-test, P=0.4477, 

F=2.353).  In the prefrontal cortex the lower GluA1 expression was increased to the WT 

levels by DCS treatment (unpaired t-test, P=0.0032, F=2.212). Data are presented as 

mean ± SEM. ** represents P< 0.01. 
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Discussion   

Among the ionotropic glutamate receptor family, GluD1 is the least studied and 

its role in the CNS remains unknown.  We have identified a novel role of GluD1 whereby 

its deletion leads to appearance of aberrant behaviors that mirror emotional and social 

behaviors in patients with neuropsychiatric disorders.  In particular we observed that 

deletion of GluD1 led to hyperactivity, robust aggression- and depression-like behavior 

and social interaction deficits. These deficits were partially rescued by treatment with 

lithium and D-Cycloserine (DCS).  Since amygdala and prefrontal cortex have been 

implicated in these emotional and social behaviors (Adolphs et al., 1998; Prather et al., 

2001; Amaral, 2002; Coccaro et al., 2007; Baumann and Turpin, 2010), we hypothesized 

that GluD1 deletion may lead to abnormalities in these regions.  Indeed, we observed 

changes in the expression of synaptoneurosomal proteins in both amygdala and prefrontal 

cortex.  

 

Behavioral abnormalities due to deletion of GluD1 

One of the unique features of GluD1 knockout was the presence of both 

aggression- and depression-like behaviors (Fig. 2A, B) which mirror some features of 

bipolar disorder-like behavior.  We therefore tested whether lithium, a mood stabilizer, 

may be effective in these behaviors.  Lithium was partially effective in hyperactivity (Fig. 

3A), which is thought to represent mania-like behavior (Prickaerts et al., 2006; Roybal et 

al., 2007; Martinowich et al., 2009; Young et al., 2010), and significantly reduced 

immobility in the forced swim test in GluD1 knockout (Fig. 3C).  However, lithium was 
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ineffective in the aggression-like behavior in the resident-intruder test (Fig. 3B).  We also 

observed significant deficits in the sociability test in the GluD1 knockout which were 

rescued by DCS treatment (Fig. 4A, Fig. 5A, B).  DCS has been shown to improve 

impaired sociability in Balb/c mouse (Deutsch et al., 2011) and enhance pair bonding in 

prairie voles (Modi and Young, 2011).  In humans, DCS has also been found to improve 

social withdrawal in autistic patients (Posey et al., 2004) and enhance exposure therapy in 

social anxiety disorder (Hofmann et al., 2006; Guastella et al., 2008).  Our study is in 

agreement with this growing body of evidence that DCS may be effective in treating 

social interaction deficits.  At the molecular level we found that DCS reversed the lower 

GluA1 expression in the prefrontal cortex but did not normalize the higher GluA1 

expression in amygdala (Fig. 7).  These data suggest that the effect of DCS on social 

interaction behavior may be mediated by affecting signaling in the prefrontal cortex. DCS 

is an agonist at the NMDA receptor and its efficacy, in comparison to endogenous 

agonists’ glycine and D-serine is GluN2 subtype dependent.  Specifically, DCS is a 

partial agonist with ~60% efficacy at GluN2B receptors but acts as a full agonist at other 

GluN2 subtypes (Sheinin et al., 2001; Dravid et al., 2010). Thus, one possibility is that 

the effect of DCS in GluD1 knockout on social interaction and GluA1 expression in the 

prefrontal cortex may arise due to the inhibition of GluN2B receptors.  This hypothesis is 

in agreement with a recent study demonstrating that administration of a specific GluN2B 

inhibitor elevates GluA1 expression and leads to synaptogenesis in the prefrontal cortex 

(Li et al., 2010).  It will therefore be of interest to test whether deletion of GluD1 leads to 

abnormal synaptogenesis in the prefrontal cortex which is rescued by DCS or GluN2B 

inhibitors.   
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 We also found that GluD1 heterozygous mice when tested in the open field and 

forced swim test had significantly higher number of line crossings and immobility time 

respectively.  These results further suggest that GluD1 subunit plays a non-redundant 

function in the CNS and the presence of both copies of GluD1 is necessary for normal 

behavior.  Thus, lower expression of GluD1 may act as a predisposing factor for 

neuropsychiatric disorders.  Interestingly, lower GluD1 expression has been reported in 

the cortex of human patients with schizophrenia, bipolar disorder and ASD (Garbett et 

al., 2008; Zhu et al., 2009).  Additionally, in a chronic mild stress model of depression-

like behavior in rats, GluD1 mRNA in the frontal cortex is downregulated which could be 

completely reversed by the antipsychotic quetiapine (Orsetti et al., 2008; Orsetti et al., 

2009).  

One of the shortcomings in our molecular studies is that we did not analyze other 

regions in the brain that may be involved in emotional or social behaviors.  In addition, 

our studies do not identify the specific brain regions which are regulated by GluD1, that 

lead to the observed behavioral abnormalities.  Since the pharmacology of GluD1 is 

poorly understood, (Yadav et al., 2011) the best tool to study the brain region-specific 

role of GluD1 would be through selective genetic manipulations.  
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Abnormalities in the expression of synaptoneurosomal proteins by GluD1 deletion 

The potential mechanism for changes in expression of iGluR subunits in GluD1 

knockout may be gleaned from studies on GluD2 which is the closest homolog of GluD1.  

Specifically, we observed abnormalities in the expression of GluA1, GluA2 and GluK2 

which have all been shown to either directly interact with GluD2 forming a heteromer or 

are regulated during surface trafficking by GluD2 (Hirai et al., 2003; Kohda et al., 2003; 

Kakegawa and Yuzaki, 2005).  Thus it is conceivable that GluD1 may similarly be 

crucial in regulation of these iGluR subunits in the amygdala and prefrontal cortex.  We 

also observed higher expression of PSD95 in the amygdala in GluD1 knockout which 

correlates with elevated PSD95 reported in lateral amygdala in patients suffering from 

depression (Karolewicz et al., 2009). Both the amygdala and prefrontal cortex have been 

implicated in major depression (Sheline et al., 1998; Drevets, 2000; Bremner et al., 2002; 

Davidson et al., 2002; Klimek et al., 2002; Koenigs et al., 2008; Padberg and George, 

2009). Additionally, changes in synaptic proteins and glutamate neurotransmission in the 

amygdala and prefrontal cortex are associated with depression (Sanacora et al., 2006; 

Hashimoto et al., 2007; Karolewicz et al., 2009; Feyissa et al., 2010; Taylor et al., 2011).  

We also observed a trend for higher GAD67, a marker for inhibitory neurons, in the 

amygdala.  This suggests a potential dysregulation of both excitatory and inhibitory 

synapses in the GluD1 knockout. Interestingly, excitatory-inhibitory imbalance in 

prefrontal cortex and amygdala have been reported in schizophrenia and ASD animal 

models (Hines et al., 2008; Schmitt et al., 2011; Yizhar et al., 2011), disorders with which 

GluD1 has been associated.  
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Another unique feature of the protein expression study was the opposing effects in 

the expression of AMPA and kainate subunits in amygdala versus prefrontal cortex.  

Broadly, there was an upregulation of expression in the amygdala and a downregulation 

in prefrontal cortex.  Moreover, DCS selectively normalized GluA1 expression in the 

prefrontal cortex and lithium rescued depression-like behavior but not aggression like 

behavior. These results suggest that deletion of GluD1 may have unique and contrasting 

effects on synapses in different brain regions which likely lead to these unique arrays of 

behavioral anomalies.  Future electrophysiological and structural studies will be required 

to address the ability of GluD1 to selectively modify neural circuitry in different brain 

regions.       

 

GluD1 dysfunction and relevance to synaptic theory of mental disorders 

As previously stated, the GRID1 gene that codes for GluD1 is strongly associated 

with mental disorders including schizophrenia, bipolar disorder, ASD and major 

depression (Fallin et al., 2003; Lerer et al., 2003; Fallin et al., 2005; Balciuniene et al., 

2007; Carter, 2007; Guo et al., 2007; Orsetti et al., 2008; Venken et al., 2008; Glessner et 

al., 2009; Orsetti et al., 2009; Smith et al., 2009; Treutlein et al., 2009; Zhu et al., 2009; 

Cooper et al., 2011; Greenwood et al., 2011; van Bon et al., 2011).  Our behavioral 

studies in GluD1 knockout as well as heterozygous mice further strengthens the idea that 

even partial dysfunction of GluD1 may lead to behavioral deficits. A growing body of 

evidence suggests that disorders like schizophrenia, bipolar disorder and ASD which 

show genetic overlap (Carroll and Owen, 2009) involve synaptic abnormalities that 
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predispose individuals to these conditions. Mutations affecting a number of synaptic 

proteins have been observed in schizophrenia, bipolar disorder and ASD (Jamain et al., 

2003; Lachman et al., 2006; Durand et al., 2007; Tabuchi et al., 2007; Gauthier et al., 

2010; Kim and Webster, 2010).  GluD1 is developmentally expressed and has been 

shown to affect presynaptic differentiation and synapse formation in in vitro systems 

(Kuroyanagi et al., 2009).  Additionally, abundant data exists on the role of GluD2, 

which is the closest homolog of GluD1, in synapse formation (Kashiwabuchi et al., 1995; 

Hirai et al., 2003; Uemura and Mishina, 2008; Kuroyanagi et al., 2009).  Moreover, it 

was recently shown that postsynaptic GluD2 interacts with presynaptic neurexin1 via 

cerebellin 1 protein (Uemura et al., 2010) and a similar interaction may occur with 

GluD1. This finding is particularly interesting since mutations in neurexins are well 

known to be associated particularly with schizophrenia and ASD (Glessner et al., 2009; 

Shah et al., 2010; Muhleisen et al., 2011; Yue et al., 2011). These converging human 

genetic and molecular studies on GluD1 together with our results suggest that GluD1 

might be a synaptic protein whose dysfunction may lead to abnormal synapse formation 

or function which predisposes individuals to neuropsychiatric conditions. Indeed further 

experiments are required to identify a specific role of GluD1 in the regulation of synaptic 

structure or function.  Moreover, these novel roles may provide valuable insights into the 

regulation of behaviors relevant to neuropsychiatric disorders. 
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Table 1: Synaptic protein composition in GluD1 KO mice.  

 

Amygdala Prefrontal Cortex Protein 

Ratio SEM P Ratio SEM P 

GluA1 2.293 0.563 0.0486* 0.508 0.056 <0.001*** 

GluA2 0.885 0.115 0.5686 0.528 0.198 0.0345* 

GluN2B 1.180 0.152 0.2780 1.770 0.478 0.1364 

GluK2 1.764 0.286 0.0327* 0.930 0.060 0.4428 

vGluT2 1.087 0.258 0.7556 1.059 0.277 0.8747 

GAD67 1.269 0.111 0.0640 0.941 0.207 0.8027 

PSD95 1.601 0.146 0.0028** 1.286 0.237 0.2761 

Synaptophysin 1.166 0.118 0.2905 1.049 0.196 0.8176 

 

Synaptoneurosomes were isolated from the GluD1 KO and WT amygdala and prefrontal 

cortex and western blotting was performed (5-11 animals for each group). Data are 

presented as mean ± SEM and represent the ratio between the optical densities for 

individual values for GluD1 KO divided by the average of the optical density values for 

the WT. *** represents P< 0.001 ** represents P<0.01 and * represents P< 0.05.  
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Assessment of Learning and Memory in the GluD1 Knockout Mouse. 

 

Abstract 

We have previously shown that deletion of GluD1 receptor results in aberrant emotional 

and social behaviors. Further we have shown that the aberrant behaviors could be 

correlated to abnormalities in synaptic proteins and iGluRs observed at a molecular level 

in the amygdala and prefrontal cortex of GluD1 knockout mice (GluD1 KO). The 

amygdala has a role in associative fear learning while the prefrontal cortex has a role in 

working memory. We observed abnormalities at a molecular level in both the amygdala 

and the prefrontal cortex. Thus we wanted to further test the effect of GluD1 deletion on 

learning and memory. In the eight arm radial maze we found GluD1 KO mice have an 

enhanced working memory but a normal reference memory. GluD1 KO mice have 

normal object recognition memory. GluD1 KO mice show deficits in fear acquisition in 

contextual and cue fear learning. GluD1 KO mice had normal latent inhibition. We 

further studied molecular changes in the hippocampus, where we found an elevated level 

of GluN2B and lower levels of GluA1, GluA2, GluK2 and GAD67 subunits. At the 

synaptic level we have observed a higher dendritic spine density in the hippocampus and 

the prefrontal cortex while the amygdala has lower spine density in GluD1 KO mice.  
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Introduction 

The delta family of ionotropic glutamate receptors (iGluRs) has two members 

glutamate delta 1 (GluD1) and glutamate delta 2 (GluD2) receptors, which share ~60% 

homology between themselves. The delta receptors are closer to the non NMDA 

receptors (22-28%) in sequence homology compared to the NMDA receptors (17-20%) 

(Lomeli et al., 1993). GluD1 and GluD2 assemble as homomers and seem incapable of 

forming heteromers with AMPA, kainate, and NMDA receptor subunits both in native 

cells and in heterologous expression systems (Partin et al., 1993, 1995; Zuo et al., 1997; 

Kohda et al., 2003; Ikeno et al., 2001; Naur et al., 2007). The GluD1 receptor plays a role 

in synapse formation (Uemura and Mishina, 2008; Kuroyanagi et al., 2009; Matsuda et 

al., 2010; Uemura et al., 2010).    

The GRID1 gene that codes for GluD1 has been implicated in neuropsychiatric 

conditions such as schizophrenia, bipolar disorder and major depressive disorder and 

autism spectrum disorder (Fallin et al., 2005; Guo et al., 2007; Treutlein et al., 2009; 

Glessner et al., 2009). 

The function of the GluD1 receptor in the central nervous system (CNS) remains 

elusive. Thus in our earlier study we have tested GluD1 knockout mice (GluD1 KO) for 

behavioral tests and  shown for the first time (Yadav et al., 2011) that the GluD1 receptor 

has a role in regulation of emotional and social behaviors. GluD1 KO manifested aberrant 

behaviors which mimic some features of GluD1 associated with neuropsychiatric 

disorders. Moreover these behavioral deficits could be correlated with abnormal 

expression of synaptic proteins and iGluRs, observed in the prefrontal cortex and 
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amygdala of GluD1 KO mice. Interestingly D-Cycloserine (DCS) and chronic lithium 

treatment rescued some of the aberrant behaviors in GluD1 KO mice similar to what has 

been observed in the Balb C strain of mouse (Deutsch et al., 2011) and the GluR6 KO 

(Shaltiel et al., 2008). Addtionally, the amygdala has a role in the fear circuitry and plays 

a prominent role in fear associative learning. The prefrontal cortex has a role in working 

memory.  

We found abnormalities in the amygdala and the prefrontal cortex and wanted to 

test the effect of GluD1 deletion on learning and memory. We found GluD1 KO mice 

manifest an enhanced working memory but normal reference memory and normal object 

recognition memory. GluD1 KO mice show deficits in fear acquisition in contextual and 

cue fear learning. We found normal latent inhibition in GluD1 KO mice. At the molecular 

level the hippocampus shows an altered expression of synaptic proteins and iGluR 

subunits. At the synaptic level we observed a higher dendritic spine density in the 

hippocampus and the prefrontal cortex and a lower dendritic spine density in the 

amygdala of GluD1 KO mice. 

 

Material and Methods 

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. The primers used for the reaction were as follows: 

a pair of primers from the deleted region of GluD1; 5’GCAAGCGCTACATGGACTAC 
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3’ and 5’GGCACTGTGCAGGGTGGCAG 3’ and a pair of primers from the targeting 

vector;_5’CCTGAATGAACTGCAGGACG_3’_and_5’CGCTATGTCCTGATAGCG

ATC 3’. WT and GluD1 KO mice aged 8 weeks were either group housed (4-5 mice) or 

single housed (as per the requirements of the test) 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.   

WT and GluD1 KO mice were subjected to a battery of behavioral assays in order 

to test for depression or for learning and memory in these mice. As per the requirements 

of the tests, mice were handled for 3 days to acclimatize them to the experimenter before 

subjecting them to the experimental procedures. Each day the experimenter picked up 

each animal and the animal was allowed to explore the experimenter’s hand for 2 min. 

All experimental animals were placed in the experimental room at least 60 min before 

beginning any experimental protocol. Unless indicated otherwise, all experimental 

environments were thoroughly cleaned with 70% ethanol between trials which was given 

time to dry away. All behavioral procedures were video-recorded and scored by a scorer 

blind to the genotype of the animal via a random coding system of the video files. 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.  

 

 

124 



Methods 

Eight arm radial maze 

Working and reference memory were tested with an eight arm radial maze 

(Coulbourn Inst.) and took place over an 11-day session broken into three phases; 

acclimation, training and testing as previously described (Hillman et al., 2011).  During 

all phases of the procedure animals had 23 hrs of food deprivation to increase saliency of 

food pellets (45 mg pellets; BioServ, Frenchtown, NJ) located at the end of each baited 

arm.  During acclimation (days 1-3) animals were allowed to explore the eight arm radial 

maze with randomly placed food pellets throughout the maze.  During training (days 4-6) 

animals were placed in the maze facing arm 1 with arms 1, 2, 4 and 7 baited with a food 

pellet at the end of each arm and with arms 3, 5, 6 and 8 closed. Four training sessions 

occurred for each animal on each of the taining days which were days 4-6, each lasting 

until all food pellets had been retrieved or 5 min had elapsed.  The testing phase occurred 

over days 7-11.  During testing all arms of the radial maze were open. Four testing 

sessions occurred each day for every animal and lasted until all food reward was retrieved 

or 5 min had elapsed.  Entries into unbaited arms were counted as reference memory 

errors and re-entries into previously baited arms were counted as working memory errors.  

Errors were compiled daily for each animal to derive average errors per day. 
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Novel object recognition  

The novel object recognition chamber was a square open field (25.4 X 25.4 X 

17.8 cm).  The novel object recognition task was performed in three phases; 

environmental acclimation, training and testing as previously described (Hillman et al., 

2011).  During acclimation animals were handled 1-2 min a day for 3 days.  On days 4 

and 5 of training mice were placed in the chamber with two identical objects and allowed 

to explore for 10 min.  Thirty minutes after training on day 5 one familiar object was 

exchanged with a novel object and mice were allowed to explore the experimental 

apparatus for 10 min.  Location of the novel object was counterbalanced. A second novel 

object was presented 24 hrs after training to test object recognition memory; again 

location of the novel object was counterbalanced in the chamber. Percent time spent 

around the novel object was recorded.  

Fear conditioning  

Fear conditioning was done as previously described by Hillman et al., 2011. 

Briefly, for fear conditioning, mice were placed 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 either red or white light depending on the type of conditioned stimulus 

(CS, tone or light) associated with the unconditioned stimulus (US, foot-shock). Chamber 

A was cleaned with a 19.5% ethanol, 1% vanilla solution to give the chamber a distinct 

scent. For extinction training and CS testing; mice were placed in a novel Plexiglas 

chamber (chamber B; model 2325-0241 San Diego Instruments, San Diego, CA) with 
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different visual cues and a solid Plexiglas floor to minimize generalization to the 

conditioning chamber. Chamber B was cleaned with a 70% ethanol solution, scented with 

linen-scented air freshener and illuminated with a 40 watt white light unless indicated 

otherwise. White noise was provided in each isolation cabinet with a fan. A web-camera 

(Logitech QuickCam) was mounted at the top of each isolation chamber to videotape all 

sessions. 

Contextual fear conditioning test 

In order to determine the contextual influence on fear conditioning, we conducted 

the contextual fear conditioning test in GluD1 KO mice. 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 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. On the day of conditioning (day1) mice 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 
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readings to derive a percent freezing.  Behavioral freezing was also analyzed with the 

Freeze Monitor System (San Diego Instruments) software to verify visual scores. 

Light-cue conditioning  

The fear conditioning protocol described above was followed. Subsequently for 

the light-cue conditioning prior to conditioning (day 0) animals were acclimated to 

chamber A for 30 min. On the day of conditioning (day 1) mice were placed in chamber 

A for 3 min followed by three CS–US pairings. The CS was was a white light delivered 

for 30 sec with a 1 min inter-trial interval (ITI). The US was a 0.8 mA foot-shock 

delivered for 2 s that co-terminated with the CS. Mice were removed from chamber A 1 

min after the final CS–US pairing. On testing day (day 2), the mice were placed in 

chamber B and after a 2 min delay exposed to the CS for 2 min and removed from the 

chamber 2 min later. The houselight in chambers A and B were provided by a 25 watt red 

light. Behavioral freezing was scored as described earlier in the methods.  

Tone-cue conditioning 

The fear conditioning protocol described earlier in the methods section was 

followed. Prior to conditioning (day 0) animals were acclimated to chamber A for 30 

min. On the day of conditioning (day 1) mice were placed in chamber A for 3 min 

followed by three CS–US pairings. The CS was an 85 dB, 3 kHz tone delivered for 30 s 

with a 1 min inter-trial interval (ITI). The US was a 0.8 mA foot-shock delivered for 2 s 

that co-terminated with the CS. Mice were removed from chamber A 1 min after the final 

CS–US pairing. On testing day (day 2), the mice were placed in chamber B and after a 2 
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min delay exposed to the CS for 2 min and removed from the chamber 2 min later. 

Behavioral freezing was scored as described earlier in the methods.  

Tone + Light conditioning  

The fear conditioning protocol described earlier in the methods section was 

followed. Prior to conditioning (day 0) animals were acclimated to chamber A for 30 

min. On the day of conditioning (day 1) mice were placed in chamber A for 3 min 

followed by three CS–US pairings. The CS was an 85 dB, 3 kHz tone delivered for 30 

sec with a 1 min inter-trial interval (ITI) along with a white light. The US was a 0.8 mA 

foot-shock delivered for 2 sec that co-terminated with the CS (tone +white light). Mice 

were removed from chamber A 1 min after the final CS–US pairing. On testing day (day 

2), the mice were placed in chamber B and after a 2 min delay exposed to the CS for 2 

min and removed from the chamber 2 min later. Behavioral freezing was scored as 

described earlier in the methods. 

Latent inhibition 

Latent inhibition was performed in the conditioning apparatus described above.  

WT and GluD1 KO mice were subdivided into two groups; pre-exposed and non-pre-

exposed.  Two minutes after initial presentation to chamber A  pre-exposed animals 

received 20 x 10 second tone presentations with 20 sec intervals on day 1 and 15 x 10 sec 

tone with 20 sec intervals on day 2 whereas non-pre-exposed animals were placed in 

chamber A for the same duration without presentation of the tone.  The tone for the pre-

exposed groups was an 85 dB, 3 kHz tone.  Mice in both groups were then presented with 

5 x 10 sec tone that co-terminated with a 2 s 0.8 mA foot-shock.  On day 3 animals in 
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both groups were placed in chamber B, a contextually different setting, and presented 

with the tone for two minutes, two minutes after initial cage movement was observed.  

Level of fear associated with the tone was assessed by scoring level of freezing 

(immobility) during presentation of the tone in the novel context. 

Synaptoneurosome preparation and western blot analysis 

For synaptoneurosomal preparation the hippocampus was isolated from WT and 

GluD1 KO mice (45-50 day old naïve mice) and homogenized in synaptoneurosome 

buffer (10 mM HEPES, 1 mM EDTA, 2 mM EGTA, 0.5 mM DTT, 10 µg/ml leupeptin, 

and 50 µg/ml soybean trypsin inhibitor, pH 7.0) as previously described (Villasana et al., 

2006), additionally containing 5 mg/ml pepstatin, 50 mg/ml Aprotonin and 0.5 mM 

phenylmethanesulfonylfluoride (PMSF). From this step forward the homogenate was 

kept ice-cold at all times to minimize proteolysis throughout the isolation procedure. The 

homogenate was diluted further with the same volume of synaptoneurosome buffer and 

briefly and gently sonicated delivering 3 pulses using an output power of 1 Sonic 

dismembrator Model 100 (Fischer Scientific). The sample was loaded into a 1.0 ml Luer-

lock  syringe (BD syringes) and filtered twice through three layers of a pre-wetted 100 

µm pore nylon filter CMN-0105-D (Small Parts) held in a 13 mm diameter filter holder 

XX3001200 (Milipore, MA). The resulting filtrate was loaded into a 1 ml Luer-lock 

syringe and filtered through a pre-wetted 5 µm pore hydrophilic filter CMN-0005-D 

(Small Parts) held in a 13 mm diameter filter holder. The resulting filtrate was 

centrifuged at 1000 X g for 10 min. The pellet obtained corresponded to the 

synaptoneurosome fraction. Isolated synaptoneurosomes were resuspended in 75 µl of 

buffer solution containing 0.32 M sucrose, and 1 mM NaHCO3 (pH 7.0). 

130 



For western blotting synaptoneurosomes prepared from WT and GluD1 KO mice 

were loaded on 10% Sodium dodecyl sulfate gel in equal amount (15 µg / well). Gels 

were transferred to nitrocellulose membrane (GE Healthcare, Piscataway, NJ ) followed 

by blocking with 5% milk in Tris-buffered Saline with 1% Tween 20 (TBST) for 1 hr at 

room temperature. The primary antibodies GluA1 (Millipore, Billerica, MA), 1:1500; 

GluA2 (Millipore), 1:2000; GluN2B (Millipore), 1:1000; GluK2 (Abcam, Cambridge, 

MA), 1:1000; vGluT2 (Millipore), 1:1000; GAD67 (Millipore), 1:1000; PSD95 (Affinity 

Bioreagents, CO), 1:2500 and Synaptophysin (Zymed, Carlsbad, CA), 1:2500 were used 

and kept overnight for incubation at 4 OC followed by washing and were incubated with 

horse-radish peroxidase conjugated anti-rabbit secondary antibody 1:5000; (Cell 

Signaling Technology, Danvers, MA) for 1 hr at room temperature followed by washing 

with TBST. Blots were developed using ECL Plus Western Blotting Detection System kit 

RPN2132 (GE Healthcare, Piscataway, NJ) and images were taken using Precision 

Illuminator Model B95 (Imaging Research Inc.) with a MTI CCD 72S camera and 

analyzed using MCID Basic software version 7.0. 

Golgi staining 

We performed Golgi staining as per the protocol of the supplier (FD Rapid Golgi 

Stain, Neurotechnologies, Baltimore, MD). For tissue preparation mice were anesthetized 

and decapitated and the brain was removed quickly from the skull. The brain was then 

rinsed briefly in double distilled water twice to remove blood from surface. Thereafter, 

the tissue was immersed in the impregnation solution made by mixing equal volumes of 

Solution A and B and stored at room temperature for 2 weeks in a dark environment. The 

tissue was then transferred into Solution C and stored at 4 OC for 48 hrs in the dark. The 
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solution was replaced after the first 24 hrs of immersion. Brain tissue was frozen at -70 

OC in methyl butane and dry ice for 2 min before sectioning with a cryostat. 100 µm 

sections were cut, and mounted on gelatin-coated glass slides. The section was dried at 

room temperature. For staining the section was rinsed in double distilled water twice for 

2 min each. The section was placed in a mixture consisting of 1 part Solution D, 1 part 

Solution E and 2 parts double distilled water for 10 min. Thereafter, section was rinsed in 

double distilled water twice for 4 min each. Subsequently, the section was dehydrated in 

50%, 75%, and 95% ethanol, for 4 min each. Thereafter, the sections were dehydrated in 

absolute ethanol, 4 times, for 4 min each. The section was cleared in xylene, 3 times, for 

4 min each, and cover slipped with Permount®.   

Image analysis 

Pyramidal neurons which had complete and intact dendritic branching were 

selected. Images of these dendrites were taken. Manual counting of the spines was done 

and spine density was evaluated per 100 micron length of the dendrite. Images were 

taken using IX71 Olympus microscope with spinning disc confocal ability. 60x oil 

objective was used to take the images of spines and spine density was assessed manually 

after 2-D rendering. A cutoff of approximately 0.8 µm for spine length was used during 

counting.  

Results  

In our earlier study (Yadav et al., 2011, manuscript under review) we found 

GluD1 KO mice manifest aberrant emotional and social behaviors, as well as alterations 

in the expression of synaptic proteins and other ionotropic glutamate receptor subunits in 
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the amygdala and the prefrontal cortex. Therefore we were interested in finding out if 

GluD1 KO mice have a deficit in learning and memory. Thus we conducted a set of 

experiments to test learning and memory in the GluD1 KO mice. These include the radial 

maze, novel object recognition and fear learning. In the present study we have also 

studied the expression of synaptic proteins and other ionotropic glutamate receptor 

subunits in the hippocampus and done golgi staining in the hippocampus, prefrontal 

cortex and the amygdala in GluD1 KO mice. Our previous results show that there are 

molecular abnormalities in the amygdala of GluD1 KO mice, with alterations in the 

expression of AMPA, kainate subunits and PSD95. In the fear conditioning test which 

involves the amygdala, we find that there are deficits in GluD1 KO mice.  Additionally, 

we have seen that extinction training was not effective in GluD1 KO; this could be due to 

the abnormalities in the prefrontal cortex of GluD1 KO. The possible effects of 

hyperactivity confounding some of our results cannot be ruled out.  

 

GluD1 knockout mice have enhanced working memory and normal reference memory 

and object recognition memory  

The eight arm radial maze is a measure for spatial learning and memory in mice 

(Olton and Samuelson, 1976) and measures both long-term reference memory and short-

term working memory. In the eight arm radial maze GluD1 KO mice (n=8) were similar 

to the WT mice (n=14) in reference memory errors (RME) but made significantly fewer 

working memory errors (WME) (Fig 1; Two-way ANOVA for RME P=0.7072, 

interaction; P=0.6311, testing day; P=0.9435, genotype. Two-way ANOVA for WME 
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P=0.6089, interaction; P=0.8915, testing day; P=0.0196, genotype). GluD1 KO also took 

shorter time for task completion and had greater percent task completion although these 

characteristics may be confounded by hyperactivity in GluD1 KO (Fig 1; Two-way 

ANOVA for time to task P=0.4281, interaction; P=0.0190, testing day; P=0.0051, 

genotype. Two-way ANOVA for percent task completion P=0.7993, interaction; 

P=0.0965, testing day; P<0.0001, genotype). GluD1 KO mice (n=10) were also subjected 

to an object recognition test and displayed learning abilities equivalent to the WT mice 

(n=10) (unpaired t-test P=0.1975, F=1.475).   
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Figure 1. GluD1 KO have enhanced working memory. In the eight arm radial maze 

GluD1 KO mice (n=8) show no significant difference in the reference memory errors 

compared to WT mice (n=14) however GluD1 KO mice made significantly fewer 

working memory errors compared to WT mice (Two-way reference memory ANOVA 

P=0.7072 for interaction, P=0.6311 for testing day and P=0.9435 for genotype. Two-way 

ANOVA for working memory P=0.6089 for interaction, P=0.8915 for testing day and 

P=0.0196 for genotype. Two-way ANOVA for time to task P=0.4281 for interaction, 

P=0.0190 for testing day and P=0.0051 for genotype. Two-way ANOVA for time to task 

P=0.7993 for interaction, P=0.0965 for testing day and P<0.0001 for genotype).  Data are 

presented as mean ± SEM.  *** represents P<0.001, ** represents P<0.01 and * 

represents P< 0.05. 
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GluD1 knockout mice manifest deficits contextual fear learning  

Contextual fear conditioning was performed as described in methods. 

Significantly lower freezing was observed during acquisition in GluD1 KO mice (n=6) 

relative to WT mice (n=8) (Fig. 2; unpaired t-test, P=0.0400, F=1.167). The context post-

test was conducted after 24 hrs in the same context. GluD1 KO mice (n=6) manifested 

significantly lower freezing relative to WT mice (n=8) (Fig. 2; unpaired t-test, P=0.0113, 

F=1.377). Since freezing behavior may be confounded by hyperactivity in GluD1 KO we 

also counted the number of fecal boli during the context test. The number of fecal boli 

produced was significantly less for the GluD1 KO (n=6) mice compared to the WT mice 

(n=8) (Fig. 2; unpaired t-test, P=0. 0.0108, F=1.377).  
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Figure 2. GluD1 KO mice manifest deficits in contextual fear learning. Significant 

deficit in fear acquisition is observed in GluD1 KO mice (n=6) during the fourth US 

session compared to WT mice (n=8) (unpaired t-test, P=0.0400, F=1.167). 24 hrs later 

after fear conditioning, in the context post-test, the freezing response was significantly. 

lower in GluD1 KO mice versus WT mice (P=0.0113, F=1.377). Fecal boli produced was 

significantly lesser for the GluD1 KO mice versus WT mice (unpaired t-test, P=0. 

0.0108, F=1.377 

 

GluD1 knockout mice manifest deficits in cue fear learning 

Light cue fear learning 

We next tested cue fear conditioning in GluD1 KO. GluD1 KO (n=8) showed 

significantly lower freezing during the acquisition of light cue conditioning compared to 

WT mice (n=11). (Fig. 3A; unpaired t-test with 95% CI with Welch’s Correction, 

P=0.0118, F=12.00). In the light cue conditioning test GluD1 KO (n=8) manifested a 
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trend towards lower freezing compared to WT mice (n=11) (Fig. 3A; unpaired t-test with 

95% CI with Welch’s Correction, P=0.1488, F=3.539).  

Tone alone fear learning 

We next tested tone cue fear conditioning in GluD1 KO. In this test, mice were 

presented with three pairings of a tone (CS) co-terminating with foot-shock (US). 

Freezing response was recorded during the duration of tone delivery. GluD1 KO (n=6) 

showed significantly lower freezing mice relative to WT (n=6) mice during the second 

and third tone delivery during acquisition phase. (Fig. 3B; unpaired t-test, third CS 

P=0.0178, F=1.295). The tone CS test was conducted in a novel environment where the 

CS was a tone. Once again GluD1 KO mice manifested significant lower freezing 

response relative to WT mice (Fig. 3B; unpaired t-test, P=0.0093, F=4.191).  

Tone + light cue fear learning   

We next tested tone + light cue fear conditioning in GluD1 KO. GluD1 KO (n=4) 

showed significantly lower freezing during the acquisition of tone + light cue 

conditioning compared to WT mice (n=6). (Fig. 3C; unpaired t-test, P=0.0074, F=1.200). 

In the tone plus light CS post-test, no significant difference was observed between GluD1 

KO (n=4) mice compared to WT mice (n=6) (Fig. 3C; unpaired t-test, P=0.7711, 

F=1.636).   
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Figure 3. GluD1 KO mice manifest deficits in cue fear learning.  A. Significant deficit 

in fear acquisition is observed in GluD1 KO mice (n=8) during the third US session when 

light is the CS compared to WT mice (n=11) (Fig.3A; unpaired t-test, P=0.0118, 

F=12.00). 24 hrs after fear conditioning, in the light cue- post-test GluD1 KO manifested 

a trend towards lower freezing response compared to WT mice (unpaired t-test, 
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P=0.1488, F=3.539). Data are presented as mean ± SEM. ** represents P<0.01 and * 

represents P< 0.05. B. Significant deficit in fear acquisition is observed in GluD1 KO 

mice (n=6) during the second and third pairing of the CS and US when the CS is a tone 

cue compared to WT mice (n=6) (unpaired t-test with 95% CI with Welch’s Correction, 

third CS P=0.0178, F=1.295). In the tone CS test, GluD1 KO mice manifest a significant 

deficit in the freezing versus WT mice (unpaired t-test, tone CS test P= 0.0093, F=4.191). 

C. Significant deficit in fear acquisition is observed in GluD1 KO mice (n=4) during the 

second CS and US presentation when the CS is a tone + light cue compared to WT mice 

(n=6) (unpaired t-test, P=0.0074, F=1.200). In the tone plus light CS post-test, no 

significant difference was observed between GluD1 KO (n=4) mice compared to WT 

mice (n=6) (unpaired t-test, P=0.7711, F=1.636). Data are presented as mean ± SEM. ** 

represents P<0.01 and * represents P< 0.05. 

 

GluD1 KO mice have normal latent inhibition  

The latent inhibition test was conducted on WT and GluD1 KO mice. Mice were 

divided into four groups for the test, WT non-preexposed (NPE), WT preexposed (PE), 

GluD1 KO non-preexposed (NPE) and GluD1 KO preexposed (PE) (n=11-13 for each 

group). There was no significant effect of the genotype X treatment effect between the 

GluD1 KO and WT mice. However, there was a significant difference between the NPE 

and PE groups for both the genotypes. At the same time there was also a significant 

difference between the two genotypes. (Fig.4A; two-way ANOVA treatment 

F(1,43)=0.01836, P=0.8928, interaction; F(1,43)=4.783, P=0.0342, group; 
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F(1,43)=8.766, P=0.0050, genotype. On further conducting analysis we found no 

significant difference in the difference in reduction in percent freezing between the WT 

and GluD1 KO mice (Fig. 4B; unpaired t-test, P=0.8467, F=1.109).  
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Figure 4. GluD1 KO mice have normal latent inhibition. There was no significant 

effect of the genotype X treatment effect between the GluD1 KO and WT mice. 

However, there was a significant difference between the NPE and PE groups for both the 

genotypes. At the same time there was also a significant difference between the two 

genotypes. (two-way ANOVA treatment F(1,43)=0.01836, P=0.8928, interaction; 

F(1,43)=4.783, P=0.0342, group; F(1,43)=8.766, P=0.0050, genotype. On further 

conducting analysis we found no significant difference in the difference in reduction in 

percent freezing between the WT and GluD1 KO mice (unpaired t-test P=0.8467, 

F=1.109). Data are presented as mean ± SEM. *** represents P<0.001, ** represents 

P<0.01 and * represents P< 0.05. 
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 Molecular abnormalities in the hippocampus of GluD1 knockout mice 

           We specifically wanted to determine if there were alterations in the expression of 

other iGluR subunits and synaptic proteins in the hippocampus of GluD1 KO mice. The 

hippocampus has been shown to have a role in learning (Jarrard, 1993). In our earlier 

study we have already examined the expression of other iGluR subunits and synaptic 

proteins in the prefrontal cortex and amygdala of GluD1 KO mice. We examined the 

effect GluD1 deletion on proteins representative of; (1) iGluR subunits: GluA1, GluA2, 

GluK2, GluN2B; (2) presynaptic and postsynaptic proteins: synaptophysin and PSD95 

respectively and (3) excitatory and inhibitory neurons: vGluT2 and GAD67 respectively.  

Examining the GluD1 KO to WT ratio in the hippocampus we found that there is a 

significantly lower expression of GluA1 (P=0.0328), GluA2 (P=0.0034) and GluK2 

(P=0.0021), GAD67 (P=0.036) and a significantly higher expression of GluN2B 

(P=0.0328) in the GluD1 KO brain versus the WT brain (Fig. 5; Table 1).  These results 

suggest that deletion of GluD1 leads to changes in the expression of synaptic proteins.  
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Figure 5. Altered expression of iGluR subunits and synaptic protein in GluD1 KO 

hippocampus. In synaptoneurosomal preparations from the hippocampus of GluD1 KO 

(n=8) and WT (n=8) we observed a significantly lower expression of GluA1 (P=0.0030), 

GluA2 (P=0.0034) and GluK2 (P=0.0021), GAD67 (P=0.036) while there was a 

significantly higher expression of GluN2B (P=0.0328). Data are presented as mean ± 

SEM. * represents P< 0.05. Data are presented as mean ± SEM. * represents P< 0.05. 
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Dendritic spine density in the hippocampus, amygdala and prefrontal cortex of GluD1 

knockout mice 

Golgi staining was performed and the dendritic spines counted manually. In the 

hippocampus there was a significantly higher number of dendritic spines in the GluD1 

KO mice (n=31) compared to WT mice (n=31) (Fig. 6A; unpaired t-test P<0.0001, 

F=1.074). In the amygdala there was a significantly lower number of dendritic spines in 

the GluD1 KO (n=48) compared to the WT mice (n=25) (Fig. 6B; unpaired t-test 

P<0.0001, F=3.500). In the prefrontal cortex there was a significantly higher number of 

dendritic spines in the GluD1 KO (n=29) compared to the WT mice (n=22) (Fig. 6C; 

unpaired t-test, P<0.0001, F=1.294).   
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Figure 6. Altered spine density in the hippocampus, amygdala and prefrontal cortex 

of GluD1 KO mice. A. In the hippocampus there was a significantly higher number of 

dendritic spines in the GluD1 KO mice (n=31) compared to WT mice (n=31) (unpaired t-

test P<0.0001, F=1.074). B. In the amygdala there was a significantly lower number of 

dendritic spines in the GluD1 KO (n=48) compared to the WT mice (n=25) (unpaired t-

test P<0.0001, F=3.500). C. In the prefrontal cortex there was a significantly higher 

number of dendritic spines in the GluD1 KO (n=29) compared to the WT mice (n=22) 
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(unpaired t-test P<0.0001, F=1.294). Data are presented as mean ± SEM. *** represents 

P<0.001, ** represents P<0.01 and * represents P< 0.05.  

 

Discussion 

Among the ionotropic glutamate receptors the role of the GluD1 receptor in the 

central nervous system has remained unclear. In a previous report we found (Yadav et al., 

2011, manuscript under review) that the GluD1 receptor regulates emotional and social 

behaviors. Here we conducted further studies to assess learning and memory and 

molecular and synaptic changes in the GluD1 knockout mice.  

We found GluD1 knockout mice manifest an enhanced working memory, lower 

time for task completion and greater percent task completion in the radial maze (Fig. 1). 

Working memory is an immediate and rapidly decaying memory sustained by a 

prefrontal cortex–hippocampus network, mediated by short-term plasticity in the 

hippocampus (Olton and Feustle, 1981; Jarrard, 1993; Zeng et al., 2001; Olton and Papas, 

1979). Electrophysiology and imaging studies implicate prefrontal cortex and 

hippocampus as key structures subserving effective working memory (Goldman Rakic 

1995; Rowe et al., 2000). On a molecular level we observed an elevated GluN2B level in 

the hippocampus (Fig. 5) and a trend for increased GluN2B in the prefrontal cortex of 

GluD1 knockout mice (Yadav et al., 2011). GluN2B overexpression facilitated synaptic 

potentiation and enhancement of working memory (Cui et al., 2011; White and 

Youngetob, 2004; Tang et al., 1999; Zhuo, 2009).  Adult canaries experience seasonal 

variation in GluN2B expression, enhanced GluN2B expression facilitates learning of the 
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mating song (Heinrich et al., 2002). Additionally we also observed an increase in spine 

density in both hippocampus and prefrontal cortex of GluD1 knockout mice (Fig. 6A, C). 

These two molecular changes may partially explain the enhanced working memory in 

GluD1 knockout mice. 

The amygdala is a key brain region involved in associative fear learning. We  

observed both contextual and cue fear conditioning deficits in GluD1 knockout mice 

(Fig.2, 3A, B, C). Moreover, pairing two conditioned stimuli together with the 

unconditioned stimulus provides for a greater saliency of the stimuli. The frequency of 

the tone used in cue fear conditioning was different from the frequency at which GluD1 

knockout manifest hearing loss (Gao et al., 2007).  Although the reduced freezing in 

contextual and cue fear conditioning in GluD1 knockout may partially be due to 

hyperactivity. The molecular abnormalities in synaptoneurosome and spine density in the 

amygdala and hippocampus in GluD1 knockout further reinforce the deficit in associative 

fear learning.  

Additionally we have previously shown that GluD1 knockout exhibit lower 

anxiety-like behavior in the marble burying test which may also explain lower fear 

conditioning since anxiety and fear behavior share a common circuitry.  

  GluD2 plays a role in AMPA receptor trafficking (Hirai et al., 2003) and we 

hypothesize that GluD1 could be regulating AMPA receptor trafficking as evident from 

lower AMPA expression in the hippocampus (Fig. 5) and the prefrontal cortex of GluD1 

knockout mice (Yadav et al., 2011). For the first time we have found an inverse 

relationship of the amygdala with the prefrontal cortex and hippocampus at the molecular 
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and synaptic levels, suggesting that GluD1 deletion results in synaptic abnormalities. 

Studies reveal that there are reciprocal connections between amygdala and prefrontal 

cortex and an inverse responding of these two brain regions has been reported during 

negative affect reduction and other behaviors (Sotres-Bayon et al., 2004). At the synaptic 

level the hippocampus and the prefrontal cortex have a higher dendritic spine density 

while the in the amygdala we see lower dendritic spine density in GluD1 knockout mice 

(Fig. 6 A, B, C).  Increased dendritic spine density in the prefrontal cortex and the 

hippocampus are linked to greater cognitive ability (Leuner et al., 2010). Human post 

mortem studies of autism spectrum disorder (ASD) individuals report increased spine 

density in the prefrontal cortex (Hutsler and Zhang, 2011). The GRID1 gene that codes 

for GluD1 has been implicated in ASDs. Increased spine density has been reported in 

fragile X syndrome (Hinton et al., 1991; Wisniewski et al., 1991; Comery et al., 1997; 

Irwin et al., 2001). Additionally, various studies by Sousa et al., 2000; Liston et al., 2006; 

Radley et al., 2006, have shown that reduced dendritic spines occur in association with 

decrements in cognitive tasks that require the prefrontal cortex and hippocampus. Fyn is a 

protein known to affect long term potentiation (LTP), synapse formation, and learning 

and memory and decreased dendritic spine density is  reported in the Fyn knockout 

(Babus et al., 2011).  

Our present findings help us gain a better understanding of the GluD1 receptor in 

the live animal in learning and memory, at the molecular and synaptic level. Future 

studies would help us understand the physiological role of the GluD1 receptor. 
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Table 1: Synaptic protein composition in GluD1 KO mice.  

 

Hippocampus Protein 

Ratio SEM P 

GluA1 0.658 0.085 0.0030**

GluA2 0.733 0.074 0.0034**

GluN2B 1.482 0.176 0.0328* 

GluK2 0.584 0.096 0.0021**

vGluT2 1.082 0.160 0.6941 

GAD67 0.744 0.071 0.0360* 

PSD95 1.294 0.250 0.3439 

Synaptophysin 0.891 0.181 0.6227 

 

Synaptoneurosomes were isolated from the GluD1 KO and WT hippocampus and 

western blotting was performed (5-11 animals for each group). Data are presented as 

mean ± SEM and represent the ratio between the optical densities for individual values 

for GluD1 KO divided by the average of the optical density values for the WT. *** 

represents P< 0.001 ** represents P<0.01 and * represents P< 0.05.  
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The objective of our first study was to understand the structure-function attributes 

of the GluD1 receptor which may provide novel insights into the assembly and gating of 

GluD1 receptor. Employing site directed mutagenesis we generated mutants in the 

putative activation gate of GluD1 receptor. We found that four of the mutants 

GluD1A650C, GluD1L652A, GluD1A654C, and GluD1F655A resulted in generation of 

spontaneous currents which were blocked by a channel blocker pentamidine. These 

results suggest that GluD1 receptor has a pore domain with an activation gate similar to 

other iGluRs.  Moreover these results suggest that GluD1 receptor assembles as 

homomers. Recent crystal structure of GluD2 showed binding of D-serine and glycine to 

the ligand binding domain. Although D-serine did not induce currents through wild type 

channels, binding of D-serine resulted in reduction of spontaneous currents through the 

GluD2Lc. D-serine binding at the the ligand binding domain induces rearrangements at 

the dimer interface resulting in reduction of spontaneous currents through the GluD2Lc 

by a mechanism that resembles desensitization at AMPA and kainate receptors. Calcium 

binding at the dimer interface formed between the two ligand binding domains stabilizes 

the dimer interface and increases spontaneous currents through the GluD2Lc. Based on 

sequence and structure alignment the residues forming the ligand binding domain (LBD) 

and calcium binding site at the dimer interface were found to be conserved between 

GluD1 and GluD2. Thus we next tested the effect of D-serine and calcium on the 

spontaneously open mutants. We found that D-serine application results in reduction of 

currents through the spontaneously open mutants and a chimeric GluD1-D2 receptor. 

Additionally extracellular calcium potentiated spontaneous currents through 

GluD1F655A mutant receptor.  Our findings elucidate several features of the GluD1 
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receptor which include the activation gate, ligand binding domain and the calcium 

binding site, showing that these features are conserved between the two glutamate delta 

receptors.  

The second objective of our study was to understand the physiological 

significance of the GluD1 receptor in whole animal. Due to limited pharmacological tools 

we utilized a previously generated GluD1 knockout mouse model to address this 

question. Since the role of GluD1 has been proposed in synapse formation and its closest 

homolog GluD2 has been extensively studied in regulating cerebellar synaptic physiology 

we predicted deletion of GluD1 would lead to behavioral abnormalities. This hypothesis 

was in accordance with the recent genome wide association studies showing a strong 

correlation between GRID1 gene and neuropsychiatric disorders. We found unique 

behavioral abnormalities that include hyperactivity, lower anxiety-like behavior, 

hyperaggression, depression-like behavior, deficits in social interaction, enhanced 

working memory and fear acquisition deficit in GluD1 knockout mouse. These unique 

behavioral abnormalities implicate the prefrontal cortex, amygdala and hippocampus in 

mediating the aberrant behaviors in GluD1 knockout mice. We therefore tested changes 

at the molecular level in these brain regions. We found alterations in synaptic proteins 

and other iGluR subunits as well as spine density. Specifically we found a decrease in 

AMPA/kainate subunit expression together with higher spine density in the prefrontal 

cortex and hippocampus of GluD1 knockout. In contrast, we found increase in 

AMPA/kainate expression and lower spine density in the amygdala of GluD1 knockout. 

These contrasting changes at the molecular level in the prefrontal cortex and 

hippocampus in comparison to amygdala may explain the enhanced working memory and 
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normal reference memory but abnormal associative fear behavior. All these results 

provide an intial broad framework for addressing the region specific roles and signaling 

pathways affected by GluD1. Moreover, our results together with genome wide 

association studies provide strong evidence implicating GluD1 in neuropsychiatric 

disorders. Several questions remain unanswered besides the developmental role of 

GluD1.  It remains to be addressed whether D-serine could be a potential ligand for the 

GluD1 receptor. D-serine is believed to play a role in normal and aberrant human brain 

development. D-serine is abundantly expressed in the forebrain during development and 

GluD1 expression is high in the forebrain during development. D-serine may act as an 

agonist for the GluD1 receptor binding to the LBD and bringing about downstream 

signaling effects. Although roles of D-serine as a potent endogenous agonist for NMDA 

receptors have been well studied whether some of its affects are mediated by GluD1 will 

be essential to fully understand mechanisms at excitatory synapses. Region specific 

expression of the GluD1 receptor in the brain also remains to be examined. The 

expression pattern of the GluD1 receptor would elucidate region specific function for 

behavioral phenotypes seen with the GluD1 knockout mice. This would provide a better 

understanding of the aberrant behaviors, specific brain regions from where these 

behaviors emerge in the GluD1 knockout mice and an understanding of neuropsychiatric 

disorders in which the GRID1 gene has been implicated. Additionally results from the in 

vivo studies of D-serine on GluD1 knockout mice would provide new insight into the 

GluD1 receptor and its potential ligands.  
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