
 

 

ELECTROPHYSIOLOGICAL CHARACTERIZATION OF 

A MOUSE DEFICIENT FOR OLIGOPHRENIN1:  

A MOUSE MODEL OF X-LINKED MENTAL 

RETARDATION 

 

By 

 

PIERRE-PHILIPPE SAINTOT 

 

 

A thesis submitted to 

The University of Birmingham 

For the degree of 

DOCTOR OF PHILOSOPHY 

 

 

 

       Department of Neurophysiology 

       The Medical School 

       The University of Birmingham 

       May 2010 



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third parties. 
The intellectual property rights of the author or third parties in respect of this work 
are as defined by The Copyright Designs and Patents Act 1988 or as modified by 
any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission of 
the copyright holder.  
 
 
 



  Abstract 
___________________________________________________________________________ 

ABSTRACT  

 

Mental retardation is the most common brain disease. One of the first genes 

identified in X-linked mental retardation (XLMR) was the OPHN-1 gene.  Mutation of 

this gene has been described in patients with moderate to severe cognitive 

impairments. 

MR is characterized by reduced cognitive function with or without other clinical 

features, thus providing a direct approach to study the neurobiology of cognition and 

pathogenesis of MR. I propose in this thesis to clarify the underlying mechanisms 

responsible for the learning impairments. 

My first approach was to investigate the functioning of a neuronal population using 

extracellular recording of fast oscillations which are thought to underlie higher 

cognitive performance. I showed that Ophn-1 null mice displayed weaker gamma 

oscillations. Thereafter, Investigation of the synaptic properties of CA3 pyramidal 

neurons using the patch-clamp technique has been undertaken. I have shown 

reduced inputs of excitatory and inhibitory neurotransmission to CA3 pyramidal 

neurons accompanied with reduced frequency dependent facilitation of the inhibitory 

neurotransmission at 33Hz. Finally, a reduction in readily releasable pool size in 

inhibitory synapses of CA3 area was unravelled. This defect explained the reduction 

of frequency of sIPSCs and consequently the reduction in gamma oscillations power 

in Ophn-1-/y slices.  
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Chapter 1: GENERAL INTRODUCTION 

 

1.1 Mental retardation 

 

In the UK, the term “mental retardation” has been replaced by “learning disabilities” 

(LD) largely due to the acquisition of negative connotations. 1.2 million People have a 

mild to moderate LD and 210 000 have a severe LD (from www.mencap.org.uk). 

Moreover 200 babies are born with a learning disability every week in Great Britain 

(from www.who.int). Disparate nomenclatures are used worldwide to describe this 

handicap, such as learning difficulties, intellectual disabilities and mental impairment 

for example. A learning disability affects the ability of people to learn, communicate or 

perform daily tasks. In this report the term mental retardation will be kept for clarity, as 

it is acceptable in a scientific context.  

The diagnosis criteria are set according the International Classification of Disease-10 

(ICD-10th revision) coordinated by the World Health Organization. In USA, DSM IV 

(Diagnostic and Statistical Manual of mental disorder) classification was largely used 

until recently. According to this classification, the category “mental handicap” exceeds 

all other categories. Hence, in Europe, this category accounts for ~8% of the overall 

health care expenses (Ropers and Hamel, 2005). Mental retardation remains a major 

challenge for modern medicine. In particular, the cost in the UK is 3 billion pounds per 

year. Many problems persist in spite of numerous recent political and social efforts, 

including an increased financial support to the patients and the carers.  
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Tony Blair optimistically said “People with learning disability can lead full and 

rewarding lives as many already do” ( quote from Valuing people, a new strategy for 

learning disability for the 21st century, department of health). However, mentally 

retarded individuals are still considered to have a low level of economic productivity 

and are often seen as a burden to society. Especially in developing countries where 

beliefs and customs lead to the affected child, being regarded as a curse. This is 

mainly because the child will fail to participate to the economic support of the family 

and will also be seen as a heavy burden for the family concerned, as extra care and 

family resources will be required. 

 

1.1.1 Definition of mental retardation 

 

Mental retardation is a complex disorder; therefore a simple definition is difficult to 

give. Many organisations have given comprehensive definitions of mental retardation; 

according to the American Association on Mental Retardation recently rebranded in 

June 2006 as the American Association on Intellectual and Developmental Disabilities 

(AAIDD)  

“Mental retardation is a disability characterized by significant limitations both in intellectual functioning 

and in adaptive behaviour as expressed in conceptual, social, and practical adaptive skills. The 

disability originates before age 18” (from www.aamr.org) 

 

Adaptive behaviours generally refer to the skills needed to live independently, for 

instance communication and social skills. 
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It is accepted that people who have a score between 70 and 50 are considered as 

mildly retarded, whereas people with an IQ of less than 50 are severely retarded (fig. 

1.1 A.). The cognitive abilities can be measured according the Intellectual Quotient 

(IQ) scaling. The IQ of the population is normally distributed around the average (fig. 

1.1 B.). The intelligence can be defined as the capacity to understand complex ideas, 

to adapt efficiently to the environment, to think rationally and abstractly to solve 

problems. In addition cognitive abilities can be reflected by the practical sense, 

initiative and self critical capacity.

Figure 1.1: (A.) Table of classification of mental retardation degree. (B.) IQ bell 

curve, Standard deviations are in parentheses. (From a Ph.D. thesis entitled: 

“Molecular genetics of nonspecific X-linked mental retardation” by Helena Geertje 

Ijntema, 2001)
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1.1.2 Incidence and aetiology of mental retardation 

 

The prevalence of mental retardation is difficult to measure; however it was estimated 

as being between 1 and 3% of the population. This estimate was derived from the bell 

curve showing IQ. As it follows a normal distribution, it is possible to estimate the 

extremes (fig. 1.1 B.) (McLaren and Bryson, 1987, Chelly and Mandel, 2001). It is 

interesting to note that the IQ of males is largely represented on the two tails of the IQ 

Bell curve, showing that they have a higher degree of variability in IQ value. The IQ of 

females, on the other hand, tends to be closer to the mean (Hedges and Nowell, 

1995). This is now explained by the discovery of X-linked genes highly related to 

cognition. As males possess are only hemizygous X chromosome, this makes males 

more susceptible to genetic polymorphic variations. Due to the random X inactivation 

in females, it is more likely to select suitable alleles. 

The causes of mental retardation are multiple. They can be due environmental factors 

such as foetal alcohol exposure, infection, malnutrition or anoxia during infanthood. 

Additionally genetics factors such as triplication of chromosome 21 leading to the 

Down’s syndrome or a single mutation on the X chromosome can result in mental 

retardation. This study is concerned with a single mutation on the X chromosome. 

Typing “mental retardation” in the Online Mendelian Inheritance in Man (OMIM) 

(www.ncbi.nlm.nih.gov/sites/entrez?db=omim) database gives 1446 entries 

(September 2007), whereas “X-linked mental retardation” gives 399 entries. This 

means that 28% of all entries deals with X-linked mental retardation (Zechner et al., 

2001). It is known that only 4 % of all genes are present on the X chromosome 
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(Venter et al., 2001). There is an 8 fold higher incidence of mental retardation related 

to the X chromosome rather than other chromosomes. This has been explained by 

the fact that a large number of the genes which shape our nervous system are located 

in the X chromosome.  

 

1.2 X-Linked Mental Retardation 

 

1.2.1 Definition of X-linked mental retardation  

  

In 1938, Penrose made an early observation of a higher prevalence of mental 

retardation in males1. This discrepancy was first explained by the fact that females 

were kept at home (Raymond, 2006). This explanation was later discarded after the 

finding of the presence of many mutations on the X-chromosome which result in 

mental retardations (Renieri et al., 2005). Thus, it is now evident, that many mental 

retardations are linked to mutations of the X genes and that these mutations account 

for the excess of learning disabilities in males. 

X-linked mental retardation (XLMR) represents a large part of the overall classification 

of mental retardation. Since the late 90s, XLMR has been subject to extensive effort in 

gene sequencing of families affected by mental retardation. This has been due, in 

part, to the establishment of the European XLMR consortium, which has encouraged 

collaboration between teams in clinical and molecular biology which has led to the 

establishment of a large genetic database of families affected by X-linked mental 

                                                
1
 penrose L.S. (1938) A clinical and genetic study of 1280 cases of mental defects. 
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retardation (www.euromrx.com). They were responsible of the discovery of 20 genes 

responsible for non syndromic forms and for 25 syndromic forms of XLMR, notably 

thanks to the powerful positional cloning strategies techniques (Raymond, 2006). The 

complete sequencing of the X chromosome published in March 2005, confirmed that 

an important number of its genes encode for proteins essential to brain function (Ross 

et al., 2005). 

 

1.2.2 Incidence and aetiology of X-linked mental retardation 

 

Amongst single gene mutations causing mental retardation, the most frequent one is 

the fragile X syndrome, affecting about 1 in 4000 live births. The fragile X syndrome is 

due to the repetition of the CGG triplet inside the FMR1 gene, which normally 

encodes for the Fragile X Mental Retardation Protein (FMRP). FMRP is involved in 

RNA transport (Verkerk et al., 1991). Fragile X syndrome accounts for 20 to 25% of 

XLMR cases. The second most frequent mutation in a single gene in the X 

chromosome is the mutation of the MECP2 gene which normally encodes for Methyl-

CpG binding protein 2 (MeCP2). A defect in MECP2 gene is responsible for the RETT 

syndrome (Chahrour and Zoghbi, 2007). 
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1.2.3 Categorization of X-linked mental retardation 

 

Historically, XLMR has been divided into two categories: i) non syndromic XLMR 

where affected patients do not have any distinctive clinical features apart from the 

cognitive impairment and ii) syndromic XLMR where the individuals affected have in 

addition to the intrinsic mental retardation, visible anatomic or metabolic 

characteristics of the disease (e.g.: strabismus). Syndromic XLMR is further classified 

by categories according to similar features e.g. cerebellar hypoplasia. This 

classification is still matter of debate since some  XLMR genes are classified in the 

two categories, for instance ARX, MECP2, FMR1, DCX and GDI. Mutations in these 

genes lead to syndromic XLMR in some case and non syndromic XLMR in other 

cases. 

Although this classification is not ideal, it is still in use and is acknowledged by the 

majority. Most of XLMR related genes were discovered through the identification of a 

X chromosome rearrangement in patient. The cloning of the breakpoint then led to 

identification of the genes (blue box fig. 1.2); whilst others were discovered by 

mutational screening (green box). 
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Figure 1.2: Schematic of an X-chromosome illustrating the genes implicated in 

syndromic and non syndromic XLMR (left and right side respectively). Blue and red 

colours represent XLMR identified by studying balanced X-chromosome 

rearrangement, such as OPHN1. Green colour represents XLMR identified by 

mutation screening. (Ropers and Hamel, 2005). 
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1.2.4 Deficits observed in X-linked mental retardation. 

 

About three decades ago seminal studies from Huttenlocher et al (1970) and Purpura 

et al (1974) reported an alteration of the structure in the dendrite and the dendritic 

spines in MR  with a shift to either absent or abnormally long and thin ones in affected 

individuals (Purpura, 1974, Purpura, 1979). The dendritic structures were extensively 

studied thereafter in XLMR model  as reviewed by (Kaufmann and Moser, 2000). The 

neuroanatomical examination of XLMR in mouse models revealed several 

morphological abnormalities such as dendritic spines malformations, notably for 

fragile X syndrome  (Grossman et al., 2006b) and in down’s syndrome (Kaufmann 

and Moser, 2000). Spine dysgenesis certainly induces alteration in the synaptic 

transmission which may lead to deficits in intellectual performance. The alteration in 

spine structure which accompanies XLMR could have a significant impact on mental 

function. 

Dendritic morphology is tightly controlled by actin cytoskeleton rearrangement. 

Several XLMR genes were found to be regulators of effectors of RhoGTPases, which 

regulate the actin rearrangement. 

 

1.2.5 Involvement of RhoGTPases pathways in XLMR. 

 

Several XLMR genes were found to be involved in signal transduction through the 

small RhoGTPases protein. Oligophrenin1, in addition to four other proteins encoded 

by genes known to be involved in XLMR are members of the RhoGTPases signalling 
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pathway, either as regulators ( PIX or cool2, , oligophrenin-1) or as downstream 

effectors (PAK3 (p21-activating kinase-3.), FMRP).  

In addition, mutations in a X-chromosome gene, termed Rab GDP-dissociation 

inhibitors (GDI), have been found to lead also to XLMR (D'Adamo et al., 1998).

Figure 1.3 shows the signaling pathways which involve the small RhoGTPases 

protein leading to cytoskeleton rearrangements. Two major typical signaling pathways 

for oligophrenin1 has been studied: i) RhoA activates Rho-kinase (ROCK), which in 

turn activates the myosin light chain (MLC) protein by phosphorylating it, leading to 

actomyosin contractility phenomenon (Maekawa et al., 1999). ii) Another signaling 

pathway is as follow: after activation of Rho-kinase, the latter will 

phosporylate/activate a protein named LIMK (which also responsible for MR when 

mutated (Meng et al., 2002), once activated LIMK in turn phosphorylates the Cofilin, 

inactivating it. Cofilin is an actin depolymerization factor, therefore inactivation leads

to actin polymeristation. The protein effector Diaphanous-related formins (Dia) has 

also been shown to be activated by RhoAGTPase (Li and Higgs, 2003).

Another GAP protein, MEGAP, coded by a gene located on the chromosome 3;

mutation in this gene lead to severe MR (Endris et al., 2002). FMRP (O'Donnell and 

Warren, 2002) and PAK3 (Allen et al., 1998) proteins are effectors of Rac and Cdc42 

and are also involved when they are lacking in XLMR (fig. 1.3).
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Figure 1.3: Rho-linked mental retardation proteins and effectors pathways. Red 

colour illustrates proteins inducing MR when lacking (From (Newey et al., 2005)).

Important abbreviations: MEGAP, Mental disorder-associated GAP protein; 

ARHGEF6 (or PIX or Cool-2), a Rho guanine nucleotide exchange factor 6; PAK, 

p21-activated kinases; LIMK, Lin-11, Isl-1 and Mec-3 kinase; MLCK, myosin light 

chain kinase; Dia, Diaphanous-related formins. 

1.3 Oligophrenin1 protein and the syndrome of oligophrenin1 

deficiency. 

1.3.1 Oligophrenin1: from past to present 

Bienvenu et al (1997) reported a case of X-breakpoint balanced translocation (X;12) 

in a female affected with a mild mental retardation (family MRX60). By cloning the 

breakpoint, Billuart et al (1998) identified a single base pair deletion in a gene named 
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OPHN1 (MIM 300127), which contains 25 exons spanning the breakpoint in Xq12 and 

encodes for a protein named oligophrenin1 (Molecular mass ~ 91 kDa). They 

therefore concluded that loss of function of this gene is responsible for X-linked non 

specific mental retardation, assuming, that the mutation leads to the non expression 

of oligophrenin1 in the brain. It is actually not possible to prove this assumption, due 

to the lack of access to human brain materials. Although RT PCR analysis of RNA in 

lymphoblastoid cell from the patient revealed that the mutation resulted in an almost 

undetectable level of oligophrenin1 transcript (Chabrol et al., 2005). 

Clinical studies have identified multiple mutations in the OPHN1 sequence of different 

families (see table 1). Briefly the pathophysiologies of the disease observed are 

cerebellar  hypoplasia, ventriculomegaly, hydrocephaly, epilepsy, hypogenitalism, and 

strabismus (Chelly, 2000). Initially classified as a non syndromic XLMR, a closer re-

examination of the clinical phenotype in families affected as well as the discovery of 

new families, suggested a syndromic form of XLMR (Bergmann et al., 2003, Chabrol 

et al., 2005). This was mainly concluded from the observation, that affected patients 

were associated with permanent cerebellum hypoplasia, which constitutes a clear 

distinctive clinical feature. 

 

1.3.2 Clinical features 

 

Many mutations in the sequence of OPHN1 have been observed in several distinct 

families over the past 10 years since the discovery of OPHN1 gene. The first studies 

presented a chromosomal rearrangement mutations in a mild mentally retarded 
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female (MRX60) and a 1 base pair deletion in her affected children (Bienvenu et al., 

1997, Billuart et al., 1998, Tentler et al., 1999).  Later on additional mutations located 

on the OPHN1 sequence were discovered (Tentler et al., 1999, Bergmann et al., 

2003, Philip et al., 2003, Zanni et al., 2005, des Portes et al., 2004).  All patients with 

mutations in OPHN1 gene showed similar learning disabilities symptoms, ranging 

from moderate to severe mental retardation. Furthermore, a trend towards milder MR 

was observed for females heterozygote and a trend to more severe MR was observed 

for the males hemizygote.  

The clinical features defining the oligophrenin1 deficiency as a syndromic XLMR are 

the followings: Cerebellar hypoplasia notably of the vermis was observed for all the 

individuals affected (Tentler et al., 1999, Philip et al., 2003, Bergmann et al., 2003, 

Chabrol et al., 2005, Zanni et al., 2005, Menten et al., 2007, des Portes et al., 2004). 

Cerebellar hypoplasia is probably responsible of the developmental delay such as the 

late walking in the infants, although an ataxia was observed in only one case 

(Bergmann et al., 2003). The OPHN-1 gene has been suggested to play a role in the 

development of the cerebellum (Bergmann et al., 2003;Philip et al., 2003;Tentler et 

al., 1999). The cerebellum hypoplasia is interesting, because it is found in other MR 

as well, indicating that the cerebellum could be involved in cognitive function (Riva 

and Giorgi, 2000). A variable degree of cerebral ventricles enlargement, including the 

laterals and the 4th ventricles, are observed amongst all male patients mutated but 

only sometimes in females. A third major clinical feature is the development of 

epileptic seizures at early stage of the development in approximately 50 % of the 

families, such as early onset complex partial seizures (des Portes et al., 2004) and 
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myoclonic astatic (Bergmann et al., 2003)). In addition to these main features several 

adjunct features are observed such as strabismus, hypogenitalism, specific facial 

appearance or a tall stature. Table 1 summarizes the results of different clinical 

studies with families affected by oligophrenin1 deficiency reported to date. These 

clinical features characterize the “oligophrenin syndrome”.  
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Reference Family details OPHN1 mutations  Clinical Features 

Bienvenu, T (1998) 1 female Breakpoint translocation Xq12 mild MR 

Billuart, P. (1998) MRX 60, 4 males 1-bp deletion 1578 MR only (then reassessed by des portes) 

Billuart, P. (2000) screening of 164 patients found 3 polymorphisms determination of gene structure study 

Tentler, D. (1999) two sisters of Finnish descent microdeletion of 1.1Mb psychomotor retardation,enlarged cerebral ventricles, cerebellar hypoplasia, seizures, ataxia 

Philip, N. (2003) 2 families 1578del, 1385ins; 8-bp duplication in exon 9 moderate MR, cerebellar hypoplasia 

Bergmann, C. (2003) 1 family, 5 brothers genomic deletion of exon 19(17.6-kb deletion) 
moderate to severe MR, myoclonic-astatic epilepsy, ataxia, strabismus and hypogenitalism,  
enlargement of the lateral ventricles 

Des portes, V. (2004) 
2 families, 1female and  
4 males (MRX60) 

 
moderate to severe MR, ventricles enlargment strabismus, early onset complex partial seizures, 
 vermian dysgenesis 

Chabrol, B. (2005) 
3 families (1 new and 2 families  

from Philip et al) 
2-bp deletion, oligophrenin truncated 

moderate to severe MR, seizures, strabismus, cerebellar hypoplasia,  

ventricles enlargment,specific facial appearance 

Zanni, G. (2005) 4 families, 14 males 
two nonsense mutations,deletion of exons 16 
 to 1, splice site mutation 

Moderate to severe MR, strabismus, ataxia, moderate dilatation of lateral ventricles, 
hypoplasia of the cerebellum, epilepsy.  

Menten, B. (2007) 1 female balanced chromosomal rearrangement 
Mild MR, epilepsy,strabismus, ventricles enlargment, cerebellar hypoplasia,  
Dysmorphic facial features, tall stature 

(Bedeschi et al., 2008)) 1 male Duplication including OPHN1 gene 
Severe MR, ventricular dilatation, cerebellar hypoplasia, microcephaly,  

distinct facial appearance 

 (Madrigal et al., 2008),  1 family, 4 males deletion spanning exons 21 and 22 MR, cerebellar hypoplasia and ventriculomegaly 

Table 1.1: Synopsis of various clinical studies reported to date 
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Figure 1.4: Oligophrenin1 deficiency (Ai). Facebook of 3 distinct families affected 

by oligophrenin1 deficiency showing facial dysmorphy features associated with brain 

magnetic resonance imaging (MRI) (Aii.).Picture of patients * and * showing ventricles 

enlargement and cerebellar hypoplasia (illustrations taken from (Zanni et al., 2005)) 

(Bi.) Pictures of two affected males. (Bii.) Brain MRI corresponding to the patient *.

(illustrations taken from (Chabrol et al., 2005)). 

Unfortunately, to date no curative therapy is available, only educational efforts are 

made to enhance the cognitive performance of patients (Ramakers, 2002).
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1.3.3 Physiology of oligophrenin1 protein  

 

Oligophrenin1 expression 

 

Oligophrenin1 (802 AA) present its highest expression in brain during early 

development. Later at the adult state, it is enriched in the hippocampus, the olfactory 

bulb and the cerebellum (Billuart et al, 1998). Oligophrenin1 is highly expressed 

during the development of the brain and is localised in neurons where it directly 

interacts with actin, notably at the tip of the growing neurite (Fauchereau et al., 2003). 

Oligophrenin1 is expressed in both the pre and post synaptic compartments (Billuart 

et al., 1998, Govek et al., 2004). Additionally, outside the brain it has been shown to 

be expressed in the enteric nervous system, where it could have an important role in 

colorectal tumor development (Xiao et al., 2003). Additionally, oligophrenin1 is further 

expressed in neurons as well as in glial cells, and it is noteworthy to consider that 

oligophrenin1 have been shown to be overexpressed in glial tumour cells (Ljubimova 

et al., 2001). Oligophrenin1 has been found to interact with postsynaptic protein 

HOMER, which regulates glutamatergic metabotropic receptors (Sala et al., 2003, 

Govek et al., 2004). 
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Figure 1.5: Oligophrenin1 expression. (A.) Oligophrenin1 is present throughout the 

neurons and notably coimmunostain with actin, PSD95 and synaptophysin, revealing 

its presence in pre and postsynaptic compartments closely linked with actin 

(immunostaining from Govek et al (2004)). (B.) Immunolocalization of Ophn-1

transcript in mouse brain slice in the hippocampus and the cerebellum (left and right 

panel respectively) (illustrations taken from (Khelfaoui et al, 2007)). 

Figure 1.5 B demonstrates that oligophrenin1 transcripts are ubiquitously spread in 

the soma and dendritic processes. 
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Oligophrenin1 binding domains 

Oligophrenin1 contains a central RhoGTPase Activating Protein domain (RhoGAP).

Oligophrenin1 also possesses an N-terminal BAR (Bin, Amphiphysin , RSV) domain 

which function is to bind to curved membrane and a Plekstrin Homology (PH) domain 

which interacts with phosphoinositides, which, in doing so, confers specificity to 

membrane binding (Peter et al., 2004). At its C-terminal is present a prolin rich domain 

which binds to Src homology 3 domain (SH3 domain) of proteins, such as 

amphiphysin, endophilin (P. Billuart, personal communication) (Figure 1.6).

Figure 1.6: Schematic representation of the oligophrenin1 protein (91Kd).

Numbers signify nucleotides.  

Oligophrenin1: its function and its regulation

Oligophrenin1 protein belongs to the GAP family of proteins which are estimated to 

comprise 140 members (Symons and Settleman, 2000). Oligophrenin1 protein 

contains a central GAP domains constituted of 140 AA, with an F-actin binding 

domain, which negatively regulates RhoGTPases by increasing the intrinsic catalytic 

properties of the RhoGTPase itself (Fauchereau et al., 2003). The GAP domain 

possesses an “arginine finger” which penetrates into the catalytic sites of the small G
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protein acting as a switch, increasing the hydrolysis rate up to 10000 times (Gamblin 

and Smerdon, 1998). 

Oligophrenin1 has been shown to interact with at least 3 RhoGTPases which are 

amongst the most extensively studied RhoGTPases: i.e. the Ras homologous 

member A protein (RhoA), the Ras related C3 botulinium toxin substrate 1 (Rac1) and 

Cell division cycle 42 protein (Cdc42). Oligophrenin1 reduces the GTPase activity of 

these proteins without any specificity (Billuart et al., 1998, Govek et al., 2004). Briefly, 

these RhoGTPases act as a molecular switch which transduces signals from 

extracellular stimuli to a variety of intracellular functions. (fig. 1.7 & table 2 for function) 

(Luo, 2000, Schmitz et al., 2000, Newey et al., 2005). Lack of oligophrenin1 protein 

thus leads to a constitutive activation or an abnormally high degree of activation of 

these RhoGTPases itself and consequently in an activation of its downstream 

effectors (P. Billuart, personal communication). It is supposed that other GAP proteins 

could carry out the function of oligophrenin1, such rich1 and rich2 which share some 

similarities with oligophrenin1, depending of their location. Using chimeric 

oligophrenin1 protein, Fauchereau et al (2003) determined the mechanism of 

oligophrenin1 regulation. The authors showed that oligophrenin1 was able to inhibit 

itself through the interaction with its N-terminal. The precise mechanism is yet to be 

uncovered.  
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Figure 1.7: RhoGTPases cycle. Abb. Rho: Ras homology; GTP: Guanosine-5'-

triphosphate; GDP: Guanosine-5'-diphosphate; Pi: inorganic phosphate. Explanations 

are contained in the text. 

1.3.4 Characterization of the Ophn-1-/y mice

The phenotypic characterization of the oligophrenin1 knocked out mouse by Khelfaoui 

et al (2007) revealed that enlargement of lateral ventricles seen in affected individuals 

was replicated in the mouse model, whereas the cerebellum was anatomically normal

in Ophn-1-/y mouse.

Behavioural phenotype of Ophn-1-/y mouse

Ophn-1-/y mice and their wild-type littermates have been submitted to a thorough 

series of behavioural tests, performed by Khelfaoui et al (2007). These tests aimed to 
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assess exploratory related behaviour, as well as anxiety, social and cognitive-related 

behaviours. Exploratory behaviours were evaluated by tests, such as locomotor 

activity test and Y-maze test, which assessed the locomotion and the rearing. In 

addition, the Open-field test, the light-dark box test, the elevated O-maze test were 

performed to assess anxiety-related behaviour. The social interaction behaviours 

were assessed by the resident intruder test and social memory test. The cognitive-

related behaviours were evaluated with the Morris water maze test (MWM) and the 

paw preference test. 

The main behaviour observed was a deficit in spatial memory in Ophn-1-/y mice, which 

correspond to a deficit in learning in the MWM. Additionally Ophn-1-/y mice showed 

disturbed social behaviour associated with novelty driven hyperactivity. Deficits in 

lateralization have also been revealed by the paw preference test. (Khelfaoui et al., 

2007).  

 

Ultrastructural phenotype of Ophn-1-/y mice 

 

Govek and colleagues compared the spine morphology, by knocking down 

oligophrenin1 expression with two different approaches: RNA interference and 

antisense approaches in hippocampal organotypic slices. This study revealed a 

significant reduction of the length of the dendritic spines in CA1 pyramidal cell. The 

mechanism underlying this reduction is through RhoAGTPase and subsequently Rho 

kinase (ROCK) signalling (Govek et al., 2004). As they have shown that Y27632, 

which is an inhibitor of ROCK protein, rescued the deficit in spines morphology. It is 
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well established that these dendritic specialisations play an important role in synaptic 

integration and noteworthy that, spine dysgenesis is observed in other MR (Boda et 

al., 2004, Grossman et al., 2006a). 

Deficit in dendritic spines was also observed by Khelfaoui et al (2007). They showed a 

reduction in length of the dendritic spines at the basal side and a reduction of the 

density of these in the apical side of Ophn-1-/y cultured CA1 pyramidal neurons. 

Furthermore, they demonstrated that the number of filopodia was increased in Ophn1-

/y CA1 hippocampal neurons. Quantification of the number of CA1 neurons and 

excitatory synapses were unaltered by the loss of oligophrenin1 (Khelfaoui et al., 

2007). Taken together, this data revealed that more synapses were formed directly 

onto the dendritic shafts. These results indicate that the maturition process of the 

dendritic spines is impaired by the loss of oligophrenin1 protein.  

 

Electrophysiological characterization of Ophn-1-/y mice 

 

Electrophysiologically, long-term potentiation and mGluR dependent long-term 

depression induced by (S)-3,5-dihydroxyphenylglycine (DHPG), were normal in the 

hippocampal slices (CA1), whilst paired pulse facilitation has been shown to be 

reduced in Ophn-1-/y slices (Khelfaoui et al., 2007). This suggested that the 

presynaptic release of neurotransmitters is somehow affected in Ophn-1-/y mouse. 
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1.4 RhoGTPases family. 

 

The following part introduces the RhoGTPases family protein which is important to 

understand the functional implication of the loss of oligophrenin1. 

Approximatively one percent of the human genome encodes proteins related to 

members of Rho family of GTPases. The Rho family of GTPases constitutes a distinct 

family amongst the superfamily of Ras-small GTPases. Members of this family couple 

extracellular signalling events to a change in intracellular function. The Rho family 

includes at least fifteen members, amongst them the Rho subfamily (A, B, C), the Rac 

subfamily (1, 2, 3) and Cdc42 protein, to mention the most important ones (Jaffe and 

Hall, 2005). RhoGTPases act as a molecular switch between an inactive state (bound 

to GDP) and an active state (bound to GTP) and provide a link between membrane 

receptors and intracellular signalling pathways (fig. 1.8). The activity of these proteins 

is determined by the ratio of their GTP/GDP bound form. The diverse cellular 

functions of RhoGTPases are summarized in table 2.  

 

1.4.1 Role of the small RhoGTPases 

 

The major role of RhoGTPases is the regulation of the actin cytoskeleton. 

Consequently, RhoGTPases play an important role wherever filamentous actin is 

involved in a cellular process. It is noteworthy that RhoGTPases were extensively 

studied in fibroblast cultured cells where they have been shown to hold a prominent 

role in cellular biology processes, such as cell polarisation, microtubules dynamics. 
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Additionally, RhoGTPases are demonstrated to play an important role in neuronal 

development where they interfere at every step of the development of the neurons 

(Govek et al., 2005). It is also well established, that these RhoGTPases are involved 

in tumor genesis. 

  

RhoGTPases cellular functions References 

 
Regulation of actin polymerisation (Hall, 1998)  

Neurite outgrowth (Govek et al., 2005) 

Differentiation (Govek et al., 2005) 

Axon guidance and pathfindings 
(Govek et al., 2005) 

 
Dendritic spine formation and maintenance  (Govek et al., 2005) 

Synapse formation (Govek et al., 2005) 

Exocytosis  (Gasman et al., 2003)  

Tumourigenesis   (Schmitz et al., 2000)  

Cell migration and invasion (Schmitz et al., 2000) 

Cell division (Narumiya and Yasuda, 2006)  

Cell morphogenesis (Narumiya and Yasuda, 2006) 

Cell movement  (Jaffe and Hall, 2005) 

 
Cell polarity  (Etienne-Manneville and Hall, 2002)  

 
Microtubules dynamics (Etienne-Manneville and Hall, 2002) 

 
Activation of factors transcription (Etienne-Manneville and Hall, 2002) 

 
Gene transcription (Etienne-Manneville and Hall, 2002) 

 

Table 1.2: Cellular functions of small GTPases proteins. 
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Taken together, these studies have shed light on the important function of 

RhoGTPases signalling in the regulation of the actin cytoskeleton. The actin 

cytoskeleton, in turn, controls different aspects of the neuronal development, from cell 

division to the formations of mature synapses, comprising maintaining the stability of 

the synapses and the remodelling of them.  

 

1.4.2 Mechanisms of activation 

 

A typical signalling pathway including the activation of RhoGTPases is as follow: 

activation of a receptor kinase by an extracellular signal lead to the recruitment of 

guanine nucleotide exchange factors (GEFs) to the plasma membrane, concomitantly 

the small G protein is translocated to the membrane, mainly controlled by the action of 

GDP dissociation inhibitors (GDIs), which itself is controlled by cytoskeletal proteins. 

This recruitment further triggers activation of Rho which then interacts with 

downstream effectors. RhoGTPases contain endogenous GTPase activity, which is 

enhanced by GTPase activating proteins (GAPs). As oligophrenin1 is an important 

member of this family of GAP proteins, it functions to return the RhoGTPases to their 

inactive state. Consequently inactivating mutations in oligophrenin1 result in a 

constitutively activated Rho protein (Govek et al., 2005). 

To summarize, RhoGTPase are thus finely controlled by the concerted action of the 

regulatory proteins, such as GAP, GEF and GDI (fig 1.8) 
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Figure 1.8: Mechanisms of activation of RhoGTPase (Illustration taken from 

(Etienne-Manneville and Hall, 2002)).  Explanations are contained in the text.  

 

1.4.3 RhoGTPase and dendritic structures in neurons 

 

Dendritic spines were discovered more than a century ago, and described by Ramon 

y Cajal. Dendritic spines have many functions; increasing the dendritic surface area, 

making synaptic connections tight and furthermore they are critical for the 

development of synaptic connections. They further are involved in the 

compartmentalisation of the post synaptic element, and as they impede Ca2+ 

elevations in the dendrite;  they may therefore play a role in neuroprotection of the 

neuron (Segal, 1995) (fig.1.9).  

Recently, progress in time lapse imaging showed the rapid motility of dendritic spines 

controlled by Rho-induced rearrangement of the actin cytoskeleton (Yuste and 

Bonhoeffer, 2004). As RhoGTPases have a fundamental role in neuronal 
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development (Govek et al., 2005). Its involvement in the signalling and the 

morphology of the neuron makes RhoGTPases key player in neuronal development.  

Several studies revealed an important antagonistic role of RhoA and Rac1 in 

regulating the cytoskeleton in neuronal growth cone. Rac1 tends to promote actin 

polymerization and Rho tends to promote neurite retraction. Similar studies in cultured 

hippocampal neurons have shown that the overexpression of a constitutely active 

RhoA led to convert a mature neuron (highly ramified and spiny neuron) into a 

primitive neurons (less ramified and aspiny neuron) (Tashiro et al., 2000, Nakayama 

et al., 2000). This agrees with the findings of Govek et al (2004), who described the 

reduction of the dendritic spines length via an overactivation of the RhoA pathway and 

subsequently ROCK signalling pathway which regulates actomyosin contractility in 

dendritic spines.  

In conclusion, in this model oligophrenin1 would normally repress the RhoA signalling 

pathway in order to maintain the length of the dendritic spines. Absence of 

oligophrenin1, then lead increase of the ROCK activity, a cascade of events, finally 

resulting in a decrease of spine length via actomyosin contraction. 

 

Figure 1.9: Different spines’s shapes (Illustration taken from (Yuste and 

Bonhoeffer, 2004) 
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In summary, the spine morphology is regulated by the reorganization of the actin 

cytoskeleton. An additional role of the actin is that, as it is a contractile molecule that 

binds to a family of adaptor and linking molecule, to connect those to the postsynaptic 

density (PSD) and receptors. 

A valuable approach to determine the synaptic connectivity is to examine the neuronal 

population synchronisation, so called oscillations, in the brain particularly those 

generated in the hippocampus. 

 

1.5 Hippocampal gamma rhythms and higher cognitive function  

 

The brain exhibits a variety of network population synchronisation between different 

areas which can be recorded by electroencephalography (EEG) in humans. These 

oscillations are recognized to be key factors of sensory processing. They have been 

extensively studied and are divided according their relative frequency.  

The sensory binding concept has been introduced by the work of Gray and Singer 

who demonstrated the involvement of oscillations in visual and auditory processing 

(Gray et al., 1990, Gray et al., 1989, Gray and Singer, 1989). Their theory is that, 

these synchronous oscillations can link together features of sensory stimuli, by 

synchronising neuronal populations between distant areas of the brain.  

Additionally gamma oscillations have been associated with the binding of 

discontiguous objects (Gruber et al., 2002). Synchronous oscillatory activity has been 

seen in hippocampus in dentate gyrus and CA3 regions, in vivo, in rat during 

exploratory behaviour. This was accompanied with gamma oscillations nested in theta 
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oscillations (Bragin et al., 1995). Additionally, synchronous population activity in the 

gamma band is thought to be correlated with intense mental activity and cognitive 

function (Lutz et al., 2004). 

 

1.5.1 Hippocampal network morphology. 

 

The hippocampus remains the most studied brain area due its readily identifiable 

structures. The hippocampus is organised in a laminar fashion comprising several 

layers, with the stratum pyramidale containing the cell body of bipolar pyramidal 

neurons, the apical dendrites project into the stratum oriens, whilst the basal dendrites 

project into the stratum radiatum layer. The trisynaptic pathway in the hippocampus is 

known to be a uni-directional network, with a main input from the enthorhinal cortex 

(EC) which connects with the dentate gyrus (DG) and CA3 via the perforant pathway 

(PP). An additional input for the CA3 region is the mossy fibres which originate in the 

dentate gyrus. The output of CA3 neurons is to the CA1 neurons via the Schaffer 

collateral (SC) and to the contralateral CA1 via the associational commissural 

pathway (AC). The perforant pathway also inputs to CA1 with outputs to the 

subiculum. The subiculum itself has outputs to the entorhinal cortex ensuring 

interconnectivity of the hippocampus (see fig 1.10 B.). 
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A B

A B

 

Figure 1.10: The hippocampal structure (A.) localisation of the hippocampus in situ 

in rat. (B.) Schematic representation of the hippocampal neuronal network. Abbr. :PP: 

perforant pathway (M: medial; L: lateral), DG: dentate gyrus, MF: mossy fibres, SC: 

Schaffer collaterals pathways, AC: associational commissural pathway, Sb: 

subiculum, EC: enthorhinal cortex (M: medial; L: lateral).  (Figure taken from 

http://www.bristol.ac.uk/Depts/Synaptic/info/pathway/hippocampal.htm) 
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1.5.2 Neurotransmission and mechanisms underlying gamma oscillations. 

The majority of the excitatory synapses are glutamatergic. The fast excitatory effect of 

glutamate is via the N-methyl-d-aspartate (NMDA) receptor and -amino-3-hydroxy-5-

methyl-4-isoxasole-propionic acid (AMPA)/Kainate, which are non-selective cation 

channel receptors and are termed ionotropic glutamatergic receptors. The inhibitory 

neurotransmission is exerted by the ionotropric GABAA receptors which are permeant 

to chloride anion. The activation of GABAA receptor by GABA leads classically to 

membrane hyperpolarisation, although shunting inhibition and membrane 

depolarisation have been reported in some circumstances, and are thought to be 

important in gamma oscillations (Vida et al., 2006). On the one hand, the excitatory 

synapses in the hippocampus are formed by principal neurons termed pyramidal 

neurons. On the other hand, inhibitory synapses are formed by a variety of 

interneurons which are widespread throughout the hippocampus.  

Gamma oscillations involve the interplay of both pyramidal cells and interneurons,

nobably from the basket cells type.  Several studies from in vitro slices shows gamma 

oscillations involve an alternating sink-source pair of currents in the somatic and 

apical dendritic regions of CA3 (Hajos et al., 2004, Csicsvari et al., 2003). This 

denotes that gamma oscillations involve an intense synaptic interplay between 

neuronal populations.

One putative mechanism of KA induced gamma oscillations is described below, 

although additional mechanisms has been proposed (McBain and Fisahn, 2001). KA

acts on the KA receptors, notably on inhibitory interneurons and principal neurons to a 
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lesser extent, leading to an overall tonic excitation of interneurons (Fisahn, 2005). The 

network of inhibitory neurons tonically excited would entrain each other into a rhythmic 

firing through their mutual inhibitory connections. This could act as a clock, 

determining when pyramidal cells can fire (see fig 1.11B). The pyramidal cells firing 

produce recurrent excitatory postsynaptic potentials (EPSPs) in the nearby pyramidal 

cells, however, are shortened by the disynaptic inhibitory postsynaptic potentials 

(IPSPs) allowing another cycle to begin (Fisahn et al., 1998, Mann et al., 2005). 

Additionally, the electrical coupling between pyramidal cells axons and between 

interneuron dendrites was reported to be important for the genesis of KA-induced 

gamma oscillations (Traub et al., 2003), and furthermore to their modulation in power 

(Hormuzdi et al., 2001). Gamma oscillations are finely tuned by the network of 

interneurons through GABAAergic neurotransmission. Application of barbiturates, 

modulate allosterically the GABAA receptors, have been shown to slow down the 

frequency of gamma oscillations (Jefferys et al., 1996). 
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Figure 1.11: Mechanism of gamma oscillations (A.) computer modeling showing 

that an isolated interneuron would fire at a higher frequency than when the 

interneuron is included into an interneuron network where it fire at about 33 Hz

(http://www.neuroscience.bham.ac.uk/neurophysiology/research/brainwaves/ing.htm.) 

(B.) Model where tonically excited (arrows) inhibitory neurons (I) are interconnected 

via GABAAergic synapses, controlling the pyramidal cell (E) to fire action potentials in 

each cycle of the oscillations (figure modified from Jefferys et al, with permission). (C.) 

CA3c neuronal network involved in gamma oscillations, (+) indicates excitatory 

synapses and (-) indicates inhibitory synapses. 

Involvement of the KA receptors in KA-induced gamma oscillations

The distribution of KA receptors (KAR), either in presynaptic or postsynaptic 

localization and its presence on principal cells and interneurons, suggest that KA 

receptors fulfil a variety of roles in the hippocampal network. The application of KA 

induces a slow intracellular current in CA3 pyramidal neurons (Vignes and 
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Collingridge, 1997). Several studies have investigated the involvement of these 

glutamatergic currents in gamma oscillations. 

Fisahn et al (2004) have investigated particularly the different subunits of KAR 

involvement in gamma oscillations. They found that the KAR containing GluR6 subunit 

which is mainly located on the somatodendritic region of pyramidal neurons and 

interneurons, are responsible for the generation of gamma oscillations, whilst KAR 

containing GluR5 subunit seems to prevent gamma oscillations, when located on the 

axons of the interneurons. The authors further pointed to the importance of KAR 

containing GluR6 in the control of the slow and medium afterhyperpolarisation 

(s/mAHP) in CA1 interneurons (Fisahn et al., 2005). Another study, extended this 

result to CA1 pyramidal neurons, showing that KA inhibit the sAHP through the GluR6 

subunit, increase the neuronal excitability and consequently, allowing gamma 

oscillations genesis (Melyan et al., 2002). Previous studies suggested that application 

of the 2-amino-3-(5-tert-butyl-3-hydroxy-4-isoxazolyl) propionic acid (ATPA), which is 

a selective agonist of GluR5 induces an inward current which results in the firing of 

interneurons CA1 area. These inhibitory currents are responsible for a tonic 

GABAergic inhibition (Cossart et al., 1998). The same authors analysed interneuron-

interneuron synapses in CA1 (Cossart et al., 2001). They confirmed that the activation 

of the KAR containing GluR5 which are present on GABAergic presynaptic terminals, 

induced an increase in the frequency of the miniatures IPSCs without a change in 

their amplitude. Therefore, this demonstrates that KA increases the mutual inhibition 

in CA1 area. In summary, KA increases the efficiency of the inhibitory 

neurotransmission between interneurons and induces a slow depolarisation of CA3 
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pyramidal neurons (Vignes and Collingridge, 1997). KAR containing GluR5 subunits 

are controlling the release of GABA, i.e. set the inhibitory tone. KAR containing GluR6 

are providing the necessary depolarisation of pyramidal neurons and interneurons.  

In summary, interneurons in CA3, which are synaptically and electrotonically 

connected, induces a rhythmic activity under the tonic excitation induced by KA. This 

rhythmic activity of interneurons has for function to synchronize principal cells firing. 

The principal functions allocated to gamma oscillations are i) a role in awakeness, as 

it is shown that general anaesthesia inhibit gamma oscillations (Faulkner et al., 1998); 

ii) sensory processing and iii) memory formation. The latter is described in the 

following section 

 

1.5.3 Role of the hippocampal gamma rhythm in memory processes  

 

The concomitant activation of the mossy fibres and the CA3 neurons in the gamma 

frequency would induce long-term potentiation at the recurrent synapse in CA3 

(Lisman, 1999). The gamma frequency range would be the most suited to induce 

memory processes compared to slower and faster frequencies (Buszsaki, 

2006).Gamma oscillations are satisfying the Hebbian principles of learning, which 

state that activity must occur at the same time in the pre- and postsynaptic cells in 

order for the synaptic potentiation to occur.  

Once the CA3 neurons population is synchronized by KA, it may induce a form of 

plasticity which is called spike timing-dependent plasticity (STDP). The STDP would 

play an important role in the processing and storage of information in neural circuits 
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(Dan and Poo, 2006). Gamma oscillations synchronize pre and postsynaptic activity 

so that they induce LTP in the neural circuitry. It is important to note that the CA3 

pyramidal neurons recurrent network is thought to be the place where the information 

is stored in the hippocampus. Therefore the potentiation of those synapses induced 

by gamma oscillations would be the mechanisms by which the informations are stored 

(Lisman, 1999). It is now well described by several in vivo studies that episodic 

memory formation is associated with synchronous neuronal activity in the gamma 

frequency range (Montgomery and Buzsaki, 2007). In In vivo EEG studies in human, it 

can be observed an increase mainly of the gamma oscillations during the formation of 

new episodic memories (Gruber et al., 2002, Sederberg et al., 2003). The fact that 

gamma oscillations could underlie the working memory in the hippocampus has 

become well established by the work of Basar-Eroglu et al. (2007), assessing working 

memory via several tests in schizophrenic patients. Additionaly, gamma oscillations 

have been associated with selective attention (Jensen et al., 2007). The diverse roles 

of gamma oscillations are summarized in table 3. Gamma oscillations is related to 

memory task performance (Montgomery and Buzsaki, 2007) 
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role of gamma oscillations References 

Loss of power during 
anesthesia 

(Faulkner et al., 1998) 

Mental practice (Lutz et al., 2004) 

Working memory (Jensen and Lisman, 2005) 

Episodic memory (Montgomery and Buzsaki, 2007) 

Sensory binding (Engel et al., 2001, Montgomery and 
Buzsaki, 2007) 

Object representation (Tallon-Baudry and Bertrand, 1999) 

Perceptual learning task (Gruber et al., 2002) 

selective attention (Jensen et al., 2007) 
 

Table 1.3: Recapitulation of the roles of gamma oscillations 
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1.6 Working hypothesis 

This study aimed to examine the neuronal phenotype of OPHN1 knockout mice. As 

patients with mutations in the OPHN1 gene (and hence no oligophrenin1) display 

mental retardation, it may be predicted that Ophn-1-/y mice may provide a good 

model of mental retardation. To that end, the aim of this study was to examine the 

ability of Ophn-1-/y mice to generate kainate-induced gamma oscillations, which are 

predicted to underlie higher cognitive function. 
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1.7 Outline of the thesis 

The first chapter addresses the electrophysiological characterisation of the 

hippocampus of Ophn-1-/y mice using extracellular recordings. As synchronous 

neuronal activity is thought to underlie higher cognitive function, KA-induced gamma 

oscillations were studied in the CA3 region of the hippocampus. In the second 

chapter, I investigated the inhibitory and excitatory neurotransmission which input to 

CA3 pyramidal neurons and are highly involved in gamma oscillations, using whole 

cell recordings techniques. The mechanisms underlying the loss of gamma power in 

Ophn-1-/y mice was established. A third chapter was dedicated to an 

electrophysiological investigation of a deficit in excitatory  neurotransmission in Ophn-

1-/y CA1 pyramidal neurons 
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Chapter 2: MATERIALS AND METHODS 

 

2.1 Experimental animals 

 

Ophn-1 mutant mice were generated by homologous recombination. This consisted 

of inserting a hygromycin resistant gene cassette flanked with Lox P sites into the 

coding sequence of the exon 9, the deletion of the sequence was catalyzed by the 

CRE recombinase between LoxP sites (fig. 2.1 A.). The inserted 100 bp of junk DNA 

into the open reading frame of the exon 9 contained led to a premature STOP codon 

(frameshift mutation) after the BAR domain and in front of the PH and GAP domains. 

The suitable embryonic stem (ES) cells were selected and implanted in female 

breeders. The mice were cross-bred for at least 8 F1 generations in order to obtain a 

stable colony of Ophn-1-/y mice. The mice were developed by Dr. Pierre Billuart and 

colleagues (Khelfaoui et al., 2007). 
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Figure 2.1: Schematic representation of the constitutive inactivation of OPHN-

1 gene. (A.) Strategy of the constitutive inactivation of the OPHN-1 gene 

(explanation contained in the text) (B) Western blot of brain and liver from Ophn-1+/y

and Ophn-1-/y mice with antibodies recognizing both ends of oligophrenin1 protein 

(Both figures are courtesy from Dr P. Billuart, Institut Cochin, Paris, France) 

Figure 2.1B shows the western blot of brain and liver extracts for both genotypes. It

can be noted that neither the full length nor truncated forms of oligophrenin1 protein 

were detected in adult Ophn-1-/y mice. 

A colony of Ophn-1 mice was generated by breeding C57bl6 wild type (WT) male 

mice with heterozygote (Ophn-1+/-) female mice. As the OPHN1 gene resides on the 

X-chromosome, male mice were either Ophn-1+/y (WT) or Ophn-1-/y (KO), in an 

approximately 50:50 ratio (fig. 2.2 A.). Mice were bred in the Biomedical Services 
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Unit, University of Birmingham, according to the Animals (Scientific Procedures) Act 

(1986).  

All mice were adult (20-30 g, 3-8 weeks) when used for experiments, which were 

carried out according to the UK Animals (Scientific Procedures) Act (1986) and care 

was taken to minimize the number of animals and their suffering.  Experiments were 

performed blind to the genotype of the animal. Genotyping of the experimental 

animals was performed at weaning and also after analysis of the experimental 

results. Genotyping was performed using polymerase chain reaction (PCR) assay 

(see below). 

 

2.2 Mouse identification 

 

2.2.1 DNA digestion protocol 

 

DNA was obtained from either an ear notch or a 5 mm piece of tail.  Ear tissue was 

taken when the animals were weaned; mice were exposed to isoflurane (4% 

maintain at 2%) prior to tissue sampling.  Tail tissue (5mm) was taken post-mortem. 

Tissue was digested in 0.5 ml of lysate buffer plus 0.1 mg/ml of proteinase K at 55°C 

overnight. Lysate buffer comprised 100 mM Tris (pH 8.5), 5 mM EDTA, 0.2% SDS 

and 200 mM NaCl.  
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2.2.2. Polymerase Chain Reaction assay 

DNA purification 

Following tissue digestion, vials were vortexed and centrifuged at 16 g for 5 minutes 

in order to remove the hair (Centrifuge 5415D, Eppendorf UK limited, Cambridge,

UK). The resulting supernatant was gently mixed with equal volumes of isopropanol,

and then the DNA was allowed to precipitate. After DNA precipitation samples were 

centrifuged at 16 g for 30 minutes. The supernatant was then removed and the DNA 

pellet was carefully washed with ethanol (70% v/v) to remove contaminants from the 

DNA sample which strongly inhibit the taq polymerase. The ethanol was removed 

and the pellet was allowed to dry for ~ 15 minutes prior to re-suspension in 50 l of 

sterile, distilled water either in the fridge overnight or for 10 minutes in a water bath 

at 50°C. 

PCR mix preparation 

In order to optimize the process of genotyping, PCR was performed using 

commercial PCR kits (reddyMix PCR Master Mix, ABgene, Epson, Surrey, UK). This 

mix contained all essential PCR components (water, buffer, dNTPs and taq DNA 

polymerase). The solution for the PCR reaction contained, 1 l each of the forward 

primer (gcc cat gtt gtg adc aga gaa atc), 1 μl each of the reverse primer (gga agc tag 

agg atg acc ctg), 1 l of sample DNA and 17 l of master mix. 
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PCR conditions 

The PCR reaction was performed in a thermal cycler (Mastercycler gradient, 

Eppendorf UK limited, Cambridge, UK) in the presence of 1.5mM MgCl2. The initial 

denaturation was done at 94 °C for 3 minutes followed by 35 cycles of PCR. Each 

cycle comprised: 30 s of denaturation at 94 °C, 30 s of annealing at 55 °C and 30 s 

of elongation at 72 °C. 

PCR results visualization and interpretation 

As the mastermix already contained the loading buffer, 10 l of the PCR products 

were directly loaded and ran in a 2%n agarose gel at 130 V for an hour (Figure 

2.2B.). As Ophn-1-/y mice were generated by insertion of 100 base pairs of junk DNA 

(see section 2.1), Ophn-1-/y mice were identified by the presence of a larger DNA 

fragment which allowed differentiation between genotypes. 
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Figure 2.2: Transmission and detection of Ophn-1-/y (A.) Genetic transmission of 

oligophrenin1 deficiency. (B.) Photograph taken from an agarose gel, showing the 

PCR products resulting from the genotyping. Each line represents different PCR 

products corresponding to one mouse; Ophn-1+/- is the pattern for female 

heterozygote; Ophn-1-/y and Ophn-1+/y are the pattern for mutated and not mutated 

males alleles respectively. 

2.3 In Vitro slices preparation 

Randomly selected adult male mice, were anaesthetized by intraperitoneal injection 

of a ketamine (76 mg/kg)/ medetomidine (1 mg/kg) mixture and then killed by 

cervical dislocation. After dislocation of the neck, the brain was quickly removed and 

immersed in ice-cold cutting solution (2ºC) for approximately 1 minute, previously 

bubbled with carbogen (95% O2, 5% CO2) in order to slow down the metabolic rate 
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and reduce hypoxia-induced damage.  The composition of the cutting solution 

(Sucrose aCSF) was (in mM): 189 sucrose, 26 NaHCO3, 5 MgCl2, 2.5 KCl, 1.2 

NaH2PO4, 0.1 CaCl2; 10 D-glucose, pH was equilibrated at 7.4 with a 95%-5% 

O2/CO2
 gaseous mixture. The use of sucrose aCSF solution brought about many 

advantages which resulted in enhanced slices quality. The replacement of NaCl by 

sucrose means that less Chloride is available for the slice which reduces cell 

swelling (Aghajanian and Rasmussen, 1989). Additionally, the reduced 

concentration in Na+ attenuated cells spike firing. It is noteworthy that the cutting 

solution also contained a low concentration of Ca2+ which further attenuated 

neurotransmitters release. 

It is important to note that for the CA3 neuronal investigations, cardiac perfusion was 

performed. Animals were intracardiacally perfused, with a needle (gauge 25) with ~ 

10 ml of chilled sucrose aCSF (previously gassed with 95%-5% O2/CO2) at a flow 

rate of 2.7 ml per minute, using a syringe pump (Model 341A; Sage Instruments). 

The liver was punctured using a sterile scalpel (#23 blade) to allow the blood to flow 

out. The cardiac perfusion was performed by Dr A.D. Powell (University of 

Birmingham) to comply with the Animals (Scientific Procedures) Act (1986). The 

rationale of cardiac perfusion performed prior brain removal was to enhance cell 

survival, notably fragile CA3 neurons.  Complete replacement of the circulating blood 

by sucrose had a strong protective effect on the brain, which allowed CA3 pyramidal 

neurons to be recorded in this study.  

After cooling, the brain was glued onto a support and dissected into separate 

hemispheres by a cut through the midline. The brain was glued onto the dorsal 
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surface and cut from ventral surface. The brain was cut either into 400-µm-thick 

horizontal (extracellular experiments) or 300-µm-thick coronal (CA1 whole cell 

recording (WCR)) or horizontal slices (CA3 WCR), using an Integraslice (Campden 

Instruments, Sileby, UK). Cutting was made with a ceramic blade at a speed of 0.1 

mm per second. Slices containing the ventral hippocampal structure (typically from 

when the optic chiasm appeared), were selected and categorised according to their 

level: from ventral to dorsal (e.g. OC for the slice containing the obvious optic 

chiasm, D1 for the next more dorsal slice, D2, D3 etc). Slices were transferred into a 

storage interface chamber (at room temperature) containing aCSF bubbled with a 

mixture of 95%-5% O2/CO2. 

 

2.4 Electrophysiology  

 

2.4.1 Extracellular field recordings 

 

Experimental Protocol: 

For extracellular recordings, a first slice was put straight into an interface chamber 

and allowed to equilibrate for an hour at the interface between aCSF and moist 

carbogen (300 cm3/min).  Slices were perfused with aCSF at a perfusion rate of ~ 5 

ml/min, the temperature was maintained at either 30ºC or 32 ºC (as indicated in 

text). aCSF contained (in mM): 125 NaCl, 26 NaHCO3 ,3 KCl, 2 CaCl2, 1.25 

NaH2PO4, 1 MgCl2, and 10 D-glucose, pH was equilibrated at 7.4 with a 95%-5% 

O2/CO2
  gaseous mixture.  The remaining slices were kept in an interface storage 
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chamber at room temperature. Slices were visualised with a stereo-microscope 

(Leica MZ8, Micro Instruments, Long Hanborough, Oxon, UK) mounted above the 

interface chamber. 

Extracellular microelectrodes (tip resistance: 2 to 4 MΩ) were pulled from thick 

walled borosilicate glass capillaries of 1.2 mm O.D. x 0.69 mm I.D. (Harvard 

apparatus, Edenbridge, Kent, UK) using a P-97 horizontal micropipette puller (Sutter 

Instrument Co, Novato, CA, USA) and filled with aCSF. The extracellular 

microelectrodes were connected to an Axoclamp 2B (Molecular Devices, Sunnyvale, 

CA). Signals were sampled at 10 kHz using CED 1401 interface (Cambridge 

Electronic Design [CED], Cambridge, UK)and low-pass filtered at 3 kHz, using a 

Neurolog NL-125 filter unit (Digitimer, Welwyn Garden City, UK). Additionally, an 

Humbug 50/60 Hz (Digitimer) was used to remove powerline noise. Either Signal 2 

(version 2.16) or Spike 2 (version 5.14) (CED)were used as data acquisition 

software. Data were then stored onto a computer hard drive for subsequent off-line 

analysis using either Signal 2 or Spike 2.  

 

i) Evoked field potentials in CA1 area.  

 

Evoked field potentials were recorded from the Stratum radiatum and S. pyramidale 

of the CA1 hippocampus. A concentric stainless steel electrode (MCE100x50mm 

Harvard Apparatus, Edenbridge, UK) was placed onto the Schaffer collateral 

pathway at the level of CA1c (see fig. 2.3). The Schaffer collateral pathway was 

stimulated via an isolated stimulator (Model DS2, Digitimer, Welwyn Garden City, 
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UK). A stimulus response curve was performed in order to determine the voltage 

which gave the half maximum response (V50), which was used in subsequent 

experiments.  

 

ii) Evoked field potentials in CA3 area.  

 

Similarly to the CA1 region (see above), evoked field potentials were recorded from 

extracellular microelectrode impaled in the S. pyramidale and S. radiatum of the 

CA3c area of the hippocampus. A concentric stainless steel electrode was placed in 

the hilar region to stimulate the mossy fibre pathway. A stimulus response curve was 

performed. The stimulation of the mossy fibres pathway mimics the activation of the 

granule cells located in the dentate gyrus which synapse onto CA3 pyramidal cells 

and interneurons. 
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Figure 2.3: Evoked field experiments in CA1 area. (A) Schematic representation 

of the hippocampus with the position of the microelectrodes (Bi) A typical response 

recorded by the microelectrode placed in the S. radiatum (dendritic region), this was 

the postsynaptic potential (PSP); the measure of the slope yielded an indication of 

the excitatory synaptic inputs. (Bii) A typical response recorded by the 

microelectrode placed in S. pyramidale (soma region) which is termed population 

spike (PS) and corresponds to synchronous action potentials firing of a population of 

neurons. 
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Figure 2.4: Evoked field experiments in CA3 area. (A) Schematic representation 

of the hippocampus with the respective position of the microelectrodes (Bi) Typical 

response recorded by the microelectrode placed in the S. radiatum, this is the 

postsynaptic potential (PSP) (Bii) A typical response recorded by the microelectrode 

placed in S. pyramidale. 

Paired-pulse stimulation experiments in CA1 area

Paired-pulse stimulation experiments consisted in two equal intensity stimuli (V50)

separated by various time intervals, namely 5, 10, 25, 50, 100, 250 and 500 ms. The 
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first pulse is usually referred as the conditioning stimulus and the second pulse as 

the test stimulus which assessed the response of the synapses. 

 

Paired-pulse stimulation experiments in CA3 area 

 

After determination of the V50, paired pulse stimulation of two equal intensity stimuli 

with inter-pulse intervals 10, 20, 25, 50, 100, 250, 500, 1000 and 1500ms was 

performed. 

 

Generation of network field oscillations.  

 

After placing the electrodes, baseline activity was recorded for 5 minutes.  

Subsequent to this gamma oscillations were evoked by addition of 50 nM of Kainic 

Acid (KA) (Tocris, Bristol, UK) to the circulating aCSF. This concentration is routinely 

used in this laboratory and is known to produce consistent gamma oscillations 

(Vreugdenhil and Toescu, 2005). For gamma oscillation studies, extracellular 

electrodes were placed in stratum pyramidale of CA3c region.  

To investigate the synchronization of gamma oscillations within the hippocampal 

structure, one extracellular microelectrode was left in CA3c and a second electrode 

was moved randomly in ~200 µm steps along the cell layer of the Ammon horn (fig. 

2.5). 
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Figure 2.5: Schematic representation of the experimental protocol for the 

synchronization study. The microelectrode (shaded in grey) was positioned in 

CA3c, whilst microelectrode 2 (hatching in grey) was moved along the S. 

pyramidale. 

 

Data acquisition and analysis 

 

i) Evoked field potentials analysis 

 

Stimulation of the Schaffer collaterals pathway mimics the activation of CA1 

pyramidal neurons by the CA3 pyramidal neurons. Figure 2.3Bi shows the response 

recorded by the microelectrode placed on the S. pyramidale.  The population spike 

is a negative deflection occurring during the postsynaptic potential (PSP) and 

reflects the net current flowing due to action potential firing.  The amplitude was 

measured by extrapolating a line from the trough of the population spike to the 

intercept on the PSP (see fig 2.3Bii.). Figure 2.3Bi. shows the population synaptic 
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potential recorded by the electrode impaled in S. radiatum, the measure of the slope 

is an indicator of the strength of the synaptic inputs from CA3 through the Schaffer 

collaterals pathway. 

The 10-90% slope of the PSP was taken as a measure of the synaptic activation. 

Current applied to the axon bundle emerging from the CA3 pyramidal neurons 

artificially evoked synchronous action potentials in these fibres. This summation of 

action potentials propagated along the axons to finally induce the release of 

glutamate at the synaptic cleft. The recording electrodes being placed on the 

postsynaptic CA1 pyramidal neurons recorded the flow of ions in and out the 

neurons as a consequence of this synaptic activation. The currents generated by 

ions flowing in and out the extracellular space were detected by the recording 

electrodes. 

Stimulation of the mossy fibres pathway activated axons from granular cells and 

consequently CA3 pyramidal neurons. PS was recorded from a microelectrode 

(microelectrode) placed in CA3c s. pyramidale as a negative deflection 

superimposed to the PSP (fig 2.4 Bi.). It is important to note that in CA3, firstly an 

antidromic PS was recorded followed by an orthodromic PS. Antidromic PS was the 

reflection of the direct activation of CA3 pyramidal neurons axon fibres, whilst 

orthodromic PS was the results of the synaptic activation of CA3 through mossy 

fibres (fig 2.4 Bii.) 
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ii) Paired-pulse stimulation analysis 

 

Paired pulse studies were performed using 50% of the maximal PSP slope stimulus 

intensity.  Paired pulse data were expressed as the ratio of either PSP slopes or PS 

amplitudes of the test pulse over the response of the conditioning pulse (Pulse 2/ 

Pulse1). 

Similar analysis was applied to CA3 paired-pulse stimulation experiments.  

 

iii) Network field oscillations analysis  

 

The power of oscillations was measured by performing fast Fourier transformations 

over epochs of 100 seconds worth of data. (FFT size: 2048 (1.024s), correspond of 

the width of peak frequency window). The power spectrum quantified the 

proportional power of each wavelength within the section of data. The fast Fourier 

transformation corresponds to the distribution in frequency of the recorded signal. It 

depicted how a signal was distributed along frequency. The fast Fourier 

transformation decomposed the signal into cosine wave forms, assigning respective 

power to each of them. Data were expressed either as peak or summated power 

values of the gamma frequency band which was considered to be between 20 and 

80 Hz. The lower limit of 20 Hz was used as the low superfusing temperature bath 

solution (~30 °C), in order to alleviate the strong metabolic demand implied in 

gamma oscillations (Huchzermeyer et al., 2008). The higher limit 80 Hz is classically 

chosen in this kind of study although some studies used a top frequency range limit 
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of 60 Hz (Vreugdenhil and Toescu, 2005). Expression of the data as summated 

power allowed assessing changes across the gamma frequency band (fig. 2.6 grey 

area).  

The normalisation of the power of gamma oscillations was performed by dividing 

data points by the maximum power. 

Gamma waveform average was determined in 5 slices from 5 Ophn-1+/y and in 5 

slices from 5 Ophn-1-/y mice. For each gamma oscillations recordings 5 large 

gamma cycles (at t=60 min) were averaged. The trough was taken as zero and a 

normalisation for peak-to-trough amplitude was performed. 

To assess the synchronization of gamma oscillations within different areas of the 

hippocampus through coherence analysis, a Spike 2 script (written by CED) was 

used.  Coherence compared the frequency profile of the power spectra obtained 

from gamma oscillations. The coherence of two gamma oscillations was the 

measure of their similarity in frequency domains and ranges from 0 to 1. A 

coherence value of 1 results from the power at one frequency being identical from 

both microelectrodes (See fig. 2.7). Figure 2.7 Ai. & Aii. describe gamma oscillations 

obtained by two different recording microelectrodes. The coherence script performed 

power spectra for each electrode (Fig 2.7 Bi, Bii) and then compared them, yielding 

a peak coherence value (Fig 2.7 Biii). 
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Figure 2.6: Measuring the power spectrum. Peak frequency was taken at the 

point where the power was the highest (peak power). Summated power corresponds 

to the area shaded in grey.
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Figure 2.7: Example of coherence analysis. Traces of gamma oscillations for the 

microelectrode 1 (ME1) impaled in CA3c (Ai.) and microelectrode 2 (ME2) impaled 

CA3c/b (Aii.), and the corresponding power spectra (Bi. for ME1) (Bii. for ME2). 

(Biii.) The coherence value plotted against the frequency. (The two vertical cursors 

delineate the data processed by the script) 
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Rhythmicity of the network field oscillations 

 

Auto-correlation analysis 

 

In order to assess the regularity of the recorded gamma oscillations, I performed 

autocorrelation analysis which is the cross correlation of the signal with itself. 100 

seconds worth of raw taken after 1 hour recording was submitted to the auto-

correlation analysis. The second peak value is high in the case of an oscillatory 

pattern in the signal. Therefore the second peak value was taken as a measure of 

regularity of gamma oscillations. Figure 2.8 A. illustrates a representative auto-

correlogram, the vertical thicker line represented the measure of the secondary 

peak. This corresponds to the peak in between the trough; the rationale was to 

cancel out the slow theta component from the signal. On the top panel one can 

notice that there are very slow underlying oscillations on which the gamma 

oscillations lie. Those oscillations are about 5Hz. Slower oscillations will not show up 

as a peak in the autocorrelogram because I measure the time to the next peak which 

is from a faster rhythm. Therefore the only way to notice that there are slow 

oscillations is a deviation from 0 in the autocorrelogram. If one observe closely at 

figure 2.8A and one can notice about half a cycle from that 5 Hz oscillation. In the 

case that there would be no slow oscillations it would be perfectly at 0. 
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Figure 2.8: Assessment of the rhythmicity of gamma oscillations (A.) Example 

of an autocorrelogram performed for gamma oscillations recordings at 1h. The 

thicker vertical line indicates the measure of the secondary peak. (B.) Example of an 

event-autocorrelogram performed on an epoch of gamma oscillations recording. 
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Event-autocorrelation analysis  

 

The trough of each gamma cycle was taken as a reference on a 100 s epoch of 

gamma oscillations recording. Event-autocorrelation analysis assessed how regular 

the troughs were separated. In the case of clear rhythmicity, the event-

autocorrelogram showed a clear peak which regularly repeated. As the frequency of 

gamma oscillations were around 30 Hz, the intervals between each trough have 

been set to be above 20 ms. Furthermore, the bin size had to be less than 20 ms, 

therefore 2 ms was chosen in order to get a good resolution. Finally, event-

autocorrelation was expressed as a probability by dividing the number in each bin 

with the total numbers of observations. 

 

2.4.2 Whole cell recordings 

 

i) Experimental protocol 

 

 

Slices were transferred to a submerged chamber and continually perfused (5ml/min) 

with aCSF at either room temperature or 30ºC bubbled with carbogen (for 

composition refer to aCSF in extracellular field recording). Slices were allowed to 

equilibrate for 10 minutes in the chamber prior to recording, and changed after ~ 1 

hour. Slices were visualized using differential interference contrast optics on an 

Olympus BX50WI upright microscope. 
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Whole-cell patch clamp recordings were made from visually identified CA1 pyramidal 

neurons or CA3 pyramidal neurons.  For current clamp recordings the internal 

solution comprised (in mM): 135 KMeSO4, 8 NaCl, 10 HEPES, 2 Mg-ATP and 0.3 

Na-GTP; adjusted to pH 7.3 with KOH (osmolarity ~285 mOsm).  The internal 

solution also contained 200 μM ALEXA 488 to aid visual identification of neurons.

Patch electrodes filled with this internal solution had a resistance of ~ 5 M .  The 

resting membrane potential was manually adjusted to -65mV. For voltage clamp 

recording, several internal solutions were used (stated in the text). 

Intrinsic neuronal properties study 

An input-output curve was generated by injecting varying amounts of current and 

counting the resultant number of action potentials. The current injection was 200 ms 

in duration (see fig.2.9A.).  The action potential amplitude was measured from the 

resting membrane potential (RMP) to the peak of the action potential (fig 2.9B.). The 

action potential threshold was identified as the start of the upstroke of the action 

potential (see fig 2.9B. arrow).  The “half width” duration of the action potentials was 

measured as the duration of the action potentials at the half amplitude of the action 

potential (fig 2.9B).

A commonly investigated phenomenon is the afterhyperpolarisation (AHP) occurring 

after repetitive action potential firing. To evoke the AHPs, 50 pulses of 3 ms duration 
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and 0.8 nA of intensity, were applied at a frequency of 5 to 100 Hz for CA1 

pyramidal neurons only (fig 2.9C.). This protocol evoked both a medium and a slow 

AHPs. The medium AHP was measured 300 ms after the last action potentials fired 

(fig 2.9: first bar figured in the inset). The slow AHP was measured at 1s after 

cessation of action potentials firing (fig 2.9: see the second bar in the inset).  For 

both the medium AHP and the slow AHP, the amplitude was measured from the 

resting membrane potential (RMP). Afterhyperpolarisation was also assessed in 

term of currents. Neurons were held at a potential of -65 mV in voltage clamp mode, 

then a depolarizing voltage step of 70 mV was given for 300 ms. The measure of 

IAHP and IsAHP were made at -60mV, the peak of current yielded the medium AHP 

and a second after yielded the slow AHP (fig. 2.9 D.). 
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Figure 2.9: Measurement of the intrinsic neuronal properties. (A) Trace of 

recording of a train of 50 action potentials followed by medium and slow AHP. (B) 

Action potentials fired in response of a step of 200 ms depolarizing current (C)

sketch of a detailed action potentials. (D.) Depolarising step of voltage evoking 

afterhyperpolarisation currents (IAHP and IsAHP)
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Synaptic properties study.

Internal solutions contained (in mM): 140 CsMeSO4, 8 NaCl, 10 HEPES, 5 QX-314,

0.5 EGTA, 2 Mg-ATP and 0.3 Na-GTP; adjusted to pH 7.3 with CsOH (osmolarity 

~285 mOsm) for the recording of excitatory postsynaptic currents (EPSCs)  and 135 

CsCl2, 2 MgCl2, 10 HEPES, 5 QX-314, 1 EGTA, 2 Mg-ATP and 0.3 Na-ATP, 

adjusted to pH 7.3 with CsOH, for inhibitory postsynaptic currents (IPSCs). The main 

cation K+ has been replaced by Cs+ in order to block K+ related conductances, and 

improve space clamp, leading to an increase in the membrane resistance.

Both EPSCs and IPSCs were evoked by a stimulation of the Schaffer collaterals

pathway or the mossy fibres pathway using a concentric electrode placed ~ 250 µm 

from the cell recording site. The EPSCs were isolated by holding the membrane 

potential at the reversal potential for the IPSCs (at 0 mV) (only eIPSC CA1).

Spontaneous synaptic events were recorded for ~5 minutes to evaluate basic 

release properties in the presence of NBQX (20 M) and D-APV (25 M). Similarly the 

IPSCs were isolated by holding the membrane potential at the reversal potential for 

the EPSCs (at -70mV) owing to the intracellular solution containing a high 

concentration of Cl-. This internal solution displaced the equilibrium potential for the 

Cl- to 0 mV, hence when the cell was hold at -70mV the GABAAergic currents were 

recorded as negative deflections. The use of this internal solution permitted 

optimised resolution of the events.  
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Evoked postsynaptic currents studies 

 

Single stimulation of afferents with a concentric stimulating electrode was used to 

evoke postsynaptic currents (eEPSCs or eIPSCs) in the patched neurons. Various 

stimuli intensities were applied.  The voltage necessary to evoke the half maximum 

amplitude response was determined for each experiment to perform subsequent 

paired pulse stimulation protocol. 

 

Multiple evoked postsynaptic currents studies 

 

Paired pulse stimulation experiments were performed for the IPSC and EPSC 

components with the following inter-pulse intervals: 10ms, 20ms, 25ms, 50ms, 

100ms, 200ms, 500ms, 1000ms and 1500 ms. Digital subtraction of the first evoked 

postsynaptic currents by an averaged waveform 5 consecutives voltage clamp 

sweep of a single evoked postsynaptic currents. The digital substraction allowed 

accurate determination of the amplitude of the second evoked postsynaptic currents 

to be detected. 

Frequency dependent facilitation experiments consisted in a train of ten stimuli of 1 

ms duration each at a range of frequencies (10 Hz, 20 Hz, 33 Hz, 50 Hz and 100 

Hz).  

In some experiments, D-APV, NBQX, bicuculline (Tocris) and TTX (Alomone Labs, 

Jerusalem, Israel) were applied to the circulating aCSF. D-APV, NBQX and 

bicuculline were purchased from Tocris (Bristol, UK) 
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ii) Data acquisition and analysis 

 

The whole-cell recordings were made with an NPI SEC-10L amplifier (Scientifica, 

Harpenden, UK).  Analog signals were acquired and digitized at 10 kHz using a 

1401 plus A-D converter (Cambridge Electronic Design, Cambridge, UK). The data 

were low pass filtered at 2 kHz by a Neurolog NL-125 filter unit (Digitimer, Welwyn 

Garden City, UK) and then stored onto a computer hard drive. Signal 2 software 

(CED) was used for data acquisition and analysis.  

The evoked postsynaptic currents were quantified by their absolute amplitude. 

Individual stimulus response curve was fitted with a Boltzmann function (y=A2+ (A1-

A2)/ (1+exp ((x-x0/dx)). 

 

Paired pulse stimulation experiments 

Ratio between the second amplitude responses over the first amplitude response 

was performed. 

 

Frequency dependent facilitation experiments 

A train of stimuli of equal intensity (10 pulses) was applied to the Schaffer collaterals 

or the mossy fibres pathways. Each evoked postsynaptic currents was ratioed to the 

first one, yielding the strength of the facilitation or depression.  
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Figure 2.10: Measurement of multiple repetitive evoked postsynaptic currents.

Double evoked postsynaptic currents separated by 20 ms (Ai.) and trace showing 

the subtraction of first evoked postsynaptic currents (Aii.). Evoked postsynaptic 

currents evoked by a train of 10 stimuli at 33H (B.)  and to 40 stimuli at 20  Hz (Ci.)

Each evoked postsynaptic currents peak were added up and plotted in the 

cumulative plot where the RRP was extrapolated from (Cii.). NB:Vertical dotted lines 

show the absolute measure taken.   
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Spontaneous synaptic events have been analyzed with minianalysis software 

(Synaptosoft, Decatur,GA)). Diverse measures were taken in consideration such as 

the median inter-event intervals, the median amplitude and the kinetics which were 

the 10-90% rise time and the decay time ( ). A 5 fold residual noise amplitude was 

used to set the threshold for detecting the events. In order to test the validity of this 

automatic spontaneous postsynaptic currents analysis, files have been visually 

checked for quality control purposes. No differences have been revealed between 

the two ways of analysis. For the inter-event intervals, the percentage of difference 

was 9.93 ±1.59%, n=4 for Ophn-1+/y and was 7.34 ±2.62%, n=4 for Ophn-1-/y

(p=0.43). For the median amplitude: Ophn-1+/y 5.14 ±0.88%, n=4; Ophn-1-/y 9.61 

±3.25%, n=4, p=0.23) 

Cumulative amplitude analysis 

This analysis aimed to evaluate the size of the readily releasable pool size (RRPsyn ). 

The RRPsyn size was delineated by adding up peak postsynaptic currents amplitudes 

evoked by 40 repetitive stimuli at 20 Hz (fig. 2.10 Ci.). Stimulation intensity chosen 

should evoke the smallest eIPSC in order to activate as few synapses possible. It

typically induced a depression, termed steady-state phase, limited by the recycling 

rate of synaptic vesicles. The fit with a linear regression of the cumulative plot of 20 

last data points was performed and extrapolated to time 0. The intercept with the y-

axis yielded the RRPsyn. The total number of synaptic vesicles (N) ready for release 

was obtained by dividing the RRPsyn by the mean amplitude of the miniature 

postsynaptic currents.  
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Quality control 

Cells patched were accepted for subsequent analysis if 1) the resting membrane 

potential was more hyperpolarized than -60 mV, 2) in current clamp mode, the RMP 

was manually adjusted to -65mV with less than 60 pA holding current, 3) the series 

resistance remained stable throughout the experiment and was about 10 MΩ, a 

variation of more than 20% led to cell recording exclusion, 4) the membrane 

resistance remained stable from the beginning to the end of the recording, 

calculated according the ohm law R=V/I. 
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Figure 2.11: Evaluation of series resistance.  Hyperpolarizing steps (5 mV, 200 

ms) were applied before each current trace (upper panel).  Series resistance was 

calculated from the instantaneous current according to Ohms law.  Lower panel 

shows series resistance recorded over the time course of an experiment. 



  Materials and methods 
___________________________________________________________________ 

 73 

2.5 Statistical analysis 

Data were tested for normality with Shapiro-Wilk test. When normal distribution was 

established, unpaired student t-test was then used. Furthermore, univariate analysis 

of variance (ANOVA) was also used (SPSS v.15, SSPS inc., Chigaco, USA). 

Bonferroni correction has also been performed in some instance. 

In this study, most statistics shown are from student t-test, unless otherwise tested. 

Significance was taken for a p value less than 0.05. 

If distribution was not normal, then Mann-Whitney Rank Sum Test was performed 
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Chapter 3: INVESTIGATION OF HIPPOCAMPAL GAMMA 

OSCILLATIONS 

 

3.1. AIM 

 

Previous studies have shown deficits in the morphology of dendritic spines (Govek 

et al., 2004) and of the synaptic activity in CA1 hippocampus in Ophn-1-/y neurons 

(Khelfaoui et al., 2007). However, these deficits in Ophn-1-/y mice do not adequately 

explain the cognitive impairment observed in Ophn-1-/y mouse (Khelfaoui et al., 

2007). In the following, I investigated the locus of the cognitive impairment and 

which effects are exerted on synaptic activity by the lack of Oligophrenin1. I firstly 

assessed the properties of the hippocampal network activity using extracellular field 

potentials recordings. The glutamatergic receptor agonist, Kainic Acid (KA), was 

used to induce neuronal synchronisation of hippocampal neurons, a phenomenon 

termed gamma oscillations. The function of the hippocampal trisynaptic network was 

investigated in Ophn-1-/y ventral horizontal slices. Typical features of these gamma 

oscillations were investigated, namely the sensitivity to diverse pharmacological 

agents. It could be argued that the assessment of the cortical gamma oscillations 

would have been more relevant in studying higher cognitive processes in mice. 

However, preliminary investigations on cortical gamma oscillations found that it was 

difficult to reliably record stable gamma oscillations.  Therefore, hippocampal 

gamma oscillations were chosen as these were able to be recorded reliably, and are 



  Chapter 3 – Gamma oscillations 
___________________________________________________________________ 

75 
 

well characterised (Bartos et al., 2007) and hence permit accurate comparison 

between genotypes. 

 

3.2 Induction of gamma oscillations in vitro  

 

The effect of lack of oligophrenin1 expression on neuronal population activity and 

synchrony was investigated through gamma oscillations in the gamma band 

frequency. They were induced by addition of 50 nM KA to the circulating artificial 

cerebrospinal fluid (aCSF). Previous studies in the laboratory have demonstrated 

that this concentration was sufficient to induce sub-maximal gamma oscillations 

(Vreugdenhil and Jefferys, personal communication) and does not evoke bursting 

activity which is often observed with higher concentrations of KA (Ben-Ari and 

Cossart, 2000). 50 nM KA was chosen as the preferred method to evoke gamma 

oscillations as it is below the threshold of neurotoxicity for KA, which has been 

shown to occur at micromolar levels (Sperk, 1994). Neuronal population synaptic 

activity was recorded from an extracellular electrode placed on the pyramidal cells 

layer of the CA3c area of ventral hippocampal horizontal slices. In the majority of the 

experiments, no neuronal population synchronisation was observed before the 

application of KA, however some slices (1 out of 3 slices in average) showed small 

spontaneous gamma oscillations even in absence of KA (see fig 3.6; baseline 

gamma). The origin of these baseline oscillations remains unknown; however it may 

reflect an endogenous gamma rhythm (Pietersen et al., 2009). The application of 50 

nM of KA transformed irregular and small oscillations into a larger rhythmic and 
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synchronous neuronal activity. This synchronisation of the neuronal population 

synaptic activity proceeded after a short lag period (see fig 3.1A), presumably 

reflecting the time for KA to diffuse into the slice and act on the kainate receptors. 

The neuronal synchrony increased in power until the end of the experiment at 80 

minutes (see fig. 3.1). Analysis of the gamma oscillations showed that the dominant 

frequency occurred within the gamma range (29 1.4 Hz at t=40 min; n=13) and 

remained constant throughout the duration of the experiment (Figures 3.1, 3.2 and 

3.3).

At this concentration KA is neither toxic nor epileptogenic (Fisahn, 2005, 

Vreugdenhil and Toescu, 2005). Several studies have investigated the effects of KA 

on neurons which may explain the generation of gamma oscillations. KA increases 

the glutamate release at mossy fibres terminals (Ben-Ari and Cossart, 2000, Schmitz 

et al., 2001). Underlying this observation may be a feedback at the synapse between 

granule cells and CA3 pyramidal cells. In addition, inhibition of the Ca2+ activated K+

current underlying the slow afterhyperpolarisation by KA, may produce increased 

neuronal excitability (Fisahn et al., 2005, Melyan et al., 2002). An increase of the

release of GABA at the synapse between CA1 interneurons has also been 

suggested (Cossart et al., 2001). If this phenomenon exists in the CA3 area, it may

play a key role in the genesis of gamma oscillations.
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Figure 3.1: Development of KA-induced gamma oscillations. (A) Application of 

50 nM KA induced neuronal synchrony in the gamma frequency range recorded 

from stratum pyramidale in a typical Ophn-1+/y slice. The power of these oscillations 

increased over time. Inset Expanded time for t= 5 min (left) and t = 80 min (right). 

Power spectra obtained at t = 5 min (Bi.) and t = 80 min (Bii.).
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3.3 Development of gamma oscillations in vitro.

The frequency of gamma oscillations was determined by the frequency of firing of 

the interneurons 50 nM KA was chosen as the preferred method to evoke gamma 

oscillations as it is below the threshold of neurotoxicity for KA, which has been 

shown to occur at micromolar levels (Jefferys et al., 1996, Whittington et al., 1995). It

is known that KA-induced gamma oscillations are, by nature, irregular oscillations

owing to the fact that the length of the cycle is correlated to the amplitude of the 

population synaptic potentials (Vreugdenhil and Toescu, 2005). The peak frequency 

did rise between the 20th and the 40th minutes after KA application. In the second 

part of the recording the peak frequency remained stable, around 30 Hz, due to the 

low temperature bath used. Nevertheless, the strength of the gamma oscillations 

increased steadily throughout the recording (Figures 3.2B and 3.3)..

Figure 3.2: Frequency and power development in Ophn-1+/y slices. (A.) Plot of 

the dominant frequency over a time period of 80 minutes. Peak (Bi.) and summated 

power (Bii.) over a time period of 80 minutes. (n=8 slices from 6 animals)
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Figure 3.3: (A.) Waterfall representation of KA-induced gamma oscillations 

development along the time. (B.) Spectrogram showing that the dominant frequency 

of KA induced gamma oscillations remained stable throughout the recording. The 

red line denotes the time at which KA (50nM) was added. 
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Figure 3.3 illustrates that that KA induced gamma oscillations show a single 

dominant frequency that remained stable throughout the whole time course of the 

experiment. 

3.4 Pharmacological and electrophysiological investigation of KA-

induced gamma oscillations 

3.4.1 KA-induced gamma oscillations were abolished by the application of 

bicuculline. 

To verify that KA-induced gamma oscillations were indeed due to the actions of 

inhibitory interneurons (Fisahn, 2005), the competitive GABAA receptor antagonist, 

bicuculline (10 M), was applied in addition to the KA. Figure 3.4 revealed that 

gamma oscillations were abolished by bicuculline application, as previously 

described by Fisahn et al (2005). In addition to this inhibition of gamma oscillations,

bicuculline induced recurrent seizure-like events in the slice, after its continued 

application, as shown in figure 3.5 Ai. & Aii. 



Chapter 3 – Gamma oscillations 
___________________________________________________________________ 

81

Figure 3.4: Sensitivity of the gamma oscillations to the GABAA receptors 

antagonist bicuculline (10 M). (Ai.) Representative trace of the KA (50 nM) 

induced gamma oscillations. (Aii.) Trace of recordings after application of 

bicuculline. (B.) Histogram of development of the gamma strength normalised over 

time (grey bars display the normalised gamma power before bicuculline treatment 

(dark bars) 
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Figure 3.5: Seizures-like events induced by the application of bicuculline (Ai.).

(Aii.) Magnification of a single seizure. 

3.4.2 KA-induced gamma oscillations were abolished by NBQX. 

To confirm that the activation of KA receptors accounted for the gamma oscillations 

observed, the non-NMDA receptor antagonist, 2,3-dihydroxy-6-nitro-7-sulfamoyl-

benzo[f]quinoxaline-2,3-dione (NBQX, 20 µM) was applied once the gamma 

oscillations were established (fig 3.5 Ai.). As a result of NBQX addition a quick 

decline in the power of the KA-induced gamma oscillations was observed (Fig 3.5 

Aiii. & B.). 
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Figure 3.6: Sensitivity of the KA-induced gamma oscillations to the AMPA/KA 

antagonists NBQX. Representative traces of the KA-induced gamma oscillations 

before (Ai) and after (Aii) NBQX application (B.) Development of the gamma 

strength normalised to the maximum power over time.

To summarize, KA induced gamma oscillations were sensitive to bicuculline and 

NBQX. This is in agreement with previous studies (Fisahn, 2005) and a precondition 

for the following studies on Ophn-1-/y mice 
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3.4.3 KA depolarized and increased the spontaneous firing of Ophn-1+/y CA3 

pyramidal neurons 

 

To confirm the idea that KA-induced gamma oscillations relied on the activation of 

inward depolarizing currents in CA3 neurons. I monitored the variation of membrane 

potential of CA3 pyramidal neurons upon KA (200 nM) application in whole cell 

recordings (current clamp mode) as well as assessing the frequency of firing.  

Figure 3.7 A. shows that bath application of KA (200 nM) onto the bath superfusate 

depolarised the membrane potential. It can be supposed that this depolarisation is 

due to the activation of inward currents. This depolarisation (11.45 ± 4.65 mV @ 20 

min, fig 3.7 A.), led to an increase of spontaneous firing of Ophn-1+/y CA3 pyramidal 

neurons (2.20 ±1.47 Hz at 20 min., fig. 3.7 B.). This finding confirmed results from 

previous study (Fisahn et al., 2004). The frequency of firing is low and confirmed the 

idea that CA3 pyramidal neurons do not fire at every gamma cycle, but every ≈ 10 

cycles, unlike the perisomatic interneurons. In effect, the interneurons fire at the 

frequency of the gamma oscillations (26.3 ±3.7 Hz, n=3, data not shown). 

Mechanistically, KA induced inward currents which are generated specifically by KA 

receptors containing the subunit GluR6, as it has been shown that GluR6-/- CA3 

neurons do not show depolarisation under KA treatment (Fisahn et al., 2004). This 

study has confirmed the key role of the subunit GluR6 in the genesis of gamma 

oscillations. 
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Figure 3.7: KA-induced depolarisation in Ophn-1+/y CA3 pyramidal neurons. 

(A.) Histogram of the depolarisation the membrane potential plotted against the time 

(n=5) (B.) Spontaneous firing frequency plotted against the time (n=5).  

These data confirmed that gamma oscillations recorded in this study present similar 

feature to those observed in previous study. 

3.5 Effect of the loss of oligophrenin1 on the KA-induced gamma 

oscillations 

3.5.1 Ophn-1-/y mice slices displayed a reduced strength of KA-induced gamma 

oscillations at relatively low bath temperature (30 ºC) 

The rationale for the following study was the fact, that patients with XLMR showed

abnormal cortical brain activities in electroencephalography (EEG) (Cantagrel et al., 
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2004, Wittwer et al., 1996). Furthermore, Grice and co-workers (2001) demonstrated 

an altered oscillatory activity in brain, especially an altered gamma oscillations, 

possibly related to visual binding in autism and in the William syndrome which are 

accompanied by learning disability. Moreover, Khelfaoui et al (2007) demonstrated a 

deficit in spatial memory assessed by the Morris water maze in Ophn-1-/y mice. In 

vivo electrophysiological studies on the hippocampal neuronal network phenomenon 

have shown that oscillations in the range of theta and gamma can be observed 

concomitantly to exploratory behaviour in rat (Bragin et al., 1995, Csicsvari et al., 

2003). Interestingly, the spatial memory is thought to take place in a specific brain 

structure named the hippocampus. It is known that although some Ophn-1-/y mice 

display lateral ventricles enlargement, the hippocampal structure of these mice is 

anatomically unaltered compared to the Ophn-1+/y mice (Khelfaoui et al., 2007). To 

study the biological defects underlying this deficit in spatial memory, I performed 

electrophysiological recordings of neuronal population synchronization.  

Furthermore, oscillations in the gamma range are thought to underlie memory 

formation in the hippocampus, notably the spatial memory formation (Axmacher et 

al., 2006). 
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Figure 3.8: Characteristic traces showing the raw gamma oscillations 

recordings. (0 min) Baseline activity (t=0min) of epochs of data without KA. (20 

min), (40 min), (60 min) and (80 min) show the development of the gamma 

oscillations analysed every 20 minutes for Ophn-1+/y and Ophn-1-/y slices (left and 

right panels respectively).

The development of the neuronal population synchronization over time in Ophn-1+/y

and Ophn-1-/y slices is illustrated in figure 3.8. After the period of baseline activity 

recording (0 min), which showed little or no synchrony, 50 nM KA was applied and

induced synchronization of neuronal population within 20 min. The strength of these 
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oscillations increased in power over time until the end of the experiment (t=80 min). 

Figure 3.8 shows an apparent reduction in the size of the rhythmic field potentials.  

Interestingly, KA-induced oscillations from Ophn-1-/y were significantly lower than 

from Ophn-1+/y throughout the experiment. At 60 minutes after KA application, the 

peak power in Ophn-1-/y was reduced by approximately 50% compared to Ophn-1+/y

slices (Ophn-1+/y: 297.4 37.3 µV2, n=9; Ophn-1-/y; 148.5 31.5 µV2, n=8, p=0.008 (t-

test), fig 3.9 Bi.). Moreover, the univariate analysis of variance test (ANOVA) 

revealed that the peak power (fig. 3.9 Bi.) as well as the summated power (fig. 3.9

Bii.) were significantly reduced (p=0.002 and 0.023 respectively) in Ophn-1-/y slices 

across the whole time course of the experiments. However there were no significant 

differences in the peak frequency between Ophn-1+/y and Ophn-1-/y at any time point

(fig. 3.9A.). It is noteworthy that the power was still increasing at time 80, and that 

the plateau was reached at longer time intervals (not shown).
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Figure 3.9: Ophn-1-/y mice displayed reduced gamma oscillations. (A.) Peak 

frequency vs. time did not differ significantly between Ophn-1+/y (filled symbols) and 

Ophn-1-/y (open symbols). Peak power (Bi.) and summated power (Bii.) of gamma 

oscillations. (filled symbols) Ophn-1-/y, n=9 and ((open symbols) Ophn-1+/y, n=8) 

(p=0.002 and 0.023 (ANOVA). (Biii.) Power spectrum averaged at 60 min of 

recording, dashed lines indicated S.E.M.. Recording were made at 30.1  0.2°C. 

In summary, comparison of the strength of gamma oscillations revealed a significant 

reduction in Ophn-1-/y slices whereas the dominant frequency of these oscillations 

remained similar. A similar loss of gamma power without a change in frequency 
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have been previously observed in ageing (Vreugdenhil and Toescu, 2005, Basar-

Eroglu et al., 2007), Alzheimer disease (Uhlhaas and Singer, 2006) and in hypoxia 

(Fano et al., 2007). However, it is the first time that a deficit of this kind was 

demonstrated in a mouse model of X-linked mental retardation. 

Figure 3.10: Averaged gamma waveform presented a similar shape, Ophn-1+/y

(dark line) and Ophn-1-/y (grey line), normalisation was made from peak to trough. 

In the figure 3.10, the trace of the averaged gamma waveform for each genotype 

showed a matching overlay. The average gamma waveform showed that although 

an overall reduction in gamma oscillations power in Ophn-1-/y slices, the neuronal 

circuitry necessary to generate gamma oscillations was still present in Ophn-1-/y

slices. The gamma cycle represents a variation of field potentials which is mainly 

constituted by the inhibitory neurotransmission (IPSP) exerted by the perisomatic 

interneurons onto CA3 pyramidal neurons. In effect, it is well characterised that the 

perisomatic interneurons (basket cells) fire at every gamma cycle (Jefferys et al., 

1996). Therefore, the peak of the gamma waves is mainly constituted by IPSPs,
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whilst EPSPs weakly contribute to the gamma cycles owing to the low frequency of 

firing of CA3 pyramidal neurons during gamma oscillations (Traub et al., 1997) (see 

section 3.4.3). Thus, the overlay of these averaged gamma cycle waveform further 

confirmed that in spite of the significant loss of power in Ophn-1-/y slices, the 

neuronal network responsible for the genesis of gamma oscillations was still 

preserved in these slices. 

Several different reasons might explain this loss of gamma power in Ophn-1-/y. 

Weaker gamma power could be due to a smaller neuronal CA3 network, less 

neurons or less synapses. Furthermore, an impaired rhythmicity of gamma 

oscillations in Ophn-1-/y slices could be a reason, and one would also expect that 

irregular oscillations would be smudged out by the power spectrum. To address the 

latter possibility, I evaluated the rhythmicity of gamma oscillations in Ophn-1-/y slices. 

 

3.5.2 Rhythmicity of gamma oscillations in Ophn-1-/y slices 

 

The concept of rhythmicity of gamma rhythms usually encloses a main factor which 

is the predictability of gamma oscillations over time. In other words, how regular the 

gamma oscillations are over time. 

In order to assess the rhythmicity, I first performed an autocorrelation spectrogram at 

a time where the gamma oscillations were well established namely at 60 min. I then 

analysed the value of the secondary peak (see methods # 2.4.1), which indicated 

the regularity of the gamma cycles. A significant decrease of this secondary peak 

was found in Ophn-1-/y slices compared to the secondary peak in Ophn-1+/y   slices 
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(0.20 ±0.03, n=12; 0.29 ±0.03, n=14, respectively, p=0.04 (t-test), fig. 3.11 B.). This 

result suggested a deficit in gamma oscillations rhythmicity in Ophn-1-/y slices. This 

loss of regularity of the gamma oscillations in Ophn-1-/y slices could explain the 

reduction in gamma power observed. The underlying mechanism could be that the 

firing of the baskets cells was not in perfect synchrony. Hence, the IPSCs generated 

are more widespread in time, resulting in wider and smaller field potentials (IPSPs). I 

concluded from these experiments that the power of gamma oscillations in Ophn-1-/y

slices could be smudged out by the deficit in gamma oscillations rhythmicity. 

Figure 3.11: Auto-correlation of gamma oscillations at 60 min. Typical auto-

correlogram for Ophn-1+/y (Ai.) and Ophn-1-/y (Aii.)  (B.) Histogram depicting the 

amplitude of the secondary peak. (Ophn-1+/y, n=14 and Ophn-1-/y, n=12, p= 0.04,

power of statistic = 0.427<0.8).

Nevertheless, statistical power analysis was performed on this result; it turned out to 

be 0.427 which was under the desired 0.8. This result is underpowered, therefore 

further investigations of the rhythmicity were undertaken. 
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Power spectral analysis can give an indication on the regularity of the oscillations. 

Oscillations are considered regular when a clear and narrow peak is observed, as 

opposed to irregular who have a broader peak. Figure 3.12 shows the normalised

averaged power spectra in Ophn-1-/y compared to Ophn-1+/y at 60 min. It can 

observed that the power spectrum for Ophn-1-/y presented a narrower peak which 

denotes that gamma oscillations were more regular in Ophn-1-/y compared to Ophn-

1+/y slices. This latter result was in contradiction with the previous one.  

Figure 3.12: Normalisation of the averaged power spectrum from the Ophn-1-/y

in reference of Ophn-1+/y averaged power spectrum. (Grey and dark line 

respectively). 

To further investigate this discrepancy, I used the events autocorrelation analysis to 

measure the regularity of the gamma oscillations cycles. The trough was taken as 

references. This analysis assessed the regularity of the intervals between the 
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troughs. If the troughs were separated regularly a regular pattern would be 

expected. 

Figure 3.13: Events auto-correlogram of gamma oscillations in Ophn-1-/y slices 

(A.) Histogram of “events auto-correlogram” for Ophn-1+/y (n=6) and Ophn-1-/y (n=7) 

gamma oscillations (black and grey bars respectively). (B.) Plot of “events 

autocorrelogram” for Ophn-1+/y and Ophn-1-/y gamma oscillations (black and grey 

lines respectively) 

Figure 3.13 shows that no clear pattern appeared in the histogram plot, revealing 

similar rhythmicity by genotype. This would suggest that the loss of power was not 

due to a lack of rhythmicity of oscillations in Ophn-1-/y. Alternatively, the loss of 

power could result from the fact that less currents were flowing at each cycle (see 

chapter 4). No clear conclusion could be drawn for this study of the rhythmicity of 

gamma oscillations in Ophn-1-/y slices; it may be possible that the loss of regularity 

observed with the auto-correlogram study was a false positive result, as the power of 

statistic revealed that the statistic was underpowered. 
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3.5.3 Ophn-1-/y mice slices displayed no difference in synchronization along the 

Ammon horn. 

 

In the following, I will deal with the question how gamma oscillations are propagated 

within the hippocampal formation. It is well described that in vivo hippocampal 

gamma oscillations are generated in CA3 area and are propagated to CA1 through 

the Schaffer collaterals which excite directly CA1 interneurons (Bragin et al., 1995). 

As it is assumed that higher cognitive function are mediated by the communication 

of different cerebral areas through oscillations, a phenomenon generally referred as 

the “binding” (Engel et al., 2001, Gray et al., 1989, Bragin et al., 1995). The 

synchronisation of gamma oscillations within the hippocampus was therefore 

investigated. To that end, gamma oscillations were recorded at various locations 

along the Ammon horn of the hippocampus, such as on CA3c, CA3b, CA3a and 

CA1 areas and they were compared with a fixed recording of CA3c gamma 

oscillations. Figure 3.14 A. depicts typical gamma oscillations obtained in CA3c and 

CA1 (grey and white square respectively).  An analysis of coherence was used (See 

methods # 2.4.1.2 fig. 2.7). The coherence value was determined and compared 

between the different genotype as well as between different hippocampal areas. The 

strength of coherence of gamma oscillations decreased with the distance from CA3c 

area in Ophn-1+/y as well as in Ophn-1-/y (67.4% and 65% of reduction from CA3c to 

CA1 respectively). However, Ophn-1-/y gamma oscillations showed the same the 

degree of synchronisation as Ophn-1+/y (For CA1: 0.29 ±0.09, n=8; 0.37 ±0.09, n=7 
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respectively, p=0.93,) (For CA3b: 0.74 ±0.06; 0.65 ±0.06 respectively, p=0.79, fig 

3.14 Bii.). 

This result suggested that gamma oscillations in Ophn-1-/y slices propagated 

normally within the hippocampus. 

In this section, I have shown a significant loss of power in Ophn-1-/y slices which 

cannot be explained by a loss of rhythmicity of gamma oscillations. However, an 

indication of a loss of rhythmicity was revealed by the autocorrelation study, whilst 

the overlay of the averaged power spectrum plot would suggest the opposite. These 

discrepancies have been clarified with the events autocorrelation analysis. From this 

analysis, I concluded that gamma oscillations were as regular in Ophn-1-/y as in 

Ophn-1+/y slices. Furthermore, the propagation of gamma oscillations amongst the 

ammon horn was not altered in Ophn-1-/y slices, as revealed by synchronisation of 

gamma oscillations experiments. 
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Figure 3.14: Ophn-1-/y gamma oscillations displayed no difference in 

synchronisation. (A.) Typical gamma oscillations evoked by 50 nM KA recorded at 

the same time in two different hippocampal areas, (open square) represents the 

localization of one electrode in CA3c stratum pyramidale and the other in CA1 

stratum pyramidale (filled square) (Bi.) plot showing the mean peak coherence value 

decreasing according the distance from CA3c. (Bii.) Histogram of the mean 

coherence value with reference to the hippocampal areas (Ophn-1+/y black chart n= 

7 and Ophn-1-/y white chart n=8, p> 0.05 (t-test) for every area).
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3.5.4 Ophn-1-/y mice slices displayed a higher frequency of KA-induced gamma 

oscillations at higher bath temperature (32°C) 

The dominant frequency of the gamma oscillations exhibits a steep dependence to 

the bath temperature (Dickinson et al., 2003). By raising the bath temperature from 

30 ºC to 32 ºC, a significant increase of the mean dominant frequency of the gamma 

oscillations accompanied by a strong increase in gamma power was observed (fig. 

3.15). Nonetheless, the reduction in power in Ophn-1-/y slices was less clear. 

Nevertheless, a significant difference was observed in summated power at the time 

point 60 min. (Ophn-1+/y: 12820 ± 3540 µV2 and Ophn-1-/y: 5370 ± 939 µV2 with 

student’s t- test p value of 0.0398, fig 3.15.). 

Analysis using ANOVA did not reveal a significant difference for either peak or 

summated power (p=0.748 and p=0.806, respectively). 

Figure 3.15: Ophn-1-/y mice displayed reduced gamma oscillation power at 

32.3°C. Peak frequency vs. time was similar between Ophn-1+/y (filled symbols) and 

Ophn-1-/y (open symbols). Peak power (Bi.) and summated power (Bii.) of gamma 

oscillations. (open symbols) Ophn-1-/y (n=19); (filled symbols) Ophn-1+/y (n=16) 

(p=0.748 for Bi and p=0.806 for Bii).
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Figure 3.16 A. recapitulates the percentage of reduction in gamma oscillations 

power, the plot revealed similar reduction at 30 or 32 ºC.

The dominant frequency at 32 ºC was significantly higher than the dominant 

frequency at 30 ºC at any time points for both genotypes (60 min.: 34.27 ±1.12 Hz; 

28.39 ±1.20 Hz respectively, p=0.0014 (t-test).

Figure 3.16: Percentage of reduction of gamma oscillations and increase of 

frequency at 30ºC and 32ºC (A.) Plot of the percentage of the gamma power 

reduction in Ophn-1-/y at 30 ºC (black symbols) and 32 ºC (grey symbols). (B.) 

Representation of the variation of the peak frequency vs. the time at 30ºC and 32ºC.

(filled circles) WT (30.1°C) (n=8); (open circles) KO (30°C) (n=9); (filled squares) WT 

(32.3°C) (n=19) (open squares) and KO (32°C) (n=16) (p<0.05 for every time point). 

In the following experiment, pharmacological tools were used to attempt to restore 

the deficit of KA-induced gamma oscillations observed in Ophn-1-/y slices. 
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3.6 Effect of Y27632 on KA-induced gamma oscillations 

In the following, I tried to rescue the loss of power in Ophn-1-/y using the small 

molecule Y27632. It is known, that the loss oligophrenin1 induces an over-activation 

of the small Rho proteins. Therefore, in an attempt to rescue the loss of power 

phenotype for Ophn-1-/y slices, Y27632 (10 M) was applied in a pre-treatment and

concomitantly to the KA throughout the recordings. A concentration of 10 M was 

chosen as it was thought to be effective from previous studies (Govek et al., 2004).

In effect Govek et al (2004) have shown that 10 M was effective in rescuing the 

deficit in spine’s length, by putatively inhibiting RhoA protein. Additionally, study from 

the laboratory also shown effectiveness of this concentration (Powell et al, 2009 

submitted). The application of Y27632 antagonised the action of a protein called 

Rho-kinase (or ROCK) which is a member of a signalling pathway downstream to 

RhoA. RhoA is one of the small GTPase protein inhibited by oligophrenin1. Thus, it 

was expected to counterbalance the over-activation of RhoA (Govek et al., 2005) 

induced by the lack of oligophrenin1 (Ishizaki et al., 2000). Furthermore, Y27632 has 

been previously shown to rescue the shrinkage of the dendritic spines in Ophn-1-/y 

CA1 pyramidal neurons and this result has shed in light the key role played by 

ROCK in the intracellular signalling of oligophrenin1 (Govek et al., 2004). Figure 

3.17 shows an apparent reduction of the gamma power which was not however 

significant in Ophn-1-/y and Ophn-1+/y (B. and A. respectively). At t=60min: Ophn-1-/y 

/KA: 4170 ±1104 V2 (n=7); Ophn-1-/y /KA+Y27632: 1273 ±197 V2 (n=5), p=0.26 (t-
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test), fig. 3.15 B. and; Ophn-1+/y /KA: 6077 ±2911 V2 (n=5); Ophn-1+/y /KA+Y27632: 

2858 ±1360 V2 (n=6), p=0.32 (t-test), fig 3.15 A. Additionally, univariate analysis of 

variance (ANOVA) was performed. In Ophn-1+/y conditions, Y-27632 had no effect 

on the power of KA-induced gamma oscillations (p=0.121). Similar negative result 

was observed in the Ophn-1-/y conditions (p=0.075). 

Figure 3.17: Effect of Y27632 (10 M) in KA-induced gamma oscillations. (Bath 

temperature: 32ºC). (A) Summated gamma power of KA-induced gamma oscillations 

in Ophn-1+/y: KA only (filled circle) (n=5) and KA+Y27632 (filled triangle) (n=6) 

(ANOVA p=0.121). (B) Effect of pretreatment of Y27632 on KA induced gamma 

oscillations in Ophn-1-/y: KA only (open circle)(n=7) and KA+Y27632 (open 

triangle)(n=5) (ANOVA p=0.075) (C.) Gathered data 

This result indicated that Y27632 had no effect on the power of KA-induced gamma 

oscillations in wild-type and knock out conditions. It is however possible that the 

concentration of Y27632 was too low. A study from Nakayama et al (2000) has used 

a concentration of 100 M to reach efficiency. 
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3.7 Effect of the loss of oligophrenin1 on spontaneous gamma 

oscillations 

In addition to the characterization of KA-induced gamma oscillations, I investigated 

spontaneous gamma oscillations when they visually occurred. This small neuronal 

population synchronisation was recorded without any pharmacological agents 

applied. Spontaneous gamma oscillations occurred with an average of 1 out of 3

slices and can be quantified. It usually concerned the electrophysiological recordings 

which follow the cutting of the slices. The origin of the small spontaneous gamma 

oscillations remains to be elucidated (Pietersen et al., 2009)

Figure 3.18 Ai. & Aii. depict representative traces of spontaneous gamma 

oscillations observed in Ophn-1+/y and Ophn-1-/y slices respectively. Ophn-1-/y

showed similar dominant frequency to Ophn-1+/y slices (30.14 ±1.45 Hz, n=7; 31.55 

±1.48 Hz, n=7, respectively, p=0.51, fig 3.18 Bi.). Similarly, the peak and summated 

power in Ophn-1-/y were not significantly different than in Ophn-1+/y (11.67 ±2.98 V2;

12.60 ±3.28 V2, respectively, p=0.84 fig 3.18 Bii.; 173.94 ±44.41 V2; 169.47 ±39.11 

V2 respectively, p=0.94, fig. 3.18 Biii.) 
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Figure 3.18: Spontaneous gamma oscillations were unchanged between 

genotypes (Bath temperature: 32ºC). Typical traces showing spontaneous gamma 

oscillations in Ophn-1+/y (Ai) and Ophn-1-/y slices (Aii). (Bi) Histogram of the peak 

frequency (p=0.51). (Bii) Histogram of the peak power (p=0.84). (Biii) Histogram of 

the summated power (p=0.94) (Ophn-1+/y n=7 and Ophn-1-/y n=7). 

3.8 SUMMARY

To summarize on extracellular recording experiments of gamma oscillations, I have 

shown: 

i) a significant loss of power in KA-driven gamma oscillations was observed. 

ii) that the rhythmicity of gamma oscillations in Ophn-1-/y slices appeared 

normal. 
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 iii) that the synchronization of gamma oscillations in Ophn-1-/y slices within the 

hippocampal structure was normal. 

 iv) that the loss of gamma oscillations power in Ophn-1-/y slices failed to be 

rescued by the small molecule Y27632. 

 v) that the spontaneous gamma oscillations in Ophn-1-/y slices were 

unaltered. 
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Chapter 4: MECHANISMS UNDERLYING THE LOSS OF POWER IN 

KA-INDUCED GAMMA OSCILLATIONS IN Ophn-1-/y SLICES 

 

 

4.1  AIMS 

 

The lack of oligophrenin1 protein in humans leads to learning disabilities (Billuart et 

al., 1998). A mouse model of oligophrenin1 deficiency has shown impairments in 

learning, particularly spatial memory (Khelfaoui et al., 2007). Structural deficits such 

as alterations in shape and density of the dendritic spines have also been observed 

(Khelfaoui et al., 2007, Govek et al., 2004). Whether these structural deficits can 

explain the functional deficits in this mouse model remains unanswered? 

In this chapter, I investigated deficits in CA3 hippocampal area. To that end, I used 

two distinct and complementary electrophysiological techniques, namely the 

measurement of neuronal population field potentials using extracellular recordings 

and single cell recordings. As gamma oscillations are generated by coherent 

synaptic activity between various interneurons and CA3 pyramidal neurons (Bartos 

et al., 2007); I proposed to investigate the synaptic deficits which underlie the 

reduced KA-induced gamma oscillations previously observed in CA3 area in  

Ophn-1-/y slices (see chapter 3). This interplay between neurons involves both 

excitatory and inhibitory currents which can be dissected and quantified in Ophn-1-/y 

CA3 pyramidal neurons. Deficits in either excitatory or inhibitory neurotransmission 

could explain the reduced gamma oscillations strength. 
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First, I assessed the field potentials generated by a population of neurons using 

extracellular recording. Second, I performed patch clamp studies to distinguish 

changes in either excitatory or inhibitory neurotransmission in Ophn-1-/y CA3 

pyramidal neurons. The excitatory and inhibitory postsynaptic currents observed 

were the result of the synaptic activity occurring within the complex CA3 neuronal 

network. 

 

4.2 Electrophysiological characterization of field potentials in CA3 

area  

 

4.2.1 Single pulse stimulation of afferents to CA3 neuronal population  

 

Field postsynaptic potentials and population spikes quantification 

 

It has been shown previously that Ophn-1-/y mice show deficits in synaptic 

processes, notably a reduction in the paired-pulse facilitation in the CA1 area 

(Khelfaoui et al., 2007). Alteration in synaptic function may provide evidence to 

explain the altered gamma oscillations. To examine the CA3 area, field potentials 

recordings were performed using electrodes placed in CA3c; electrodes were placed 

on the stratum pyramidale (somatic area of the pyramidal neurons) and on the 

stratum radiatum (apical dendritic arborization). The extracellular recording 

electrodes recorded the potential generated by the electrical activity of neurons 

located at the vicinity of the electrodes. 
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On the stratum pyramidale source field potentials were recorded after orthodromic 

electrical stimulation. The stimulating electrode was placed in the middle of hilus to 

stimulate the mossy fibre pathway. Potentials were recorded as a positive deflection, 

owing to currents generated at the apical dendrites and flowing down the dendritic 

arborisation to finally exit at the somatic level (source). On the top of this source 

potentials, a population spike (PS) occurred for high stimulus intensities, which 

corresponded to a large entry of Na+ ions via the opening of voltage gated sodium 

channels as action potentials fired in the pyramidal cells (fig 4.1 Ci. & Cii.). On the 

stratum radiatum, field postsynaptic potentials (PSP) were recorded as a negative 

deflection, which corresponded to a large movement of positive ions across 

postsynaptic glutamatergic receptors inside the neurons, generating sink potentials. 

This led to the activation of the ionotropic glutamatergic receptors by the release of 

glutamate from presynaptic afferents (mossy fibres and CA3 pyramidal neurons 

axons collaterals)(fig 4.1 Ai. & Aii.) (Johnston et al, 1995). 

Representative PSP traces are shown for Ophn-1+/y and Ophn-1-/y slices (fig 4.1 Ai. 

& Aii. respectively). Figure 4.1B depicts the plot of the input-output relationship of the 

PSP, the amplitude of PSP increased with the intensity of the stimulus and reached 

a maximum for stimuli above 25 V. The maximum plateau in Ophn-1-/y slices was not 

significantly different compared to Ophn-1+/y slices (1991 ±286 mV.s-1, n=6; 2783 

±337 mV.s-1, n=6, respectively, p=0.10, fig. 4.1B.). This result was close to 

significance, statistical power analysis was 0.255, well under the desired 0.8 

meaning that the statistical test was underpowered. Interestingly, at relatively mild 

intensity of 12 V, the slope in Ophn-1+/y was significantly steeper than in Ophn-1-/y 
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(1206 ± 292 mV.s-1, n=6; 476 ± 73 mV.s-1, n=6, respectively, p=0.036, t-test, 

statistical power: 0.507). It may be possible that at higher stimulus intensities, the 

stimulus does not only recruit mossy fibres but may also recruit other fibre tracts 

(such as recurrent collaterals). 

Nevertheless, the PSP slope considering the whole range of the stimuli intensity, in 

Ophn-1-/y slices was significantly lower than in Ophn-1+/y, using univariate analysis of 

variance (ANOVA p=0.0002). Whilst the half maximal stimulus intensity (V50) was 

unchanged (15.4 ±1.1V, n=6; 14.4V ±1.7, n=6, respectively, p=0.58). Univariate 

analysis of variance was also performed over the range 0 to 16V and rendered a 

value of 0.014. It may be possible that, owing to the relatively large thickness of the 

stimulating electrode and the high voltage employed, the stimulus may activate 

additional fibres other than the mossy fibres. Additional experiments are required to 

resolve this issue, such as testing the specificity of the mossy fibre stimulation in this 

paradigm. Mossy fibres terminals selectively express group II metabotropic 

glutamatergic receptors (mGluR) , therefore application of the mGluR agonist DCGIV 

could be used to confirm selective activation of the mossy fibres (Manzoni and 

Bockaert, 1995, Yoshino et al., 1996). 
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Figure 4.1: Single pulse stimulation of the mossy fibres pathway. Typical PSP

recorded on CA3 stratum radiatum in Ophn-1+/y slices (Ai.)  and in Ophn-1-/y slices 

(Aii.). (B.) Input-output relationship: PSP values plotted against voltage stimulus 

intensity (●) Ophn-1+/y slices (n=6); (○) Ophn-1-/y slices (n=6). (Ci) & (Cii) 

Representative orthodromic population spikes (grey star) following an antidromic 

population spikes (black star) in Ophn-1+/y and Ophn-1-/y slices respectively (D)

Input-output relationship: plot of population spike amplitudes vs. voltage (●) Ophn-

1+/y slices (n=6); (○) Ophn-1-/y slices (n=6).  
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Figure 4.1 Ci and Cii show representative traces of population spikes in Ophn-1+/y 

and Ophn-1-/y respectively. Both antidromic and orthodromic population spikes are 

shown (black and grey * respectively, fig 4.1 Ci.). The antidromic spikes resulted 

from the direct activation of CA3 pyramidal neurons axons collaterals situated close 

to the concentric electrode. In contrast, orthodromic spikes which result from the 

monosynaptic activation of CA3 pyramidal neurons through the mossy fibres 

pathway showed a slower onset. Paralleling the PSP, the maximum amplitudes of 

the orthodromic population spikes (obtained from a Boltzmann fit) in Ophn-1-/y were 

unaltered compared to Ophn-1+/y (2.69 ±0.65 mV, n=6; 2.67 ±0.54 mV, n=6, 

respectively, p=0.98, fig 4.1D.). The amplitude of the PS was reduced across the 

whole stimulus range in Ophn-1-/y compared to Ophn-1+/y (ANOVA p<0.013). 

The reduction in synaptic responses upon a single stimulation indicated a reduction 

in the synaptic strength between granule neurons and CA3 pyramidal neurons in 

Ophn-1-/y mice. 

To determine the nature the postsynaptic potentials, a cocktail of glutamatergic 

receptor antagonists was added to the aCSF. 

Pharmacology of the field postsynaptic potentials. 

Both the AMPA/KA receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-

benzo[f]quinoxaline-2,3-dione (NBQX) (20 M) (Pitt et al., 2000), and (2R)-amino-5-
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phosphonovaleric acid (D-APV) (25 M) (Haberny et al., 2002), were added to the 

superfusing aCSF. Blocking the fast excitatory neurotransmission significantly

reduced the PSP compared to control (aCSF only) ( 709 ±24 mVs-1; 2022 ±  

12mV.s-1, respectively, p<0.0001 (ANOVA), fig 4.2 A.).

Figure 4.2 B shows traces of PS before and after application of the excitatory amino 

acid (EAA) blockers. The amplitude of PS after treatment was significantly smaller

than before treatment (3.00 ±0.04 mV; 3.97 ±0.05 mV, respectively, p<0.001) 

Figure 4.2: Sensitivity of the responses to ionotropic glutamatergic receptors 

blockers. The panel (A.) figures the PSP obtained after treatment with EAA blockers 

(grey line) as opposed to without drugs condition (black line) recorded from the s.

radiatum (B.) Representative traces of PS before and after drugs application (dark 

and grey line respectively) recorded from the s. Pyramidale. 

The PSP and the PS were partially blocked (75% and 25% for PSP and PS 

respectively) by a cocktail of glutamatergic receptor antagonists. An incomplete 

blockade of the responses was observed, unlike in CA1 area (see below Chapter 5 
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section 6.2.2.). A rational explanation could be that unlike CA1 neuronal networks, 

CA3 networks are extremely complex (Shepherd, 2003). A second explanation could 

be that the stimulating electrode stimulated directly the axons of CA3 pyramidal 

neurons, hence the strong antidromic population spikes resistant to EAA blockers 

(fig. 4.2 grey lines). A final explanation is that the responses could be not only 

glutamatergic, as other excitatory neurotransmitters, such as Acetylcholine are 

released onto CA3 pyramidal neurons (Gulledge and Kawaguchi, 2007) 

 

4.2.2 Reduction of paired pulse facilitation in Ophn-1-/y slices. 

 

Paired pulse facilitation of field postsynaptic potentials and population spikes  

 

The presence of the oligophrenin1 in the presynaptic compartment (Govek et al., 

2004), is suggestive of a presynaptic function, as implied by Khelfaoui (2007). To 

examine the role of oligophrenin1 in the presynaptic compartment, a paired-pulse 

protocol was performed (Schulz et al., 1994). 

For the paired pulse stimulation experiments, a stimulus which evoked 50 % of the 

maximal response defined by the input-output relationship (fig 4.1B) was used 

(Ophn-1+/y 14.4 ±1.7 V (n=6); Ophn-1-/y 15.4 ±0.45 V (n=6), p=0.58). This stimulation 

intensity was chosen so that both synaptic facilitation and depression can be 

detected. The PSPs were evoked by 2 equal stimuli onto the mossy fibres separated 

by a variable time intervals. The degree of facilitation (or inhibition) was calculated 

by expressing the PSP slope in response to the 2nd stimulus (test stimulus) as a 
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function of that obtained for the first stimulus (Conditioning stimulus) (P2/P1). Figure 

4.2 Aii & Aii show double PSPs evoked by stimuli separated by 25 ms and 100 ms 

(left and right panels respectively). In Ophn-1+/y slices, a clear facilitation of the 

second response (test response) is observed (fig 4.2 Ai.). The comparison of P2/P1 

between genotypes, revealed that the facilitation in Ophn-1-/y was significantly lower 

than in Ophn-1+/y slices for inter-pulse intervals 25, 50, 100, 200, 500, 1000 ms (e.g. 

25 ms, 1.40 ±0.14, n=9; 2.03 ±0.20, n=8, respectively, p=0.025; 100 ms, 1.06 ±0.09; 

1.57 ±0.10, p=0.002 fig 4.3 B.). Similar results were obtained with inter-pulse interval 

of 500 ms in which GABAB neurotransmission occurred (0.87 ±0.03; 1.11 ±0.07, 

p=0.005). The univariate analysis of variance (ANOVA) rendered a significance 

value p=0.002 (with bonferroni correction). 

Although the PSP measure was most indicative of the effects on synaptic 

transmission, PS amplitude was also examined to assess the firing of CA3 pyramidal 

neurons evoked by the synaptic activation (fig 4.4). Figure 4.4 Ai & Aii display typical 

population spikes traces in Ophn-1+/y and Ophn-1-/y respectively. Facilitation of the 

PS in response to the second stimulus was observed for most inter-pulse intervals in 

Ophn-1+/y and Ophn-1-/y. The P2/P1 ratio in Ophn-1-/y was significantly reduced 

compared to the P2/P1 ratio in Ophn-1+/y (50 ms: 1.66 ±0.06, n=8; 2.50 ±0.21, n=9, 

respectively, p=0.008, fig 4.4 B.). Additionally, for an inter-pulse interval of 10 ms, 

Ophn-1+/y displayed a stronger facilitation than in Ophn-1-/y slices (1.75 ±0.18; 0.92 

±0.21, respectively, p=0.03).  
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Figure 4.3: Altered paired-pulse facilitation on PSPs in Ophn-1-/y slices. 

Representative double PSP evoked by paired pulse stimulation with inter-pulse 

intervals 25 ms (left panel) and 100 ms (right panel) for Ophn-1+/y (Ai.) and in Ophn-

1-/y slices (Aii.) (B) PSP paired pulse facilitation ratio for Ophn-1+/y (filled symbols)

n=8 and in Ophn-1-/y (open symbols) n=9. p<0.05 (with the Bonferroni correction) for 

IPI comprised between 20 ms and 1000 ms.
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Figure 4.4: Altered paired-pulse facilitation on PS in Ophn-1-/y slices. Typical 

traces showing population spikes for Ophn-1+/y (Ai.) and Ophn-1-/y slices (Aii.) (B.) 

Paired-pulse facilitation on PS in Ophn-1-/y (open symbols) (n=8) and in Ophn-1+/y

(filled symbols) (n=9).(ANOVA, p=0.00015) 

The present results on paired-pulse facilitation in CA3 area are in agreement with 

previous results from Khelfaoui et al (2007), obtained in Ophn-1-/y CA1 area. It is 
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noteworthy that I conducted similar experiments in CA1 and no such differences 

were observed (see Chapter 5, figure 6.2.2.).  

These present results in CA3 suggest that the defects are presynaptic in origin 

(Schulz et al., 1994, Matilla et al., 1998). To further investigate this observation, 

synaptic activity at individual CA3 neurons was investigated.  

 

4.3 Electrophysiological characterization of CA3 pyramidal 

neurons. 

 

4.3.1 Distinction between pyramidal neurons and interneurons 

 

To distinguish between varieties of different neurons present in CA3 stratum 

pyramidale or juxtaposed to it, it was necessary to characterise the 

electrophysiological responses to allow distinction between principal neurons and 

interneurons. Initial, discrimination was based upon by visual appearance. Following 

successful establishment of a whole-cell recording, additional discrimination was 

gained by examination of the neuronal firing pattern in response to a 200 ms, 200pA 

current injection (fig 4.5). Interneurons were characterised by high frequency firing 

whereas pyramidal neurons possessed lower firing frequencies (fig 4.5 and fig 4.6). 

Interneurons displayed a mean firing rate of 86.25 ±14.77 Hz (n = 4), whilst putative 

pyramidal neurons displayed a lower firing frequency of 2.30 ±0.79 Hz (n = 10) 

(p<0.0001) (fig. 4.6 Ai. and Aii.) (Shepherd, 2003, Andersen, 2007). 
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The final segregation was based upon half width duration of the action potentials 

(Pyramidal neurons: 1.10 ±0.04 ms (n=10); Interneuron: 0.80 ±0.04 ms (n=4),

p<0.001 (t-test) statistical power 0.984) and the value of the fast 

afterhyperpolarisation (fAHP) ((Pyramidal neurons: 5.57 ±0.76 mV (n=10);

Interneuron: 15.45 ±2.13 mV (n=4), p=0.004 (Mann-Whitney Rank Sum Test)) (fig. 

4.6 Bi. and Cii. respectively).

Figure 4.5: Interneurons and pyramidal neurons displayed different firing 

pattern upon current injection of 200 pA. (A.) Typical high frequency firing pattern 

recorded from putative interneuron whilst putative pyramidal neurons displayed a 

slower a firing pattern (B.). 
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Figure 4.6: Discrimination of pyramidal and interneurons. Putative interneurons 

displayed a high action potential frequency (Ai.) whilst pyramidal neurons displayed 

a low action potential frequency (p<0.0001, t-test) (Aii.). Putative interneurons (○) 

(n=4) and pyramidal neurons (●) (n=10) displayed distinct distributions for action 

potential half width (Bi) and fAHP amplitude (Ci.). Action potential duration was 

shorter in putative interneurons (Aii.) (p<0.001, t-test), whilst the fAHP was larger in 

putative interneurons (Cii) (p=0.004, Mann-Whitney test). Correlation between the 

firing rate and fAHP amplitude (Di.) Correlation between the firing rate and the half 

width (Dii.). Data are mean ± S.E.M. 

 

4.3.2 Intrinsic neuronal properties were unaltered in Ophn-1-/y CA3 pyramidal 

neurons 

 

The intrinsic neuronal properties of CA3 pyramidal neurons of Ophn-1-/y and in 

Ophn-1+/y were delineated prior to postsynaptic currents evaluations. The rationale 

for the evaluation were i) to rule out any deficits in any of the intrinsic neuronal 

properties, ii) to assess the functionality of a wide variety of ionic channels and iii) to 

assess the excitability of Ophn1-/y neurons. The intrinsic neuronal properties 

included the membrane resistance (fig 4.7.) and various features of the action 

potentials which were shown to be unchanged in Ophn-1-/y CA3 pyramidal neurons 

(fig. 4.7 A. & table 4.1.). The lack of difference between Ophn-1-/y and Ophn-1+/y CA3 

pyramidal neurons indicated that the currents underlying action potentials generation 

were not altered by the genotype. The input-output firing properties of CA3 pyramidal 
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neurons, which assessed the ability of the neuron to fire action potentials upon 

depolarising currents injected into the cell, was equally unchanged (For 0.5 nA 

current injection: Ophn-1+/y: 4.75± 1.11 AP and Ophn1-/y 4.70 ± 0.70 AP, p=0.969 (t-

test), fig. 4.7 Bi. & Bii.).

In conclusion, it is unlikely that alterations in intrinsic excitability of Ophn1-/y CA3 

pyramidal neurons can explain the loss of gamma power. 

Figure 4.7: Intrinsic properties of CA3 pyramidal neurons. (A.) Overlay of a 

single action potentials in Ophn-1+/y and Ophn-1-/y neurons (dark and grey lines 

respectively) showing similar kinetics. (Bi.) Representative traces of action potentials

firing upon 300 pA currents injected in Ophn-1+/y and Ophn-1-/y neurons (left and 

right panels respectively) (Bii.) Input-output relationship: Number of action potentials

fired plotted against the injected current, Ophn-1+/y n=8 and Ophn-1-/y n=10, (ANOVA 

P= 0.055)
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 Genotype  

 Ophn-1+/y Ophn-1-/y p 

Action potential amplitude (mV) 84.5 ±2.8(9) 87.8 ±2.9 (11) 0.43 

Action potential threshold (mV)  -38.8 ±1.2 (9) -38.0 ±1.3 (11)  0.64 

Half width measurement 1.19 ± 0.09  (9) 1.07 ± 0.05  (11) 0.25 

Membrane resistance (MΩ) 209.2 ±20.3 (9) 218.8 ± 26.8  (11) 0.78 

 

Table 4.1: Values for action potentials characteristics and membrane 

resistance. Numbers in parentheses indicate the number of individual cells 

 

4.3.3 Excitatory postsynaptic currents of CA3 pyramidal neurons 

 

After defining the typical characteristics of CA3 pyramidal neurons; I investigated the 

excitatory inputs to these neurons. These excitatory inputs originate mainly from the 

dentate gyrus granule cells but also from recurrent axons of CA3 pyramidal neurons. 

The role of the excitatory input to CA3 pyramidal neurons is important in KA-induced 

gamma oscillogenesis (Bartos et al., 2007). Furthermore, as the PSP was blocked 

by EAA blockers, the reduction of the PSP also suggested a deficit in excitatory 

neurotransmission. Therefore, the strength of the excitatory inputs to CA3 pyramidal 

neurons was evaluated through the measurement of the spontaneous excitatory 

postsynaptic currents. 
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Spontaneous excitatory postsynaptic currents  

Spontaneous excitatory postsynaptic currents (sEPSCs) were recorded from voltage 

clamped CA3 pyramidal neurons at -75 mV using internal solution containing 

KMeSO4. This resulted in sEPSCs being recorded as negative deflections (fig. 4.8,

see methods # 2.4.2), reflecting the activation of the ionotropic glutamatergic 

receptors. Figure 4.9 Ai. shows that the mean amplitude in Ophn-1-/y neurons was 

not significantly different to Ophn-1+/y CA3 pyramidal neurons (20.87 ±3.01 pA, n=9; 

30.15 ±4.03 pA, n=8, respectively, p=0.09, fig. 4.9 Ai.). In contrast, the frequency of 

the sEPSCs in Ophn-1-/y neurons was lower than Ophn-1+/y CA3 pyramidal neurons 

(1.67 ±0.37 Hz, n=9; 6.91 ±1.50 Hz, n=8, respectively, p=0.003, fig 4.9 Bi.). 

Figure 4.8: Spontaneous EPSCs were recorded from CA3 pyramidal neurons in 

Ophn-1+/y (Ai.) and Ophn-1-/y slices (Aii.). (B.) Overlay of a single sEPSC from 

Ophn-1+/y (dark line) and Ophn-1-/y (grey line) CA3 pyramidal neurons  
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Excitatory neurotransmission CA3

Ophn-1+/y Ophn-1-/y P (t-test)

sEPSC

10-90% rise 

time (ms) 4.10 ± 0.30 (6) 4.38 ± 0.9 (8) 0.71

Decay1 (ms) 5.75 ± 0.88 (6) 5.83 ± 0.5 (8) 0.93

Table 4.2: The kinetics of excitatory postsynaptic currents were unaffected in 

Ophn-1−/y CA3 pyramidal neurons. 10-90% rise time and tau decay time are 

expressed as mean ± SEM.  Numbers in parentheses denote the number of cells 

recorded and the p values resulted from student t-test.

Figure 4.8B. and table 4.2 demonstrated that the kinetics of the sEPSCs were 

unaltered in Ophn-1-/y compared to Ophn-1+/y CA3 pyramidal neurons.

Figure 4.9: Spontaneous EPSCs of Ophn-1-/y CA3 pyramidal neurons were less 

frequent compared to Ophn-1+/y. (Ai.) Histogram of the mean amplitude. (Bi.) Plot 

of cumulative frequency of sEPSCs showing a shift towards longer inter-event 

intervals in Ophn-1-/y sEPSCs CA3 pyramidal neurons. (Bii.) Histogram of the 

sEPSCs frequency (p=0.006, Man whitney rank sum test). Data are expressed as 

mean ± S.E.M. 
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In order to further investigate the mechanism underlying the loss of gamma 

oscillations power in Ophn-1-/y slices, I assessed inhibitory inputs to CA3 pyramidal 

neurons. The underlying rationale was that two studies have demonstrated that an 

alteration in the strength of the inhibitory inputs to pyramidal neurons modulates the 

power of gamma oscillations without affecting the dominant frequency (Hajos et al., 

2004, Vreugdenhil et al., 2003) 

 

4.3.4 Inhibitory postsynaptic currents of CA3 pyramidal neurons 

 

Gamma oscillations were induced by a low concentration of KA (50 nM) which 

slightly depolarise neuronal populations present in the CA3 network. As a result, the 

pyramidal neurons synchronise their firing, owing to the inhibitory tone imposed by 

the perisomatic interneurons (Fisahn et al., 1998). The inhibitory inputs to the 

pyramidal neurons were assessed using whole-cell voltage clamp recordings of CA3 

pyramidal neurons.  

Characterisation of pyramidal vs interneurons was confounded by the necessary 

presence of Cs+ ions in the internal ions. Blockade of K+ currents by Cs+ improved 

the space-clamp. To discriminate between pyramidal neurons and interneurons, a 

depolarisation step was applied shortly after the whole cell configuration was 

established, before appreciable amounts of Cs+ had diffused into the cell. Moreover, 

to further facilitate classification of neurons, the fluorophore ALEXA 488 was 

included in the internal solution, which allowed the morphology of the neuron to be 

observed under the microscope. After confirming a neuron as a principal neuron, the 
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inhibitory neurotransmission was then examined. Firstly the evoked IPSCs (eIPSCs) 

were analysed, followed by the spontaneous IPSCs (sIPSCs) and repetitive 

stimulations protocols, namely paired-pulse stimulation, frequency dependent 

facilitation and high frequency of stimulation on eIPSCs experiments. 

 

Evoked IPSCs: input-output relationship 

 

Evoked inhibitory postsynaptic currents in CA3 pyramidal neurons were triggered by 

an electrical stimulation, using concentric stimulating electrode placed in the hilus. In 

Ophn-1+/y pyramidal neurons the increase of the stimulus intensity increased the 

amplitude of eIPSCs until a maximum plateau amplitude is reached (fig. 4.10 B.). 

The evoked IPSCs amplitude in Ophn-1-/y neurons was significantly smaller than 

Ophn-1+/y neurons (at 18 V, 845.43 ± 245.09 pA, n=8; 1746.7 ± 229.6 pA, n=7, 

respectively, t-test p=0.037, Fig. 4.10B). Univariate analysis of variance (ANOVA) 

ascertained this difference over the whole range of stimulation (p<0.0001). However, 

the mean maximal amplitude calculated from the Boltzmann fit, showed no 

significant differences between Ophn-1-/y and Ophn-1+/y CA3 pyramidal neurons 

(1361.75 ±257.01 pA, n=7; 1766.34 ±234.81 pA, n=7, p= 0.27, Statistical power= 

0.081 fig. 4.10 B.). The power of statistics analysis revealed that the statistics were 

underpowered; therefore it may be possible that a significant deficit may have been 

missed. Additionally, similar comments on the spread of the stimulus to other types 

of interneurons present in the hilus can be made (see fig.4.1). 
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Figure 4.10 shows typical eIPSCs in Ophn-1+/y (black line) and in Ophn-1-/y (grey 

line) and the overlay of both eIPSCs normalised. The overlay of typical traces 

showed that the 10-90% rise time and  decay time were unchanged as confirmed in 

table 4.2. 

Figure 4.10: Altered eIPSCs in Ophn-1-/y CA3 pyramidal neurons. (A.) Typical 

eIPSCs in Ophn-1+/y (left panel) and Ophn-1-/y CA3 pyramidal neurons (middle 

panel); the right panel represents the overlay of eIPSCs for both genotypes. (Ai.)

eIPSCs after application of bicuculline (10µM) (B.) Input-output relationship of

eIPSCs fitted with a Boltzmann function in Ophn-1+/y (filled symbols, n=7) and in 

Ophn-1-/y (open symbols, n=7) CA3 pyramidal neurons (ANOVA p<0.0001). eIPSCs 

were recorded in presence of D-APV (25 µM) and NBQX (20 µM)

Fig 4.10Ai. shows the GABAAergic nature of the inhibitory response as revealed by 

the abolition of the eIPSC by bicuculline (grey line vs. dark line). To further 
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investigate the deficit in the inhibitory neurotransmission revealed by the altered 

input-output relationship in Ophn-1-/y CA3 pyramidal neurons, I then recorded and 

analysed spontaneous inhibitory neurotransmission from Ophn-1-/y and Ophn-1+/y 

CA3 pyramidal neurons. 

 

Spontaneous inhibitory postsynaptic currents 

 

The study of spontaneous IPSCs aimed to assess the inhibitory tone and the 

neurotransmitter release machinery of inhibitory synapses. The spontaneous release 

observed comprised two components: i) the probabilistic random fusion of synaptic 

vesicles and ii) the release of synaptic vesicles triggered by neuronal firing.  

Fig 4.11 Ai. Illustrates 5 consecutive sweeps from CA3 pyramidal neurons voltage 

clamped at -70 mV. Spontaneous IPSCs were less frequent in Ophn-1 -/y pyramidal 

neurons than in Ophn-1+/y (fig 4.11 Aii.) (8.78 ±0.81 Hz, n=7; 12.63 ±0.76 Hz, n=7, 

respectively, t-test p=0.009, statistical power = 0.774, fig. 4.12Bii). The lower 

frequency was confirmed by the shift towards longer interevent intervals in the 

cumulative frequency plot (fig 4.12 Bi). The mean amplitude of these events in 

Ophn-1-/y CA3 pyramidal neurons was unaffected compared to Ophn-1+/y CA3 

pyramidal neurons (32.46 ±2.65 pA, n=7; 38.27 ±5.41 pA, n=7, respectively, p=0.35, 

fig. 4.12 Ai.). Furthermore, no differences in the kinetics of these events were 

observed (fig 4.11 B and table 4.3) 
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Figure 4.11: Inhibitory neurotransmission onto CA3 pyramidal neurons was 

reduced in Ophn-1-/y neurons. Spontaneous inhibitory postsynaptic currents 

(sIPSCs) recorded from Ophn-1+/y (Ai), and from Ophn-1-/y CA3 pyramidal neurons 

(Aii.). (B.) Overlay of eIPSCs from both genotype. Bicuculline (10 M) abolished 

sIPSCs (Cii. vs. Ci.).

Figure 4.12: sIPSCs were of similar amplitude, but less frequent in Ophn-1-/y 

CA3 pyramidal neurons. (Ai.) Histogram of the mean amplitude. (Bii.) Plot of 

cumulative frequency of sIPSCs in Ophn-1+/y (full line) and Ophn-1-/y (dashed line) 

(Bii.) Histogram of the mean frequency of sIPSCs. (p=0.009) (t-test) 
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Inhibitory neurotransmission CA3

Ophn-1+/y Ophn-1-/y p

eIPSC

10-90% rise 

time (ms)
5.52±1.05 (7) 4.63±0.36 (7) 0.44

Decay1 (ms) 44.52±7.07 (7) 28.84±5.77 (7) 0.11

sIPSC

10-90% rise 

time (ms)
3.99±0.21 (7) 4.68±0.29 (5) 0.07 (power: 0.338)

Decay (ms) 7.58±0.53 (7) 8.70±0.65 (5) 0.21

mIPSC

10-90% rise 

time (ms)
4.15±0.33 (5) 4.33±0.33 (5) 0.65

Decay (ms) 7.98±0.90 (5) 8.37±0.61 (5) 0.72

Table 4.3: The kinetics of inhibitory currents were unaltered in Ophn-1−/y CA3 

pyramidal neurons. Evoked IPSCs were best fitted by a single exponential decay.  

Data are expressed as mean ± S.E.M.  Numbers in parentheses denote sample size.

The reduced frequency of sIPSCs in Ophn-1-/y CA3 pyramidal neurons could 

originate either from presynaptic or postsynaptic compartments deficits (Marinelli et 

al., 2003). However, evidence suggests that the deficit was probably not from a 

postsynaptic origin as no difference has been observed in the amplitude of sIPSCs, 

which is classically interpreted as a normal functionality of postsynaptic GABAA
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receptors. To further evaluate possible deficits in the presynaptic compartment, a 

study of the TTX resistant sIPSCs allowed the evaluation of the quantal content (q), 

which could eventually be responsible for the reduction in eIPSCs amplitude and 

more globally the reduction of the inhibitory neurotransmission in Ophn-1-/y CA3

pyramidal neurons  

Miniature inhibitory postsynaptic currents (mIPSCs). 

Superfusion of tetrodotoxin (TTX) (1 M) abolished neuronal action potentials 

generation through the blockade of voltage gated sodium channel and allowed the 

examination of the miniatures IPSCs (mIPSCs). TTX significantly reduced the 

frequency of sIPSCs in Ophn-1+/y (sIPSCs 12.63 ±0.76 Hz, n=7; mIPSCs 8.03 ±0.91 

Hz, n=5, p=0.003, fig 4.14.). The frequency of mIPSCs however was not significantly 

different between Ophn-1-/y and Ophn-1+/y CA3 pyramidal neurons (8.60 ±1.48 Hz,

n=5; 8.03 ±0.91 Hz, n=5, respectively, p=0.75, fig 4.13 Cii.). Similarly, the mIPSCs 

amplitude was also unaffected (Ophn-1-/y 22.90 ±3.39 pA; Ophn-1+/y 27.83 ±7.01 pA, 

p=0.55, fig 4.13 Ci.). 

To summarize, these miniatures IPSCs were not altered neither in amplitude nor in 

frequency by the genotype. The mean amplitude is supposed to reflect the release of 

a single quantum. Therefore, similar amplitude indicated that the quantal content 

was identical between genotypes. 

Fig. 4.14 summarizes the frequencies of sIPSCs and mIPSCs in Ophn-1+/y and

Ophn-1-/y CA3 pyramidal neurons. 
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Figure 4.13: TTX resistant IPSCs were unaltered in Ophn-1-/y CA3 pyramidal 
neurons. Miniatures events recorded from Ophn-1+/y (Ai.) and from Ophn-1-/y CA3 
pyramidal neurons (Aii.). (Bi.) Cumulative frequency amplitude plot (Bii) Cumulative 
frequency inter-event intervals plot (Ophn-1+/y full line and Ophn-1-/y dotted line) (Ci.) 
Histogram of the mean amplitude p=0.55 t-test (Cii.) Histogram of the frequency of 
sIPSCs p=0.75 t-test. Embedded numbers indicate the number of repeats
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These results showed that frequency of sIPSCs and mIPSCs was not significantly 

different (8.78 ±0.81 Hz; 8.60 ±1.48 Hz, respectively, p=0.91), indicating that 

oligophrenin1 protein intervene somehow in the process of action potentials-driven 

sIPSCs. 

Figure 4.14: Histogram of sIPSCs and mIPSCs frequencies. N.S. means not 

significant. WT means Ophn-1+/y (n=7 for sIPSCs and n=5 for mIPSCs) and KO 

means Ophn-1-/y (n=7 for sIPSCs and n=5 for mIPSCs). 

I have so far unraveled some deficits in the inhibitory neurotransmission in CA3, 

namely an alteration in eIPSCs in Ophn-1-/y and a reduction in the frequency of 

sIPSCs without change in amplitude; the latter ascertained a normal functionality of 

GABAA receptors. The frequency of sIPSCs and mIPSCs in Ophn-1-/y neurons were 
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not significantly different, possibly indicating that the deficits reside in action 

potentials driven sIPSCs.  

Furthermore, a similar reduction in frequency of sEPSCs suggested a common 

deficit to inhibitory and excitatory synapses. To further investigate the presynaptic 

role of oligophrenin-1, I performed experiments of repetitive stimulations which mimic 

the firing of action potentials at various frequencies. The rationale of the following 

experiment was that a fast frequency of firing is necessary for higher cognitive 

function, which could be impaired, as it has been already suggested by a loss of 

gamma oscillations power in Ophn-1-/y slices.  

 

Paired-pulse stimulation on eIPSCs 

 

Paired pulse depression on monosynaptic GABAAergic eIPSC were evoked by two 

equal electrical stimuli was investigated in Ophn-1-/y CA3 pyramidal neurons. It is 

well known that the stimulation of synapses by a subsequent stimulus induced a 

synaptic depression of the response for almost all stimulus intervals. This depression 

is explained by the presynaptic inhibition phenomenon, which function is to modulate 

synaptic strength, as well as preventing excessive release of neurotransmitters. It is 

generated by the activation of presynaptic GABAB receptors by the spill over of 

GABA outside the synaptic cleft (Davies and Collingridge, 1993).  

Figure 4.15 Ai. & Bi show representative eIPSCs triggered by a double stimulation of 

inter-pulse intervals of 20 ms and 200 ms (left and right panel respectively) in Ophn-

1+/y and Ophn-1-/y  CA3 pyramidal neurons. Figure 4.15 Aii. & Bii represent the digital 
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subtraction of the first eIPSC by an averaged waveform of the first eIPSC; this 

allowed the accurate determination of the amplitude of the second eIPSC. The ratio 

of the eIPSC2 over eIPSC1 is the measure of either the inhibition (ratio<1) or the 

facilitation (ratio>1). This calculated ratio was plotted in the fig 4.15 C. Ophn-1-/y CA3 

pyramidal neurons displayed a significant stronger depression than in Ophn-1+/y 

neurons for inter-pulse intervals of 25, 200 and 500 ms. (25 ms: 0.63 ±0.05, n=10; 

0.95 ±0.12, n=8 respectively, p=0.016; 200 ms: 0.58 ±0.06; 0.82 ±0.08, p=0.028; 

500 ms: 0.61 ±0.07; 0.96 ±0.12, p=0.017, fig. 4.15 C.).  
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Figure 4.15: Paired-pulse depression of eIPSCs was altered in Ophn-1-/y. (Ai.) 
Typical eIPSCs were evoked in Ophn-1+/y CA3 pyramidal neurons by paired-pulse 
stimulation for interpulse intervals of 20 ms (left panel) and 200 ms (right panel).
(Aii.) Digital substraction of the first eIPSCs (Bi.) Typical double eIPSCs in Ophn-1-/y

CA3 pyramidal neurons for IPI of 20 ms (left panel) and 200 ms (right panel). (Bii.)
Digital substraction.(C.) Paired pulse ratio plotted against the log inter-pulse intervals 

(●) Ophn-1+/y (n=18) (○) Ophn-1-/y (n=12) (ANOVA: p=0.001 with Bonferroni 
correction) 
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  Frequency dependent facilitation on eIPSCs. 

 

The experiments of frequency dependent facilitation in response to ten stimuli were 

performed to further elucidate results obtained in previous paired pulse stimulation 

experiments. An additional rationale is that during gamma oscillations, interneurons 

sustain a high frequency of firing almost firing at every cycle (Bragin et al., 1995). 

High frequency of firing is required for cognitive functions in which gamma 

oscillations is involved. 

This high frequency of interneuronal firing, at the origin of gamma oscillation was 

replicated by stimulating the inhibitory synapses at 33Hz, which is about the peak 

frequency of the gamma oscillations (see chapter 4). Frequency dependent 

facilitation protocol evaluated the presynaptic terminals to sustain repetitive 

stimulations and hence availability of synaptic vesicles (Powell et al, 2009, 

submitted) 

Frequency dependent facilitation was observed in Ophn-1+/y and Ophn-1-/y CA3 

pyramidal neurons for high frequency of stimulation at 100, 50 and 33 Hz (example 

for Ophn-1+/y: ratio Imax/I1: 2.24 ±0.42; 1.90 ±0.31 and 1.54 ±0.34 respectively). The 

high frequencies used were in physiological range of interneurons firing (Buzsaki, 

2001). Neither facilitation nor depression was observed for 20 Hz (1.01 ±0.13) and a 

synaptic depression for 10 Hz (0.82 ±0.04) in Ophn-1+/y CA3 pyramidal neurons. 

No significant difference have been observed for 10, 20, 50 and 100 Hz ( 50Hz, 

Ophn-1-/y 1.67 ±0.17; Ophn-1+/y 1.90 ±0.31, p=0.53 fig 5.16 Bi.). Interestingly, 
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facilitation did not occur at 33 Hz in Ophn-1-/y compared to Ophn-1+/y (ANOVA 

p=0.001).  

 

The observation that only 33 Hz stimulation resulted in a significant difference 

between Ophn-1+/y and Ophn-1-/y is surprising as it would be expected that if 

Oligophrenin-1 modulates vesicle availability that 100 and 50 Hz stimulation would 

also be affected.  The reason for this is unclear, but may reflect that the inhibitory 

neurons are specifically tuned to fire at 33 Hz through mutual inhibition (Jefferys et 

al., 1996) 

This was an exciting result, as it has proved that interneurons lacking oligophrenin1 

protein cannot sustain the facilitation triggered by a physiological frequency of firing 

(33Hz), which is necessary for normal gamma oscillations. Furthermore, a previous 

study by Vreugdenhil et al (2003) showed that the frequency dependent facilitation, 

in a mouse model in which gamma oscillations were enhanced in power, showed an 

enhanced facilitation at 33 Hz.  
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Figure 4.16: Responses to repetitive stimulation at 33Hz were reduced in 

Ophn-1-/y neurons. (A.) Typical eIPSCs built up in Ophn-1+/y (dark line) and in 

Ophn-1-/y (grey line). IPSC amplitude for every nth stimulus normalized to the first,

for pulses trains delivered at 100Hz (Bi.), 50 Hz (Bii.), 33Hz (Biii.), 20 Hz (Biv.) and 

10 Hz (Bv.) in Ophn-1+/y (●, n = 17) and Ophn-1−/y neurons (○, n = 9).
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Assessment of the readily releasable pool (RRP) size by high frequency 

stimulation protocol 

 

Recent studies have suggested that vesicle endocytosis is deficient in synapses 

where oligophrenin-1 expression is reduced or absent (Nakano-Kobayashi et al., 

2009, Khelfaoui et al., 2009). Importantly, the chemical synapses are defined 

morphologically by vesicle clusters in presynaptic terminalsStudies have shown that 

different pools of vesicles exist within the terminals, which exhibit distinct functions 

(Rizzoli and Betz, 2005). Among these different vesicles pool, the RRP is defined as 

a population vesicles filled with neurotransmitters which are directly available for 

release, hence their location near voltage gated calcium channels (Sudhof, 2004). 

This pool generally refers to the number of synaptic vesicles, which can be released 

in few seconds (2-3s) and which are docked in the active zone and are fusion 

competent through priming process. The size of the RRP is highly regulated via 

protein kinase C (PKC) (Stevens and Sullivan, 1998), as well as by the small 

GTPases protein Ral (Polzin et al., 2002). The protocol used in this study relied on 

high frequency of stimulation for a few seconds (2s) which decreased the amplitude 

of the evoked postsynaptic currents due to the depletion of the RRP. This sustained 

high frequency stimulation mobilize vesicles from the reserve pools and additionally 

the RRP is rapidly reformed by endocytosis of synaptic vesicles(Sudhof, 2004). An 

additional interest was that the size of the readily releasable vesicles pool is a good 

candidate to modulate the synaptic strength (Sudhof, 2004). As deficits in synaptic 

strength was already revealed by the loss of power in gamma oscillations in Ophn-1-
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/y slices (see Chapter 3). Additionally, the lack of facilitation at 33 Hz suggested 

altered synaptic vesicle availability. 

Therefore, to further investigate this deficit in the presynaptic terminals of Ophn-1-/y 

CA3 pyramidal neurons, a protocol of high frequency (40 stimuli at 20Hz) of 

stimulation was applied to a minimum of synapses possible.(fig 4.17 A.& B.). This 

should deplete the RRP and consequently allow an estimation of the size of the RRP 

in Ophn-1-/y inhibitory synapses. 

During this protocol, a decrease of IPSC amplitude was observed, which indicated a 

depletion of the RRP (fig 4.17 A. and B.). I then plotted the cumulative amplitude of 

each eIPSC, which rose during the first second and reached a plateau during the 

last second. I subsequently deduced the amplitude of RRP from a linear regression 

fit of the last 20 data points back to the y-axis. The RRP size in Ophn-1-/y neurons 

was significantly smaller than in Ophn-1+/y neurons (678.59 ±62.02 pA, n=4; 1466.24 

±307.74 pA, n=4, respectively, p=0.0459, statistical power= 0.56 fig 4.17 D.), 

resulting in fewer vesicles in the RRP in Ophn-1-/y (16 ±1 synaptic vesicles and 35 ±7 

synaptic vesicles, respectively, p=0.0459, fig 4.17 E.). Despite a reduction in RRP 

amplitude, the amplitude of the first IPSC was not altered by the genotype (Ophn-1-

/y: 101.52 ± 31.80 pA, n=4; Ophn-1+/y: 108.97 ±28.26 pA, n=4, fig 4.17 C.) 
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Figure 4.17: Ophn-1-/y CA3 interneurons displayed a smaller readily releasable 

pool size. Evoked IPSCs induced by a train of repetitive stimuli of 20Hz in an Ophn-

1+/y (A.) and an  Ophn-1-/y neuron (B.). (C.) Cumulative eIPSCs amplitude plot of 

individual Ophn-1+/y (●) and (○) Ophn-1-/y (○) neuron, the lines represent the linear 

regression fit of the data points between 1 and 2 s, back extrapolated to 0s in order 

to estimate the readily releasable pool size (RRPsyn). (D.) Histogram of the RRP 

size in Ophn-1+/y (n=4) and Ophn-1-/y (n=4) p=0.0459 and of the first eIPSC (I1)

(p>0.1) and the corresponding synaptic vesicles quantification (p=0.0459) (E.)
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4.4 SUMMARY 

 

Summary of deficits uncovered which explain the loss of gamma oscillations power 

in Ophn-1-/y slices: 

 i) Impairment of the excitatory and inhibitory inputs to CA3 pyramidal neurons; 

both of which are implicated in gamma oscillations. 

 ii) Reduction of the frequency of the sIPSC. A study has shown that an 

increase in mIPSC led to an increase in gamma oscillations power (Hajos et al., 

2000) 

 iii) The loss of facilitation for the frequency dependent facilitation at 33 Hz for 

the inhibitory  neurotransmission. A study has demonstrated that an increase in 

frequency dependent facilitation at 33Hz for the eIPSC led to an increase in power 

(Vreugdenhil et al., 2003) 

iv) Reduction in RRP size in Ophn-1-/y inhibitory synapses in CA3 area 

 

In conclusion, oligophrenin 1 deficient mice display reduced gamma oscillations 

which was explained by the inability of the inhibitory synapses to sustain 

neurotransmitter release required by high frequency of firing, through a reduction in 

readily releasable pool size in Ophn-1-/y inhibitory presynaptic terminals. I have 

established for the first time in Ophn-1-/y mice a clear presynaptic deficit. 

Finally, these deficits observed may explain the reduction in cognitive function in 

affected individuals by the loss of oligophrenin1. 
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 Chapter 5: ELECTROPHYSIOLOGICAL CHARACTERIZATION OF 

CA1 HIPPOCAMPAL AREA 

 

5.1. AIM 

 

The spine dysgenesis phenomenon has been widely observed in several X-linked 

mental retardations (XLMR) (Grossman et al., 2006, Kaufmann and Moser, 2000)  . 

Purpura (1974) suggested that these morphological defects could explain the 

learning disabilities observed in affected individuals. It remains unclear, however, 

how the spine dysgenesis is related to cognitive disabilities. A previous study 

reduced oligophrenin1 expression using small interference RNA, and demonstrated 

a dysmorphy of the dendritic spines in CA1 pyramidal neurons (Govek et al., 2004) .  

The role of oligophrenin-1 in the maintenance of spine morphology was later 

confirmed in dissociated cultures of CA1 pyramidal neurons from Ophn-1-/y mice. 

The same study also observed a synaptic malfunction in Ophn-1-/y mice, namely a 

reduction in paired-pulse facilitation in CA1 area associated with some behavioural 

deficits (Khelfaoui et al., 2007). 

In the study presented below, I propose to explore more fully the malfunction of CA1 

synapses, using field potential recordings of CA1 neurons at the apical dendritic 

sides and the somatic area. This was enabled by the exceptional laminar 

arrangement of CA1 pyramidal neurons, where dendritic trees are paralleling each 

other. Finally I analysed excitatory and inhibitory neurotransmission, using whole cell 
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recording of CA1 pyramidal neurons. In these experiments, synapses were tested 

for spontaneous synaptic activity and as well as repetitive stimulations.

5.2 Single stimulation field potential in the CA1b area 

5.2.1 Biology of evoked postsynaptic potentials in CA1 area. 

Postsynaptic potentials (PSP) and population spikes (PS) were triggered by single 

stimulation of the Schaffer collaterals pathway. Increase of the stimulus intensity 

induced an increase of the slope of PSP and PS amplitude in Ophn-1+/y slices 

(fig.5.1). 

PSP and PS were blocked by application of NBQX (20 M) and D-APV (25 M) (10 

min. application). NBQX and D-APV are glutamatergic receptors antagonists, 

blocking respectively AMPA/KA receptors and NMDA receptors (fig. 5.2). 

Experiments shown in figure 5.2 confirmed the glutamatergic excitatory nature of the 

synaptic neurotransmission at the synapse between CA3 pyramidal neurons and 

CA1 pyramidal neurons. (Shepherd, 2003). 
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Figure 5.1: PSP and PS recorded in CA1 area of an Ophn-1+/y slice.
Representative PSP and PS recorded from s. radiatum and  s. pyramidale (left and 
right panels respectively), and evoked by various stimulus intensity (2,4,10 and 16V) 
(Ai.). The slope of the PSP and the amplitude of PS were plotted against the 
stimulus intensity (B. and C. respectively). 

Figure 5.2: Sensitivity of the synaptic responses to NBQX and D-APV. (A.) Gray 
line represents the abolition of the PSP (black line). (B.) Grey line represents the 
blockade of the population spike (dark line).
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5.2.2 Single evoked response in CA1 area. 

 

The aim of this study was to investigate the synaptic transmission between CA3 and 

CA1 pyramidal neurons, as this has previously been suggested to be altered in 

Ophn-1-/y neurons(Khelfaoui et al., 2007). These neurons are connected through the 

Schaffer collaterals constitutive of the hippocampal trisynaptic networks (Fig.1.4 B.). 

The PSP were evoked by electrical stimulation of the Schaffer collaterals in which 

each axon connects with thousands of CA1 pyramidal cells (Ishizuka et al., 1990). 

This electrical stimulation induced a fast glutamatergic excitatory postsynaptic 

potential (EPSP) in CA1 pyramidal neurons (fig. 5.2 A.). The ability of the pyramidal 

neurons to elicit action potentials upon stimulation of afferent pathway was also 

assessed by measuring the amplitude of the population spike (PS). Electrical 

stimulation triggered synaptic transmission which caused cellular firing (fig. 5.3 Bi. & 

Bii.). 
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Figure 5.3: Synaptic transmission was reduced in Ophn-1-/y CA1 neurons. 

Representative field potentials recorded from the s. radiatum in Ophn-1+/y (Ai) and

Ophn-1-/y slices (Aii.). (B.). The slopes of the PSP were plotted against the voltage 

intensity. (Ophn-1+/y (filled symbols) (n=11); Ophn-1-/y (open symbols) (n=10)) 

p=0.018 (maximum slope). Representative population spike recorded from s. 

pyramidale in Ophn-1+/y (Ci.) and Ophn-1-/y slices (Cii.). (D.) Mean population spike 

amplitudes plotted vs. the stimulus intensity (Ophn-1+/y (filled symbols) (n=12); Ophn-

1-/y (open symbols) (n=10)) p=0.104 (maximum amplitude). Data are mean ± SEM
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The figure 5.3 Ai and Aii illustrate respectively representative PSP from Ophn-1+/y 

and Ophn-1-/y slices respectively. From these traces, a less steep slope can be 

observed in Ophn-1-/y (fig 5.3Ai.) compared to Ophn-1+/y slices (fig 5.3 Aii.). The 

input-output (strength of electrical stimulation / slope of PSP) relationship revealed a 

maximum slope of PSP in Ophn-1-/y which was significantly lower than in Ophn-1+/y 

slices (3.86 ±6.85 V.s-1, n=10; 8.68 ±1.66 V.s-1, n=11, respectively, p=0.018 (Mann-

Whitney test), fig 5.3 B.) 

Nonetheless, the PS maximum amplitude in Ophn-1-/y failed to be different 

compared PS maximum amplitude in Ophn-1+/y slices (6.43 ±0.87 mV, n=10; 8.85 

±1.07 mV, n=12, respectively, p=0.104 (t-test), power of statistics= 0.245, fig 5.3 D.).  

This lower maximal plateau amplitude suggested a reduced synaptic transmission in 

Ophn-1-/y slices. 

The reduction of summated PSPs from several neurons in the vicinity of the 

recording microelectrode could arise from i) fewer connections to CA1 pyramidal 

neurons or ii) a reduced probability of release at each synapses. As the number of 

excitatory synaptic connection has been shown to be unaltered in Ophn-1-/y mice 

(Khelfaoui et al., 2007) , I analysed the latter hypothesis by investigating paired 

pulse stimulation paradigm. 
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5.3 Synaptic responses to paired-pulse stimulation were unaltered 

in Ophn-1-/y slices. 

 

Paired-pulse stimulation protocol was performed to assess the functionality of the 

presynaptic compartment. Furthermore, Ophn-1-/y mouse is a mouse model of 

mental retardation, which shows learning processes deficits in behavioural tests 

(Khelfaoui et al., 2007). Learning is made possible only by formation of memories, 

which can be divided in several forms: one of them is the short term memory, in 

which the timeframe of action is short. Unlike long term memory, short term memory 

does not involve process depending on genes transcription or morphological 

changes of the synapse. It relies mainly on the accumulation of neurotransmitters in 

the synaptic cleft and enhancement of the neurotransmitters release due to the 

rising of the residual Ca2+ concentration in the presynaptic terminals (Katz and 

Miledi, 1968). Entry of Ca2+ is via the opening of voltage gated calcium channels 

(VGCC) by the action potentials. Paired pulse stimulation assesses how the first 

stimulus (termed conditioning stimulus) response affects the second stimulus 

response (termed test stimulus). Paired-pulse stimulation can be divided into paired-

pulse facilitation and paired-pulse inhibition. Paired-pulse facilitation paradigm 

assessed the Ca2+ dynamics in the presynaptic terminals and the neurotransmitter 

release machinery. Whereas, paired-pulse inhibition observed for short intervals 

(e.g. 10 ms) implies the recruitment of feedforward inhibition system exerted by 

interneurons present in CA1 (10 ms is the timeframe of action of the fast inhibitory 
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GABAAergic neurotransmission). Hence, paired-pulse inhibition was used as a 

preliminary experiment to assess the inhibitory tone imposed by the GABAergic 

neurotransmission in CA1 area of Ophn-1-/y slices.  

Finally a second rationale for this study was to replicate results already obtained in 

Ophn-1-/y mouse model in paired pulse stimulation with a similar protocol and 

approaching experimental conditions (Khelfaoui et al., 2007). 
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Figure 5.4: Ophn-1-/y mice displayed no difference in paired-pulse stimulation. 

Representative double responses obtained for an inter-pulse of 10 ms in Ophn-1+/y

(Ai.) and Ophn-1-/y (Aii.), the second response shows an inhibition, and for an inter-

pulse of 100 ms in Ophn-1+/y (Bi) and Ophn-1-/y slices (Bii.) in which the second 

response shows a facilitation. (C.) Paired-pulse inhibition/facilitation. The mean of 

the slopes of PSP 2 over the mean of the slopes of PSP1 plotted against the log 

inter-pulse intervals for Ophn-1+/y (filled symbols) (n=22) and Ophn-1-/y (open 

symbols) (n=30) (ANOVA p>0.05). 
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Prior to the paired-pulse protocol, a stimulus response curve was performed to 

define the voltage which gives the half maximum response (V50). These experiments 

show that the voltage necessary for an half maximal response was not different in 

Ophn-1-/y and Ophn-1+/y slices (7.25 ±0.92 V, n=10; 7.18 ±0.61 V, n=11, respectively, 

p=0.95) Then, two equal stimuli of the Schaffer collaterals, were given at various 

inter-pulse intervals of 10, 20, 25, 50, 100, 250 and 500 ms. (See fig.5.4 C.).  

As shown in figure 5.4 C., an inhibition can be observed for an inter-pulse interval of 

10 ms in Ophn-1-/y and Ophn-1+/y slices (0.77 ±0.03 and 0.79 ±0.05, respectively, 

p=0.81, fig. 5.4C.) due to the recurrent inhibitory loop. Facilitation was observed for 

inter-pulse intervals from 25 ms to 100 ms, no difference was observed in Ophn-1-/y 

compared to Ophn-1+/y slices (e.g. 100 ms , 1.20 ±0.03, n=30; 1.23 ±0.02, n=22, 

respectively, p= 0.41, fig 5.4C.). These data suggest that overall inhibition/facilitation 

was similar for PSP between both genotypes, which was in contrast from a previous 

report (Khelfaoui et al., 2007).  

Figure 5.5 Ai. and Bii. represent typical PS on the CA1 somatic area in Ophn-1+/y 

and Ophn-1-/y slices. Double population spikes were clearly seen as an inward 

deflections superimposed to the PSP for inter-pulse intervals of 10 ms and 100 ms 

(Ai. & Aii and Bi.&Bii. respectively). For an inter-pulse interval of 10 ms a clear 

inhibition of the second response was observed, as opposed to 100 ms inter-pulse 

interval where facilitation occurred. The inhibition implied that fewer neurons are 

firing at the time of the second stimulation. For the inter-pulse interval of 10 ms, the 

inhibition in Ophn-1-/y was as strong as in Ophn-1+/y (0.30 ± 0.05, n=21; 0.61 ± 0.20, 

n=18 ; respectively p=0.22  fig 5.5 C.) and similarly the facilitation at inter-pulse 
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interval 100 ms observed was not significantly different ( 1.57 ± 0.13, n=21; 1.58 ± 

0.16,n=18, respectively, p=0.92 , fig 5.5C.). Synaptic inhibition and facilitation were 

identical in both genotypes (fig. 5.5 C.). 

Identical experiments has been conducted in CA1 (Khelfaoui et al., 2007), however 

with different results. The discrepancy between the results presented and the results 

of Khelfaoui et al (2007) may be due to different methods used, notably different 

tissue preparation. In effect, it is noteworthy that tissue preparation by Khelfaoui and 

colleagues, CA3 area was excised unlike in the protocol used in this study. 

Furthermore, the discrepancy may be explained by different intensities of the 

stimulus used. In the experiments presented above, an 50% maximum amplitude 

was used; they used a stimulus intensity evoked at least 5 mV response, they may 

have therefore used stronger stimulation, therefore driving the synapses more 

intensely, with the consequence that the Ophn-1-/y synapses are unable to cope with 

( see chapter 4). 

As paired pulse stimulation cannot explain the observed deficits in 

neurotransmission, I investigated synaptic transmission input onto individual CA1 

pyramidal neurons using whole cell voltage clamp techniques, which allowed 

excitatory and inhibitory neurotransmission to be studied in isolation.  
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Figure 5.5: Ophn-1-/y slices displayed no difference in paired-pulse stimulation 
on PS. Typical responses obtained for an inter-pulse interval of 10 ms in Ophn-1+/y

(Ai.) and Ophn-1-/y (Aii.) and for an inter-pulse interval of 100 ms in Ophn-1+/y (Bii)
and Ophn-1-/y (Bii.). (C.) Paired-pulse ratio. The mean of the population spike 

amplitude (PS) 2 over the mean of the population spike amplitude 1 plotted against 
the log inter-pulse intervals for Ophn-1+/y (filled symbols) (n= 18) and Ophn-1-/y (open
symbols) (n=21) 
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5.4 Currents characterization of CA1 pyramidal neurons 

 

5.4.1 CA1 Intrinsic neuronal properties 

 

Some neurological disorders, such as epilepsy or chronic pain, exhibit changes in 

intrinsic neuronal properties (Beck and Yaari, 2008). The first part of this study 

concentrated on the investigation of the intrinsic neuronal properties of CA1 

pyramidal neurons, in order to rule out any changes in the oligophrenin1 deficiency 

model. They included the membrane resistance evaluation, as an indication of the 

number of channels open on the neuronal surface. Furthermore, the properties of 

the action potentials were assessed, such as amplitude, threshold and half width 

duration (fig. 5.6 Cii.) and the input-output relationship of CA1 pyramidal neurons 

was also investigated (fig 5.6 Bi. & Bii.). In these experiments, the action potentials 

were evoked by injecting a depolarising step of currents into the cell body through 

the patch pipette. 
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Figure 5.6: Intrinsic neuronal properties were unaltered in Ophn-1-/y CA1 
pyramidal neurons. (A.) overlay of an Ophn-1+/y (dark line) and Ophn-1-/y (grey line) 

action potentials. Typical action potentials firing recorded in response to 200 pA 
depolarising current step (200 ms) in Ophn-1+/y (left panel) and Ophn-1-/y(right 
panel)(Bi). (Bii) Number of action potentials fired (output) plotted against the amount 
of the depolarising current injected (input) for Ophn-1+/y (filled symbols) (n=4) and 
Ophn-1-/y (open symbols) (n=4).(C.) Values which characterized the intrinsic CA1 
pyramidal neurons properties Note the number in parentheses means the number of 
cells analysed. Values are mean ±S.E.M.
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The whole cell patch clamp technique was used to more fully understand 

neurotransmission at the single cell level. Initially, the intrinsic properties of CA1 

neurons were tested. The ability of neurons to fire action potentials in response of a 

variable amount of current injected was determined and displayed no difference 

between Ophn-1+/y and Ophn-1-/y CA1 pyramidal neurons (e.g.: for 0.3 nA injection: 

10 1 action potentials, n=4; 9 1 action potentials, n=4, respectively, p=0.71 ).

Increasing the amount of current injected increased the number of action potentials 

fired regardless of the genotype. 

Figure 5.6 C. shows similar properties of action potential features, e.g. same action 

potentials amplitude, threshold, half width duration. In addition, no difference was 

observed for the membrane resistance in Ophn-1-/y CA1 pyramidal neurons. To 

further characterize the activity of the membrane channels in Ophn-1-/y CA1 

pyramidal neurons, the strength of the afterhyperpolarisation and the amplitude of 

the currents underlying them were assessed. 

Afterhyperpolarisation study 

The afterhyperpolarisation can be divided into three components: i) the fast (fAHP), 

ii) the medium (mAHP) and iii) the slow AHP (sAHP). These AHPs are underlined by 

currents, from different populations of K+ channels activated by Ca2+, termed IC, IAHP

and IsAHP respectively (Sah and Faber, 2002). The slow and medium 

afterhyperpolarisations were assessed electrophysiologically in current clamp and

voltage clamp modes experiments. 
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The sAHP has been implicated in KA-induced gamma oscillations. It is assumed that 

activation of KA receptors decrease the sAHP, thus increasing neuronal excitability 

which in turn result in oscillogenesis (Fisahn et al., 2005, Melyan et al., 2002). It was 

therefore important to verify that the K+ currents underlying it were fully functional in 

Ophn-1-/y CA1 pyramidal neurons. 

 

i) Slow afterhyperpolarisation (sAHP) evaluation  

Figure 5.7 Ai. illustrates mAHP and s AHP evoked by 50 repetitive action potentials 

in current clamp mode. The arrow indicates the time of sAHP measurement, which 

was defined as 1s after the peak formation upon termination of the action potentials. 

It is important to note that the slow AHP is slow to activate (~ 500-600ms) and slow 

to deactivate (2-3 s). The same is true for mAHP, which are faster to activate (~60 

ms) and faster to deactivate (300 ms) 

Threefold deactivation time of mAHP was chosen to allow accurate sAHP 

measurement. The comparison of Ophn-1-/y neurons presented similar amplitude 

sAHP compared to Ophn-1+/y neurons, for every frequency tested (e.g. @ 20 Hz: -

2.83 ±0.27 mV, n=11; -3.31 ±1.14 mV, n=4 respectively, p=0.53, fig 5.7Aii.). 

Figure 5.7 Bi. represents a 300 ms depolarising step of 70 mV in voltage clamp 

mode, from -65 mV to + 5mV was used to elicit IAHP and IsAHP currents (Powell et al., 

2008). As shown in figure 5.7 Bii. the IsAHP was not different in Ophn-1-/y compared to 

Ophn-1+/y ( 21.57 ±4.16 pA, n=6; 31.73 ±7.17 pA, n=5 respectively, p=0.23, fig. 5.7 

Bii.). 
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Figure 5.7: Ophn-1-/y CA1 Pyramidal neurons displayed no difference in sAHP. 

Representative recordings of a train of 50 action potentials at 20 Hz for Ophn-1+/y

(dark line) and Ophn-1-/y (grey line) (Ai.). (Aii) Plot of sAHP amplitude vs. train of 

action potentials frequencies, the sAHP amplitude was unaltered in Ophn-1-/y

pyramidal neurons for every frequency tested. Ophn-1+/y (n=4); Ophn-1-/y (n=4) (Bi.) 

Voltage step of 300 ms from -65 mV to +5 mV evoked IsAHP. (Bii.) Histogram of the 

amplitude of I sAHP in Ophn-1+/y (n=5) and in Ophn-1-/y (n=6) (p=0.23). The power of 

the performed test was 0.105 < 0.8 .
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Experiments suggested that the amplitude of the sAHP and the amplitude of the 

current IsAHP were unaltered in Ophn-1-/y CA1 pyramidal neurons, although more 

experiments would be needed to reinforce the statistical power. 

 

ii) Medium afterhyperpolarisation (mAHP) evaluation 

 

mAHP exhibits a faster timecourse of action and presents its maximal amplitude 

after the cessation of the burst of action potentials (in current clamp) or after the 

depolarization step (in voltage clamp). The function of mAHP is to control the 

repetitive firing properties of neurons. Figure 5.8 Ai illustrates a train of 50 action 

potentials at a frequency of 20 Hz immediately followed by a hyperpolarisation of the 

membrane potential induced by a K+ ions outflow through specific channels. The 

amplitude of the mAHP recorded in Ophn-1-/y pyramidal neurons was unaffected as 

in Ophn-1+/y for every frequency tested (e.g. @ 20 Hz: -4.69 ±0.63 mV, n=10; -5 

±1.66 mV, n=4, respectively, p=0.83, fig.5.8 Aii.). Figure 5.8 Bi. shows a typical 

depolarization of +70 mV in voltage clamp mode which evoked IAHP. The average of 

IAHP Ophn-1-/y presented a similar amplitude as in Ophn-1+/y CA1 pyramidal neurons 

(117.79 ± 26.18 pA, n=6; 69.07 ± 9.33 pA, n=5 respectively; p=0.14, power of the 

performed test was 0.197) 
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Figure 5.8: mAHP was unchanged in Ophn-1-/y CA1 pyramidal neurons. Train of 

50 action potentials at 20 Hz for Ophn-1+/y (dark line) and Ophn-1-/y (grey line) (Ai.).

Mean amplitude of mAHP plotted against train of action potentials frequencies. (●) 

Ophn-1+/y (n=4); (○) Ophn-1-/y (n=4) (Aii). (Bi.) Voltage step of 70 mV evoked IAHP

measured directly after the end of the depolarization (arrow). (Bii.) Histogram of the 

amplitude of IAHP in Ophn-1+/y (n=5) and in Ophn-1-/y (n=6) (p=0.14).

. 

The mAHP is a fast process and exhibit its maximum amplitude immediately after 

the end of the action potentials, unlike the sAHP which can last for several second. 
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The function of sAHP is to decrease the firing probability of subsequent action 

potentials. Slow and medium afterhyperpolarisation have been analysed in Ophn-1-/y 

neurons and displayed similar amplitude as well as the corresponding underlying 

currents, namely IAHP and IsAHP.  

In order to investigate the reduction in PSP, which is blocked by glutamatergic 

antagonists, I investigated EPSCs in CA1 neurons. 

 

5.4.2 Excitatory postsynaptic currents of CA1 pyramidal neurons. 

 

The whole cell recordings experiments described above were performed using a K+-

based internal solution, which permitted recording of the intrinsic properties of CA1 

neurons. In order to effectively study postsynaptic currents using the voltage clamp 

technique, K+ was substituted with caesium (Cs+) which blocked K+ channels and 

improved the space clamp of the recorded neuron. 

CA1 pyramidal neurons were voltage clamped at -75 mV (the reversal potential for 

GABAAergic currents) resulting in excitatory post synaptic currents (EPSCs) being 

recorded as negative deflections. Evoked EPSCs (eEPSCs) were generated by 

stimulation of the Schaffer collaterals by a concentric stimulating electrode placed in 

the stratum radiatum of CA1c. In addition to recording eEPSCs, spontaneous 

excitatory postsynaptic currents (sEPSCs) were also recorded. sEPSCs are thought 

to result from the synaptic activity of neurons that impinged on the dendritic tree of 

the cell under investigation (Sherpherd, 2003) 
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Stimulus response curve 

Figure 5.9: Evoked EPSCs were reduced in Ophn-1-/y CA1 pyramidal neurons.
Representative eEPSCs evoked by an 8V stimulus in Ophn-1+/y (Ai.) and Ophn-1-/y

(Aii.) and a 20V stimulus (Bi.) & (Bii.) (C.) Mean eEPSC amplitude plotted against 

the voltage intensity ((●) Ophn-1+/y, n=13 and (○) Ophn-1-/y, n=7), p=0.02 (Mann-
Whitney test). Data points were fitted by a sigmoid (Boltzmann fit). Data are mean ± 
S.E.M. 

With the gradual increase of the stimulus intensity, activating more presynaptic 

terminals, a concomitant increase of the summated eEPSCs was observed (fig. 5.9). 
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The maximum plateau amplitude achieved in Ophn-1-/y neurons was significantly 

weaker than the maximum amplitude observed in Ophn-1+/y CA1 pyramidal neurons 

(508 ±81 pA, n=7; 1012 ±154, n=13 respectively, p=0.03, fig. 5.9C.)  

This result indicated a deficit in excitatory neurotransmission, which explained the 

reduction in PSP observed in field recordings. Several possible deficits could explain 

this result. On the presynaptic side, a decrease of the quantal content could explain 

this phenotype, as well as an alteration in the calcium dependence of the 

neurotransmitters release, a decrease in the number of release site or an alteration 

in vesicle dynamics. On the postsynaptic side, one could suggest an alteration in 

glutamatergic receptors functionality. To verify the latter, I recorded excitatory 

sEPSCs in Ophn-1+/y and in Ophn-1-/y CA1 pyramidal neurons. 

Spontaneous excitatory postsynaptic currents. 

Synaptic vesicles fusion from presynaptic terminals is thought to be random 

following probabilistic rules, as well as being action potentials driven.  

Fig 5.10 depicts series of consecutive single sweep voltage clamped recordings 

illustrating small negative deflections sEPSCs in Ophn-1+/y (fig 5.10 Ai.) and  

Ophn-1-/y CA1 pyramidal neurons (fig. 5.10 Aii.). The application of a cocktail of 

glutamatergic receptors antagonists namely, NBQX (20 M) and D-APV (25 M) 

abolished sEPSCs activity, proving that the events were not contaminated by 

inhibitory synaptic transmission (fig 5.10 B.). The kinetics of these sEPSCs in  
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Ophn-1-/y were unaltered compared to Ophn-1+/y as predicted by the overlay of 

single event (fig 5.10 C & table 5.1) 

Figure 5.10: Spontaneous EPSCs recorded from CA1 pyramidal neurons.
Representative raw recording traces of sEPSCs in Ophn-1+/y (Ai.) and in Ophn-1-/y

CA1 pyramidal neurons (Aii.), which were abolished by NBQX (20 M) and D-APV

(25 M) (B) (C.) overlay of singles sEPSC from Ophn-1-/y (grey) and Ophn-1+/y

(black) (numbers are  decay averaged). 

Figure 5.11: Spontaneous EPSCs showed similar amplitude and frequency by 
genotype. (A.) Histogram of the mean amplitude of the sEPSCs (the number 

represents the number of repetitions) (p=0.177) Mann-Whitney Rank Sum Test)).
(B.) Representative cumulative frequency plot in Ophn-1+/y (dark line) and Ophn-1-/y

(grey line). (C.) histogram of the frequency of sEPSCs, p=0.505 (Mann-Whitney 
Rank Sum test). Embedded numbers indicates the number of repetitions.
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Analysis of sEPSCs revealed that the mean amplitude of these events in Ophn-1-/y 

CA1 pyramidal neurons was not significantly different compared to Ophn-1+/y CA1 

pyramidal neurons (27.59 ±2.05 pA, n=16; 23.30 ±1.13 pA, n=13, respectively, 

(p=0.177) Mann-Whitney Rank Sum Test)), fig 5.11A.). The time between individual 

events was calculated and plotted as a cumulative frequency plot for each recording, 

in which the median inter-event intervals was extracted (fig. 5.11B.). The mean 

median inter-event interval in Ophn-1-/y was not significantly different from Ophn-1+/y 

CA1 pyramidal neurons (1347 ±273ms, n=16; 1050 ±112ms, n=13, respectively, 

p=0.37). For clarity matter, I have expressed the frequency of these events in Hertz 

(1.39 ±0.26 Hz; 1.12 ±0.14 Hz, respectively, p= 0.4, fig 5.11C.). 
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Excitatory neurotransmission CA1

Ophn-1+/y Ophn-1-/y p

Evoked EPSC

10-90% rise 

time (ms)

2.43 ± 0.28 

(13)

2.37 ± 0.14 

(7) 0.88

Decay1 (ms)

9.18 ± 1.02 

(13)

11.10 ± 1.53 

(7) 0.31

Decay2 (ms)

62.90 ± 5.32 

(13)

78.50 ± 15.26 

(7) 0.27

Spontaneous 

EPSC

10-90% rise 

time (ms)

4.2 ± 0.32 

(13)

4.71 ± 0.26 

(16) 0.22

Decay1 (ms)

4.52 ± 0.32 

(13)

4.72 ± 0.26

(16) 0.63

Table 5.1: The kinetics of excitatory postsynaptic currents were unaltered in 

Ophn-1−/y CA1 pyramidal neurons. Evoked EPSCs were fitted by a double 

exponential decay. Data are expressed as mean ±S.E.M.  Numbers in parentheses 

denote the number of cells recorded. 

The experiments presented above revealed no difference in mean amplitude and

kinetics of sEPSCs by genotype. Similar kinetics of sPSCs is classically interpreted 

as non alteration in the function of postsynaptic glutamatergic receptors. This 

suggested that the reduction in excitatory synaptic neurotransmission was not due to 

a postsynaptic deficit.  
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As there was no obvious postsynaptic defect in Ophn-1-/y, possible presynaptic 

deficits were analysed with paired-pulse stimulation experiments on eEPSCs. In 

effect, paired-pulse facilitation is thought to rely on presynaptic phenomenon  

 

Paired-pulse stimulation of eEPSCs 

 

Monosynaptic glutamatergic EPSCs were evoked by double stimulations of the 

Schaffer collaterals/ Associational commissural pathway. The electrical stimulation 

intensity which evoked half maximum amplitude response (V50) was used. However, 

the V50 were significantly different by genotype (4.36 ±0.52 V, n=7; 6.88 ±0.50 V, 

n=13 for Ophn-1+/y and Ophn-1-/y neurons respectively, p=0.005, fig 5.8C.) 

Fig 5.12 Ai. and Bi illustrate typical traces of paired eEPSCs evoked by double 

electrical stimulation in Ophn-1+/y and Ophn-1-/y CA1 pyramidal neurons respectively, 

at inter-pulse intervals of 20 and 200 ms ( left and right panels respectively). The 

ratio of the eEPSC2 over eEPSC1 estimated the inhibition (ratio<1) or the facilitation 

(ratio>1) and were plotted in the figure 5.12 C. Facilitation of the synaptic 

transmission was observed for inter-pulse intervals from 25 ms to 200 ms. (25 ms, 

Ophn-1+/y: 1.26 ± 0.29 and Ophn-1-/y: 1.18 ±0.03, p=0.101 (Mann-Whitney test); 200 

ms: Ophn-1+/y: 1.10 ± 0.05 and Ophn-1-/y: 1.13 ±0.05, p=0.445 (Mann-Whitney test)) 
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Figure 5.12: Evoked EPSCs paired-pulse stimulation was unaltered in CA1 
pyramidal neurons. Representative double eEPSCs evoked by two stimulations of 
20 ms (left panel) and 200 ms (right panel) inter-pulse intervals in Ophn-1+/y (Ai.) 
and Ophn-1-/y neurons (Bi.). Examples of the digital subtraction of the first pulse 
response are shown for Ophn-1+/y (Aii.) and Ophn-1-/y neurons (Bii.).(C.) Paired-
pulse ratio plotted against the log of interpulse intervals. Ophn-1+/y (n=6) and Ophn-
1-/y (n=7) (ANOVA p=0.091)
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Frequency dependent eEPSCs facilitation 

 

The functionality of presynaptic terminals was analysed in Ophn-1-/y, by the repetitive 

stimulations of the Schaffer collaterals at various frequencies (from 10 Hz to 100 

Hz). The frequency dependent facilitation of synapses is thought to be due to the 

accumulation of residual Ca2+ in the presynaptic terminals (Vreugdenhil et al., 2003). 

The facilitation of the synaptic strength was quantified by normalising every nth 

pulse amplitude eEPSCs (test pulses) over the amplitude of the first eEPSC 

(conditioning pulse). Figure 5.13 A. shows the eEPSCs summation in response to 10 

stimulus delivered at 33 Hz in Ophn-1+/y and Ophn-1-/y (black and grey line 

respectively). At a frequency of 100 Hz, which is not physiological for pyramidal 

neurons, a maximum of facilitation at the 4th pulse was observed and  was as strong 

in Ophn-1-/y as Ophn-1+/y CA1 pyramidal neurons ( 1.82 ± 0.19, n=10; 1.79 ± 0.19, 

n=10 respectively, p=0.91) (fig 5.13 Bi.). Similarly other frequencies tested did not 

reveal significant alterations in Ophn-1-/y CA1 pyramidal neurons. Nonetheless, the 

level of facilitation increased with the frequency, independent of the genotype. 
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Figure 5.13: Frequency dependent facilitations of eEPSCs were unaltered in 
Ophn-1-/y CA1 pyramidal neurons Representative traces illustrating eEPSCs 

summation in response to 10 stimuli delivered at 33 Hz in Ophn-1+/y and Ophn-1-/y

(black and grey lines respectively) (A.). Normalisation of each eEPSC (nth) over the 
first eEPSC (conditioning pulse) for frequency of 100 Hz (Bi.), 50 Hz (Bii.), 33 Hz 
(Biii.), 20 Hz (Biv.) and 10 Hz (Bv.). Ophn-1+/y (n=10) and Ophn-1-/y (n=10)  
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Repetitive stimulations protocol did not revealed any differences in Ophn-1-/y slices. 

Therefore the reduction in PSP and eEPSCs was neither explained by postsynaptic 

deficits nor by presynaptic deficits.  

 

5.4.3 Inhibitory postsynaptic currents of CA1 pyramidal neurons 

 

Stimulus response curves 

 

eIPSC in CA1 were evaluated through two different approaches. Firstly, a K+-based 

internal solution was used, and eIPSCs were recorded as positive deflections and in 

isolation, from neurons voltage-clamped at 0 mV (the reversal potential for 

glutamatergic currents). Secondly, eIPSCs were assessed with a Cs+-based internal 

solution in which cells were voltage clamped at -70mV. The stimulus response curve 

assessed the overall inhibitory inputs to CA1 pyramidal neurons. Fig 5.14 Ai. and Aii. 

show outward eIPSCs in Ophn-1+/y for a weak (4V) and a strong (16V) stimulation 

respectively. Fig 5.14 C is the stimulus response curve of eIPSCs which showed no 

difference in the maximum plateau amplitude in Ophn-1-/y compared to Ophn-1+/y 

CA1 pyramidal neurons ( 751 ±119 pA, n=7; 755 ±125 pA, n=14 respectively, 

p=0.98). 
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Figure 5.14: Input-output relationship of eIPSCs was unaltered in Ophn-1-/y

CA1 pyramidal neurons held at 0mV. Outwards eIPSC evoked by 4V and 16 V 

stimuli in Ophn-1+/y (Ai. & Aii., respectively) and in Ophn-1-/y (Bi. & Bii., respectively) 

(C.) eIPSCs amplitude plotted against the voltage intensity stimulation. ((●) Ophn-

1+/y n=14; (○) Ophn-1-/y n=7). 

CA1 pyramidal neurons were voltage clamp at -70 mV with an equimolar Cl- internal 

solution which displaced the reversal potential for chloride currents to 0mV. 

Furthermore Cs+ was used to improve the space clamp of the patched neuron,

similarly to EPSC study (see 6.4.2.). The monosynaptic eIPSC were recorded as a 

negative deflection with a rapid rising time and a slow decay time representative of 

eIPSC (fig 5.15 A., B.). Figure 5.15 C. shows the input-output plot of eIPSCs for CA1 

pyramidal neurons, reaching a plateau amplitude for high intensity of stimulation. 

The plateau amplitude in Ophn-1-/y CA1 was in the same range of value as Ophn-1+/y

(1054 ±71 pA, n=5; 918 ±114 pA, n=7 respectively, p=0.45). 
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Figure 5.15: Input-output relationship of eIPSCs was unaffected in Ophn-1-/y

CA1 pyramidal neurons held at -70mV. (A.) Single sweep voltage clamp 

recordings representing eIPSC evoked with 4V and 16V stimuli in Ophn-1+/y (Ai. &

Aii. respectively) and in Ophn-1-/y CA1 pyramidal neurons ( Bi. & Bii. respectively).

(C.) eIPSC amplitude plotted against the voltage stimulus intensity ((●) Ophn-1+/y 

n=7; (○)Ophn-1-/y n=5). 

Interestingly, the amplitudes of eIPSCs were not significantly different when 

recorded at 0 mV or at -70 mV with the corresponding internal solution. Independent 

from the solution used, the plateau amplitudes were not significantly different at 0 

mV and -70 mV (Ophn-1+/y: 755 ±125 pA, n=14; Ophn-1+/y: 918 ± 114 pA, n=7, 

respectively, p=0.62). It is noteworthy that recordings at -70 mV are performed in the 

presence of the excitatory amino acid blockers, namely D-APV (25 M) and NBQX 

(20 M). Spontaneous postsynaptic currents resolution was enhanced with the 

Cs+Cl- based-internal solution. The reversal potential of the IPSC was predicted to 

be at 0 mV by the Nernst equation (E=-61 log [Cl-]out/[Cl- ]in). This was 
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experimentally verified by the establishment of the current voltage curve for the 

eIPSCs. 

 

Current voltage (I/V) curve 

 

CA1 pyramidal neurons were voltage clamped and held at various membrane 

potential ranging from -90 mV to +30 mV. Fig 5.16 Ai. &  Aii. illustrate a single sweep 

of voltage clamp recordings of an eIPSC at -50 mV in Ophn-1+/y and Ophn-1-/y CA1 

pyramidal neurons respectively. At negative membrane potential, chloride 

GABAAergic currents were inwards, therefore equalling an entry of positive ions into 

the neurons. Conversely, at positive membrane potential inhibitory current were 

outwards depicted as a positive eIPSC (fig 5.16 Bi. & Bii.). Importantly, the reversal 

potential for the inhibitory current, during no net flow of Cl- was observed close to 0 

mV. In effect at 0 mV, the current recorded was -16.6 ± 28.4 pA ((●) Ophn-1+/y 

neurons, n=6) and -48.6 ± 44 pA ((○) Ophn-1-/y neurons, n=4) (fig 5.16 C.).  

Fig 5.16 C. shows the current voltage curve of Ophn-1+/y and Ophn-1-/y neurons 

(plain line and dashed line respectively) fitted with a linear regression. The 

comparison of the r2 revealed unaltered IPSC current properties in Ophn-1-/y CA1 

pyramidal neurons. (r2= 5.15 and 5.87 for Ophn-1+/y and Ophn-1-/y respectively, N.S.) 
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Figure 5.16: I/V relationship of eIPSCs recorded from CA1 pyramidal neurons 

in presence of NBQX and D-APV Inward eIPSC recorded at -50 mV (Ai.) and

outward eIPSC at +30 mV (Bi.) in Ophn-1+/y  and in Ophn-1-/y CA1 pyramidal 

neurons (Bi. &  Bii. respectively) (C.) eIPSC amplitude plotted against the membrane 

potential. Ophn-1+/y (n=6) and Ophn-1-/y (n=4)  
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Spontaneous IPSCs in CA1 pyramidal neurons

Similarly to the EPSC, spontaneous inhibitory post synaptic currents (sIPSC) were 

recorded to measure their amplitude, frequency and kinetics. Figure 5.17 Ai & Aii. 

depict five consecutive VC recording sweeps of 9 s each sIPSCs are figured as 

small negative deflections which were analysed in amplitude and frequency (see Fig 

5.18). Bath superfusion with bicuculline (10 M) abolished the inhibitory 

neurotransmission confirming the GABAAergic nature of the spontaneous events 

recorded (Fig 5.17 B.).

Figure 5.17: Representative spontaneous IPSCs recordings (Ai.) Consecutives 

single sweep voltage-clamp recordings of spontaneous IPSCs of CA1 pyramidal 

neurons in Ophn-1+/y and (Ai.) in Ophn-1-/y. (Aii.) and in the presence of bicuculline 

(B.). (C.) Single sIPSC from Ophn-1+/y (black) and Ophn-1-/y (grey) overlaid. 

The analysis of the mean spontaneous activity amplitude revealed that Ophn-1-/y

sIPSCs were of the same amplitude as in Ophn-1+/y sIPSCs (45.35 ± 5.14 pA, n=10 
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and 38.03 ± 2.95 pA, n=10, respectively p=0.23; Fig 5.18 A.). The intervals between 

each event were calculated and plotted as cumulative frequency plot for each 

recording and median inter-event intervals were extracted from these data (fig 5.17 

B.). This analysis revealed no difference in the mean median inter-event intervals by 

genotype (Ophn-1-/y: 1343 ±273 ms, n=10; Ophn-1+/y: 1050 ±112 ms, n=10, p=0.37) 

indicating that sIPSCs in Ophn-1−/y neurons was as frequent as in Ophn-1+/y neurons 

(11.67 ±0.99 Hz, n=10 and 12.34 ±1.75 Hz, n=10, respectively; p=0.72 ; Figure 5.18 

C.), 

Figure 5.18: Spontaneous IPSCs mean amplitude and mean frequency were 

unaltered in Ophn-1-/y CA1 pyramidal neurons. (A.) Histogram of the mean 

amplitude of sIPSCs recorded. (B.) Cumulative frequency plot for a typical sIPSCs 

recording for Ophn-1+/y (black line) and Ophn-1-/y (grey line). (C.) Histogram of 

sIPSCs mean frequency (p=0.72). Embedded numbers indicate the number of 

repetitions. 
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Inhibitory neurotransmission CA1

Ophn-1+/y Ophn-1-/y p

Evoked IPSC

10-90% rise 

time (ms) 3.41 ± 1.05 (7) 2.88 ± 0.58 (7) 0.7

Decay1 (ms) 52.6 ± 4.2 (5) 38.5 ± 5.4

0.09

NB: power of statistic: 

0.301

Spontaneous 

IPSC

10-90% rise 

time (ms)

3.30 ± 0.27 

(10)

3.10 ± 0.18 

(10) 0.59

Decay1 (ms)

6.00 ± 0.96 

(10)

5.11 ± 0.48 

(10) 0.45

Table 5.2: The kinetics of inhibitory postsynaptic currents were unaltered in 

Ophn-1−/y CA1 pyramidal neurons. Evoked IPSCs and sIPSCs were fit by a single 

exponential decay.  Data are expressed as mean ± S.E.M.  Numbers in parentheses 

denote the number of cells recorded. 

In conclusion, these experiments show that the kinetics of eIPSCs and sIPSCs were 

unchanged in Ophn-1-/y CA1 pyramidal neurons (table 5.2) 
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5.5 DISCUSSION 

 
5.5.1 Ophn-1-/y slices displayed reduced postsynaptic potentials. 

 

The evaluation of the synaptic transmission at the synapses between CA3 and CA1 

pyramidal neurons, revealed a significant reduction of the maximum slope of PSP. 

However, the amplitude of PS in Ophn-1-/y compared to Ophn-1+/y slices was 

unaltered by the loss of oligophrenin1 protein. The PSP was blocked by 

glutamatergic receptors antagonists between CA3 and CA1, suggesting a deficit in 

glutamatergic neurotransmission. A similar reduction of PSP has been previously 

observed in a rat model for the foetal alcohol syndrome, which is known to be a 

prominent cause of mental retardation (Bellinger et al., 1999). Taken together, data 

suggest that a reduction in PSP may be linked to abnormal cognitive function. This 

reduction in synaptic efficacy could be due to less glutamatergic synapses activated 

upon the stimulation of the SC/AC pathway. In fact, a study of Khelfaoui et al (2007) 

has shown that the number of excitatory synapses was unaffected in Ophn-1-/y CA1 

area (Khelfaoui et al., 2007). This suggested that the reduced PSP may not be due 

to fewer synapses, although this did not rule out less activation of synapses. On the 

presynaptic side, deficient glutamatergic release machinery, i.e. a reduction in 

release site or a reduced quantal content could be responsible for the reduced 

synaptic efficacy observed. On the postsynaptic side, a diminution in the number of 

ionotropic glutamatergic receptors or in their conductance, are possible reasons. 
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5.5.2 Paired-pulse facilitation was unaltered in Ophn-1-/y slices 

 

Paired-pulse facilitation is thought to be an activity dependent potentiation of 

synaptic efficiency which is NMDA receptors independent  and it is furthermore 

thought to be a form of short term plasticity (Bliss and Collingridge, 1993). In 

contrast to a previous study (Khelfaoui et al., 2007), presynaptic short term plasticity 

(PPF) was unaltered in Ophn-1-/y slices. This discrepancy may result from the 

different experimental protocols used. Several differences in the protocols used have 

been identified in the experimental procedures. Khelfaoui and colleagues have used 

a submerged recording chamber as opposed to the interface recording chamber 

utilized in the present study. This has been shown to have implications in the level of 

neuronal excitability, which is higher in a submerged recording chamber (M. 

Vreugdenhil, personal communication). They also used a different cutting solution, 

namely 189 mM glucose solution as opposed to 150 mM sucrose solution in the 

present study. The tissue preparation also differed; Khelfaoui et al have excised 

CA3, as I kept the slices intact. The age of the mice was also different; the present 

study used 4 to 8 weeks old mice as opposed to 2 to 3 weeks old. It is assumed that 

the mice are fully mature at 3 weeks old. Finally, the most striking difference in the 

protocol was the stimulus intensity used, which seems to be much stronger in 

Khelfaoui protocol. In Khelfaoui’s protocol, a stimulus intensity which triggered a 

response of at least 5 mV was used, as opposed to a stimulus intensity chosen to 

evoke the half maximum amplitude used in these experiments, which was much 
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milder stimulus intensity. They may have driven the synapses harder, of which I 

have shown could entrain some deficits in Ophn-1-/y slices (see chapter 4). 

The present result suggested that the kinetic of Ca2+ within the presynaptic 

terminals, i.e. the built up of residual Ca2+ was unaffected in Ophn-1-/y CA1 area. It 

also indicated a fully functional inhibitory recurrent pathway in CA1 area, as revealed 

by a normal fast inhibition at the inter-pulse interval of 10 ms. Also, the GABABergic 

neurotransmission appeared to be unaltered, as demonstrated by the lack of effects 

on slow inhibition at the inter-pulse intervals 500ms. 

Taken together, these results indicated that Ophn-1-/y slices displayed a reduction in 

synaptic efficacy, but a normal synaptic plasticity. In order to more fully investigate 

the reduced excitatory neurotransmission, evoked EPSC in CA1 pyramidal neurons 

triggered by SC/AC stimulation were studied, using whole cell recording technique. 

 

5.5.3 Ophn-1-/y CA1 pyramidal neurons displayed a reduced eEPSC 

 

A significant reduced maximum amplitude eEPSC has been observed in Ophn-1-/y 

CA1 pyramidal neurons. The reduction of the amplitude of the eEPSCs agreed with 

the reduction of PSP, which further confirmed that the synaptic strength at 

glutamatergic synapses between CA3 pyramidal neurons and CA1 pyramidal 

neurons was affected by the loss of oligophrenin1. These excitatory synapses 

originate from CA3 pyramidal neurons axons (SC) with a minor component from 

recurrent collaterals of neighbouring CA1 pyramidal neurons (Amaral et al., 1990). 

Another, with respect to the reduced PSP, possible explanation is that the number of 
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excitatory synapses would be reduced. However, Khelfaoui et al (2007) have 

quantified the number of the excitatory synapses onto CA1 pyramidal neurons, using 

electron microscopy analyses. In their study, excitatory synapses were identified as 

the appositions to a presynaptic bouton containing synaptic vesicles. They revealed 

a similar density of excitatory synapses in Ophn-1-/y compared to Ophn-1+/y CA1 

pyramidal neurons. Therefore, a reduction in the number of excitatory synapses 

received by CA1 pyramidal neurons cannot account for the reduced eEPSC 

maximum amplitude. Another possible explanation would be a reduction in the 

number of pyramidal neurons. Nevertheless, Khelfaoui et al have quantified the CA1 

pyramidal neurons densities, using nuclei of pyramidal neurons as reference and 

revealed no changes in Ophn-1-/y CA1 area. This suggested that the deficit in 

eEPSC/PSP was not due to fewer CA1 pyramidal neurons. It is possible to assume 

a deficit in the number of glutamatergic receptors or in their kinetics or in their 

conductance. This receptors are mainly (90%) located on the dendritic spines 

(Shepherd, 2003). Alteration in the number of glutamatergic receptors, their kinetics 

or conductance could affect the maximum amplitude of the PSP and eEPSC. To 

address this question, spontaneous excitatory postsynaptic currents in Ophn-1-/y 

CA1 pyramidal neurons were analysed. 
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5.5.4 Neither sEPSCs amplitude nor the frequency were affected Ophn-1-/y CA1 

pyramidal neurons. 

 

The amplitude, frequency and kinetics of spontaneous excitatory postsynaptic 

currents (sEPSCs) were unaffected in Ophn-1-/y CA1 neurons. A similar mean 

amplitude and similar kinetics of sEPSCs is typically interpreted as similar properties 

of glutamatergic receptors located at the postsynaptic terminals. The lack of effect 

on frequency indicated that the release of neurotransmitters machinery in the 

presynaptic terminals is fully functional in Ophn-1-/y CA1 area. To conclude, the 

reduced eEPSC amplitude cannot be explained by an alteration in density or kinetics 

of postsynaptic glutamatergic receptors in Ophn-1-/y slices. 

I have shown that the deficit in excitatory neurotransmission did not originate from 

the postsynaptic compartments. However, future experiments should address the 

conductance of the ionotropic glutamatergic receptors, by performing peak scaled 

analysis of variance from miniatures EPSCs data. A negative result would then 

definitely exclude alterations of glutamatergic postsynaptic receptors. 

I then addressed the possibility of a presynaptic deficit by testing the excitatory 

synapses to double and repetitive stimulations. 
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5.5.5 Paired pulse stimulation on EPSC was unchanged in Ophn-1-/y pyramidal 

neurons 

 

In this experiment, two stimuli of equal intensity were applied to the SC/AC pathway 

at various intervals. A depression phenomenon was noticed for an interval of 10 ms 

where the synaptic eEPSCs was reduced in response to the latter stimulation. 

Nevertheless there were no differences by genotype. The depression observed was 

the result of the fast inhibition exerted by the interneurons through the GABAA 

receptors activation. For inter-pulse intervals between 20 and 200 ms, the facilitation 

of the latter response with respect to the former, was similarly not affected in Ophn-

1-/y CA1 pyramidal neurons. The facilitation of the synaptic response is due to the 

built up of the residual Ca2+ in the presynaptic terminals, notably due to the entry of 

Ca2+ during the conditioning pulse (Katz and Miledi, 1968, Zucker and Regehr, 

2002). For an inter-pulse interval of 500 ms, a depression was observed and was 

the result of the activation of the presynaptic GABAB receptors (Davies and 

Collingridge, 1993). 

The lack of difference in paired-pulse stimulation on eEPSC was in accordance with 

the lack of effect on paired-pulse stimulation on PSP.  Finally, these results 

suggested that the Ca2+ kinetics in the excitatory presynaptic terminals was fully 

functional in Ophn-1-/y mice (fig. 5.19). The non-alteration in Ca2+ kinetics could be 

confirmed by assessing the Ca2+-dependence of the glutamatergic transmission in 

Ophn-1-/y neurons. 
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In order to investigate more fully a possible presynaptic deficit, I further submitted 

Ophn-1-/y synapses to a more sustained stimulation protocol, performing frequency 

dependent facilitation which consisted in 10 pulses applied at various frequency 

(Vreugdenhil et al., 2003). The aim of this experiment was to assess, more precisely 

the synaptic vesicles availability in Ophn-1-/y presynaptic terminals. 

 

5.5.6 The potentiation of the eEPSC induced by frequency dependent facilitation in 

Ophn-1-/y CA1 pyramidal neurons was unaffected 

 

Frequency dependent facilitation protocol induced facilitation of the eEPSCs. This 

facilitation is a typical presynaptic phenomenon due to its short time of action. The 

facilitation increased in strength with higher frequency. The data showed that no 

changes in the facilitation were observed in Ophn-1-/y compared to Ophn-1-/y CA1 

pyramidal neurons. This result indicated that in Ophn-1-/y condition, the excitatory 

synapses can sustain facilitation triggered by various frequencies of stimulations. 

This further confirmed that the built up of Ca2+ in the presynaptic terminals was 

normal in Ophn1-/y mice and showed also that the vesicles availability was 

unaffected. 

 

5.5.7 Deficits were specific to excitatory neurotransmission in CA1 

 

I also evaluated the amplitude of evoked inhibitory postsynaptic current (eIPSC) in 

Ophn-1-/y CA1 pyramidal neurons. A similar deficit in the inhibitory neurotransmission 
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in CA1 could point at a common mechanism for excitatory and inhibitory 

neurotransmission. The maximal amplitudes of eIPSC were assessed in voltage-

clamped CA1 pyramidal neurons, using two distinct internal solutions. For the 

equimolar CsCl- internal solution, as expected by the nernst equation, the reversal 

potential for Cl- was experimentally confirmed at 0 mV.  

The data revealed that eIPSC maximal amplitudes were unaffected in Ophn-1-/y CA1 

pyramidal neurons independent of the experimental conditions used. The lack of 

effect on the amplitude of eIPSC indicated that the inhibitory neurotransmission 

exerted by the interneurons present in CA1 was not changed by the loss of 

oligophrenin1. It also indicated that the deficits observed are specific to the 

excitatory neurotransmission in CA1 area. 

 

5.5.8 Spontaneous inhibitory postsynaptic current were unaffected in Ophn-1-/y CA1 

pyramidal neurons. 

 

The frequency, the mean amplitude and the kinetics of the sIPSCs in CA1 pyramidal 

neurons were not altered in Ophn-1-/y. This result paralleled results obtained for 

sEPSCs in CA1 pyramidal neurons. The results ascertained that inhibitory 

interneurons in Ophn-1-/y CA1 pyramidal neurons presented a normal spontaneous 

activity. It also indicated that postsynaptic GABAA receptors, as well as the 

presynaptic release of GABA were not affected by the loss of oligophrenin1 in the 

CA1 area. 
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5.5.9 No change in intrinsic properties of neurons of Ophn-1-/y CA1 neurons 

 

Alterations in intrinsic neuronal properties can be assumed to play a role in deficit in 

excitatory neurotransmission, such as e.g. faulty of ionic channels present on the 

surface membrane, which function is to conduct ionic currents to the soma. The 

intrinsic neuronal properties were analyzed in CA1 pyramidal neurons, using current 

clamp recording technique. The results indicated that Ophn-1-/y CA1 neurons have 

similar intrinsic neuronal properties as the control neurons, such as a similar 

membrane resistance in Ophn-1-/y compared to Ophn-1+/y CA1 pyramidal neurons. 

This indicated also a similar size of pyramidal neurons and a normal functionality of 

ionic channels at the surface membrane in CA1 pyramidal neurons from both 

genotypes. 

Furthermore, Ophn-1-/y CA1 pyramidal neurons possessed all the channels 

necessary for the genesis of the action potentials, as well as the K+ channels 

underlying the slow and medium afterhyperpolarisation. Ophn-1-/y pyramidal neurons 

displayed also an unchanged input-output relationship, meaning that the Ophn-1-/y 

CA1 pyramidal neurons were as prone to fire, upon depolarisation, as Ophn-1+/y CA1 

pyramidal neurons.  

 

5.5.10 Speculation and design of future experiments 

 

The mechanism of the reduction in excitatory neurotransmission is yet to be 

uncovered. Several possible defects could explain this deficit, such as a defect in 
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quantal content on the presynaptic side. Namely a reduction in quantal content, i.e. 

less neurotransmitters in synaptic vesicles, is a possibility to explain the reduced 

PSP and the reduced eEPSCs (fig. 5.19). To prove this hypothesis, the amplitude of 

mEPSCs (sEPSCs TTX resistant) should be analysed and will determine the quantal 

content (Schneggenburger et al., 1999).  

On the postsynaptic side, I demonstrated that the kinetics of the ionotropic 

glutamatergic receptors were unaffected. To definitely exclude a deficit in these 

receptors, their conductance could be assessed with analysis performed on 

mEPSCs, termed peak scaled analysis of variance (Traynelis et al., 1993). This 

analysis should then result in an estimation of the conductance of ionotropic 

glutamatergic receptors. A reduction in conductance of would lead to a reduction in 

maximal eEPSCs amplitude. However ionotropic glutamatergic receptors comprise 

two distinct types of glutamatergic receptors, namely AMPA/KA and NMDA. 

It is possible to envisage a deficit in RRP size in excitatory synapses, as observed in 

inhibitory synapses in CA3 previously. Therefore a first approach should be to apply 

a hypertonic solution on the dendritic tree of CA1 pyramidal neurons, in order to 

create an osmotic shock, resulting in the depletion of the RRP, which can be then 

assessed (Ashton and Ushkaryov, 2005, Mozhayeva et al., 2002) . Secondly, fast 

stimulation protocol of single excitatory synapse will allow accurate quantification of 

RRP size at a single presynaptic terminal. 
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Figure 5.19: Summary of the results obtained in CA1 area. 
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Fig 5.20: Schematic of a CA3/CA1 or CA1/CA1 pyramidal neurons synapse. 

5.5.11 Conclusion on CA1 

Taken together, these data presented  did not suggest that the dysmorphy of 

dendritic spines previously observed (Govek et al., 2004;Khelfaoui et al., 2007) was 

responsible for the reduction in excitatory synaptic efficacy. I showed that the 

dysmorphy of the spines did not attenuate currents as similar mean amplitude of 

sEPSCs was observed. In this context it confirmed models postulating that dendritic 

spines are not electrical but rather a biochemical compartments (Koch and Zador, 

1993). 

I demonstrated that CA1 pyramidal neurons show a reduced postsynaptic potential 

accompanied by reduced eEPSC maximal amplitude. This study has shown that this 

is neither due to a change in intrinsic neuronal properties nor a change in 

postsynaptic glutamatergic receptor density or kinetics. Furthermore, a loss of 
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excitatory synapses or number CA1 pyramidal neurons cannot explain the deficit 

(Khelfaoui et al., 2007). 

It would be tempting to think that RRP size would be altered, similar to CA3 neurons; 

however an unaffected sEPSCs frequency, as well as a normal paired-pulse 

stimulation and frequency dependent facilitation would suggest normal synaptic 

vesicles availability in Ophn-1-/y CA1 synapses.  

The lack of difference in sEPSCs would tend to suggest that presynaptic 

compartments would be unaffected by the loss of oligophrenin1. It cannot be entirely 

excluded that the alterations in the presynaptic compartment could be too subtle or 

could br unapproachable to be addressed with the methods used in this study. 

To conclude, presynaptic defect remains to be elucidated and postsynaptic deficit 

remains to be excluded. 
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Chapter 6: GENERAL DISCUSSION 

 

Overview 

 

In this thesis, the nature of the functional phenotype associated with oligophrenin1 

deficiency was analysed in a mouse model. This study was performed in order to 

determine the biological role of oligophrenin1 and to further allow finding of 

pharmacological compounds which could reverse the observed deficits.  

A postsynaptic role for oligophrenin1 has been previously reported (Govek et al., 

2004, Khelfaoui et al., 2007). The present study now identified a new presynaptic 

role for oligophrenin1, which has been shown to be present in this compartment in 

the hippocampus (Govek et al., 2004, Khelfaoui et al., 2007), using techniques 

allowing changes at pre- and postsynaptic sides to be detected.  

 

6.1 Relevance of the Ophn-1-/y mice as a model of X-linked mental 

retardation 

 

In order for this mouse model to be used to investigate the pathophysiology of 

intellectual disabilities, it is essential that it closely mirrors the human condition. 

Common features of patients with oligophrenin1 mutations are lateral ventricles 

enlargement and cerebellar hypoplasia which is combined with medium to severe 

learning disabilities (Bergmann et al., 2003, Tentler et al., 1999). Khelfaoui et al 
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(2007) have previously shown that ventricular enlargement was observed in Ophn-1-

/y mice, associated with learning impairments in the Morris water maze (MWM) task. 

Similar ventricular enlargements have been made in our laboratory suggesting that 

Ophn-1-/y mice may indeed be a suitable model to investigate the cognitive defects 

of people affected by XLMR, although the cerebellum hypoplasia has not been 

observed. Mice in this study were used between 3 and 8 weeks of age inclusive. It is 

known that the weaning in mouse intervened at 3 weeks old and that mouse is fertile 

at 6 weeks. Therefore, the mice used in this study could be defined as adolescent to 

young adult. It is important to note that Khelfaoui and co-workers (2007) whom had 

characterised the behavioural phenotype of Ophn-1-/y  mice,  This study presumably 

used adult mice but the exact age was not mentioned.  

 

6.2 Ophn-1-/y slices displayed reduced KA-induced gamma 

oscillations compared to Ophn-1+/y slices 

 

I have firstly hypothesized changes in synaptic functions in Ophn-1-/y mice based on 

the reduced paired-pulse facilitation in CA1 area observed by Khelfaoui et al (2007). 

I therefore assessed the synaptic function in Ophn-1-/y slices and observed a loss in 

the power of gamma oscillations in these slices. This loss of power could arise from 

the hypothesized changes in synaptic function and could be a potential explanation 

of the cognitive impairment observed in individuals affected and in Ophn-1-/y mice 

(Khelfaoui et al., 2007). 
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The rationale for studying hippocampal gamma oscillations in vitro in Ophn-1-/y slices  

was i) an altered cortical oscillations in human individuals affected with pathologies 

related to mental retardation, such as the Williams syndrome (Wittwer et al., 1996, 

Cantagrel et al., 2004, Grice et al., 2001) and ii) an altered learning in MWM for 

Ophn-1-/y mice compared to control mice. The MWM task is a hippocampal task 

related to spatial navigation (Morris, 1984, D'Hooge and De Deyn, 2001). Finally, a 

third rationale was that gamma oscillations were used as a tool to assess changes in 

strength of the synaptic activity, as some alterations in synaptic activity in Ophn-1-/y 

have been suspected by a previous report (Khelfaoui et al., 2007). 

KA was preferred to other means to induce gamma oscillations (Carbachol 

application for example (Fisahn et al., 1998), due to the better analogy to in vivo 

gamma oscillations (Csicsvari et al., 2003, Buzsaki et al., 2003, Vreugdenhil and 

Toescu, 2005). In addition, recordings were preferably made from s. pyramidale (fig 

6.1) owing to its larger amplitude compared to s. radiatum in KA-induced gamma 

oscillations (Vreugdenhil and Toescu, 2005) and also had the advantage to allow a 

more precise and consistent locus of recordings between the different slices. In the 

present study, 50 nM KA was chosen as the preferred method to evoke gamma 

oscillations as it is below the threshold of neurotoxicity for KA, which has been 

shown to occur at micromolar levels (Sperk, 1994) 

 

In order to understand the implications of the following results, it is necessary to 

briefly summarise the proposed mechanisms of gamma oscillation genesis. Firstly, 

gamma oscillations are rhythmic population synaptic potentials arising from recurrent 



  General discussion 
___________________________________________________________________ 

 196 

excitatory and inhibitory currents in the CA3 neuronal network (Fisahn, 2005). A 

second important feature of KA-induced gamma oscillations is that synaptically- and 

electronically-coupled interneurons  provide an inhibitory tone to CA3 pyramidal 

neurons which synchronizes their firing (Traub et al., 2003, Fisahn, 2005). 

Therefore, the interneuronal inhibitory network is thought to function as a clock 

(Jefferys et al., 1996). A third feature is that in KA-induced gamma oscillations the 

involvement of pyramidal neurons firing drives rhythmic excitatory population 

synaptic potentials (Bartos et al., 2007). I firstly demonstrated that Ophn-1-/y slices 

were able to generate gamma oscillations in vitro.  Superfusion of KA elicited 

gamma oscillations which increased in amplitude over time in both Ophn-1+/y and 

Ophn-1-/y slices. Gamma oscillation strength was assessed by fast Fourier 

transformation, which allowed the determination of the power of the dominant 

frequency and the power of the whole gamma range frequency (20-80 Hz).  A broad 

bandwidth ranging from 20-80 Hz was chosen to measure the power of the gamma 

rhythm to cancel the temperature dependence of gamma oscillations (Dickinson et 

al., 2003). The dominant frequency, around 30 Hz, of these gamma oscillations were 

unaltered by genotype and remained constant throughout the recordings. The 

averaged power spectrum revealed that KA-induced gamma oscillations showed 

oscillations over a wide frequency range, owing to a large variability in cycle length. 

It has been proposed that, the variation of the amplitude of field population synaptic 

potentials is strongly correlated to the cycle’s length (Vreugdenhil and Toescu, 

2005). 
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The mean peak power in Ophn-1-/y slices, which corresponds to the power of the 

dominant frequency was significantly reduced compared to Ophn-1+/y slices at each 

time points above 20 min. Similarly the summated power in Ophn-1-/y, which 

assesses the power of gamma oscillations for the whole gamma range, was 

significantly reduced, paralleling the reduction of the mean peak power. 

I have also confirmed that gamma oscillations were abolished by bicuculline 

application, proving its inhibition based nature, and furthermore abolished by NBQX 

indicating the necessity of  the activation of the non-NMDA receptors, such as those 

that mediate fast EPSPs (Fisahn, 2005) 

A preliminary conclusion can be drawn, as Ophn-1-/y slices were able to generate 

gamma oscillations; it is unlikely that the reduction in the power of gamma 

oscillations observed in Ophn-1-/y slices was a result of a defect in the basic 

mechanisms of the initiation of neuronal synchrony. This was further confirmed by 

an unaltered average gamma oscillation waveform in Ophn-1-/y slices.  

The reduction in power signified that the amplitude of the gamma cycles were 

smaller in Ophn-1-/y than in Ophn-1+/y slices. Several precedents of similar results do 

exist for various pathological conditions such as Alzheimer’s disease (Uhlhaas and 

Singer, 2006), ageing (Vreugdenhil and Toescu, 2005), hypoxia (Fano et al., 2007) 

and schizophrenia (Basar-Eroglu et al., 2007). Nevertheless this is, to my 

knowledge, the first time, that a loss of power of gamma oscillations has been 

observed in a mouse model of intellectual disability. 

This study has demonstrated a significant reduction in the power of the gamma 

oscillations in Ophn-1-/y slices superfused with aCSF maintained at 30°C. However, 
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this reduction appeared to be less clear at a bath temperature of 32°C. An 

explanation might be that the increased temperature elevated the metabolic demand 

required for the neurons to generate and maintain persistent KA-induced gamma 

oscillations. If the slice is not healthy enough to cope with this energetic demand, the 

oscillations would just drop and collapse. As the capability of slices to generate 

gamma oscillations greatly varies between experiments and even throughout the 

day, this may mask the differences between the genotypes. An additional reason 

could be that at higher temperature the synaptic vesicles availability was increased, 

which would mask the difference between the genotypes (see section 4.3.4). 

Nonetheless, a significant reduction of the gamma oscillations was observed in 

Ophn-1-/y slices at 60 min., confirming the reduction of gamma power obtained at 

30°C. 

 

The synchronisation of KA-induced gamma oscillations was unaltered within 

Ophn-1-/y hippocampus. 

It is also known that gamma oscillations are generated by local neuronal generator 

networks which can synchronize themselves over a long distance (Csicsvari et al., 

2003). A study from Bottger et al  (2002) demonstrated that coherence of spatially 

distributed gamma oscillations was a requirement for perception. Thus, it could 

supply the answer of the “binding problem”, correlating different features of an object 

(Gray et al., 1990, Jefferys et al., 1996). 

In an attempt to evaluate this neuronal population synchronization, a study 

evaluating the coherence was performed to investigate the strength and the phase 
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lags of the spatial synchronisation of the oscillations throughout the whole 

hippocampus. The results suggested that the synchronisation of the gamma 

oscillations in Ophn-1-/y slices was not affected compared to Ophn-1+/y slices. This 

was unaffected inside local CA3 neuronal network generators and also for the 

synchronization of gamma oscillations from CA3 to CA1 areas. From CA3 to CA1 

area, it is known that gamma oscillations are conducted via the Schaffer collaterals / 

associational commissural pathway, notably synapsing onto CA1 interneurons 

(Bragin et al., 1995). 

To conclude, the unaffected synchronization within CA3c suggested that the 

connectivity between local generators was unaltered by the loss of oligophrenin1. 

Therefore, deficient connectivity within the neuronal networks cannot account for the 

reduced gamma oscillations power observed in Ophn-1-/y slices. Secondly, the 

results suggested that the learning impairments in Ophn-1-/y mice were not due to a 

deficient synchronization of the fast gamma rhythms within the hippocampus. 

 

In summary, the amplitude of the gamma cycles was smaller in Ophn-1-/y slices 

without alteration in network connectivity. Several defects in Ophn-1-/y CA3 neuronal 

network could be the reason of this reduction; I have already proven that the network 

responsible for gamma oscillogenesis was functioning in Ophn-1-/y slices. The deficit 

observed was only a modulation of the power of gamma oscillations. One possible 

explanation could be that the lack of oligophrenin1 would induce a deficit in 

rhythmicity of gamma oscillations, which would lead to an overall decrease in the 

dominant power resulting from a greater frequency heterogeneity. 
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Rhythmicity of KA-induced gamma oscillations in Ophn-1-/y slices. 

Contradictory results have been obtained about the rhythmicity of KA-induced 

gamma oscillations in Ophn-1-/y slices.Namely the auto-correlation study in Ophn-1-/y 

and Ophn-1+/y KA-induced gamma oscillations pointed toward a deficit in regularity. 

In contradiction, the event autocorrelation analysis revealed that Ophn-1-/y slices 

displayed a similar rhythmicity in Ophn-1-/y and Ophn-1+/y slices. Therefore, a clear 

conclusion was difficult to draw on these experiments. However, the event auto-

correlation is a more powerful mean to assess the rhythmicity, thus it may be that 

the significant result obtained with the auto-correlation study was a false positive. 

The statistical power of this study was 0.4, which was less than the 0.8 which is 

generally accepted as the requirement for a robust statistical test. Therefore, as this 

study is underpowered, the observation of an alteration in the rhythmicity of gamma 

oscillations must be interpreted cautiously and requires further experiments to 

establish if this reduction is genuine. 

 

Spontaneous gamma oscillations were unaltered in Ophn-1-/y slices. 

Spontaneous gamma oscillations were characterised as recordings from slices 

where an intrinsic oscillation was observed prior to the addition of KA.. Spontaneous 

gamma oscillations in Ophn-1-/y slices displayed similar peak power, summated 

power and dominant frequency compared to Ophn-1+/y slices. The features of 

spontaneous gamma oscillations differ from KA-induced gamma oscillations, namely 

for the striking characteristic, their amplitude are smaller. Pietersen et al (2009) has 

shown that they display a lower peak frequency, which has not been observed in the 
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present study, and present a more sinusoidal waveform. Pietersen and co-workers 

established that spontaneous gamma oscillations are less spatially coherent and are 

suppressed by adenosine and cannabinoids. Finally, they concluded that different a 

set of interneurons are involved in their genesis than those involved in KA-induced 

gamma oscillations  (Pietersen et al., 2009). These results suggested that the lack of 

oligophrenin1 had an effect only on KA-induced gamma oscillations, which would 

suggest that the action of oligophrenin1 was mainly required when the neuronal 

network needed to be driven. Paradigms of learning and memory state the 

requirement of a strong involvement of neuronal networks activity in order to achieve 

learning and memory processes (Bliss and Collingridge, 1993). 

 

Y27632 failed to rescue the loss of power of gamma oscillations in Ophn-1-/y 

slices 

It is known that the oligophrenin1 protein inhibits small RhoA GTPase protein, which 

in turn activates a protein called Rho-kinase (ROCK). Y27632 is a small molecule 

known to inhibit the protein ROCK, therefore switching off the RhoA/ROCK signalling 

pathway (Uehata et al., 1997, Ishizaki et al., 2000). In an attempt to counterbalance 

the loss of oligophrenin1 protein, which is known to over-activate RhoA/ROCK 

(Govek et al., 2004), Y27632 was used. The expected effects of Y27632 on KA-

induced gamma oscillation were no change in the power of KA-induced gamma 

oscillations in Ophn-1+/y and an increase of the gamma power in Ophn-1-/y slices. 

The data have shown an apparent reduction of the power of gamma oscillations in 

both Ophn-1-/y and Ophn-1+/y, but this was not significant. In addition, the dominant 
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frequency was unaffected by the addition of Y27632. The effect of Y27632 on the 

KA-induced gamma oscillations in Ophn-1-/y and Ophn-1+/y slices could be due to a 

desynchronisation of the inhibitory neuronal network. In effect it is known that 

Y27632 induces an increase the frequency of sIPSCs in Ophn-1-/y granular cells in 

dentate gyrus (A.D. Powell, personal communication). This would lead to a 

somewhat desynchronisation of the firing of interneurons during gamma oscillations, 

impeding KA-induced gamma oscillations development. 

In conclusion, the loss of the power of gamma oscillations was not rescued by the 

inhibition of ROCK. 

 

6.3 Hippocampal neuronal network properties. 

 

The functionality of the CA3 neuronal networks in Ophn-1-/y slices was further 

analysed by extracellular single stimulation experiments to assess the postsynaptic 

potentials and the resultant cellular firing assessed by the population spikes. 

Changes in the CA3 neuronal network could account for the reduced gamma 

oscillations in Ophn-1-/y slices. The nature of the synaptic transmission was mainly 

glutamatergic, as the majority of the postsynaptic potentials were blocked by NBQX 

and D-APV. This block was not complete which was unsurprising as mossy fibres 

terminals have been shown to contain other neurotransmitters (Romo-Parra et al., 

2003). Furthermore, although I stimulated in the hilus, I cannot exclude the 

stimulation other synaptic pathways, such inputs from the commissural and 

associational fibres (Amaral et al., 1990). Concerning the population spikes, it is very 
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likely that I directly stimulated CA3 axons, which provides an explanation for the lack 

of reduction of the antidromic population spike. The evaluation of the postsynaptic 

potentials and population spike triggered by single stimulation of the mossy fibres 

pathway revealed no difference in the maximum amplitude in Ophn-1-/y compared to 

control slices. However, ANOVA revealed alteration in the slope of PSP and PS 

amplitude over the whole range of the intensity of stimulations. Nonetheless, the 

paired-pulse ratio of postsynaptic potentials and population spike was significantly 

reduced in Ophn-1-/y slices. These reduced paired-pulse facilitations can be 

attributed to a decrease in the neurotransmitter release owing to decrease of the 

probability of release at each synapses or an impairment in Ca2+ kinetics within the 

presynaptic compartments as PPF relies greatly on accumulation of residual Ca2+ 

(Katz and Miledi, 1968). 

Taken together, these results demonstrated that the evoked PSP and PS were 

unaffected, when taking into consideration the maximum responses. However, 

presynaptic PPF of Ophn-1-/y synapses was altered by the lack of oligophrenin1, 

pointing toward a presynaptic deficit in Ophn-1-/y slices. 

In order to endeavour an explanation of the loss of gamma oscillations power, I 

studied the excitatory and inhibitory synaptic inputs to Ophn-1-/y CA3 pyramidal 

neurons, using single CA3 pyramidal neurons recordings.  
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6.4 The excitatory and inhibitory neurotransmission in CA3 

pyramidal neurons were altered in Ophn-1-/y mice. 

 

Previous studies revealed that the strength of the inhibitory input to pyramidal 

neurons modulate the power of gamma oscillations without changing the dominant 

frequency (Hajos et al., 2000, Vreugdenhil et al., 2003). Hajos and colleagues have 

shown that the presynaptic suppression of the GABA release via the action of 

endocannabinoids, triggered a reduction in the frequency of the miniatures IPSCs. 

This reduction in frequency resulted in a reduction of the power of KA-induced 

gamma oscillations, with a similar dominant frequency. In addition, Vreugdenhil et al 

(2003) demonstrated that facilitated eIPSCs resulting from the lack of parvalbumin 

led to a threefold increase in the power of KA-induced gamma oscillations. Taken 

together, these studies demonstrated a key role of the inhibitory tone imposed to the 

pyramidal neurons in the control the power of the oscillations, without altering the 

dominant frequency. 

 

eIPSCs amplitude in Ophn-1-/y CA3 pyramidal neurons 

An alteration in eIPSC amplitude was observed for a mild stimulus (18V), however 

strong stimulation (30V) of the afferent pathway failed to evoke reduced maximum 

amplitude by genotype. However, statistical power analysis performed on the 

maximal plateau amplitude revealed that this study was underpowered. It may be 

that a significant reduction of eIPSC may have been missed. This idea is supported 
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by univariate analysis of variance (ANOVA) which revealed an overall significant 

alteration in eIPSC amplitude in Ophn-1-/y CA3 pyramidal neurons.  

 

The frequency of spontaneous- EPSCs and -IPSCs was reduced in Ophn-1-/y 

CA3 pyramidal neurons 

I assessed the inhibitory neurotransmission onto CA3 pyramidal neurons. 

Spontaneous inhibitory postsynaptic currents revealed a significantly reduced 

frequency whilst mean amplitude was unaffected. In addition, excitatory inputs to 

pyramidal neurons revealed a similar reduction in frequency without alteration in 

mean amplitude. A reduction in frequency is typically interpreted as a presynaptic 

deficit. These results indicated also that the deficit in Ophn-1-/y CA3 pyramidal 

neurons presented commonalities between the excitatory and inhibition 

neurotransmission.  

In summary, the synaptic inputs to Ophn-1-/y CA3 pyramidal neurons were reduced. 

These results were interesting as it is well established that gamma oscillations result 

from a synaptic interplay between CA3 pyramidal neurons and interneurons (fig. 

6.1). Rhythmic EPSC and IPSC, which are phase-locked with extracellular field 

potentials, have been observed in CA3 pyramidal neurons during gamma 

oscillations(Fisahn, 2005). It is noteworthy that the rhythmic population synaptic 

potentials recorded on s. pyramidale were mainly constituted by IPSPs, resultant of 

IPSCs bombarding the perisomatic region of the pyramidal neurons at the gamma 

frequency. Concerning the kinetics of these spontaneous events, it is noteworthy 

that the rise time of the sIPSCs came out to be close to significance (p=0.07) and, 
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furthermore the statistical power came out to be underpowered (0.338< 0.8). 

Therefore the IPSC rise time may be slower in Ophn-1-/y CA3 pyramidal cells, which 

would eventually denote of a malfunction of GABAA receptors activation. This 

conclusion is rather very speculative; therefore more experiments would be needed 

to clarify this confounding issue. It is however noteworthy that a study in Dentate 

Gyrus has revealed that GABAA receptors were fully functional (Powell et al, 2009, 

submitted). 

In conclusion, the reduction in spontaneous inhibitory postsynaptic currents 

weakened the inhibitory tone exerted onto CA3 pyramidal neurons. One can 

speculate that it would be also reduced during KA application. As a result, it can be 

expected a reduced in size of the rhythmic IPSPs which lead to reduced power of 

gamma oscillations in Ophn1-/y through less currents flowing at each cycle of the 

oscillations (fig. 6.1).  
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Figure 6.1: Synaptic defects observed in CA3 neuronal networks in Ophn-1-/y

mice. “e1 & e2” are schematic of excitatory CA3 pyramidal neurons and “int.” display

a schematic CA3 interneuron network. (-)  indicate reduction of the excitatory and 

inhibitory synaptic inputs. The tonic excitatory drive (parallel arrows) was the 

consequence of  KA receptor activation. The left electrode indicate the position of 

the extracellular electrode, as the right electrodes the patch pipette. Blue colour 

indicates excitatory synapses and red colour indicates inhibitory synapses. Abbr.: 

SO, stratum oriens; SP, stratum pyramidale, SL, stratum lucidum; SR, stratum 

radiatum.

The results presented above showed that the functional changes in excitatory and 

inhibitory inputs onto CA3 pyramidal neurons underlie the reduced power of KA-

induced gamma oscillations in Ophn-1-/y slices (fig 6.1).
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The quantal content was unaffected in Ophn-1-/y CA3 interneurons 

In an attempt to assess the quantal content in Ophn-1-/y inhibitory synapses, slices 

were bathed in tetrodotoxin (TTX) which abolished action potentials generation in 

the neuronal network.  This allowed the TTX resistant spontaneous postsynaptic 

current, termed miniatures IPSCs (mIPSCs) to be evaluated. No differences were 

found in either frequency or amplitude or kinetics of mIPSCs in Ophn-1-/y CA3 

pyramidal neurons. Classically, analysis of miniatures mean amplitude yields the 

quantal content, suggesting that the amount of neurotransmitter contained in 

secretory vesicles is similar in Ophn-1+/y and Ophn-1-/y synapses. 

To explain the lack of effect on mIPSCs, it might be possible that oligophrenin1 

signalling pathway intervene in solely the activity-driven spontaneous release of 

synaptic vesicles. Sara et al (2005) showed that it was predominantly the RRP that 

provided activity-dependent vesicles. It is therefore assumed that only the synaptic 

vesicles pool responsible for spontaneous postsynaptic currents were somewhat 

affected by the loss of oligophrenin1, as suggested by a similar frequency of events 

for sIPSCs and mIPSCs in Ophn-1-/y CA3 pyramidal neurons. 

 

Paired-pulse depression was enhanced in Ophn-1-/y CA3 pyramidal neurons 

To confirm a deficit in the presynaptic compartment, I performed paired pulse 

stimulation experiments, which is a paradigm of transient change in synaptic 

strength by the action of Ca2+ in the presynaptic terminals.  

The depression of the synaptic response is explained by the presynaptic inhibition 

exerted by GABAB receptors activated by spill over of GABA (Davies and 
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Collingridge, 1993). Ideally, these experiments should have been performed in the 

presence of GABAB receptors blocker (CGP55854) to alleviate the effect of the 

GABAB-dependent neurotransmission, although the recordings were made with Cs+ 

in the pipette which block the GIRK activity that drives this GABAB_dependent 

depression. Anyway, the results revealed that the Ophn-1-/y CA3 pyramidal neurons 

displayed a stronger depression over the entire series of paired-pulse intervals. In 

other words, the paired-pulse depression of the eIPSCs was significantly enhanced 

in Ophn-1-/y slices. This was likely to reflect a deficit in neurotransmitter release 

during the test stimulus. Paired-pulse stimulation experiments rely on the 

accumulation of residual Ca2+. Ca2+ which firstly enter the presynaptic terminals 

during the conditioning stimulus and is termed local Ca2+ and is located near the 

voltage gated calcium channels. The function of this entry of Ca2+ is to trigger 

synaptic vesicles fusion, correlated to neurotransmitter release. This deficit further 

pointed towards a deficit in neurotransmitter release. To investigate more fully this 

presynaptic deficit, I have evaluated Ophn-1-/y inhibitory synapses in response to a 

more sustained stimulation protocol. 

 

 

 

Frequency dependent facilitation was reduced at 33 Hz in Ophn-1-/y CA3 

pyramidal neurons 

Vreugdenhil et al (2003) showed that the loss of parvalbumin induced an enhanced 

frequency dependent facilitation at 33Hz, associated with an increase of the power 
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of KA-induced gamma oscillations.  They suggested that the facilitation of GABA 

release induced the increase of the power of KA-induced gamma oscillations. 

Moreover, the aim of the frequency dependent facilitation experiment was to 

examine the eIPSC built up which reflected the ability of Ophn-1-/y inhibitory 

synapses to sustain high frequency of release of GABA.  

Interestingly, results demonstrated that eIPSC facilitation failed at 33 Hz, which is 

close to the frequency of firing of interneurons required for KA-induced gamma 

oscillations. Nonetheless, others frequencies of facilitation or depression were 

unaltered in Ophn-1-/y CA3 pyramidal neurons. 

It is known that when interneurons are included in an inhibitory network, their firing 

frequency is tuned at 33 Hz, in other words, they may be designed to fire at this 

frequency, hence the lack of facilitation at this frequency only (Jefferys et al., 1996). 

In conclusion, less GABA was released by Ophn-1-/y synapses for the frequency of 

stimulation of 33Hz. This further demonstrated a presynaptic deficit probably via an 

alteration in vesicles availability at the inhibitory synapses.  

Taken together, these results indicated a presynaptic deficit rather than a 

postsynaptic deficit, in effect the decrease in frequency of spontaneous activity is 

typically interpreted as a presynaptic deficit. A postsynaptic deficit is very unlikely as 

suggested by similar postsynaptic currents amplitudes and kinetics. To further 

confirm the non alteration in postsynaptic receptors, peak scale analysis of variance  

could be undertaken to assess the conductance of GABAA receptors. However, this 

analysis was made difficult by the high frequency of mIPSC, in effect for peak scale 
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analysis of variance needed postsynaptic events to be separated in time of at least 3 

times  decay (Traynelis et al., 1993). 

Furthermore, the reduction in frequency of excitatory and inhibitory postsynaptic 

currents are neither due to changes in intrinsic neuronal properties of Ophn-1-/y CA3 

pyramidal neurons, nor to a change in input-output relationship of presynaptic 

neurons, i.e. Granule cells (Powell, A.D. personal communication) or CA3 pyramidal 

neurons via the recurrent collaterals.  

To further address the question of the availability of synaptic vesicles in Ophn-1-/y

presynaptic compartments, I investigated specifically the readily releasable pool 

(RRP) size into Ophn-1-/y interneuronal presynaptic terminals (see 6.5) 

6.5 Readily releasable pool (RRP) size was reduced in Ophn-1-/y

CA3 pyramidal neurons. 

Release of neurotransmitters is mediated by fusion of synaptic vesicles at the active 

zone (fig 6.2), which is triggered by the local Ca2+ influx. Furthermore, synaptic 

vesicles trafficking is intense at the presynaptic terminal (Sudhof, 2004). The RRP is 

a pool of vesicles which is ready to undergo the process of fusion in the active zone 

upon stimulation (Schweizer and Ryan, 2006). The RRP and the reserve pool are 

termed the recycling pool and an equilibrium exist between these pools (fig 6.3). The 

RRP pool is refilled either by synaptic vesicles from the reserve pool or by recycling. 

However, the regulation of the size of RRP remained largely to be explored.  
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The RRP study was undertaken to assess any alteration in the size of the RRP 

Ophn-1-/y inhibitory synapse. An electrical stimulation in the middle of the hilus was 

used to evoke the smallest eIPSC.  I hypothesized that only few synapses were 

investigated, with the caveat that the quantification of the RRP size in interneurons 

revealed that about 10 synaptic readily releasable vesicles are present in the 

presynaptic terminal (Kirischuk and Grantyn, 2000). A high frequency of stimulation 

was used in order to use the depression of eIPSC amplitude to estimate the number 

readily releasable vesicles, it is noteworthy that even the RRP is being depleted, 

vesicles replenishment occurs concomitantly. RRP is refilled in about 15 s (Kirischuk 

and Grantyn, 2000, Schneggenburger et al., 1999)(fig. 6.3). Interestingly, data 

indicated a reduction of the RRP size in Ophn-1-/y inhibitory synapses, which an 

estimation of a reduction of about 50% of readily releasable synaptic vesicles in 

Ophn1-/y. As it is known that the RRP size is an important factor of the synaptic 

strength and plasticity (Sudhof, 2004); the reduction of the RRP size would weaken 

the synaptic strength of inhibitory synapses. This led consequently to the reduction 

in the power of gamma oscillations in Ophn-1-/y slices, with the caveat that gamma 

oscillations are an activity dependant modulation of synaptic strength. 

 

The present result demonstrated a new role for the protein oligophrenin1 in the 

maintenance of the RRP size at the inhibitory presynaptic terminals. As 

oligophrenin1 is involved in regulating the actin cytoskeleton through the action of 

the small Rho GTPase proteins, it is likely that I shed in light a new mechanism of 



  General discussion 
___________________________________________________________________ 

 213 

synaptic vesicles trafficking. With the caveat, that the small GTPase protein Ral has 

been already implicated in synaptic vesicles transport (Polzin et al., 2002).  

Interestingly, a study by Powell, A.D. (personal communication) has demonstrated 

similar reduction in RRP size together with impairment in vesicles recycling in Ophn-

1-/y dentate gyrus area. 

This is in agreement with a new presynaptic role of oligophrenin1 in synaptic 

vesicles transport.  

In addition, it is now acknowledged that the retrieval of synaptic vesicles in 

hippocampal synapses is mainly achieved through clathrin-mediated endocytosis 

(CME) (Granseth et al., 2006). Interestingly, Khelfaoui and colleagues have 

demonstrated an impairment in clathrin mediated endocytosis (Khelfaoui et al., 

2009). They firstly showed that oligophrenin1 interact with proteins involved in CME 

such amphiphysin, endophilin and CIN85. They therefore speculated that 

oligophrenin1 would play a role in CME. The mechanism would be as follow: 

oligophrenin1 would be recruited and decrease RhoA/ROCK signalling pathway, this 

would release the inhibitory action of ROCK on endocytosis mediated by clathrin.  

In agreement with this hypothesis, they have shown that the reduction of 

endocytosis in Ophn-1-/y has been rescued by Y27632.  RhoA/ROCK signalling 

pathway has already be shown to be involved in receptor endocytosis, namely an 

increase of ROCK activity led to reduction in CME (Kaneko et al., 2005). Therefore, 

oligophrenin1 could belong to the set of proteins necessary for CME. 
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One can assume that if the recycling of vesicles is impaired in Ophn-1-/y inhibitory 

synapses; this would be the cause of the smaller RRP size, through an impaired 

replenishment of the RRP. 

In addition, oligophrenin1 could also interact with other signalling pathway such as 

with the myosin light chain kinase (MLCK) signalling pathway, as inhibition of MLCK 

has been shown to reduced vesicles mobility (Ryan, 1999) and alter the RRP size 

(Srinivasan et al., 2008) (fig. 6.3). Another downstream effector of ROCK could be  

Lin-11, Isl-1 and Mec-3 Kinase (LIMK) (+ Cofilin), in effect it is known that LIMK by 

phosphorylating the cofilin inhibit its actin depolymerising activity (Ding et al., 2008). 

Both MLCK and LIMK signalling contribute to actin cytoskeleton reorganisation 

(fig.6.3). 

Future immunohistochemistry experiments with a GFP-tagged synaptobrevin2, 

which is a marker of synaptic vesicles, in Ophn-1-/y cultured CA3 interneurons could 

be undertaken to confirm the reduction of the RRP size in Ophn-1-/y mice. Finally, 

the determination RRP size using the application of a hyperosmotic solution will yield 

an estimation of the RRP size (Simsek-Duran and Lonart, 2008). Finally, to assess 

the RRP at a single synapse, microstimulation could be performed, this would 

confirm or infirm the role of oligophrenin1 in synaptic vesicles transport. 
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Figure 6.2: Schematic of a GABAergic synapses. Recapitulation of the results 

obtained on IPSC in Ophn-1-/y CA3 pyramidal neurons. 

6.6 Putative mechanism of action of oligophrenin1 

The aim of the project was to establish the phenotype of a mouse model deficient for 

oligophrenin1 protein. This study suggested possible deficient mechanisms leading 

to cognitive deficit in mice and possibly in individuals affected. It is important to note 

that during normal neuronal development and functioning, oligophrenin1 was 

previously reported to inhibit RhoA /ROCK in order to maintain the dendritic spine 

length (Govek et al., 2004). Alternatively, the reduction of the power in Ophn-1-/y 

mouse could result from various different mechanisms as the one described in this 

study, namely, recent finding delineate the crucial role of a secreted protein S100B 

by astrocytes, which is a calcium binding protein, and its implication in the 

modulation of KA-induced gamma oscillations power in vivo (Sakatani et al., 2008).
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The present study demonstrated a reduction in the power gamma oscillations in 

Ophn-1-/y slices which suggested an impairment of the hippocampal function. This 

impairment in hippocampal function could underlie the impairment of the higher 

cognitive function in Ophn-1-/y mice, such as the altered MWM behaviour in Ophn-1-/y 

mice (Khelfaoui et al., 2007). 

The investigation of the inhibitory and excitatory neurotransmission in CA3 area 

provided a compelling mechanistic explanation for the reduced power of the gamma 

oscillations in Ophn-1-/y slices (fig. 6.1) 

I have shown a reduction in frequency of sIPSCs in Ophn-1-/y CA3 pyramidal 

neurons. This reduction in frequency demonstrated a clear presynaptic deficit. In 

addition, I have demonstrated a reduction in frequency of sEPSCs to a similar 

extent, suggesting a common mechanism to excitatory and inhibitory synapses. 

Then, altered paired-pulse depression as well as a reduction of frequency 

dependent facilitation at 33 Hz further confirmed a presynaptic deficit most likely 

related to deficit in synaptic vesicles availability. This has been confirmed by a clear 

reduction in the RRP size at inhibitory synapses in Ophn-1-/y.  

Thus, I have provided compelling evidences that oligophrenin1 is involved in 

neurotransmission Ophn-1-/y mice. The trafficking/handling of synaptic vesicles in 

nerve terminals would be somewhat impaired in Ophn-1-/y mice.  

A. Powell demonstrated the implication of ROCK. However, the next effectors 

remained to be established, it could either MLCK or LIMK (and cofilin) (fig. 6.3).  
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Figure 6.3: Schematic of a presynaptic terminal  

6.7 Differences observed between CA3 and CA1 hippocampal 

areas. 

i) Field recordings. 

Several differences and discrepancies have been unravelled between CA3 and CA1 

areas in extracellular recordings. The results are summarized in the figure 6.4. The 

evoked postsynaptic potentials have been shown to be reduced at the synapses 
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between CA3 and CA1 neurons, but not at the synapses between granule cells and 

CA3 neurons. This apparent discrepancy could be explained by different neuronal 

populations involved. 

In addition, CA1 area showed reduced evoked postsynaptic potentials and normal 

paired-pulse facilitation, in contrast with results from Khelfaoui and colleagues 

(2007) which showed a normal evoked postsynaptic potential associated with a 

reduction in paired-pulse facilitation. Reasons for this discrepancy have been 

already discussed in the section 5.5.2.  

Another possible explanation for the discrepancy between CA3 and CA1 areas 

would be that two GAP proteins, namely rich 1 and rich 2, which present a similar 

pattern of expression functional domains in the hippocampus as oligophrenin1. 

These proteins could overtake the function of oligophrenin1 in Ophn-1-/y CA1 area. 
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Figure 6.4: Schematic representation of the hippocampal neuronal circuitry. 

Arrows indicate the respective loci of stimulations for CA3 and CA1 area. 

Abbreviations: PN: pyramidal neuron; interneurons: interneurons, DG: dentate gyrus; 

CA3 : cornus ammonis 3 ; CA1 : cornus ammonis 1



  General discussion 
___________________________________________________________________ 

 220 

ii) Excitatory and inhibitory postsynaptic currents 

 

Differences in spontaneous postsynaptic currents have been observed, namely a 

reduction in frequency in CA3 pyramidal neurons as opposed to unaffected 

spontaneous postsynaptic currents have been observed in CA1.  

For sIPSCs, this can be explained by different interneurons subtypes in CA3 and 

CA1 areas (Buzsaki, 2001). Concerning sEPSCs, differences in excitatory terminals 

could explain the opposite result. Similarly to field potentials, one may assume a 

redundancy in the function of oligophrenin1 by Rich1 or Rich2 in CA1 area. 
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Figure 6.5: Schematic representation of different neuronal populations of the 

hippocampal pathways. 
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6.8 CONCLUSION 

 

I provided compelling evidence that the loss of oligophrenin1 protein led to impaired 

synaptic transmission, especially impaired repetitive neurotransmission at 33 Hz, 

which resulted in a reduction of the power of gamma oscillations in Ophn-1-/y mice. 

This reduction is a potential explanation of the cognitive impairment. 

In conclusion, the elucidation of the role of oligophrenin1 provided new insights into 

mechanisms of brain function. 
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