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ABSTRACT 

The Autism Spectrum Disorders (ASDs) represent a clinically 

heterogeneous group of diseases that share deficits in three core 

domains: social interaction, communication, and repetitive behaviors 

and/or restricted interests. The strong genetic basis of these disorders, 

which was demonstrated by multiple twin and family studies, has 

prompted the search for candidate genes. Neurexin and neuroligin, trans-

synaptic ligands for each other, are two families of synaptic cell-adhesion 

molecules that have been linked to ASD pathogenesis. I found that three 

different mouse models for ASDs, the neurexin-1α deletion, the neuroligin-
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3 (NL3) R451C mutation, and the NL3 R704C mutation all aberrantly alter 

synaptic transmission. First, I showed that deletion of neurexin-1α in a 

mouse, which induced behavioral abnormalities consistent with increased 

repetitive behaviors, significantly reduced AMPA-receptor mediated 

synaptic transmission in the hippocampus. Next, I demonstrated that the 

NL3 R451C mutation, which has impaired social interaction, has circuit-

specific abnormalities in synaptic transmission. In the somatosensory 

cortex, inhibitory transmission is enhanced, while in the hippocampus, 

excitatory transmission is increased. I went on to demonstrate that in the 

hippocampus, the NL3 R451C mutation appears to deleteriously impair 

synapse morphogenesis. Lastly, I found that the NL3 R704C mouse 

model also had a significant reduction in AMPA-receptor mediated 

transmission in the hippocampus. Taken together, these findings suggest 

several points. First, each of these mouse models has abnormalities in 

synaptic transmission, indicative of a synaptic pathology to ASD. 

Secondly, each of the dysfunctions in synaptic transmission are different, 

suggesting that comparable to the disease presentation, the pathology 

may also be heterogeneous. Lastly, for one mouse model, the NL3 

R451C, the synaptic deficits were circuit specific, highlighting the 

observation that ASDs may be an manifestation of variable dysfunctions in 

multiple brain regions. 
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Chapter 1  

 

 

Introduction 

 

In 1943, Dr. Leo Kanner published his seminal work describing 

“infantile autism” in eleven children (Kanner, 1968). Since his report, the 

field of autism research has exponentially expanded; however, the 

pathophysiology of autism spectrum disorders remains unclear. 

The Autism Spectrum Disorders (ASDs) are a clinically 

heterogeneous group of childhood neurodevelopmental disorders that 

include: autism, Asperger’s syndrome, Rett’s syndrome, Childhood 

disintegrative disorder, and Pervasive developmental disorder-not 

otherwise specified. Typically, ASDs are diagnosed by two or three years 

of age. From a clinical perspective, these diseases manifest with deficits in 

three core domains: impaired social interaction, impaired communication 

(both verbal and non-verbal), and restricted patterns of stereotyped or 

repetitive behaviors (Geschwind and Levitt, 2007; Lord et al., 2000; Pardo 

and Eberhart, 2007). Within the three main disturbances for diagnosis, 

however, there is an enormous degree of heterogeneity such that the 
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clinical diagnosis of autism represents a spectrum of severities. For 

example, cognitive deficits are widespread in autism, as 60-70% of autistic 

individuals also exhibit mental retardation as a comorbidity (Fombonne, 

1999). On the other hand, a small subset (1 in 10) of autistic individuals 

paradoxically displays savant-like capabilities in specific cognitive or 

creative domains (O'Connor and Hermelin, 1989).  

Like many psychiatric illnesses, ASDs are not clinically diagnosed 

on the basis of specific pathologies, and therefore are categorized as 

clinical syndromes. The complications of these clinical syndromes are 

exacerbated by a myriad of comorbidities. Common comorbidities 

associated with ASDs include: ADHD, mental retardation, OCD, 

gastrointestinal disturbances, epilepsy, anxiety, sensory abnormalities, 

Tourette’s syndrome, and motor delay (Geschwind, 2009; McElroy, 2004). 

In many ways, it is the observation of these broad-spectrum, multi-system 

comorbidities that has fueled speculation on the potential etiology of 

ASDs. 

 

PREVALENCE 

Inherently, with ASDs being a clinical syndrome heavily influenced 

by diagnostic factors, the accurate identification of ASD prevalence has 
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been elusive. As recently as 1988, the prevalence of ASDs was estimated 

at 1 in 1000 individuals (Bryson et al., 1988). Presently, however, several 

reports now suggest the prevalence for ASD is 1 in 150-200 individuals 

(Geschwind, 2009; Persico and Bourgeron, 2006).  The observed increase 

in ASD prevalence is, most likely, a consequence of improved diagnostics 

and awareness; however it has also led many to theorize on contributing 

environmental factors (Herbert, ; Landrigan). What is certainly clear is that 

the current prevalence for ASDs signifies that it is more common than 

many childhood disorders and is a major childhood disease. 

 

PATHOLOGY 

The majority of work that has been done investigating the pathology 

of ASDs has consisted of two avenues: functional neuroimaging and post-

mortem neuropathological analyses (Pardo and Eberhart, 2007). The 

flaws with this approach are obvious, as sample sizes have been small 

and the majority of analyses performed on relatively older individuals (>7 

years of age) well after the purported insult has occurred. Regardless, 

these studies have been informative on the neuroanatomical correlates of 

ASDs. 
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One of the most consistent findings in ASD pathology has been 

aberrant brain growth (Courchesne et al., 2007; Courchesne et al., 2004; 

Courchesne et al., 2005; Redcay and Courchesne, 2005). Specifically, 

there seems to be two phases of brain growth abnormalities in patients 

with ASDs: reduced or normal brain growth at birth is followed by a short 

period of pathological accelerated growth and termination. The end result 

of this altered neurodevelopmental process, however, is that, in 

comparison to normal adolescents at 3-4 years of age, the majority of 

ASD brains are grossly normal in size despite a dramatically different 

growth process. 

In addition, this deviation from normal brain growth and 

development is region-selective. The frontal lobes and anterior temporal 

regions seem to be most significantly affected (Courchesne et al., 2007; 

Courchesne et al., 2005; Geschwind, 2009), which is of clear interest 

given the deficits in social cognition and language. Moreover, the 

abnormalities in brain structure also affect the gray and white matter, such 

that there is increased gray matter and decreased white matter in certain 

regions of the brain (Bonilha et al., 2008). All of these findings have led to 

hypotheses that alterations in brain size and composition subsequently 

impair connectivity and communication between and within different brain 

regions; resulting in the behavioral deficits. 
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When neuronal organization was evaluated in post-mortem 

specimens from patients with ASDs, several deficits were observed in 

neuronal number and arrangement. Specifically, neuropathological 

abnormalities have been identified in the cerebellum and the limbic 

system. Findings in the cerebellum have shown that the number of 

Purkinje cells is significantly reduced in patients with ASD (Bauman and 

Kemper, 2003). In the limbic system, the amygdala, hippocampus, and 

entorhinal cortex have all demonstrated decreased neuronal size and 

number and increased neuronal density (Bauman and Kemper, 2003; 

Bauman and Kemper, 2005). Moreover, at the cortical level, dysfunction in 

mini-column organization and size has been observed (Casanova et al., 

2002a; Casanova et al., 2002b; Casanova et al., 2002c; Geschwind, 

2009). Since mini-columns—an intra-cortical, inter-layer, vertical alignment 

of neurons and their projections—are seen as the basic unit of cortical 

processing, it is reasonable to assume that perturbations in mini-column 

function will considerably affect circuit function. 

Although there have been many neuroanatomical observations in 

ASD cases, there is not, however, a single unifying phenotype. It is clear 

that deficits have been seen in many regions, especially the 

aforementioned frontal and anterior temporal lobes. However, the most 

likely situation is that similar to the heterogeneous clinical presentation of 
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ASDs, the neuropathology of ASDs is also variable. The most prudent 

continuation of this work, therefore, is to pursue an expansive study with a 

massive cohort. In this manner, a thorough description of the 

neuropathological course of ASDs may be achieved. 

 

ETIOLOGY 

Since autism was first described by Dr. Leo Kanner in 1943, there 

have been many theories about the etiology of ASDs. In 1959, the 

psychoanalyst Dr. Bruno Bettelheim reported his opinion that autism was 

simply a behavioral adaptation to parental rejection (Bettelheim, 1959; 

Bettelheim, 1967). It was not until 1977 that the first investigation into the 

heritability of autism was performed (Folstein and Rutter, 1977b). From 

that point, there have been major advances in our understanding of the 

genetics of ASDs. 

There is no question that ASDs are an extremely heritable group of 

diseases. Several lines of evidence have demonstrated the strong genetic 

component of ASDs. First, the genetic contribution to ASDs has been 

implicated from multiple twin concordance and family studies (Bailey et al., 

1995; Bolton et al., 1994; Folstein and Rutter, 1977a; Folstein and Rutter, 

1977b; Steffenburg et al., 1989). Considering the general category of 



7 

 

ASDs, twin concordance studies have shown heritability to be as high as 

0.9 for monozygotic twins. Furthermore, there is a significant gender 

preference as male to female prevalence is 4:1 (Abrahams and 

Geschwind, 2008). Thirdly, siblings of autistic children have a relative risk 

25-fold over the normal population prevalence (Zhao et al., 2007). With 

the multitude of evidence suggesting the highly heritable nature of ASDs, 

the focus has now shifted toward identifying candidate genes. 

The first evidence of specific candidate genes for ASDs was 

identified in genetically defined syndromes where ASDs were observed as 

comorbidities (Table 1) (Abrahams and Geschwind, 2008; Kelleher and 

Bear, 2008). In patients with Fragile X syndrome, ASDs were seen in 

upwards of 1/3 of all patients. The fact that ASDs were not observed in all 

of those diagnosed with Fragile X syndrome is indicative of several points. 

First, there must be some individual susceptibility to explain why only a 

fraction of patients with Fragile X additionally present with ASDs. 

Secondly, the affected gene(s) in ASD-related syndromes should 

converge on an ASD-related molecular pathway. Lastly, the boon of these 

genetic models is that much is known about the function of the deleterious 

gene, and therefore this knowledge may be used to elucidate our 

understanding of ASD pathogenesis. 
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The syndromic forms of ASDs, however, only comprise a minority (<15%) 

of the total number of cases of ASDs. For this reason, much research has 

been pursued to identify additional genes linked to ASDs. 

The search for candidate genes responsible for idiopathic ASDs 

has taken several routes. First reports of cytogenetic abnormalities were 

promising for the contribution of rare variants in ASD pathogenesis 

(Vorstman et al., 2006). More recently, the characterization of copy 

number variations (CNVs), both de novo and inherited, has been pursued. 

Work by several groups has demonstrated that de novo CNVs can be a 

significant cause of ASDs (as much as 10%) (Jacquemont et al., 2006; 

Marshall et al., 2008; Sebat et al., 2007). Studies looking at recurrent 

CNVs have identified several common abnormalities: duplication of 

chromosome 15q11, deletion of 16p11, and deletion of 22q11 (Table 1) 

(Geschwind, 2009; Jacquemont et al., 2006; Marshall et al., 2008; 

Szatmari et al., 2007). The importance of these findings is that each of 

these recurrent CNVs is estimated to account for 0.5-1% of ASD cases. 

Moreover, each of these CNVs is useful as they are likely to contain 

specific ASD candidate gene(s) within the CNV-disrupted region. It should 

be noted that linkage studies have also been performed, and identified a 

multitude of ASD risk loci, however, very few have been confirmed as 

genome-wide significant (Freitag, 2007). Lastly, the search for specific 
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candidate genes has identified many rare ASD-linked mutations in genes 

involved in a variety of cellular processes (Fig. 1) (Abrahams and 

Geschwind, 2008).  

Overall, the search for genes/chromosomal regions responsible for 

ASD pathogenesis has been extremely informative. A number of 

candidates have been identified. The focus has now shifted toward 

characterizing the function of these candidates, as many of them have 

unknown functions. It seems likely, that with the continued identification of 

candidate genes and the characterization of their function, our 

understanding of the molecular pathogenesis of ASDs will be enhanced. 

 

AUTISM: A SYNAPTIC PATHOLOGY? 

The theory that ASDs are a disorder of synaptic pathology is based 

on several factors. The observation that ~30% of patients with ASD also 

have epilepsy led to the hypothesis that dysfunctions in synaptic 

transmission may be involved in ASD pathogenesis (Sudhof, 2008). In 

addition, the identification of several synaptic cell-adhesion molecules 

(CAMs) and their interacting proteins as ASD-relevant candidate genes 

furthered this opinion (Table 2) (Betancur et al., 2009; Durand et al., 2007; 

Laumonnier et al., 2004; Moessner et al., 2007; Sudhof, 2008; Szatmari et 
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al., 2007; Yan et al., 2008; Yan et al., 2005). The second part of this 

introduction will review the ASD-relevance of two of these synaptic CAMs, 

neurexins and neuroligins, as well as the synaptic function of these 

molecules. 

 

NEUREXIN AND NEUROLIGIN IN ASDs 

Genetic analyses of families with ASDs have identified mutations in 

both neurexins (Nrxn) and neuroligins (NL) (Feng et al., 2006; Jamain et 

al., 2003; Kim et al., 2008a; Laumonnier et al., 2004; Marshall et al., 2008; 

Szatmari et al., 2007; Talebizadeh et al., 2006; Yan et al., 2008; Yan et 

al., 2005; Zahir et al., 2008). In particular, mutations have been identified 

in the Nrxn-1, NL-3, and NL-4 isoforms (Table 2). 

A number of disruptions have been observed in the neurexin1 

gene, in patients with ASDs and other neuropsychiatric disorders (i.e. 

schizophrenia), as well as healthy carriers (Jacquemont et al., 2006; Kim 

et al., 2008a; Rujescu et al., 2009; Yan et al., 2008). Specifically, seven 

point mutations, two translocation events, and four internal deletions in the 

neurexin1 gene have been observed in patients with ASDs (Feng et al., 

2006; Kim et al., 2008a; Marshall et al., 2008; Szatmari et al., 2007; Yan 

et al., 2008; Zahir et al., 2008). What is important to mention, however, is 
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that CNVs and chromosomal abnormalities in the neurexin1 gene have 

also been identified in patients with schizophrenia (Rujescu et al., 2009). It 

is therefore interesting to speculate that the identification of neurexin1 as a 

candidate gene for both ASDs and schizophrenia suggests an overlap in 

the pathogenesis of these diseases. 

Mutations in neuroligins have also been identified in families with 

ASDs (Jamain et al., 2003; Laumonnier et al., 2004; Szatmari et al., 2007; 

Talebizadeh et al., 2006; Yan et al., 2005). A single nonsense mutation in 

NL3, the arginine to cysteine substitution at position 451 (R451C), was 

identified as the sole ASD-relevant mutation in NL3 (Jamain et al., 2003). 

Interestingly, one family possessed this mutation: one brother had 

classical autism; one brother had Asperger’s syndrome; and the mother, 

hemizygous for the mutation, had no clinical deficits. The NL3 R451C 

substitution has been shown in cell culture to result, predominately, in the 

retention of the protein in the endoplasmic reticulum {Chih, 2004 #422; 

Chubykin, 2005 #424; Comoletti, 2004 #337; Levinson, 2005 #423. The 

protein that was not retained in the endoplasmic reticulum, however, was 

able to induce synapse formation.  

Regarding the NL4 gene, on the other hand, there is much more 

widespread evidence suggesting the involvement of NL4 in a host of 

neuropsychiatric diseases. In ASD studies, ten mutations have been 
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observed in total; two frameshifts, five missense mutations, and three 

internal deletions {Jamain, 2003 #335; Laumonnier, 2004 #326; Szatmari, 

2007 #313; Talebizadeh, 2006 #428; Yan, 2005 #304}. Additional studies 

have also found NL4 mutations in other neuropsychiatric disorders: 

including Tourette syndrome, attention deficit-hyperactivity disorder, 

mental retardation, anxiety, and depression (Lawson-Yuen et al., 2008; 

Marshall et al., 2008; Sudhof, 2008). 

In addition to the ASD-relevant mutations identified in the Nrxn-NL 

complex, mutations have also been identified in the NL-associated protein 

Shank3 (Durand et al., 2007; Moessner et al., 2007). Shank3 is an 

intracellular scaffolding protein that indirectly associates with neuroligins 

(Sheng and Hoogenraad, 2007). The evidence for the involvement of 

Shank3 in ASDs is abundant; 18 point mutations, several CNVs, and the 

fact that the Shank3 gene is situated in the recurrent CNV 22q13 

(Betancur et al., 2009; Durand et al., 2007; Moessner et al., 2007). The 

current estimates have 0.5% of ASD cases being caused by pathogenic 

variants of Shank3 (Betancur et al., 2009). 

The numerous findings implicating the Nrxn-NL complex in ASD 

pathogenesis, as well as proteins associated with this complex, certainly 

strengthen the legitimacy of this hypothesis. In addition, it also supports 

hypotheses that perturbations in synapse formation/function, or at the very 
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least Nrx-NL complex function, may be major factors in ASD etiology. 

Thus, it is clear that an improved understanding of the synaptic function of 

these proteins will provide insight concerning the etiology and 

pathogenesis of autism.  

 

NEUREXIN AND NEUROLIGIN FUNCTION 

The neurexin and neuroligin protein families are trans-synaptic cell-

adhesion molecules, respectively pre- and post-synaptic, that are 

functional ligands for each other (Fig. 2) (Boucard et al., 2005; Ichtchenko 

et al., 1996; Ushkaryov et al., 1992; Yamagata et al., 2003). With the 

increasing amount of evidence linking these proteins to ASDs, there has 

subsequently been a major push to characterize the synaptic function of 

these molecules. 

The neurexin family consists of three genes each containing two 

independent promoters. In total there are thus 6 neurexin isoforms 

transcribed from 3 genes; the larger α-isoform, and the smaller, internally 

transcribed β-isoform (Rowen et al., 2002; Ushkaryov et al., 1994; 

Ushkaryov et al., 1992). The extracellular sequence of -neurexin consists 

of six laminin-neurexin-sex hormone-binding globulin [LNS] domains and 

three interspersed epidermal growth factor [EGF]-like domains (Fig. 2). 
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The smaller -neurexins only possess a single LNS domain in their 

extracellular sequence. Each neurexin molecule undergoes extensive 

alternative splicing. Ultimately, the five canonical splice sites (1-5) in -

neurexin and two (4 and 5) in -neurexin confer an enormous degree of 

variability in the potential number of different neurexin transcripts (Ullrich 

et al., 1995).  

Neuroligins possess five isoforms in humans, and relative to the 

neurexin family are alternatively spliced at two sites (A and B). NL1, 

however, is the only neuroligin to contain splice site B (Sudhof, 2008). The 

extracellular region of neuroligins is comprised of an esterase-homology 

domain. Similar to the splice sites of neurexin, the neuroligin splice sites 

do influence the affinity of the neurexin-neuroligin interaction (Boucard et 

al., 2005; Koehnke et al.). In neurexin, splice site 4 modulates neuroligin 

binding, and in neuroligin, the presence of splice site B decreases 

complex affinity and restricts neuroligin binding to β-neurexins (Boucard et 

al., 2005; Koehnke et al.). Furthermore, the neurexin-neuroligin protein 

interaction is calcium-dependent (Boucard et al., 2005). Thus, neurexin 

and neuroligins are intrinsically capable of modulating their interaction with 

each other. 

Informatively, the structure of the neurexin-neuroligin complex has 

been solved (Arac et al., 2007; Comoletti et al., 2008; Koehnke et al., 
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2008a; Koehnke et al., 2008b). The neurexin-neuroligin complex is a 

heterotetramer. Two neuroligin molecules dimerize to form a constitutive 

homo- or hetero-dimer. The neuroligin dimer then interacts with two 

individual neurexin monomers (Arac et al., 2007). Additionaly, the 

hypotheses concerning the splice site modulation of neurexin/neuroligin 

binding are rationalized by the proximity of the splice sites to the binding 

interface. Based on this evidence, the neurexin-neuroligin complex 

represents a splice site-dependent, calcium-dependent transcellular 

protein-protein interaction. 

Of interest, recently, multiple new ligands for neurexins have been 

identified. These new ligands include two protein families: leucine-rich 

repeat transmembrane proteins (LRRTM) and cerebellin 1 precursor 

protein (Cbln1). The neurexin-LRRTM protein interaction is comparable to 

the neurexin-NL protein interaction in that it is calcium-dependent and 

impaired by the presence of splice site 4 in neurexin (de Wit et al., 2009; 

Ko et al., 2009a; Siddiqui et al.). The binding of neurexins to Cbln1, in 

contrast, only occurs in neurexin with splice site 4 present (Uemura et al.). 

In addition to these newly discovered neurexin ligands, neurexins also 

bind dystroglycan, neurexophilins, and GABA-receptors (Missler et al., 

1998; Petrenko et al., 1996; Sugita et al., 2001; Zhang et al.). Clearly, the 

identification of novel ligands for neurexins and the significance of 
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neurexin alternative splicing are of great interest as efforts are made to 

unravel neurexin function. 

 The synaptic function of neurexins, although unclear, has been 

evaluated with many approaches. In vivo functional studies of α-neurexin 

knockout (KO) mice demonstrated dramatic reductions in evoked and 

spontaneous neurotransmitter release at excitatory and inhibitory 

synapses (Missler et al., 2003). Furthermore, the dramatic decrease in 

neurotransmission observed in the triple KO was accompanied by only a 

moderate decrease in density of symmetric synapses (Missler et al., 

2003). This observation would seem to indicate that neurexins modulate 

synaptic function, and not simply synapse formation. 

β-neurexins have also been shown to be involved in synaptic 

function. In vitro studies demonstrated β-neurexin induces synaptic 

specialization in inhibitory and excitatory synapses, both pre- and post-

synaptically (Graf et al., 2004; Scheiffele et al., 2000). Cell culture studies 

also appeared to demonstrate selectively specific effects as exogenous α-

neurexin decreased inhibitory synaptic markers and β-neurexin showed 

differential effects for interfering with inhibitory versus excitatory synapses 

depending on the presence of splice site 4 (Chih et al., 2006; Levinson et 

al., 2005). Overall, it seems evident that neurexins play a role in synaptic 
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function/specialization; however an expanded in vivo analysis is 

necessary for clarification of this role. 

 Like neurexins, neuroligins have also been shown to play an 

essential role in neuronal synaptic function and mouse survival. Deletion 

of all three neuroligins in mice, like neurexin, showed impairments in 

neurotransmitter release/synaptic function, but little change in synapse 

number or density (Varoqueaux et al., 2006). Moreover, when single KOs 

were analyzed for NL1 and NL2, selective impairments in excitatory and 

inhibitory neurotransmission were observed, respectively (Chubykin et al., 

2007). This is consistent with previous findings that NL1 is selectively 

localized to excitatory synapses while NL2 is present at inhibitory 

synapses (Graf et al., 2004; Song et al., 1999; Varoqueaux et al., 2004). 

NL3, however, is present at excitatory and inhibitory synapses (Budreck 

and Scheiffele, 2007). Transfection studies of overexpressed neuroligins 

also supported the hypothesis that neuroligins are involved in synaptic 

function as several studies showed an increase in synaptic markers from 

neuroligin overexpression (Boucard et al., 2005; Futai et al., 2007; Ko et 

al., 2009b; Levinson et al., 2005; Prange et al., 2004). It is evident from 

the in vivo studies that neuroligins affect synaptic function. Inconsistent 

with the transfection studies, however, is the absence of any major defect 

in synapse formation in the neuroligin triple KO (Varoqueaux et al., 2006).  
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 The majority of the literature regarding neurexin and neuroligin in 

vivo synaptic function indicates that these molecules predominately affect 

synapse function and not formation. What has yet to be thoroughly 

evaluated, however, is how the identified ASD mutations in neurexin and 

neuroligin affect the function of these molecules and, ultimately contribute 

to ASD pathogenesis. My thesis attempts to address these questions for 

several ASD mutations in three parts: first, do the mutations in neurexin 

and neuroligin alter the function of these molecules; second, do mouse 

models for these mutations exemplify any characteristics of humans with 

ASDs?; third, what information can we glean about the normal in vivo 

function of neurexin and neuroligin from these ASD mutations. In Chapter 

2 of my thesis, I first characterize the effects on synaptic transmission and 

autism-relevant behaviors of a mouse model for deletion of neurexin-1α. 

Chapter 3 performs a similar analysis of the only ASD mutation identified 

in NL3, the R451C knockin mouse, with behavior and synaptic 

transmission evaluated. In Chapter 4, I pursue a more in depth 

characterization of the NL3 R451C effects on excitatory synaptic 

transmission and synaptic morphology. Chapter 5 characterizes the 

effects on synaptic transmission of the only mutation identified in the 

cytoplasmic domain of NL4. Lastly, the final chapter of my thesis 

concludes with a discussion of how my findings have impacted the field of 
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autism and synaptic CAMs research, the limitations of my approach, and 

the future studies essential for unraveling the role of synaptic CAMs in 

ASD pathogenesis. 
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Table 1-1: ASD-related Syndromes 
 

Syndrome Gene Rate of 
Autism 

Rate in 
Autism 

Fragile X syndrome FMR1 15-30% 1-2% 

Tuberous sclerosis TSC1/2 20% 1% 

15q duplication Unknown High 1-2% 

Rett syndrome MECP2 100% 1% 

Angelman syndrome UBE3A 40% 1% 

16p11 deletion Unknown High 1% 

22q deletion Unknown High 1% 

Cortical dysplasia-
focal epilepsy 
syndrome 

CNTNAP2 70% Rare 

Joubert syndrome Multiple 
loci 

25% Rare 

Potocki-Lupski 
syndrome 

Chr. 17p11 90% Unknown 

Timothy syndrome CACNA1C 60% <1% 

Smith-Lemli-Optiz 
syndrome 

DHCR7 50% Rare 

Neurofibromatosis 
type 1 

NF1 4% 0-4% 

PTEN hamartoma 
syndrome 

PTEN Unknown <1% 

 
Modified (Abrahams and Geschwind, 2008; Kelleher and Bear, 2008). 
 



21 

 

Table 1-2: ASD-relevant synaptic cell-adhesion molecules and 

related proteins  

 

Name Phenotype Function 

Cadherin 9/cadherin 10 ASD CAM 

Cadherin 15 Intellectual disability CAM 

Cadherin 18 ASD CAM 

Contactin 3 ASD CAM 

Contactin 4 ASD, intellectual disability CAM 

Contactin-associated 

protein 2 

ASD, schizophrenia, epilepsy, 

Tourette syndrome 

CAM 

Kin of IRRE like 3 Intellectual disability CAM 

L1 CAM Syndromic intellectual 

disability 

CAM 

Neuroligin 3 ASD CAM 

Neuroligin 4 ASD, intellectual disability, 

Tourette syndrome, ADHD, 

anxiety, depression 

CAM 

NgCAM-related cell 

adhesion molecule 

ASD CAM 

Neurexin 1 ASD, schizophrenia CAM 

Protocadherin 9 ASD CAM 

Protocadherin 10 ASD CAM 

Protocadherin 19 Epilepsy, mental retardation CAM 

   

CASK Intellectual disability, brain 

malformation 

Scaffolding protein 

and kinase 

SHANK3 22q13 deletion syndrome, ASD Scaffolding protein 

CDK-5 regulatory 

 subunit 1 

Non-syndromic intellectual 

disability 

Kinase 

Discs large homolog 1 ASD, intellectual disability Scaffolding protein 

and kinase 

 

 

Modified (Betancur et al., 2009).
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Chapter 1 Figures 

Figure 1-1 
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Figure 1-1: Genetic loci suggested in ASD pathogenesis.  

Top: Ideograms of individual chromosomes, with ASD-implicated loci 

marked on left of each chromosome. 

Bottom: Table of loci implicated in ASD pathogenesis. Chromosomal 

location, specific gene, and type of perturbation are included in the table. 

 

Figure taken from Abrahams and Geschwind 2008 (Abrahams and 

Geschwind, 2008). 
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Figure 1-2 
 

 

A 

B 

C 
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Figure 1-2: Neurexin and neuroligin at the synapse.  

A) Model of an excitatory synapse and the potential subcellular 

localization of neurexin and neuroligin. 

B) Neurexin and neuroligin are trans-synaptic ligands that additionally bind 

to intracellular scaffolding molecules. 

C) Neurexin and neuroligin are alternatively spliced. -neurexins contain 5 

putative splice sites. -neurexins contain two splices sites. All neuroligins 

have splice site A, however only NL1 has splice site B. 

L: laminin-neurexin-sex hormone-binding globulin [LNS] domains; E: 

epidermal growth factor [EGF]-like domains 

 

Modified (Sudhof, 2008). 
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Chapter 2  

 

 

Mouse Neurexin-1α Deletion Causes Correlated Electrophysiological 

and Behavioral Changes Consistent with Cognitive Impairments 

 

 

 

Mark R. Etherton, Cory Blaiss, Craig M. Powell, and Thomas C. Südhof 

 

 

 

 

Contributions: I performed all electrophysiology recordings. Behavioral 

analyses were done in the lab of Craig Powell. 
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ABSTRACT 

Deletions in the neurexin-1 gene were identified in unbiased large 

scale screens for copy-number-variations in patients with autism or 

schizophrenia. To explore the underlying biology, we have studied the 

electrophysiological and behavioral phenotype of mice lacking neurexin-

1. Hippocampal slice physiology uncovered a selective defect in 

excitatory synaptic strength in neurexin-1 deficient mice. This defect 

manifests as a decrease in miniature excitatory postsynaptic current 

frequency and in the input-output relation of evoked excitatory post-

synaptic potentials. Moreover, this change was specific for excitatory 

synaptic transmission, as no change in inhibitory synaptic transmission 

was observed. Behavioral studies revealed that compared to littermate 

control mice, neurexin-1 deficient mice display a decrease in prepulse 

inhibition, an increase in grooming behaviors, an impairment in nest-

building activity, and an improvement in motor learning as measured on a 

rotarod. However, neurexin-1 deficient mice do not exhibit obvious 

changes in social behaviors or in spatial learning. Viewed together, these 

data indicate that the neurexin-1 deficiency induces a discrete neural 

phenotype whose extent correlates with the impairment observed in 
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human patients, although it remains unclear whether their various 

symptomatic features are correlated or distinct. 

 

INTRODUCTION 

Neurexins are neuronal cell-surface proteins that were identified as 

receptors for -latrotoxin, a presynaptic toxin that triggers massive 

neurotransmitter release (Ichtchenko et al., 1995; Ushkaryov et al., 1994; 

Ushkaryov et al., 1992; Ushkaryov and Sudhof, 1993. Neurexins are 

largely presynaptic proteins that form a trans-synaptic cell-adhesion 

complex with postsynaptic neuroligins {Ichtchenko, 1996 #9). Vertebrates 

express three neurexin genes, each of which includes two promoters that 

direct the synthesis of the longer -neurexins, and the shorter -neurexins 

(Tabuchi and Sudhof, 2002). -Neurexins contain six extracellular LNS-

domains (for laminin/neurexin/sex-hormone binding globulin) and three 

interspersed EGF-like sequences. The smaller -neurexins, on the other 

hand, contain only the sixth LNS-domain of -neurexins, preceded by a 

unique short sequence (5). Following the C-terminal LNS-domain (which is 

the sixth LNS-domain in -neurexins, and the only LNS-domain in -

neurexins), both - and -neurexins include an O-glycosylation sequence, 

a single transmembrane region, and a short cytoplasmic tail. Neurexins 
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are expressed in all neurons, and are subject to extensive alternative 

splicing, generating more than 1,000 splice variants, some of which exhibit 

highly regulated developmental and spatial expression patterns (Ullrich et 

al., 1995).  

 

The properties of neurexins prompted the hypothesis that they 

function as synaptic recognition molecules (Ushkaryov et al., 1992), and 

mediate trans-synaptic interactions via binding to neuroligins (Ichtchenko 

et al., 1995). Deletion of all three -neurexins in mice supports this overall 

concept, in that -neurexin triple KO mice exhibit major impairments in 

synaptic transmission that manifest largely, but not exclusively, as 

presynaptic changes (Dudanova et al., 2006; Kattenstroth et al., 2004; 

Missler et al., 2003; Sons et al., 2006; Zhang et al., 2005). These changes 

include a defect in presynaptic calcium-channel function, a decrease in 

release probability, and changes in short-term plasticity (Kattenstroth et 

al., 2004; Missler et al., 2003; Sons et al., 2006). Importantly, -neurexin 

KO mice do not display, even as triple KO mice, a major decrease in the 

number of excitatory synapses, and only a moderate decrease in inhibitory 

synapses (Dudanova et al., 2006; Missler et al., 2003). Thus, neurexins 

appear to be essential components of synaptic function whose roles 

extend to several different components of synapses. 
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In recent years, enormous progress in human genetics has led to 

the identification of multiple genes that are linked to cognitive diseases, 

such as autism-spectrum disorders (ASDs) and schizophrenia. 

Interestingly, copy-number variations in the part of the neurexin-1 gene 

encoding neurexin-1 (but not in the parts encoding 1-specific or 

common sequences of the neurexin-1 gene) were repeatedly observed in 

patients with ASDs (Kim et al., 2008a; Szatmari et al., 2007) (Sebat et al., 

2007; Yan et al., 2008; Yan et al., 2005) (Bucan et al., 2009; Glessner et 

al., 2009; Marshall et al., 2008; Zahir et al., 2008) and schizophrenia 

(Kirov et al., 2008; Rujescu et al., 2009; Walsh et al., 2008). Although the 

occurrence of neurexin-1 gene deletions in ASDs is infrequent, it is not 

rare, accounting for 0.5% of all cases (Glessner et al., 2009). For highly 

prevalent disorders like ASDs, this incidence amounts to thousands of 

patients with neurexin-1 deletions. Thus, understanding the biology of 

neurexin-1 and its role in the pathogenesis of ASDs and schizophrenia -

assumes added importance.  

 

Since neurexin-1 KO mice are viable and fertile, they were 

thought to have a phenotype too mild for productive investigation, and 

were never separately analyzed. In view of the human clinical genetics 
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data, we have now performed an in-depth analysis of the synaptic 

phenotype produced by the neurexin-1 deletion in mice, and examined 

the behavioral consequences of this deletion. Based on the viability of 

neurexin-1 KO mice and on the human condition, we expected a limited 

phenotype without incapacitating impairments. Our data show that 

neurexin-1 KO mice exhibit a discrete but significant electrophysiological 

phenotype that is associated with pervasive behavioral abnormalities, 

which in turn are suggestive of some features of cognitive diseases. 

 

METHODS 

Electrophysiology  

Acute slice physiology was performed essentially as described 

(Tabuchi et al., 2007). Acute hippocampal slices were prepared for 

extracellular (0.4 mm) and whole-cell (0.3 mm) recordings (Blundell et al.). 

Extracellular field recordings were performed with a patch pipette (2-3 

MΩ) filled with ACSF, positioned in the stratum radiatum of the CA1 region 

of the hippocampus; a concentric, bipolar stimulating electrode was placed 

nearby (Fig. 2). Excitatory synaptic events were measured in the presence 

of 50 M picrotoxin, and inhibitory events in the presence of 20 M CNQX 

and 50 M APV. All mini recordings were performed in the presence of 0.5 
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M TTX (Fig. 1). Same-cell spontaneous miniature excitatory and 

inhibitory events were recorded without pharmacological blockers except 

for 0.5 M TTX as described (Dani et al., 2005). Statistical significance of 

data was evaluated using a Student's t test (for pairwise comparisons) or a 

Kolmogorov–Smirnov test (for cumulative probability plots). All 

experiments and analyses were conducted with the experimenter blind to 

the genotype. For detailed information, see Supplementary Materials. 

 

Behavioral Overview 

All mice tested were sex-matched, littermate progeny of matings 

between mice that were heterozygous for the neurexin-1 KO alleles, and 

purposely maintained on a hybrid SV129/C57 black6 background to avoid 

artifactual phenotypes caused by background mutations in homozygous 

inbred strains. Behavioral tests were performed on a single cohort of 20 

age- and sex-matched littermate mice (8 female and 12 male pairs). All 

mice were born within 10 weeks of each other, and tested at 2 to just over 

6 months of age. All mice were group housed in cages of 2-4 mice, with 

ad lib food and water (except as noted). Mice were kept on a 12 hr 

light/dark cycle with lights on at 7 am, and behavioral testing was 

conducted during the light cycle. All behavioral testing was conducted by 

experimenters blind to genotype. Less stressful behaviors were tested 
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before more stressful behaviors in the following order: elevated plus maze, 

open field, locomotor activity (short-term locomotor habituation), grooming, 

social interaction with a juvenile (social learning), reciprocal social 

interaction with an adult conspecific, social interaction with an adult caged 

conspecific, 3-box social vs. inanimate preference test, rotarod, locomotor 

habituation in the open field (long-term locomotor habituation), interaction 

with pheromones, olfactory food finding, prepulse inhibition, startle 

reactivity, Morris water maze, visible water maze, and nesting behavior. 

Mice were transported from their housing room and allowed to habituate 

next to the behavioral testing room for at least 1 hr before testing. The 

weight of all mice was measured after the completion of behavioral 

testing. More detailed information is supplied in the Supplementary Online 

Materials. 

 

Prepulse inhibition and startle reactivity  

Prepulse inhibition and startle reactivity were conducted as 

described (Kwon et al., 2006). The prepulse inhibition (PPI) test began 

with 6 presentations of a 120 dB pulse to calculate the initial startle 

response (Fig. 3A). Afterwards, 5 trial types were presented in 

pseudorandom order: Pulse alone (120 dB), 3 different Prepulse/Pulse 

pairings (prepulses at 4, 8, or 16 dB above a background noise level of 70 
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dB, followed by a 120 dB pulse with a 100 msec onset-onset interval), and 

No Stimulus (Geyer and Dulawa, 2003). For the startle reactivity test, 8 

presentations of six trial types were presented in pseudorandom order: No 

Stimulus, 80 dB pulse, 90 dB pulse, 100 dB pulse, 110 dB pulse, and 120 

dB pulse (Fig. 3B). For each trial type, the mean startle amplitudes for 

each individual presentation were averaged together.  

 

Grooming Behavior 

Self-grooming behavior was measured essentially as described 

(McFarlane et al., 2008; Yang et al., 2007). Mice were placed in an empty 

cage without bedding and allowed to habituate for 10 min in red light. 

Then, grooming of all body regions was observed for 10 min by a trained 

observer with a stopwatch. The total time spent grooming (Fig. 4A) and 

the number of grooming bouts (grooming events separated by at least 1 

sec; (Fig. 4B) was recorded, and the time spent grooming per bout was 

calculated (Fig. 4C). 

 

Social Behavior 

A range of social interaction tests were performed as described 

(Kogan et al., 2000; Kwon et al., 2006; Tabuchi et al., 2007), and 

explained in detail in the supplementary methods. These tests included 



35 

 

interactions of free-moving and caged mice, and measurements of 

preferences for novel unfamiliar mice vs. inanimate objects (Fig. 5).  

 

Nesting Behavior  

Before examining nesting behavior, mice were placed in an empty 

cage and allowed to habituate to the new environment for 15 minutes. A 5 

cm x 5 cm square of pressed cotton material (NestletTM; Ancare, Bellmore, 

NY) was then placed in a random corner of the cage. After 30, 60, and 90 

minutes, the width of the resulting nest was measured, and the original 

width of the nest was subtracted from this measurement to determine the 

increase in nest width (Fig. 6A). At the same time points, the height of the 

resulting nest was also measured, and the original height of the nest was 

subtracted from this measurement to determine the increase in nest height 

(Fig. 6B).  

 

Anxiety-Like Behaviors  

The open field and elevated plus maze tests were performed 

essentially as described (Powell et al., 2004; Tabuchi et al., 2007) except 

that behavior was recorded by Topscan videotracking software (Version 

2.0, CleverSys, Inc., Reston, VA; Suppl. Fig. 1).  
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Locomotor Activity and Habituation Behaviors 

Experiments were performed in open field or a novel empty cage 

(Suppl. Fig. 1).  

 

Morris water maze 

Morris water maze was conducted as described (Powell et al., 

2004; Tabuchi et al., 2007), except that mice were given two blocks of 

training per day, one in the morning and one in the afternoon (Suppl. Fig. 

2A-D).  

 

Rotarod 

The accelerating rotarod test was conducted essentially as 

described (Powell et al., 2004; Tabuchi et al., 2007) except that 4 trials per 

day (with a 45-60 min inter-trial interval) were conducted over 3 days. For 

the first 10 trials, the rotarod accelerated from 4-45 revolutions/min in 300 

sec (Fig. 7A). For the last 2 trials, the rotarod accelerated from 4-45 

revolutions/min in 60 sec (Fig. 7B). The time to either fall off the rod or turn 

one full revolution was measured.  

 

Statistical Analysis 
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All statistical analysis of behavioral data was conducted using 

Statistica software (Version 5.5, StatSoft, Inc., Tulsa, OK) using either 2-

way ANOVAs or 3-way repeated measures ANOVAs, as appropriate.  

 

RESULTS 

Deletion of neurexin-1 reduces spontaneous excitatory synaptic 

transmission.  

We first employed whole-cell voltage-clamp recordings to measure 

spontaneous miniature excitatory and inhibitory postsynaptic currents 

(mEPSCs and mIPSCs, respectively) in hippocampal CA1 pyramidal 

neurons in the presence of tetrodotoxin (TTX; Fig. 1A-1C). Neurexin-1 

KO mice exhibited a significant, and selective, decrease in mEPSC 

frequency without a change in mIPSC frequency, indicating a potential 

impairment in excitatory synaptic transmission or excitatory synapse 

number (Fig. 1B). Moreover, no change in the mEPSC or mIPSC 

amplitude was observed, which suggests that deletion of neurexin-1 did 

not alter the quantal size or post-synaptic receptor numbers (Fig.1C).  

 

To further test the effect of neurexin-1 deletion on spontaneous 

neurotransmission, we assessed the excitatory/inhibitory balance of 
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individual neurons in the CA1 region of the hippocampus. Specifically, we 

used whole-cell voltage-clamp recordings to monitor spontaneous minis in 

the same neuron, both at the chloride-reversal potential (-60 mV; to 

measure mEPSCs) and at the glutamatergic current reversal potential (0 

mV; to measure mIPSCs) in artificial cerebrospinal fluid containing only 

tetrodotoxin (TTX). Using this approach (Figs. 1D-1F), we confirmed that 

neurexin-1 KO neurons exhibited a reduced mEPSC frequency that 

resulted in a shift in the excitatory/inhibitory balance of individual CA1 

pyramidal neurons to favor decreased excitatory input. In summary, these 

findings suggest that deletion of neurexin-1 impairs excitatory synaptic 

transmission in the hippocampus. 

 

Neurexin-1 KO mice exhibit decreased evoked excitatory synaptic 

strength in area CA1 of the hippocampus.  

To test whether the decreased mEPSC frequency corresponds to a 

decrease in synaptic strength, we recorded evoked field excitatory 

postsynaptic potentials (fEPSPs) in acute slices from the CA1 region of 

the hippocampus. Consistent with the mEPSC findings, we observed a 

significant decrease in the input-output relationship of excitatory synaptic 

transmission in neurexin-1 KO slices (Figs. 2A-2C), suggesting that there 
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is a decrease in basal excitatory synaptic strength. Measurements of the 

fEPSP response to paired-stimuli at various inter-stimulus intervals 

showed that the paired-pulse ratio (fEPSP2/fEPSP1) was similar in 

neurexin-1 KO and wild-type control slices (Figs. 2F and 2G). In addition, 

we monitored the ratio of NMDA- and AMPA-receptor mediated synaptic 

currents. To measure the ratio of NMDA- vs. AMPA-receptor mediated 

synaptic currents, we performed whole-cell voltage-clamp recordings at a 

holding potential of -70 mV to measure evoked monosynaptic AMPA-

receptor mediated responses, and at a holding potential of +40 mV to 

measure NMDA-receptor mediated responses. For the latter, the 

amplitude 50 ms post-stimulus was used to avoid contamination with 

AMPA-receptor mediated currents. Again, we detected no abnormality in 

neurexin-1 KO mice, suggesting that the impairment in synaptic strength 

is not due to a postsynaptic receptor dependent mechanism. 

 

Neurexin-1 KO mouse behavior exhibits impaired prepulse 

inhibition.  

Since patients with both ASDs and schizophrenia display impaired 

prepulse inhibition (PPI; 26-28), we hypothesized that neurexin-1 KO 

mice may also have this phenotype. To test this hypothesis, we first 
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measured acoustic startle reactivity during initial presentations of a 120 dB 

auditory pulse (the baseline startle amplitude). Although there was a small 

trend towards more reactivity in neurexin-1 KO mice, the difference was 

not statistically significant (Fig. 3A). Thus, we monitored the acoustic 

startle reactivity in response to lower-intensity auditory stimuli (80-120 dB), 

and detected a small, but statistically significant, enhancement of the 

startle response to stimuli of 80-100 dB (Fig. 3B).  

 

In the next set of experiments, we measured actual PPI, which 

consists of the inhibition of the startle response induced by a 120 dB pulse 

preceded by a low-level acoustic stimulus (26-28). Compared to wild-type 

mice, neurexin-1 KO mice exhibited significantly decreased PPI at low 

prepulse levels (~45% decrease at 4 dB; Fig. 3B). This decrease in PPI 

was not due to a decrease in the startle response or acoustic perception 

since, as shown above, neurexin-1 KO mice were slightly more, and not 

less sensitive, to acoustic stimuli at lower levels (Fig. 3B). There was no 

difference in body mass between the genotypes (data not shown, p=0.66) 

that could confound the measurement of startle responses. The changes 

in PPI and startle threshold observed here, while non-specific, indicate 

impairments in sensorimotor gating (Geyer et al., 2002; Swerdlow et al., 
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2000), consistent with abnormal circuit function in the central nervous 

system of the neurexin-1 KO mice.  

 

Neurexin-1 KO mice exhibit increased repetitive grooming 

behaviors.  

Because "restricted repetitive and stereotyped patterns of behavior” 

are one of the core diagnostic criteria of autism (American Psychiatric 

Association., 2000), we next examined self-grooming, a stereotyped 

behavior in mice. Neurexin-1 KO mice spent almost twice as much time 

grooming themselves as littermate wild-type mice (Fig. 4A). This increase 

in total time spent grooming was due to a significant increase in the 

frequency of grooming bouts (Fig. 4B), with no difference in the time spent 

grooming per bout (Fig. 4C).  

 

Neurexin-1 KO mice display no abnormalities in social behaviors. 

Because impairments in social behaviors are a hallmark of ASDs 

(American Psychiatric Association., 2000) (Crawley, 2007; Kanner, 1968; 

Lord et al., 2000), we examined social behaviors and social learning in 

neurexin-1 KO mice. However, although we used four different social 
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interaction paradigms, we detected no abnormalities (Fig. 5). Specifically, 

in a test of social learning, mice were allowed to interact with a freely 

moving juvenile mouse, and then re-exposed to the same juvenile mouse 

3 days later. There was no difference between genotypes in the amount of 

time spent in social interactions, and mice of both genotypes spent less 

time interacting with the juvenile during the re-exposure compared to the 

initial exposure, indicating social learning (Fig. 5A). In a social vs. 

inanimate preference test, mice were exposed simultaneously to a social 

interaction target (an adult caged conspecific mouse) and an inanimate 

interaction target (an empty cage). Mice with both genotypes preferred 

social over inanimate interactions, and there was no difference between 

genotypes in the amount of time spent interacting with the targets (Fig. 

5B).  

 

In a second test of social interaction with an adult caged 

conspecific mouse, mice were first exposed to an inanimate interaction 

target (an empty cage), and then to a social interaction target (an adult 

caged conspecific mouse, as above). Although neurexin-1 KO mice did 

spend more time interacting with the inanimate target compared to wild-

type mice (Fig. 5C), there was no difference between genotypes in the 

amount of time spent interacting with the social target. In a test of 
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reciprocal social interaction with an adult, mice were allowed to interact 

with a freely moving adult conspecific mouse. The total amount of time 

that the experimental mice spent engaging in anogenital sniffing of the 

target mouse, sniffing of other body regions of the target mouse, 

aggressive grooming of the target mouse, passive receptive contact, and 

freezing was measured, and the frequency of escapes, chases (i.e. 

pursuits or follows), and wrestling/boxing behavior was also monitored. 

Again, there was no difference between genotypes in any of these 

behavioral measures (Figs. 5D and 5E). 

 

Since normal social interactions depend on successful detection of 

pheromones and other olfactory cues, it is important to note that olfaction 

was normal in both wild-type and neurexin-1 KO mice. In a test of 

pheromone perception, mice were exposed to a slide covered with the 

anogenital scent of a novel adult conspecific mouse, but again there was 

no difference between genotypes (data not shown; p=0.37). Additionally, 

during a buried food finding test, mice of the two genotypes displayed the 

same latency in finding a buried peanut butter cookie (data not shown, 

p=0.76). 

 



44 

 

Neurexin-1 KO mice exhibit impaired nest-building behaviors.  

 Although it is not an example of social interaction, nest building in 

rodents is relevant to social and/or parental behaviors (Lijam et al., 1997; 

Peripato and Cheverud, 2002). To examine nest-building behaviors, mice 

were given nesting material, and the dimensions of their nests were 

measured over 1.5 hrs. When the nest width was measured, neurexin-1 

KO mice showed a dramatic impairment in nest building compared to wild-

type mice (Fig. 6). Specifically, the width of nests built by wild-type mice 

increased three-fold over time, but the width of nests built by neurexin-1 

KO mice did not increase at all. The nest height, in contrast, was not 

significantly different between mice of the two genotypes (Fig. 6B). 

 

Neurexin-1 KO exhibit normal anxiety-like behaviors and locomotor 

activity.  

Since mice with a deletion of the post-synaptic neurexin-binding 

partner neuroligin-2 exhibit increased anxiety (Blundell et al., 2009), we 

examined anxiety-related behaviors in neurexin-1 KO mice, but detected 

no significant phenotype in two separate anxiety behavior tests and 

several tests of locomotor activity (Suppl. Figs. 1A-1F).  
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Neurexin-1 KO mice exhibit normal spatial learning and memory in 

the Morris water maze.  

Some ASD patients with neurexin-1 mutations have IQ levels low 

enough for the patients to be classified as mentally retarded (Kim et al., 

2008a). In addition, a dominant mutation in the post-synaptic neurexin-

binding partner neuroligin-3 (R451C) produces changes in spatial learning 

and memory in mice (Tabuchi et al., 2007). Therefore, we examined 

spatial learning and memory in the neurexin-1 KO mice in the Morris 

water maze experiment. However, using a variety of measurement 

parameters, we detected no major changes in neurexin-1 KO mice 

during either the Morris water maze experiment or a visible platform 

control task (Suppl. Fig. 2). 

 

Neurexin-1 KO mice exhibit enhanced motor learning on the 

rotarod.  

Because mice with a deletion of the post-synaptic neurexin-binding 

partner neuroligin-2 exhibit impaired motor coordination measured on the 

rotarod (Blundell et al., 2009), we next tested neurexin-1 KO mice in this 

task. A 3-way repeated measures ANOVA found that neurexin-1 KO 

mice stayed on the accelerating rotarod longer than wild-type mice (Fig. 
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7A). Neurexin-1 KO mice displayed normal motor coordination during the 

initial trials, but exhibited enhanced motor learning compared to wild-type 

mice as the trials continued. By the tenth trial, the neurexin-1 KO mice 

had become so proficient at the task that several of them were able to 

remain on the rotarod almost until it reached the maximum speed (Fig. 

7A). Therefore, to make the task more challenging for the neurexin-1 KO 

mice, we conducted two additional rotarod trials at a five times greater rate 

of acceleration. During these trials at the faster acceleration rate, 

neurexin-1 KO mice continued to remain on the rotarod significantly 

longer than wild-type mice (Fig. 7B). Thus, although neurexin-1 KO mice 

do not display changes in spatial learning, they exhibit an improved 

capacity for motor learning. 

 

DISCUSSION 

In the present study, we performed a parallel characterization of the 

electrophysiological and behavioral phenotype of neurexin-1 KO mice. 

We find that these mice exhibit a discrete electrophysiological phenotype, 

consistent with a network disruption that presents as a presynaptic loss of 

synaptic strength in excitatory synapses of the hippocampus (Figs. 1 and 

2). This result extends previous studies showing that -neurexin deletions 
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produce a primarily presynaptic phenotype (9). Interestingly, the decrease 

in the excitatory to inhibitory balance in the neurexin-1 KO mice is yet 

another example of decreased excitatory/inhibitory balance in a genetic 

mouse model relevant to autism (38,39). We also find that the neurexin-1 

KO mice display a distinct behavioral phenotype that is consistent in part 

with cognitive impairments observed in ASDs and schizophrenia, which 

have been associated with heterozygous deletions of neurexin-1 (Bucan 

et al., 2009; Glessner et al., 2009; Kim et al., 2008a; Kirov et al., 2008; 

Marshall et al., 2008; Rujescu et al., 2009; Sebat et al., 2007; Szatmari et 

al., 2007; Walsh et al., 2008; Yan et al., 2008; Zahir et al., 2008). 

Moreover, the moderate extent of the phenotype we observe is in 

agreement with the viability of neurexin-1 KO mice, the fact that other -

neurexins are still expressed in neurexin-1 KO mice, and the observation 

that human patients containing a heterozygous deletion of neurexin-1 are 

overall functional (14-24). Although the phenotype of the neurexin-1 KO 

mice is limited, it should be noted that some of the changes we observed 

are quite dramatic, as discussed below. 

 

The neurexin-1 KO mice showed normal anxiety-related behaviors, 

locomotor activity, and spatial learning and memory. Their motor learning 
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abilities were significantly enhanced. As measured on the accelerating 

rotarod, the KO mice learned to stay on the rod at high rotation speeds 

faster than littermate wild-type control mice. Thus, the neurexin-1 KO 

mice are not globally impaired; if anything, they appear rather normal in 

these measures of mouse behavior. On the background of this apparent 

normality, the three major behavioral impairments that we observed are 

remarkable:  

 

1. We detected a large increase in repetitive grooming behaviors, 

indicating an abnormality with face validity to one of the three major 

symptom domains relevant to autism (American Psychiatric 

Association., 2000).  

2. We measured a decrease in PPI, suggesting impaired sensorimotor 

gating. From a schizophrenia standpoint, this is an intriguing finding 

because several studies have demonstrated impaired PPI in human 

patients with schizophrenia (Braff et al., 1978; Braff et al., 2001; 

Braff et al., 1992; Grillon et al., 1992).  Similarly, impaired auditory 

PPI has been demonstrated in autistic patients (McAlonan et al., 

2002; Perry et al., 2007).  

3. We found an impairment in nest-building behaviors; the neurexin-

1 KO mice, despite their able motor-coordination, did not expand 
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the size of their nest. Although not straightforward to interpret, this 

impairment is consistent with discrete changes in organized 

behavior without an overall loss of brain performance.  

 

We were surprised; however, that neurexin-1 KO and wild-type mice 

exhibited virtually identical social behaviors in a number of tasks. Since 

impairments in social interactions are a core symptom of ASDs, neurexin-

1 KO mice are of limited value as a mouse model for social dysfunction 

in ASDs, but they might prove useful to better understand the mechanisms 

underlying abnormalities in repetitive behavior that are associated with 

autism and ASDs (and possibly with obsessive/compulsive disorder). 

Moreover, neurexin-1 KO mice may be useful as a mouse model for 

sensorimotor gating deficits in schizophrenia, considering the utility of the 

PPI phenotype as a high throughput assay for testing therapeutic efficacy 

of model drugs in schizophrenics. 

 

One of the biggest problems in modern neuroscience is to relate a 

behavior or a behavioral change to a particular synaptic event. Major 

progress has been made in this respect in the acquisition of declarative 

memory via the hippocampus, where long-term synaptic plasticity has 

been convincingly implicated (Kandel, 2001), and a vast amount of 
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information exists about what brain areas are particularly involved in 

specific behaviors (Hyman, 2007). For most behaviors, however, no 

information is available about the synaptic events that are involved. It is 

thus not surprising that there is a huge gap between behavioral and 

electrophysiological observations in mutant mice. Specifically, mutant 

mice frequently exhibit large behavioral changes that are difficult to relate 

to specific electrophysiological changes, and vice versa. Moreover, and 

maybe even more importantly, many mice carrying mutations that are 

linked to a particular disease in humans exhibit only parts of the disease 

phenotype, as observed for Rett syndrome, fragile X-syndrome, 

Alzheimer's disease, and Parkinson's disease mice (e.g., (Beglopoulos 

and Shen, 2004; Moore and Dawson, 2008; Wong et al., 2002)). Needless 

to say, this problem is particularly challenging for cognitive diseases 

because many of their symptoms, e.g., the language disabilities in ASD 

patients or the hallucinations in schizophrenia patients, cannot even be 

tested in mice. In view of these limitations, painstakingly careful 

characterizations of electrophysiological and behavioral phenotypes of 

mouse models for human disorders assume an increased importance, 

even if a precise correlation between mouse models and human patients 

cannot be achieved.  
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Chapter 2 Figures 

Figure 2-1 

 



52 

 

Figure 2-1: Neurexin-1 KO mice exhibit a reduced mEPSC frequency 

in the CA1 region of the hippocampus 

A) Representative traces of miniature excitatory (left) and inhibitory (right) 

postsynaptic currents (mEPSCs and mIPSCs, respectively) recorded in 

hippocampal CA1 pyramidal neurons in the presence of 0.5 M TTX with 

a high-chloride (mIPSCs) or methanesulfonate (mEPSCs) based internal 

pipette solution. 

B, C) Cumulative distributions of the inter-event intervals (B) and 

amplitudes (C) of mEPSCs (left; wild-type, 3 mice/9 cells; KO, 3 mice/9 

cells) and mIPSCs (right; wild-type, 3 mice/11 cells; KO, 3 mice/9 cells). 

Statistical significance was assessed with a Kolmogorov–Smirnov test 

(**=p<0.01). 

D) Sequential measurements of the frequency (left) and amplitudes (right) 

of mEPSCs (monitored at -60 mV holding potential in voltage-clamp) and 

mIPSCs (monitored at 0 mV) in the same pyramidal neuron of the CA1 

region of the hippocampus (wild-type, 3 mice/8 cells; KO 3 mice/8 cells). 

Recordings were obtained with a modified methanesulfonate internal 

pipette solution. Representative traces are depicted on top, and summary 

plots with each cell represented by a dot on the bottom. Means ± SEMs 

are indicated by the cross symbols; statistical significance was evaluated 

with Student’s t-test(*=p<0.05; n.s. = non-significant).  
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Figure 2-2 
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Figure 2-2: Neurexin-1 KO mice exhibit a decrease in excitatory 

synaptic strength in the CA1 region of the hippocampus 

A) Sample traces for extracellular field EPSP recordings performed in 

stratum radiatum of CA1 region of hippocampus.  

B) Summary graph of input-output measurements. The slope of the fEPSP 

is plotted as a function of the fiber-volley amplitude (wild-type, 3 mice/9 

slices; KO, 3 mice/8 slices). Linear fit slopes were calculated for wild-type 

(4.815 +/- 0.285) and KO (3.616 +/- 0.296) slices and were significantly 

different (p = 0.011, unpaired Student’s t-test).  

C) Summary graph of linear fit slopes for wild-type and KO input-output 

curves.  

D, E) Sample traces and summary graph for whole-cell voltage clamp 

recordings of NMDA/AMPA ratio in CA1 pyramidal neurons (wild-type, 3 

mice/6 cells; KO 3 mice/8 cells).  

F,G) Sample traces and summary graph for paired-pulse facilitation 

measurements (fEPSP2/fEPSP1) recorded at various interstimulus 

intervals (wild-type, 3 mice/9 slices; KO, 3 mice/6 slices). Data represent 

means +/- SEM. 
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Figure 2-3 
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Figure 2-3: Neurexin-1 KO mice exhibit impaired prepulse inhibition 

A) Initial startle response, measured as the mean startle amplitude to a 

120 dB pulse (repeated 6 times). 

B) Startle reactivity measurements, monitored in response to 8 

presentations of the following six trial types (presented in pseudorandom 

order): No Stimulus, 80 dB pulse, 90 dB pulse, 100 dB pulse, 110 dB 

pulse, and 120 dB pulse. For each trial type, the mean startle amplitudes 

for each individual presentation were averaged.  

C) Prepulse inhibition measurements, performed in mice randomly 

exposed to 5 trial types: Pulse alone (120 dB), 3 different prepulse/pulse 

pairings (prepulses at 4, 8, or 16 dB above the background noise level of 

70 dB, followed by a 120 dB pulse with a 100 ms onset-onset interval), 

and no stimulus. Data show the percent inhibition of the mean startle 

amplitude.  

Data shown are means ± SEMs (*p<0.05, **p<0.01, and ***p<0.001 

compared to wild-type). 
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Figure 2-4 
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Figure 2-4: Neurexin-1 KO mice exhibit increased grooming 

behavior 

Mice were habituated in an empty cage without bedding, and grooming of 

all body regions was monitored for 10 min. 

A) Mean time spent self-grooming 

B) Mean number of grooming bouts 

C) Mean time spent per grooming bout.  

Data shown are means ± SEMs (*p<0.05, n.s.=non-significant compared 

to wild-type). 
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Figure 2-5 
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Figure 2-5: Neurexin-1 KO mice exhibit minimal change in social 

behaviors 

A) Social interaction and learning test. The total time that an experimental 

mouse spent actively contacting an unfamiliar juvenile target mouse (time 

in interaction) was recorded with a stopwatch (1st), and the test was 

repeated 3 days later with the same experimental and target mouse 

pairings (2nd). Both genotypes showed normal social learning, as 

evidenced by a significant decrease in the amount of time spent 

interacting with the juvenile during the 2nd interaction test compared to the 

1
st
 (#= p<0.001 compared to the 1

st
 interaction test). 

B) Measurements of social interactions using the 3-box social vs. 

inanimate preference test. Mice were simultaneously exposed to a novel 

caged adult conspecific mouse and a novel object (i.e., a corresponding 

empty cage). Data represent mean time spent interacting with the targets. 

Interactions, scored whenever the mouse was physically interacting with 

the target or sniffing within a 2 cm radius of the target, were monitored by 

video and analyzed by TopScan videotracking software. Both wild-type 

and KO mice preferentially interacted with the social target (# = p<0.001 

compared to the inanimate object). 

C) Measurements of sequential interactions of wild-type and KO mice with 

a novel inanimate target (i.e., an empty small cage) and a caged adult 
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conspecific mouse. Data represent the mean time spent interacting with 

the targets. Note that neurexin-1 KO mice spend significantly more time 

interacting with the novel inanimate target than wild-type mice, but not with 

the social target. Analyses were performed as in B. 

D, E) Reciprocal social interaction behaviors with a freely moving adult 

conspecific mouse. The total time that an experimental mouse spent 

engaging in anogenital sniffing, sniffing of other body regions, aggressive 

grooming, passive receptive contact, and freezing behavior with a novel 

target mouse was recorded as shown (D), as were the frequencies at 

which the experimental mouse engaged in wrestling/boxing, chasing (i.e. 

pursuits or follows), and escape behavior (E). 

Data shown are means ± SEMs (*p<0.05 compared to wild-type). 
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Figure 2-6 
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Figure 2-6: Neurexin-1 KO mice exhibit impaired nest-building 

behaviors 

A, B) Mice were habituated in an empty cage for 15 min, and a 5 x 5 cm 

square of pressed cotton was placed in a random cage corner. The width 

(A) and height (B) of the nest built by the mouse, with subtraction of the 

original width and height of the cotton pad, was measured at 30, 60, and 

90 minutes.  

Data shown are means ± SEMs (*p<0.05, **p<0.01, and ***p<0.001 

compared to wild-type). 
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Figure 2-7 
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Figure 2-7: Neurexin-1 KO mice exhibit enhanced motor learning on 

the rotarod 

A) Mean time wild-type (WT) and neurexin-1 KO mice stay on an 

accelerating rotarod (from 4 to 45 revolutions/min in 5 min). Mice were 

tested in 10 trials, with 4 trials per day with a 45-60 min inter-trial interval 

over 3 days. The time to either fall off the rod or turn one full revolution 

was measured. 

B) After the experiments described in A, mice were subjected to an 

additional 2 trials with a higher acceleration rate (4-45 revolutions/min in 1 

min) to test the improved performance of the KO mice. 

Data shown are means ± SEMs (*p<0.05, **p<0.01, and ***p<0.001 

compared to wild-type). 
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Chapter 2 Supplemental Figures 

Supplemental Figure 2-1 
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Supplemental Figure S2-1: Neurexin-1 KO mice exhibit normal 

anxiety-like behavior and locomotor activity 

A-C) Open field test. Mice were allowed to explore a square-shaped open 

field for 10 minutes.  Data represent the number of times that mice 

entered a 14 cm x 14 cm area in the center of the field (A), the time spent 

in the center area (B), and the distance traveled in the entire open field 

arena (C). 

D-F) Elevated plus maze (EPM) test. The EPM consists of two closed 

arms (with walls) and two open arms (with no walls) connected by a small 

center area, and mice were allowed to explore the maze for 5 minutes.  

Data represent the number of entries made into the open arms (D) and the 

time spent in the open arms (E).  To control for any general difference in 

activity between genotypes, both measures were divided by the number of 

entries (for D) and the time spent (for E) in all arms.  The distance traveled 

in the entire EPM apparatus (F) was also measured. 

G) Long-term locomotor habituation.  Mice were allowed to explore a 

square-shaped open field for 5 minutes per day over 4 days.  Data 

represent the distance traveled in the open field arena on each day.  

H) Short-term locomotor activity and habituation.  Mice were placed in 

empty cages with minimal bedding and allowed to explore for 2 hours.  

Computer software tracked horizontal locomotor activity using photobeam 
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breaks.  Data represent the number of photobeam breaks made during 5 

min bins. 

Data shown are means ± SEMs (*p<0.05, **p<0.01, and ***p<0.001 

compared to WT). 
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Supplemental Figure 2-2 
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Supplemental Figure S2-2: Neurexin-1 KO mice exhibit normal 

spatial learning and memory in the Morris water maze 

A-E) Training trials for the Morris water maze task.  Ten days of training 

trials were conducted, with 4 individual trials per training block and 2 

training blocks per day.  For each training block, data were averaged 

across the 4 individual trials.  The latency to reach the hidden platform (A) 

and the distance traveled to reach the hidden platform (B) were used as 

measures of learning.  The mean swim speed (C) and the percent of time 

spent swimming near the pool’s walls (D, thigmotaxis) were also 

measured. 

E) Morris water maze probe trial.  Data represent the percent of time spent 

swimming in each quadrant during the 1 min trial.  WT and Neurexin-1 

KO mice spent more time searching the target quadrant than all other 

quadrants.  #P<.05, ##P<.01 for target quadrant compared to all other 

quadrants. The horizontal dotted line represents the chance level of 

performance.  

Data shown are means ± SEMs (*p<0.05, compared to WT). 
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ABSTRACT 

Autism Spectrum Disorders (ASDs) are a group of 

neurodevelopmental disorders that generally present with impairments in 

social behaviors and cognitive dysfunction (Geschwind and Levitt, 2007; 

Persico and Bourgeron, 2006). Recently, in patients with ASDs, a number 

of mutations have been identified in the neuroligin family of synaptic cell 

adhesion molecules. Here we report the insertion of the only observed 

mutation in Neuroligin-3 (Nlgn3), the R451C substitution, into a mouse 

model. Mice with the mutant Nlgn3 exhibited decreased social interaction 

and enhanced spatial learning. Correlated with these observations, 

R451C-mutant mice demonstrated enhanced inhibitory synaptic 

transmission in the somatosensory cortex. In contrast, Nlgn3 KO mice 

exhibited no such imbalance in inhibitory synaptic transmission, which 

suggests that the R451C mutation represents a gain-of-function mutation. 

These data imply that R451C-mutant mice are a potential model for 

certain autistic behaviors and that, although correlative in nature, ASDs 

may be a consequence of dysfunctional inhibitory synaptic transmission. 
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INTRODUCTION 

The term Autism Spectrum Disorders refers to a group of five 

neurodevelopmental disorders that are typically sub-classified into Autism 

and the non-Autistic disorders (Asperger’s syndrome, Rett’s syndrome, 

Childhood disintegrative disorder, and pervasive developmental disorder-

not otherwise specified)(Geschwind and Levitt, 2007; Persico and 

Bourgeron, 2006). With respect to autism, this is a disease that manifests 

as deficits in social interaction, impairments in communication, and 

restricted or repetitive patterns of behavior. Although there have been 

many suggested causes or factors contributing to autism pathogenesis, it 

has become increasingly clear in recent years that there is a significant 

genetic component to this disease (Geschwind and Levitt, 2007; Persico 

and Bourgeron, 2006).. Specifically, monozygotic twin studies have shown 

a high degree of heritability for autism. Given the strong genetic 

component to autism it is logical that a search for candidate genes is 

pursued. There are for example, several monogenic diseases where 

autism is a prominent co-morbidity: Fragile X-syndrome, Rett’s syndrome, 

and Tuberous sclerosis (Moldin et al., 2006; Moretti and Zoghbi, 2006). 

However, these diseases represent a fraction of the total number of 

autism cases. Many genes have been linked with idiopathic ASDs, 
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including neuroligins and the other proteins in this synaptic 

complex(Garber, 2007). 

 The neuroligin family of synaptic cell adhesion molecules is 

comprised of five isoforms in humans (Bolliger et al., 2008). In 

comparison, mice possess four neuroligin isoforms, with neuroligin-1, -2, 

and -3 being highly homologous to their human versions (Bolliger et al., 

2008). Neuroligins were first identified as post-synaptic ligands to 

neurexins (Ichtchenko et al., 1995); one of the pre-synaptic receptors for 

latrotoxin (Geppert et al., 1998). Regarding the localization of 

neuroligins, it is generally well established that Nlgn-1 and -2 are present 

exclusively at excitatory and inhibitory synapses, respectively (Graf et al., 

2004; Song et al., 1999; Varoqueaux et al., 2004). Nlgn-3, on the other 

hand, seems to be present at both types of synapses (Budreck and 

Scheiffele, 2007). Moreover, in neuronal culture overexpression of these 

molecules increases synapse number (Boucard et al., 2005; Chih et al., 

2004; Chubykin et al., 2007; Futai et al., 2007; Nam and Chen, 2005; 

Prange et al., 2004). Consistent with these findings, Nlgn-1 

overexpression selectively enhances excitatory transmission (both AMPA 

and NMDA) and Nlgn-2 increases inhibitory transmission (Chubykin et al., 

2007). When Nlgn-1 and -2 are deleted, selective decreases in excitatory 

or inhibitory transmission are observed, with no major change in synapse 
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number (Chubykin et al., 2007; Varoqueaux et al., 2006). Thus it seems 

evident that these molecules are more likely to be involved in synapse 

formation or function rather than synapse formation. Pertaining to this 

study, it should be noted that the effects of Nlgn-3 on synaptic 

transmission have yet to be examined. 

 The relationship between neuroligins and ASDs is increasingly 

gaining strength as many epidemiological studies have identified 

mutations in neuroligins and their associated proteins in families with 

ASDs (Jamain et al., 2003; Laumonnier et al., 2004; Yan et al., 2005). A 

small number of mutations have been identified in Nlgn-1, -3, and -4. In 

particular, a single mutation in the X-chromosomal Nlgn-3 was identified in 

one family with ASD (Jamain et al., 2003). Two brothers carried the 

mutation: one with classical autism and the other with Asperger’s 

syndrome. The mother, who was hemizygous for the mutation, had no 

clinical deficits. This mutation, the R451C-substitution, alters a conserved 

residue in the extracellular esterase-homology domain of Nlgn-3. In 

neuronal culture, this mutation has been shown to cause significant 

(~90%) ER retention, and yet still allow for this protein to function in 

synapse formation (Chih et al., 2004; Chubykin et al., 2005; Comoletti et 

al., 2004). We report herein the insertion of the Nlgn-3 R451C mutation 

into mice. These mice show deficits in social interaction, and, 
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unexpectedly, enhanced spatial memory. Furthermore, these behavioral 

observations were accompanied by an increase in inhibitory synaptic 

transmission. 

 

METHODS 

Protein quantitation 

Protein levels were quantified from total brain homogenate of adult 

littermate mice using quantitative immunoblotting with iodinated secondary 

antibodies. Three pairs of littermate mice were used. Protein levels were 

normalized to the signals of control proteins blotted on the same 

immunoblot (GDI, VCP, and β-actin). 

 

Morphological studies 

3 month old mice were perfusion-fixed with 4% paraformaldehyde and 

immersed in 30% sucrose. 30 µm thick parasagittal sections were made 

with a cryostat. Sections were blocked with 3% goat serum/0.3% Triton X-

100 in PBS and incubated with anti-synaptophysin monoclonal antibody, 

anti-VGlut1 monoclonal antibody, or anti-VGAT polyclonal antibody at 4˚C 

overnight. Slices were then incubated with Alexa Fluor 488 and 633 goat 

anti-mouse IgG. Mounted sections were imaged with a laser-scanning 
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confocal microscope. ImageJ was used to analyze synaptic densities and 

size. 

For Electron microscopy experiments, adult mice were perfusion-fixed for 

15 minutes with 2%/1% paraformaldehyde/glutaraldehyde in 100 mM 

PBS. Brains were then immersion fixed with 2%/2.5% 

paraformaldehyde/glutaraldehyde in 100 mM cacodylate buffer overnight 

at 4˚C. Somatosensory cortex was then sectioned at 200 µm thickness. 

Following post-fixation in 1% OsO4 and 0.8% potassium ferricyanide, 

sections were stained with 2% uranyl acetate for 15 minutes. Thin 

sections (65 nm) were made and post-stained with uranyl acetate and 

lead citrate. Sections were viewed with a FEI Tecnai transmission electron 

microscope at 120 kV accelerating voltage. Quantitative analyses were 

performed on synapses in layer 2/3 of the somatosensory cortex. All 

measurements were performed blind to the genotype. Statistical 

significance was calculated with SigmaPlot. 

 

Electrophysiological experiments 

Cortical slices (0.3 mm) were prepared from male littermate mice age 

P13-P16. Anesthetized mice were decapitated, the brains were removed 

and placed into ice cold dissection buffer (in mM: 87 NaCl, 3 KCl, 1.25 

NaH2PO4, 7 MgSO4, 26 NaHCO3, 20 d-glucose, 75 sucrose, 1.3 
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ascorbic acid, and 0.5 CaCl2), and slices were cut with a Leica Vibratome. 

The slices were incubated at 34°C in artificial cerebrospinal fluid (in mM: 

126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4, 26 NaHCO3, 25 d-glucose, 

and 2 CaCl2) gassed with 95%O2/5%CO2 for 1 hr, and then kept at room 

temperature under the same conditions until they were transferred to the 

recording chamber that was perfused at 1 ml/min with carbogenated 

artificial cerebrospinal fluid containing 20 μM 6-cyano-7-nitroquinoxaline-

2,3-dione (for measurements of inhibitory postsynaptic currents [IPSCs]), 

or 50 μM picrotoxin and 2 μM 2-chloradenosine (for measurements of 

excitatory postsynaptic currents [EPSCs]). Slices were equilibrated for 10 

min prior to recordings. All recordings were performed in layer 2/3 

pyramidal neurons of the somatosensory cortex; pyramidal neurons were 

identified by their size and single apical dendrite. Recordings were 

obtained in voltage-clamp whole-cell mode using a Multiclamp 700B 

amplifier and a holding potential of -70 mV. The whole-cell pipette solution 

contained (in mM): 145 KCl, 5 NaCl, 10  HEPES, 10 EGTA, 0.3 Na2GTP, 

4 MgATP, and 10 QX-314. Pipettes used for whole-cell recording had a 

resistance of 3-5 MΩ; neurons with a series resistance of >20 MΩ or a 

leak current of >200 pA were discarded. Evoked synaptic responses were 

elicited with a 1 ms current injection, controlled with a Model 2100 Isolated 

Pulse Stimulator, using an extracellular electrode placed in layer 2/3 of the 
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cortex 100-150 μm from the post-synaptic pyramidal cell. For IPSCs, the 

synaptic responses were averaged from 3-5 stimuli applied at 0.1 Hz after 

responses had equilibrated. To minimize epileptiform activity, EPSC 

responses were averaged from 2-3 traces, and no more than 2 cells/slice 

were analyzed. Paired-pulse depression measurements were performed 

similarly, with 10 second intervals between the paired stimuli, and 2-3 

traces per inter-stimulus interval. Train stimulation was analyzed as the 

average of 2-3 traces per frequency, with 1 minute intervals between 

traces to prevent any plasticity-type effects. All responses were digitized at 

10 kHz with a 1 kHz low-pass filter. Spontaneous miniature post-synaptic 

currents were monitored over a 5 minute period, and the series resistance 

was monitored before and after each recording. Events were rejected with 

amplitudes outside the range of 5-300 pA to exclude any spontaneous 

action potential evoked 

events. For the GABA puff experiments, GABA was dissolved in ACSF at 

a concentration of 50 μM. The GABA-containing pipette, with pipette 

resistance 1-3 MΩ, was positioned 50-100 μm from apical dendrite-soma 

junction of voltage-clamped pyramidal cells. All recordings were performed 

in the same ACSF conditions as for IPSC measurements. GABA was 

puffed onto the cells with a Picospritzer III (Parker Hannifin Corporation; 

Cleveland, OH) at a pressure of 5 psi for 1 sec. Responses are the 
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average of 2-3 traces per cell with an inter-trace time of 25 seconds. 50 

μM Picrotoxin was added to the artificial cerebrospinal fluid in the bath to 

confirm block of GABA response during the puff (Fig. 3G). Data were 

analyzed offline using pClamp and Microsoft Excel. At least three 

littermate pairs were analyzed for each set of experiments. 

 

Behavioral experiments 

Behavioral assays were performed as described previously (Etherton et 

al., 2009). In short, experiments were done blind to genotype. The order of 

behavioral tests was designed to progress from less stressful tests to 

more stressful procedures at the end. Tests for locomotor activity, rotarod 

performance, anxiety, social interaction and learning, and Morris water 

maze were performed. 

 

RESULTS 

Inhibitory synaptic markers are increased in R451C-mutant mice.  

The high prevalence of seizures as a co-morbidity in ASDs has led 

many people to conclude that ASDs pathogenesis must be related to 

changes in neural circuitry and subsequent imbalances between excitatory 

and inhibitory synaptic transmission (Rubenstein and Merzenich, 2003). 
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To test possible mechasnisms for ASD pathogenesis, we took one 

identified mutation, the NL3 R451C point mutation, and created an R451C 

knockin mouse. For functional comparison purposes, we also constructed 

a neuroligin-3 knockout (KO) mouse. NL3 R451C and KO mice were 

viable and fertile, with no obvious morbidity or mortality. 

Our first step in the characterization of these mice was to assess 

the levels of NL3 and other brain proteins in NL3 R451C and KO mice. 

Consistent with reports that the R451C-substitution impedes NL3 protein 

processing and trafficking (Comoletti et al., 2004), the R451C-substitution 

caused a 90% reduction in NL3 protein levels (Fig. 1A). The NL3 KO 

mouse showed a complete loss of NL3 (Fig. 1B). In both mice, we saw a 

small, but significant, reduction in NL1 proteins levels. However, in the 

R451C mouse we also observed a significant increase in the levels of two 

markers for inhibitory synapses, the vesicular GABA-transporter (vGAT) 

and gephyrin. In order to accurately conclude that the R451C mutation 

affects protein processing and trafficking, we first had to exclude the 

possibility that our knockin manipulation had not impaired NL3 expression. 

Thus, we used quantitative rt-PCR to measure the mRNA levels for NL3, 

but detected no difference in NL3 mRNA levels in WT or NL3 R451C 

mice. Based on these findings, we were able to conclude that the R451C 

mutation significantly impairs NL3 protein processing and trafficking, 
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consistent with the ER retention finding observed with this mutation in 

other studies (Chih et al., 2004; Comoletti et al., 2004). 

We next evaluated the effects of the R451C mutation on gross and 

synaptic morphology. Several different antibodies against synaptic vesicle 

proteins were used to stain cryostat sections from the somatosensory 

cortex and the CA3 and CA1 regions of the hippocampus. Synaptophysin, 

a marker of all synapses; the vesicular glutamate transporter (vGlut1), a 

marker of excitatory synapses; and the vesicular GABA transporter 

(vGAT), specific for inhibitory synapses, were used. No gross changes in 

brain morphology were observed with any of the stainings performed. Of 

note, however, when puncta size and number were quantified, with pre-set 

threshold values, a dramatic increase in the number of vGAT-positive 

puncta was observed in the NL3 R451C KI mouse compared to WT 

control or KO mice in all three brain areas analyzed (Fig. 2A-2E). This 

change in vGAT puncta number, however, was not accompanied by any 

change in puncta size in the R451C KI. Moreover, this morphological 

observation in the R451C appeared to be specific to inhibitory synapses, 

as we detected no change in vGlut1 or synaptophysin puncta density or 

size. The apparent increase in vGAT-positive puncta number is indicative 

of a specific effect of the R451C KI on inhibitory synapse function. 
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To better explore potential explanations for the increased number 

of vGAT-positive puncta, we performed ultrastructural analyses, focused 

on the somatosensory cortex. In particular, this is due to the fact that the 

increase in vGAT-positive puncta could be caused by either an increase in 

inhibitory synapse number or a specific effect on vGAT localization or 

function such that individual synapses contain more of this protein. Thus, 

we evaluated the number and structure of layer 2/3 somatosensory cortex 

synapses using electron microscopy. We detected no major ultrastructural 

change in the R451C KI (Fig. 2F-2J). Thus, the R451C KI does not 

increase inhibitory synapse formation, but instead seems to increase the 

amount of vGAT per synapse. The fact that there is no change in synapse 

number is consistent with previous reports that neuroligin deletion in 

general does not alter synapse number, but instead modulates synaptic 

strength (Chubykin et al., 2007; Varoqueaux et al., 2006). 

 

Inhibitory synaptic strength is increased in neuroligin-3 R451C KI 

mice.  

Based on the increased vGAT-positive puncta findings in the 

R451C KI, we next elected to assess the effects of this mutation on 

synaptic function. Using whole-cell voltage clamp recordings, we analyzed 



84 

 

synaptic transmission in Layer 2/3 pyramidal neurons of the 

somatosensory (barrel) cortex in the acute slice preparation. Strikingly, 

when we looked at the frequency and amplitude of spontaneous miniature 

events we observed a selective increase in sIPSC frequency, but not 

amplitude, in the R451C KI with no change in spontaneous excitatory 

events (Fig. 3A-3D). These results are in agreement with the previous 

morphological analyses, suggesting that the R451C mutation modulates 

inhibitory synaptic function. In contrast, analysis of spontaneous synaptic 

transmission in the NL3 KO showed no increase in the frequency of 

inhibitory events (Fig. 3F).  

To briefly summarize, the selective and specific increase in the 

frequency of spontaneous inhibitory events in the R451C KI is in 

agreement with the observed increase in levels of inhibitory synaptic 

proteins (Fig. 1) and the increase in number of vGAT-positive inhibitory 

synapses (Fig. 2). All together these results would suggest that the R451C 

KI specifically increases inhibitory synaptic transmission. Moreover, that 

these findings would suggest a gain-of-function effect of the R451C KI as 

no changes in inhibitory synapse function were seen in the NL3 KO. 

Consistent with this hypothesis, the size of the response to exogenous 

GABA applied to neurons was also increased (Fig. 3G and 3H). This 

observation is important because it would imply that the enhanced 
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inhibitory transmission is, presumably, a post-synaptic effect that is the 

result of increased GABA-receptor number or function. 

To more appropriately identify the nature of this increase in 

inhibitory synaptic function, we next investigated total synaptic strength by 

performing input/output measurements of evoked synaptic responses in 

Layer 2/3 pyramidal neurons. We detected no difference in excitatory 

responses between WT and R451C KI mice, but observed a significant 

increase in the input/output relationship of inhibitory responses (Fig. 4A, 

4B, 4D, 4E). Alternatively, measurements in NL3 KO mice uncovered no 

change in inhibitory or excitatory responses (Fig. 4C and 4F). These 

results further confirm the aforementioned findings that the NL3 R451C KI 

but not the KO selectively increases inhibitory synaptic strength. To 

evaluate the mechanism of this increase in evoked inhibitory transmission, 

we used paired-pulse and short train stimulus paradigms to assess 

changes in presynaptic release probability (Fig. S1-S3). Importantly, we 

observed no change in short-term synaptic plasticity in the R451C KI or 

KO mice. Thus, consistent with the postsynaptic localization of neuroligins 

(Song et al., 1999), we can conclude that the enhanced spontaneous and 

evoked inhibitory transmission in the R451C KI is not manifested through 

presynaptic mechanisms, but instead by the postsynaptic dysfunction of 

this molecule. 
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Neuroligin-3 R451C KI mice have impaired social behaviors and 

enhanced spatial learning abilities.  

It is logical that when the characterization of a potential ASD mouse 

model is undertaken that some assessment of its disease relevance be 

performed. Thus, behavioral analyses were done to evaluate the 

legitimacy of the R451C KI mouse as an ASD mouse model, and to 

determine whether the changes in inhibitory synaptic transmission 

produce any behavioral impairments. Importantly, we detected no major 

changes for global behavior in the R451C mice. Specifically, we tested 

locomotor activity, motor coordination, and anxiety-related behaviors.  

Since autism is diagnosed based, in part, by deficits in social 

interaction (one of the three core domains of ASDs) (Geschwind and 

Levitt, 2007; O'Connor and Hermelin, 1989; Persico and Bourgeron, 

2006), we next investigated whether the R451C KI mice have abnormal 

social behaviors. We performed three tests of social behavior on the 

R451C mice. When R451C were allowed to interact with a novel 

inanimate object or a novel caged adult mouse, compared to WT controls, 

the R451C KI showed no change in interaction time spent with the 

inanimate object, but a significantly decreased amount of time spent with 
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the caged adult mouse (Fig. 5A and 5B). When the social preference test 

was then performed, and the animals were allowed to freely interact with 

either the object or a caged mouse, R451C KI mice spent significantly less 

time with the social target than their WT controls (Fig. 5C). In the third test 

of social behavior, the test mice were placed into cages with a freely 

moving target mouse and total interaction time quantified. In this particular 

test, R451C KI mice and WT controls interacted similarly with the target 

mouse (Fig. 5D). It is reasonable in this assay, however, to acknowledge 

that this test is equivalently influenced by interactions which are initiated 

by the target mouse. Therefore, this test may be biased somewhat by the 

forced social interactions of the target mouse onto the test mouse. Social 

learning also seems to be intact in the R451C KI mice as mutant mice and 

WT controls exhibited a similar decrease in interaction time when re-

exposed to the same mouse 3 days later. 

In most cases, individuals with ASDs exhibit deficits in cognitive 

abilities; however a minority of individuals do exhibit enhanced cognitive 

abilities (1-3). We therefore tested the effects of the R451C mutation on 

spatial learning and memory by using the Morris water maze. Normal 

neurological functions were intact as R451C KI and WT controls located 

visible platforms similarly. However, the R451C KI mice demonstrated an 

enhanced ability to locate a hidden platform and required fewer training 
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days to learn the platform location (Fig. 6A and 6B). After training, during 

the probe trial R451C KI mice crossed the location of the target platform 

twice as frequently as the WT controls (Fig. 6C). 

Another common symptom in patients with ASD is a strong 

tendency to perseverate, having difficulty adjusting to changes in routines. 

To potentially address this dysfunction in R451C KI mice, we looked at 

reversal training in the Morris water maze paradigm. Specifically, we 

reversed the location of the platform and then re-trained the cohort of 

mice. Identical to the first round of training, the R451C KI mice displayed 

an enhanced rate of learning during training (Fig. 6D), and learned the 

new location of the platform more quickly (Fig. 6E). When we performed 

the probe trial again following reversal training, the R451C KI mice again 

displayed enhanced spatial memory. During the probe trial, R451C KI 

mice again crossed the location of the platform significantly more times 

than their WT control littermates (Fig. 6F). Taken together, the results of 

the Morris water maze tests suggest that the R451C KI mice display an 

enhanced ability for spatial learning and memory. Surprisingly, these 

results are in agreement with a subpopulation of patients with ASDs that 

demonstrate enhanced selective cognitive abilities (i.e. savant-like). 
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DISCUSSION 

Our results herein suggest that the NL3 R451C KI mice may be 

suitable candidates for a detailed exploration of the pathophysiology of 

idiopathic ASDs. In addition, given the significant reduction in social 

interaction observed in these mice, it is reasonable to suggest that they 

may also be useful as a model system for studying and identifying 

efficacious treatments for ASDs. 

The R451C-substitution selectively increases inhibitory synaptic 

transmission without affecting excitatory synaptic transmission, and 

correlatively impairs social behaviors while enhancing spatial memory and 

learning. What is particularly unique and surprising about these findings is 

that ASDs have been speculated to be associated with a decrease in 

inhibitory drive (Hussman, 2001; Rubenstein and Merzenich, 2003). 

Interestingly, and in agreement with our findings, a mouse model for Rett-

syndrome also exhibits a relative increase in inhibitory drive (Dani et al., 

2005). 

The R451C KI mice presented several findings consistent with an 

increase in inhibitory synaptic transmission: increased inhibitory synaptic 

markers and protein levels, and increased sIPSC frequency and evoked 

inhibitory synaptic strength (Fig. 1-3, S1-S3). The absence of any change 

in presynaptic release probability is consistent with the postsynaptic 
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localization and function of neuroligins in synapse specification (Chubykin 

et al., 2007; Ichtchenko et al., 1995). Also, this data would indicate that 

interfering with neuroligin function can modulate the excitatory/inhibitory 

balance of a cortical circuit. Thus, it is possible that if the manipulation of 

inhibitory transmission is pertinent in ASD pathophysiology, it may be 

possible to efficaciously treat patients with ASDs, by reducing inhibitory 

drive. 

To further expound on the function of the R451C manipulation, it is 

important to highlight that the dysfunctions that were reported here are not 

merely due to destabilization of NL3 (Comoletti et al., 2004) as this 

phenotype is very different from the NL3 KO. Thus we can assume that 

even though approximately 10% of NL3 protein remains in the R451C KI, 

this residual protein is deleteriously influencing inhibitory synaptic 

transmission. 

In summary, our data allow for several conclusions to be made: 1, 

the NL3 R451C mutation is an ASD-relevant mutation (at the very least for 

the social interaction deficit); 2, an ASD-relevant mutation induces a shift 

in the excitatory/inhibitory balance and may profoundly influence network 

function and phasic and tonic oscillatory rhythms (Buzsaki and Draguhn, 

2004; Uhlhaas and Singer, 2006); 3, an investigation into modulating 

inhibitory synaptic transmission in models of ASDs is worthwhile.   
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Chapter 3 Figures 

Figure 3-1 
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Figure 3-1: Generation and characterization of neuroligin-3 R451C KI 

and KO mice.  

A, B) Representative immunoblots and summary graphs of protein levels 

in the brains of neuroligin-3 R451C KI mice (A) and neuroligin-3 KO mice 

(B). Selected synaptic proteins (NL1, neuroligin-1; NL3, neuroligin-3; 

Synaptop., synaptophysin; Syt1, synaptotagmin-1; Syb2, synaptobrevin-2) 

were analyzed by quantitative immunoblotting; (Data shown are means ± 

SEMs; n=3 littermate pairs; * = p<0.05; ** = p<0.01; *** = p<0.005 by 

Student's t-test). 
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Figure 3-2 
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Figure 3-2: The R451C-substitution in neuroligin-3 increases the 

synaptic signal of the vesicular GABA transporter but not the 

number of inhibitory synapses.  

A) Representative confocal immunofluorescence images of sections of the 

CA1 region of the hippocampus from wild-type and R451C KI mice 

double-labeled with antibodies to the vesicular glutamate-transporter 

VGlut1 (red; top panels) and the vesicular GABA-transporter VGAT 

(green; middle panels); the bottom panel depicts the merged image. Scale 

bars in bottom panels apply to all panels in a column.  

B-E) Summary graphs for synaptic puncta density in CA1 and CA3 

regions of the hippocampus (B-D) and from the somatosensory cortex (E). 

Quantitations are from sections stained with antibodies to synaptophysin 

(B; labels all synapses) or to vGAT and vGlut1 (C-E; label only inhibitory 

or excitatory synapses, respectively). Data were obtained from three pairs 

of littermate wild-type and mutant mice, and are normalized for controls 

(dotted lines).  

F) Representative electron micrographs from layer 2/3 of the 

somatosensory cortex of wild-type and R451C KI mice.  

G-J) Quantitation of the density of asymmetric (excitatory) and symmetric 

(inhibitory) synapses (G), of the ratio of asymmetric to symmetric (H) 

synapses, and of the width of individual synapses (J) and its synaptic 
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vesicle numbers (K) in electron micrographs from wild-type and R451C KI 

mice (data shown in B-E and G-J are means ± SEMs; n=3 littermate pairs; 

* = p<0.05; ** = p<0.01; *** = p<0.005 by Student's t-test). 
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Figure 3-3 
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Figure 3-3: Neuroligin-3 R451C-knockin but not neuroligin-3 KO mice 

exhibit increased spontaneous inhibitory synaptic transmission.  

Recordings were performed in whole-cell patch-clamp mode in pyramidal 

neurons in layer 2/3 of the somatosensory cortex in acute slices.  

A-F) Representative traces (A, C and E) and summary graphs of the 

amplitudes and frequency (B, D and F) of spontaneous miniature 

excitatory postsynaptic currents (mEPSCs; A and B) and inhibitory 

postsynaptic currents (mIPSCs; C and D) from R451C KI (A-D) or KO 

mice (E and F). (G and H) Representative traces (G) and summary graph 

for response to a locally applied GABA puff (50 μM injected at 5 psi for 1 

s) in layer 2/3 of the somatosensory cortex. In G, responses are also 

shown in the presence of 50 M picrotoxin to confirm their inhibitory 

nature (data shown are means ± SEMs; n=3 littermate pairs; total number 

of cells recorded are indicated within bars; * = p<0.05; ** = p<0.01; *** = 

p<0.005 by Student's t-test). 
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Figure 3-4 
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Figure 3-4: Selective increase in inhibitory synaptic strength in 

neuroligin-3 R451C KI but not in neuroligin-3 KO mice.  

A-F) Representative traces (A and D) and summary graphs (C, D, E and 

F) of synaptic responses induced with increasing stimulus intensities 

applied with a local microelectrode in acute slices of the somatosensory 

cortex from littermate pairs of R451C KI mice (A, B, D, and E) or KO mice 

(C and F). Recordings were obtained in the whole-cell mode in layer 2/3. 

EPSCs (A-C) and IPSCs (D-F) were analyzed separately after 

pharmacological isolation. In A and D, arrows and vertical dashed lines 

indicate peaks measured for determining evoked response amplitude. 

Dotted horizontal lines represent baselines. All data were recorded in 

acute slices from littermate R451C-mutant and wild-type mice (data shown 

are means ± SEMs; n=4 or 3 littermate pairs for EPSCs (KI or KO), and 5 

or 3 littermate pairs for IPSCs (KI or KO); * = p<0.05; ** = p<0.01 by t-

test). 
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Figure 3-5 
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Figure 3-5: Impaired social interaction behaviors in neuroligin-3 

R451C KI mice.  

A) Interacting time of individual wild-type and R451C KI mice that are 

exposed to a novel inanimate object in an unfamiliar cage (5 min).  

B) Interacting time of mice that are exposed to an unfamiliar immobilized 

target mouse in a familiar cage (5 min; procedure immediately follows A).  

C) Interacting time of mice that are exposed simultaneously to a novel 

inanimate object and a novel immobilized mouse.  

D) Social learning measured by monitoring the time of direct interactions 

of wild-type and R451C KI mice with the same freely moving juvenile 

target mouse on day 1 (1st Interaction) and day 4 (2nd Interaction for social 

learning). All data shown are means ± SEMs; n=19 male littermate pairs; 

only statistically significant differences between wild-type and R451C KI 

mice are specifically identified in the figure (* = p<0.05; ** = p<0.01; *** = 

p<0.001 by t-test or two-way ANOVA). 
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Figure 3-6 
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Figure 3-6: Neuroligin-3 R451C KI mice exhibit enhanced spatial 

learning.  

A) Morris water maze analysis of spatial learning in R451C KI and 

littermate wild-type control mice during the initial 7 days of training as 

measured by the distance traveled to reach a submerged platform.  

B) Number of days of initial training required to reach the submerged 

platform in an average of 10 sec or less.  

C) Number of crossings over the previous location of the target platform 

and over corresponding locations in the other 3 quadrants measured on 

day 8 after removal of the platform (probe trial).  

D) Reversal learning experiment in which on day 9 after the probe trial the 

platform was moved to the opposite quadrant, and the learning of the new 

location of the platform by the mice was monitored. Learning is measured 

as distance traveled prior to mounting the newly localized target platform 

as a function of days of training.  

E) Number of days of reversal training required to reach the submerged 

platform in an average of 10 sec or less.  

F) Probe trial after reversal learning uncovers a large increase in learning 

abilities of the R451C KI mice. Only statistically significant differences 

between wild-type and R451C KI mice are identified in the panels (* = 
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p<0.05; ** = p<0.01; *** = p<0.001; in A and D, Genotype = effect of 

genotype, Day = effect of day of training; Interaction = correlation between 

genotype and day). All data shown are means ± SEMs.  
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Chapter 3 Supplemental Figures 

Supplemental Figure 3-1 
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Supplemental Figure S3-1: Short-term plasticity in neuroligin-3 

R451C KI mice: Paired-pulse depression. Paired-pulse depression of 

IPSC events was measured in Layer 2/3 of the somatosensory cortex in 

response to the indicated inter-stimulus intervals. 

A) Short-term plasticity in neuroligin-3 R451C KI mice: Paired-pulse 

depression. Paired-pulse depression of IPSC events was measured in 

Layer 2/3 of the somatosensory cortex in response to the indicated inter-

stimulus intervals. A. Representative traces for multiple inter-stimulus 

intervals (interval times are indicated to left of sample traces). Dotted 

horizontal lines indicates trace baseline. 

B) Summary graph of paired pulse depression in R451C mutant and wild-

type littermate control mice (n=4 mouse pairs each). Paired-pulse 

response is represented as the ratio of the second to first IPSC amplitude. 

Data shown in summary graphs are means ± SEMs. Asterisks denote 

statistically significant differences (* = p<0.05). 
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Supplemental Figure 3-2 
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Supplemental Figure S3-2: Short-term plasticity in neuroligin-3 

R451C KI mice: Use-dependent depression. IPSCs were measured in 

response to stimulus trains applied at the indicated frequency in slices 

from littermate wild-type and R451C mutant mice (n=3 mouse pairs each). 

Data were recorded in Layer 2/3 of the somatosensory cortex. 

A) Representative traces for the 0.2 Hz stimulus train (10 pulses). Dotted 

horizontal lines denote trace baseline.  

B-F) Summary graphs for 0.2, 1, 5, 10, and 20 Hz frequency trains, 

respectively. IPSC amplitudes were normalized to the initial amplitude 

(means ± SEMs; * = p<0.05).  
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Supplemental Figure 3-3 
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Supplemental Figure S3-3: Short-term plasticity in neuroligin-3 KO 

mice: Paired-pulse depression and use-dependent depression. IPSCs 

were recorded in Layer 2/3 of the somatosensory cortex. 

A and B) Representative traces for multiple inter-stimulus intervals (A; 

interval times are indicated to left of sample traces; dotted horizontal lines 

indicates trace baseline) and summary graphs of paired pulse depression 

(B) in neuroligin-3 KO and wild-type littermate control mice (n=3 mouse 

pairs each). Paired-pulse response is represented as the ratio of the 

second to first IPSC amplitude.  

C-E) Use-dependent depression of IPSCs measured in response to 

stimulus trains applied at the indicated frequency in slices from littermate 

wild-type and R451C mutant mice (n=3 mouse pairs each). IPSC 

amplitudes were normalized to the initial amplitude (means ± SEMs; * = 

p<0.05). Data shown in summary graphs are means ± SEMs. Asterisks 

denote statistically significant differences (* = p<0.05). 
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ABSTRACT 

 Neuroligins are a family of post-synaptic cell adhesion molecules 

that have an important role in synaptic function. Recently, a number of 

mutations have been identified in neuroligins in patients with ASDs. A 

mouse model for one such mutation, the NL3 R451C missense mutation, 

has been demonstrated to have increased cortical inhibitory synaptic 

transmission, social interaction deficits, and enhanced spatial memory. In 

the hippocampus, we find that the NL3 R451C impairs excitatory synapse 

morphogenesis and increases dendritic complexity. In combination with 

these findings, the NL3 R451C mutation selectively enhances 

hippocampal AMPA-R and NMDA-R mediated synaptic transmission. 

Moreover, the increase in NMDA-R mediated transmission is due to a 

change in NMDA-R subunit composition; with the NL3 R451C mice have a 

greater proportion of NR2B containing receptors. Our findings suggest that 

the NL3 R451C mutation has circuit-specific effects and that in the 

hippocampus alterations are seen in excitatory synapse function. 

 

 INTRODUCTION 

 The Autism Spectrum Disorders (ASDs) are a heterogeneous 

cluster of neurodevelopmental disorders that manifest with deficits in three 
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core domains: social interaction, communication, and repetitive or 

stereotyped patterns of behavior (American Psychiatric Association., 

2000; Geschwind and Levitt, 2007; Persico and Bourgeron, 2006). What 

seems to be increasingly clear, from an anatomical perspective, is that 

ASDs differentially affect a multitude of brain regions. Abnormal growth in 

the frontal lobes and anterior temporal regions has been demonstrated 

(Courchesne et al., 2007; Courchesne et al., 2005). In addition, alterations 

in gray and white matter have been observed in certain regions of the 

brain (Bonilha et al., 2008). At the cellular level, the limbic system in 

patients with ASDs shows decreased neuronal size and number, but 

increased neuronal density (Bauman and Kemper, 2003; Bauman and 

Kemper, 2005). These alterations in brain structure have fueled 

hypotheses that ASDs are materializations of impaired neuronal 

connectivity and inter- and intra-regional miscommunication.  

As ASDs have a strong genetic component, the identification of 

numerous candidate genes involved in synaptic cell-adhesion pathways 

has certainly strengthened the idea that ASDs are a synaptic pathology 

(Betancur et al., 2009; Durand et al., 2007; Laumonnier et al., 2004; 

Moessner et al., 2007; Szatmari et al., 2007; Yan et al., 2008; Yan et al., 

2005). The neuroligin family of synaptic cell-adhesion molecules is one 

example where numerous mutations have been identified in families with 
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ASDs (Jamain et al., 2003; Laumonnier et al., 2004; Szatmari et al., 2007; 

Talebizadeh et al., 2006; Yan et al., 2005). From an ASDs perspective, 

these findings are of interest given what is known about neuroligin 

function. 

The neuroligins are a family of post-synaptic cell-adhesion 

molecules that bind neurexins (Ichtchenko et al., 1996). At synapses, 

neuroligins are differentially localized such that excitatory synapses 

contain neuroligin-1 and -3, and inhibitory synapses contain neuroligin-2 

and -3 (Budreck and Scheiffele, 2007; Song et al., 1999; Varoqueaux et 

al., 2004). Interestingly, neuroligins are not critical for synapse formation   

(Varoqueaux et al., 2006), but instead strongly influence synaptic function. 

Deletion of neuroligin-1 and -2, selectively impairs excitatory and inhibitory 

synaptic transmission, respectively (Blundell et al., ; Chubykin et al., 2007; 

Kim et al., 2008b; Varoqueaux et al., 2004). On the other hand, deletion of 

neuroligin-3 has no major effects on synaptic transmission (Tabuchi et al., 

2007). 

In patients with ASDs, mutations have been identified in neuroligin-

3 (NL3) and -4 (NL4) (Jamain et al., 2003; Laumonnier et al., 2004; 

Szatmari et al., 2007; Talebizadeh et al., 2006; Yan et al., 2005). Of these 

mutations, two have been characterized in mouse models: NL4 loss-of-

function and the Arg451
Cys451 (R451C) substitution in NL3 (Jamain et al., 
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2008; Tabuchi et al., 2007). In the NL4 loss-of-function model, mice 

exhibited deficits in social interaction and communication (Jamain et al., 

2008). Characterization of one NL3 R451C mouse model showed several 

abnormalities: social interaction deficits, increased spatial memory, and 

increased inhibitory synaptic transmission in the somatosensory cortex 

(Tabuchi et al., 2007). Interestingly, an independently generated NL3 

R451C mouse showed no social interaction deficits, but did show 

reductions in communication (Chadman et al., 2008).  

 We set out to perform an in depth characterization of the effect of 

the NL3 R451C mutation on hippocampal excitatory synaptic transmission 

for several reasons. NL3 is the only neuroligin expressed at both 

excitatory and inhibitory synapses (Budreck and Scheiffele, 2007). Spatial 

memory was enhanced in the NL3 R451C mice, a task that is thought to 

be dependent on hippocampal excitatory synaptic transmission (Tsien et 

al., 1996). We report herein that in the hippocampus, the NL3 R451C 

induces two discrete changes in neuron morphogenesis that 

correspondingly result in specified alterations in synaptic transmission. 

 

METHODS 

Neuronal culture 
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Primary hippocampal neurons were isolated from newborn litters of 

wild-type and NL3 R451C pups. Cultures were made as described 

previously (Maximov et al., 2007; Maximov et al., 2009; Xu et al., 2007; 

Zhang et al., 2009). Briefly, hippocampi were isolated and dissociated by 

papain digestion (10 U/ml, with 1 mM CaCl2 and 0.5 mM EDTA). 

Dissociated neurons were plated on Matrigel-coated glass coverslips. 

Culture media contained MEM (Invitrogen) fortified with B27 (Invitrogen), 

transferrin, fetal bovine serum, AraC (Sigma), and glucose. Neurons were 

cultured for 14-16 days prior to experiments.  

 

Electrophysiology 

Electrophysiology recordings were performed as described 

previously (Etherton et al., 2009; Tabuchi et al., 2007). P28-P40 mouse 

brains were removed and immediately immersed in ice cold dissection 

solution (in mM: 222 sucrose; 11 glucose; 26 NaHCO3; 1 NaH2PO4; 3 KCl; 

7 MgCl2; 0.5 CaCl2). Acute hippocampal slices were collected at specific 

thicknesses for extracellular (0.4 mm) and whole-cell (0.3 mm) recordings. 

Hippocampal slices were made using a Leica VT 1200S and transferred to 

a recovery chamber containing modified artificial Cerebrospinal Fluid 

(ACSF) (in mM: 126 NaCl; 3 KCl; 1.25 NaH2PO4; 26 NaHCO3; 10 glucose; 

2.5 CaCl2; and 1.3 MgCl2 saturated with 95% O2/5% CO2, pH 7.4). 
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Following the slice procedure, slices were allowed to recover first at 

32.5˚C for 30 minutes and then at room temperature for 1 hour. All 

recordings were done with ACSF at 28-30°C except where mentioned 

otherwise. 

For extracellular field recordings, patch pipettes (2-4 MΩ) were 

filled with different internals for input-output analysis (ACSF) and LTP (1 M 

NaCl, 10 mM HEPES, pH 7.4). Slices were placed in the recording and 

allowed to recover for 10 minutes before starting any recordings. A 

stimulus electrode was place in the stratum radiatum and the recording 

electrode was placed nearby. 5-10 traces were averaged at each 

stimulation intensity and the amplitude of the presynaptic fiber-volley was 

measured relative to the slope of the fEPSP. The stimulation rate was 0.1 

Hz. The average linear fit slope was calculated as the slope of the linear 

input-output relationship for each slice. Paired-pulse facilitation (PPF) 

experiments were performed by adjusting the stimulus intensity to achieve 

a stable fEPSP at 30-40% of the maximum. At each inter-stimulus interval, 

five sweeps were averaged and the slope of the second fEPSP relative to 

the first fEPSP was used to determine PPF. 

LTP experiments were performed as described previously, with 

modifications (Kaeser et al., 2008). If the fEPSP slope changed greater 

than 10% during the baseline period, recordings were discontinued. LTP 
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was induced with three trains 1 second in length, at a frequency of 100 

Hz. The trains were separated by 20 second intervals. fEPSPs were 

monitored at 0.05 Hz. LTP was then monitored for 60 minutes post-

induction. The magnitude of LTP was normalized to the average slope of 

the fEPSP during the baseline period. 50 µM picrotoxin (Sigma) was 

included in ACSF for all recordings. 

For acute hippocampal slice whole cell voltage-clamp recordings, 

patch pipettes (2-4 MΩ) were filled with excitatory (in mM: 117.5 

CsMeSO4, 10 HEPES, 10 TEA-Cl, 15.5 CsCl, 1 MgCl2, 10 Na-

phosphocreatine, 8 NaCl, 0.3 NaGTP, 4 MgATP, 5 EGTA,
 
1 QX-314; pH 

7.3, 295 mOsm) or inhibitory-specific (in mM: 120 CsCl, 10 HEPES, 5 

NaCl, 1 MgCl2, 0.3 NaGTP, 3 MgATP, 10 EGTA, 5 QX-314; pH 7.3, 295 

mOsm) internals. For all excitatory recordings, 50 µM picrotoxin was 

included in ACSF. For all inhibitory recordings, 10 µM NBQX (Tocris) and 

50 µM AP5 (Tocris) were included in ACSF. 

Acute coronal slice physiology was performed as described 

previously (Tabuchi et al., 2007). In general, handling and recordings were 

done similar to hippocampal physiology. Coronal sections were made that 

contained the somatosensory cortex. Layer 2/3 pyramidal neurons were 

patched based on their morphology and electrical properties. For 

NMDA/AMPA experiments, a stimulating electrode was placed in Layer 1 
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of the somatosensory cortex. Monosynaptic EPSCs were established at -

70 mV, and then the experiment was performed identical to that done in 

the hippocampus. 

mEPSC/mIPSC recordings were performed as described previously 

(see Chapter 2). NMDA/AMPA analysis was performed in the presence of 

50 µM picrotoxin (see Chapter 2). NMDA-receptor current voltage 

relationships were performed with 50 µM picrotoxin and 10 µM NBQX to 

isolate NMDA-receptor mediated responses. 5-10 traces were averaged at 

each holding potential. For NMDA-receptor decay kinetics, at least 40 

traces were averaged at +40 mV. A standard second order exponential 

was used to fit the decay. Tau of decay was calculated as 

(A11+A22)/(A1+A2). Ifenprodil experiments were performed in two stages: 

stable NMDA-mediated responses were established at +40 mV for at least 

3 minutes; 5 µM ifenprodil was then bath applied and responses recorded 

until ifenprodil block was complete. 

For all whole-cell recordings membrane statistics were monitored 

after each trace. All evoked whole-cell recordings were collected at 0.1 

Hz. Whole-cell recording criteria were as follows: Ra was <25 MΩ and 

cells were rejected if Ra or Rm changed >20% over the course of the 

experiment. All recordings were digitized at 10 kHz and filtered at 2 kHz. 

All experiments were performed on male wild-type and NL3 R451C 



120 

 

littermate pairs. All recordings and analysis were done with experimenter 

blind to genotype. 

 

Cell culture electrophysiology 

Cell culture electrophysiology was done as described previously 

(Maximov et al., 2007; Maximov et al., 2009; Xu et al., 2007; Zhang et al., 

2009) and with similar criteria to the aforementioned acute slice 

electrophysiology. Briefly, recordings were performed on DIV14-16 

hippocampal cultures. Stimulus intensity was adjusted to achieve maximal 

synaptic responses for each cell. Cells were patched with a modified 

internal solution (in mM: 117.5 CsMeSO4, 10 HEPES, 10 TEA-Cl, 15.5 

CsCl, 1 MgCl2, 10 Na-phosphocreatine, 8 NaCl, 0.3 NaGTP, 4 MgATP, 5 

EGTA, 5 QX-314; pH 7.3, 295 mOsm). Recordings were performed in 

modified ACSF (in mM: 126 NaCl; 3 KCl; 1.25 NaH2PO4; 26 NaHCO3; 10 

glucose; 2 CaCl2; and 2 MgCl2 saturated with 95% O2/5% CO2, pH 7.4). 

AMPA-R mediated EPSCs were isolated with 50 µM picrotoxin and 50 µM 

AP5. NMDA-R mediated EPSCs were isolated with 50 µM picrotoxin and 

10 µM NBQX. GABA-R mediated IPSCs were isolated with 10 µM NBQX 

and 50 µM AP5. AMPA-R and GABA-R mediated evoked responses were 

recorded while holding the neuron at -70 mV. NMDA-R mediated evoked 

responses were performed while holding the neuron at +40 mV. Statistical 
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significance was calculated by an unpaired student’s t-test. Data 

represents mean +/- SEM. Experimenter was blind to genotype throughout 

data collection and analysis. 

Electron microscopy 

Two pairs of NL3 knock-in mouse (R451C) littermates (2 wildtype, 2 

knockout, 2 months old) were  perfused with 1% glutaraldehyde and 2% 

paraformaldehyde in 0.1 M phosphate buffer. Brains were removed and 

immersion fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 

M cacodylate buffer overnight at 4°C.  The 200 m-thick sections were 

made by a vibratome and post-fixed in 1% OsO4, 0.8% potassium 

ferricyanide in the same buffer for one hour at room temperature. 

Specimens were stained en bloc with 2% aqueous uranyl acetate for 15 

min, dehydrated in a graded series of ethanol to 100% and embedded in 

Poly/bed 812 (Polysciences Inc., Warrington, PA). Thin sections (60 nm) 

were post-stained with uranyl acetate and lead citrate, and examined with 

a FEI Tecnai transmission electron microscope at 120kV of accelerating 

voltage, the digital images were captured with a SIS Morada CCD camera. 

All data analysis was performed in Metamorph (Molecular Devices) and 

blind to genotype. 
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Sholl Analysis 

 CA1 pyramidal neurons were filled with excitatory internal solution 

additionally containing 0.2% biocytin. Immediately after filling, the slices 

were transferred to a fixative solution containing 4% paraformaldehyde 

and 0.1% picric acid, and were incubated overnight. In order to reveal the 

pyramidal cell's dendritic arbors in detail, the biocytin-filled cells were 

subsequently visualized with 3,3'-diaminobenzidine tetrahydrochloride 

(DAB Substrate Kit for Peroxidase, Vector Laboratories) using a standard 

ABC kit (Vectastain ABC Kit, Vector Laboratories). The slices were than 

dehydrated, and mounted (DPX Mountant, Electron Microscopy Sciences) 

on glass microscope slides (Superfrost Plus, Microscope Slides, Fisher 

Scientific). In order to document the morphology of each cell, digital 

photographs were taken in 5-10 micrometer steps, which were used for 

neurite tracing using Adobe Photoshop. 

 

Spine quantitation 

 CA1 pyramidal neurons were patched and filled with excitatory 

internal supplemented with 20 M dextran-conjugated Alexa-555 

(Invitrogen). Cells were filled for at least 25 minutes. Immediately following 

recordings, slices were transferred to a fixative solution containing 4% 

paraformaldehyde and 0.1% picric acid, and were incubated for 1 hour. 
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Slices were then mounted in mounting medium (VectorShield) on glass 

microscope slides. Care was taken to avoid excessive exposure to light. 

Alexa-filled neurons were imaged using a confocal microscope (Leica) and 

a 100X objective (1.4 NA). Proximal secondary dendrites in the stratum 

radiatum were imaged. Spines per unit length were quantified using 

ImageJ software analysis. 

 

RESULTS 

NL3 R451C mutation has circuit specific effects on spontaneous 

miniature transmission 

 In layer 2/3 of the somatosensory cortex of two week old animals, 

the NL3 R451C mutation induces a selective increase in inhibitory 

synaptic transmission (Tabuchi et al., 2007). In contrast, in CA1 pyramidal 

neurons the NL3 R451C mutation has no effect on spontaneous miniature 

Inhibitory Post-Synaptic Current (mIPSC) frequency (WT=11.7 +/- 0.9 Hz; 

R451C=12.2 +/- 1.2 Hz) or amplitude (WT=37.5 +/- 2.9 pA; R451C=35.7 

+/- 2.6 pA) (Fig. 1A). Interestingly, the NL3 R451C mutation significantly 

enhanced spontaneous miniature Excitatory Post-Synaptic Current 

(mEPSC) frequency (WT=1.0 +/- 0.2 Hz; R451C=1.7 +/- 0.3 Hz; p<0.05) 

with no change in amplitude (WT=17.0 +/- 0.7 pA; R451C=16.8 +/- 0.7 pA) 
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(Fig. 1C). These findings would suggest that in the hippocampus, the NL3 

R451C mutation increases either excitatory synapse number or release 

probability. Consistent with previous reports, the NL3 R451C mutation 

seems to have a gain-of-function effect as the NL3 KO had very different 

effects on mIPSC (WT=8.7 +/- 1.2 Hz; KO=13.3 +/- 1.5 Hz; p<0.05) and 

mEPSC frequency (WT=1.0 +/- 0.1 Hz; KO=0.6 +/- 0.1 Hz; p<0.05) with 

no change in mIPSC (WT=37.4 +/- 3.6 pA; KO=36.1 +/- 2.2 pA) or 

mEPSC amplitude (WT=15.0 +/- 1.2 pA; KO=14.3 +/- 1.3 pA) (Fig. 1B, D). 

 Since the hippocampal physiology was being performed in 4 week 

old mice, we reevaluated the cortical physiology at this same time point. In 

agreement with our previous findings, the NL3 R451C mutation induced a 

selective increase in mIPSC frequency (WT=15.9 +/- 1.2 Hz; R451C=20.7 

+/- 2.0 Hz; p<0.05) but not mIPSC amplitude (WT=30.5 +/- 1.2 pA; 

R451C=34.0 +/- 1.6 pA) (Fig. 1E). Cortical mEPSC frequency (WT=8.2 +/- 

0.6 Hz; R451C=10.0 +/- 0.8 Hz) and amplitude (WT=13.8 +/- 0.5 pA; 

R451C=14.8 +/- 0.9 pA) were also unchanged by the NL3 R451C 

mutation (Fig. 1F). These data indicate that NL3 has circuit specific effects 

on synaptic transmission. 
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NL3 R451C mice have increased AMPA-R mediated synaptic 

transmission in CA1 region of hippocampus 

 To further investigate the changes in hippocampal excitatory 

transmission we performed extracellular field recordings in the CA1 region 

of the hippocampus. The slope of the field Excitatory Post-Synaptic 

Potential (fEPSP) was plotted relative to the number of afferents 

stimulated, as measured by the fiber-volley amplitude. Input-output 

measurements showed that deletion of NL3 had no effect on excitatory 

synaptic strength (Fig. 2A, B). NL3 R451C KI mice, however, showed a 

significant increase in excitatory synaptic strength (Fig. 2C, D). When we 

quantified the synaptic strength for individual slices by measuring the 

slope of the linear fit for the input-output relationship for NL3 KO (WT=1.0 

+/- 0.09; KO=0.92 +/- 0.08), NL3 R451C (WT=1.0 +/- 0.11; R451C=1.69 

+/- 0.25; p<0.05), and a separately generated NL3 R451C line (R451C-2) 

(WT=1.0 +/- 0.13; R451C-2=1.51 +/- 0.19; p<0.05), we observed that the 

NL3 R451C mutation enhances AMPA-receptor (AMPA-R) mediated 

transmission (Fig. 2E). 

 The observed increase in excitatory synaptic strength could be a 

consequence of changes in presynaptic release probability or excitatory 

synapse number. We performed paired-pulse facilitation (PPF) 

experiments to evaluate presynaptic release probability in the NL3 KO and 
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R451C mice. Consistent with a post-synaptic function of neuroligins 

(Chubykin et al., 2007), no change in PPF was observed in the NL3 

R451C mice (Suppl. Fig. 1). Thus, the increase in excitatory synaptic 

strength was not a result of altered presynaptic release probability. 

 

NL3 R451C enhances NMDA-receptor mediated synaptic 

transmission in CA1 region of hippocampus 

 The increase in mEPSC frequency and input-output experiments 

suggests that the NL3 R451C mutation alters excitatory synaptic 

transmission; specifically, enhancing AMPA-R mediated synaptic 

transmission. To further elucidate the effects of the NL3 R451C mutation 

on excitatory synaptic transmission, we analyzed the ratio of NMDA-

R/AMPA-R mediated transmission in CA1 pyramidal neurons. 

Surprisingly, the NMDA/AMPA ratio was significantly increased in NL3 

R451C (WT=0.29 +/- 0.04; R451C=0.42 +/- 0.04; p<0.05) and R451C-2 

mice (WT=0.32 +/- 0.02; R451C=0.43 +/- 0.03; p<0.01) (Fig. 3C-F). In NL3 

KO mice, the NMDA/AMPA ratio was unchanged (WT=0.35 +/- 0.03; 

KO=0.34 +/- 0.03). Additionally, in support of a circuit-specific effect of 

NL3 R451C, the NMDA/AMPA ratio of Layer 2/3 pyramidal neurons with 

stimulation of Layer 1 afferents was unchanged (WT=0.54 +/- 0.05; 
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R451C=0.62 +/- 0.05) (Fig. 3G, H). Moreover, when evoked NMDA-R 

responses were analyzed in dissociated hippocampal cultures, NL3 

R451C cultures had a significant increase in NMDA EPSC amplitude 

(Suppl. Fig. 2). Taken together, these findings indicate that the NL3 

R451C induces a hippocampal circuit specific increase in NMDA-R 

mediated synaptic transmission that exceeds the aforementioned increase 

in AMPA-R mediated transmission (Fig. 1, 2). 

 

NL3 R451C alters NMDA-receptor subunit composition 

 The increased NMDA/AMPA ratio suggests that NMDA-R 

transmission is enhanced relative to AMPA-R transmission. This increase 

could either be due to an increase in the number of NMDA-Rs or a change 

in the NMDA-R subunit composition (Bellone and Nicoll, 2007; Vicini et al., 

1998). We thus performed a more extensive characterization of NMDA-R 

properties in the NL3 R451C mouse. The current-voltage relationship was 

normal in NL3 R451C KI mice, implying that there was no change in 

magnesium sensitivity in NL3 R451C NMDA-Rs (Fig. 4A). Interestingly, 

when we looked at the decay constant of NMDA-R mediated responses at 

+40 mV, we observed a significant increase in the decay time (WT; =60.9 

+/- 4.2 ms, R451C; =109.1 +/- 10.0 ms; p<0.001). The observed increase 
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in decay time for the NL3 R451C is suggestive of a change in NMDA-R 

subunit composition (Bellone and Nicoll, 2007; Vicini et al., 1998), with the 

most likely explanation being a switch from mature NR2A containing 

receptors to NR2B receptors. To probe this possibility we used ifenprodil, 

a selective antagonist of NR1/NR2B diheteromeric receptors. The 

ifenprodil sensitivity of NMDA EPSCs was greater in NL3 R451C mice 

(WT=73.3 +/- 5.2%; R451C=51.5 +/- 4.8%; p<0.05) (Fig. 4C, D). Thus, we 

could conclude that the NL3 R451C mutation alters NMDA-R subunit 

composition, leaving the receptors in a more immature state. 

 

 Enhanced LTP in NL3 R451C mice 

 The enhanced NMDA/AMPA ratio observed in the NL3 R451C mice 

is explained by the change in NMDA-R subunit composition. The slower 

NMDA-R decay time means that relatively more current will flux through 

NMDA-Rs in the NL3 R451C mouse. For this reason we hypothesized that 

NL3 R451C mice may have enhanced NMDA-R dependent LTP in the 

CA1 region of the hippocampus, a finding that would partly explain the 

enhanced spatial memory observed in these mice (Tabuchi et al., 2007; 

Tsien et al., 1996). Extracellular recordings were done to assess LTP in 

response to three stimulus trains; each train was one second in length 
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with a stimulus frequency of 100 Hz. As expected, NL3 R451C mice 

showed significantly enhanced LTP at 55-60 minutes post-induction 

(WT=145.4 +/- 13.2%; R451C=184.2 +/- 11.3%; p<0.05) while the NL3 KO 

had normal LTP (WT=132.9 +/- 7.9%; KO=135.3 +/- 11.8%). 

 

NL3 R451C alters synapse morphogenesis 

 The enhanced NMDA/AMPA ratio, increased number of NR2B 

containing NMDA-Rs, and enhanced LTP are all findings that resemble a 

relatively immature synapse. To address this possibility, we performed 

ultrastructural analyses in the CA1 region of NL3 R451C mice. First, we 

observed no major change in synapse number in NL3 R451C mice (Fig. 

6A, B). When we evaluated intrasynaptic properties, however, we 

observed several changes (Fig. 6C-H). Specifically, spine area, bouton 

area, total number of vesicles per bouton, and the number of perforated 

synapses were reduced (Fig. 6E-H). The presence of smaller synapses 

and less number of perforated synapses suggest that the NL3 R451C 

mutation impairs spine morphogenesis. This is especially interesting as 

perforated synapses have been shown to have more AMPA- and NMDA-

Rs and be present at more mature synapses (Desmond and Weinberg, 

1998; Ganeshina et al., 2004a; Ganeshina et al., 2004b; Nicholson et al., 
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2006; Yuste and Bonhoeffer, 2001). Thus, at the synaptic level, the NL3 

R451C mutation impairs synapse maturation. 

 

NL3 R451C pyramidal neurons have enhanced dendritic complexity 

in stratum radiatum of hippocampus. 

 Our findings so far are consistent with the hypothesis that the NL3 

R451C mutation impairs synapse maturation, resulting in smaller, more 

immature synapses that, consequently, have more NMDA-R mediated 

transmission. To further assess the role of NL3 in neuron and synapse 

morphogenesis we then performed Sholl analysis on biocytin-filled CA1 

pyramidal neurons. Surprisingly, we observed a selective increase in 

dendritic complexity in the Stratum Radiatum region of CA1 (WT=15.07 +/- 

1.2 branch points; R451C=21.83 +/- 2.1 branch points; p<0.01) (Fig. 7A, 

B, Suppl. Fig. 3). NL3 R451C pyramidal neurons had a greater number of 

dendritic branch points, exclusively in the Stratum Radiatum. When we 

quantified spine number on secondary dendrites, we observed no change 

in spine density in NL3 R451C pyramidal neurons (WT=12.73 +/- 0.7 

spines/10 µm; R451C=14.29 +/- 0.8 spines/10 µm). Thus the NL3 R451C 

mutation selectively increases dendritic complexity in the Stratum 

Radiatum, but the spine density remains normal. These observations 
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could account for the enhanced AMPA-R mediated transmission seen in 

the input-output analysis (Fig. 2). 

 

DISCUSSION 

The current study addresses the role of the ASD-relevant NL3 

R451C mutation in hippocampal synaptic function. We found that the NL3 

R451C mutation induces two principal changes in neuronal morphology, 

which correlate with two main dysfunctions in synaptic transmission. 

First, we observed that the NL3 R451C mutation impairs excitatory 

synapse morphogenesis in the CA1 region of the hippocampus (Fig. 6). 

Specifically, the NL3 R451C KI mice had smaller spine and presynaptic 

bouton area, less vesicles per bouton, and fewer perforated synapses 

(Fig. 6E-H). All of these observations are in agreement with the idea that 

the NL3 R451C mutation impairs synapse morphogenesis. The hypothesis 

that the NL3 R451C mice have an increase in immature synapses is 

supported by several aberrations in NL3 R451C synaptic transmission. 

Specifically, the NL3 R451C mice showed an increased NMDA/AMPA 

ratio (Fig. 3), increased NR2B-containing subunits (Fig. 4), increased 

NMDA-R mediated LTP (Fig. 5), and increased NMDA-R mediated 

synaptic transmission in dissociated hippocampal culture (Suppl. Fig. 2).  
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Secondly, the NL3 R451C mutation induced a dramatic increase in 

dendritic complexity, exclusively in the Stratum Radiatum layer of the 

hippocampus (Fig. 7). The presence of a more complex dendritic arbor 

within the Stratum Radiatum can be used to rationalize the observed 

increase in excitatory synaptic strength (Fig. 2). Pyramidal neurons with 

more intricate dendritic arbors could be expected to have an enhanced 

input-output relationship and increased mEPSC frequency. Thus, the NL3 

R451C mutation causes an increase in AMPA-R containing synapses in 

the CA1 region of the hippocampus. 

 The question now is how does the NL3 R451C mutation cause 

such profound changes in neuronal/synaptic morphology? At the 

molecular level, the R451C mutation significantly impairs protein 

trafficking; with less than 10% of NL3 protein remaining (Chih et al., 2004; 

Comoletti et al., 2004; Tabuchi et al., 2007). However, the residual mutant 

protein is still functional, as the NL3 R451C mice have a very different 

phenotype from NL3 KO mice (Chih et al., 2004; Tabuchi et al., 2007). It is 

likely that the NL3 R451C dysfunctions in synaptic transmission are 

manifestations of either two possibilities: altered NL3 surface function due 

to the mutation impairing an unknown protein-protein interaction; an 

indirect effect of the mutant NL3 protein being retained in the endoplasmic 

reticulum and non-specifically interfering with neuronal function. 
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 Our data suggest that the ASD relevant mutation in NL3, the NL3 

R451C missense mutation, has circuit specific effects on synaptic 

transmission. In addition, the NL3 R451C mutation impairs synapse 

morphogenesis at excitatory synapses in the hippocampus. This 

observation is similar to findings in humans with ASDs, which show 

decreased neuronal size and number with an increase in neuronal density 

(Bauman and Kemper, 2003; Bauman and Kemper, 2005). A second 

observation of interest is that two independently generated mouse models 

of the NL3 R451C mutation show similar dysfunctions in synaptic 

transmission, while possessing different, but still ASD-relevant, behaviors. 

Our humble interpretation is that these data suggest a common insulting 

factor, which manifests heterogeneously because of secondary factors 

(i.e. environment, genetic background). In fact, in the family identified with 

the NL3 R451C mutation there was clinical heterogeneity among the 

brothers with the mutation: one brother had classical autism, while the 

other had Asperger’s syndrome (Jamain et al., 2003). These and other 

questions will certainly need to be addressed in future studies as ASD-

relevant mouse models provide an invaluable tool for expanding our 

understanding of ASD pathogenesis.  
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Chapter 4 Figures 

Figure 4-1 
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Figure 4-1: NL3 R451C has region-specific effects on spontaneous 

miniature synaptic transmission. 

A, B) Representative traces (top) and cumulative probability summary 

graphs (bottom) for mIPSC recordings in NL3 R451C (A) (WT; n=11 cells, 

R451C; n=10 cells) and NL3 KO (B) (WT; n=10 cells, KO; n=12 cells; 

p<0.05) mice. 

C, D) Representative traces (top) and cumulative probability summary 

graphs (bottom) for mEPSC recordings in NL3 R451C (C) (WT; n=11 

cells, R451C; n=9 cells; p<0.05) and NL3 KO (D) (WT; n=8 cells, KO; n=9 

cells; p<0.05). 

E, F) Representative traces (top) and cumulative probability summary 

graphs (bottom) for mIPSC (E) and mEPSC (F) recordings in NL3 R451C 

mice (mIPSC: WT; n=12 cells, R451C; n=10 cells; mEPSC: WT; n=15 

cells, R451C; n=17 cells; p<0.05). 

Data represents means ± SEMs. Statistical significance (*p<0.05) was 

evaluated with a KS-test (cumulative probability plots) and Student’s t-test 

(box plots). Box plots represent median and inter-quartile range, vertical 

lines represent 10th and 90th percentile.  

 

 



136 

 

Figure 4-2 
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Figure 4-2: NL3 R451C increases excitatory synaptic strength in CA1 

region of hippocampus. 

Input-output measurements were performed in the CA1 region of the 

hippocampus. 

A, B) Sample traces (A) and summary graph (B) for input-output 

measurements in WT and NL3 KO mice (WT; n=7 slices, KO; n=8 slices). 

C, D) Sample traces (C) and summary graph (D) for input-output 

measurements in WT and NL3 R451C mice (WT; n=9 slices, R451C; n=7 

slices). 

E) Summary graph for slope of linear fit for input-output measurements. 

NL3 WT and KO and NL3 WT and two different R451C lines were 

analyzed. 

Data represents means +/- SEM. Statistical significance was evaluated 

with one-way ANOVA (B, D) and Student’s t-test (E).  
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Figure 4-3 
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Figure 4-3: NL3 R451C increases NMDA-R mediated synaptic 

transmission in the hippocampus.  

NMDA/AMPA measurements performed in pyramidal neurons in the CA1 

region of the hippocampus (A-E) and layer 2/3 of the somatosensory 

cortex (G, H). 

A, B) Sample traces (A) and summary graph (B) for the ratio of 

NMDA/AMPA-receptor mediated synaptic currents for NL3 WT and KO 

mice (WT; n=17 cells, KO; n=17 cells). 

C, D) Sample traces (C) and summary graph (D) for the ratio of 

NMDA/AMPA-receptor mediated synaptic currents for NL3 WT and 

R451C knockin mice (WT; n=16 cells, R451C; n=19 cells; p<0.05). 

E, F) Sample traces (E) and summary graph (F) for the NMDA/AMPA ratio 

of a separately generated NL3 R451C knockin mouse line (WT; n=21 

cells, R451C; n=20 cells; p<0.01). 

G, H) Sample traces (G) and summary graph (H) for the NMDA/AMPA 

ratio for NL3 WT and R451C mice in layer 2/3 of the somatosensory 

cortex (WT; n=16 cells, R451C; n=17 cells). 

Data represents means +/- SEM. Statistical significance was evaluated 

with Student’s t-test.  
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Figure 4-4 
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Figure 4-4: NL3 R451C alters NMDA-receptor subunit composition. 

A) Sample traces (left) and summary graph (right) for NMDA-receptor 

current-voltage measurements (WT; n=6 cells, R451C; n=8 cells). 

B) Sample traces (left) and summary graph (right) for NMDA-receptor 

decay kinetics measurements. Decay kinetics were fitted with a second 

order standard exponential fit (WT; n=10 cells, R451C; n=10 cells; 

p<0.001). 

C) Summary graph for ifenprodil block of NMDA-receptor mediated 

responses. Evoked NMDA-receptor mediated responses were monitored 

while ifenprodil was applied to the slices. Responses are plotted as a 

percentage of baseline. 

D) Summary graph representing average percentage of NMDA current 

remaining after ifenprodil application (WT; n=4 cells, R451C; n=4 cells; 

p<0.05). 

Data represents means +/- SEM. Statistical significance was evaluated 

with Student’s t-test.  
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Figure 4-5 
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Figure 4-5: NMDA-receptor mediated LTP is enhanced in the NL3 

R451C KI mouse. 

Extracellular LTP was induced with three trains, each one second in 

length at a stimulus frequency of 100 Hz.  

A-C) Sample traces (A) and summary of experiments (B) for fEPSP LTP 

recorded in CA1 region of hippocampus in NL3 WT and KO mice. (C) 

Average LTP measured at 55-60 minutes post-induction relative to 

baseline (WT; n=8 slices, KO; n=8 slices). 

D-F) Sample traces (D) and summary of experiments (E) for LTP 

measurements in NL3 WT and R451C mice. (F) Average LTP at 55-60 

minutes post-induction (WT; n=10 slices, R451C; n=12 slices, p<0.05). 

Data represents means +/- SEM. Statistical significance was evaluated 

with Student’s t-test.  
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Figure 4-6 
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Figure 4-6: NL3 R451C impairs dendritic spine morphogenesis in 

hippocampus. 

A) Representative images for ultrastructural analyses performed in CA1 

region of hippocampus (scale bar = 1m).  

B) Summary graph for synapse quantitation in stratum radiatum of CA1 

region of hippocampus. 

C-H) Intrasynaptic measurements were performed assessing docked 

vesicle number (C), PSD length (D), total vesicle number (E; p<0.001), 

perforated synapse number (F; p<0.05), bouton size (G; p<0.001), and 

spine size (H; p<0.001) (WT; n=2 mice, R451c: n=2 mice). 

Data represents means +/- SEM. Statistical significance was evaluated 

with Student’s t-test. 
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Figure 4-7 
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Figure 4-7: Enhanced dendritic branching in NL3 R451C mice in 

stratum radiatum of CA1 region of hippocampus. 

A-B) Biocytin filled CA1 pyramidal neurons were quantified for number of 

dendritic branch points in stratums oriens, radiatum, and lacunosum 

moleculare. Representative neurons (A) and summary graph (B) (WT; 

n=15 cells, R451C; n=12 cells; p<0.01). 

C-D) Spines of secondary dendrites of Alexa-555 filled CA1 pyramidal 

neurons were quantified. Representative images (C; scale bar =1.985m) 

and summary graph (D) (WT; n=7 cells, R451C; n=9 cells). 

Data represents means +/- SEM. Statistical significance was evaluated 

with Student’s t-test. 
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Chapter 4 Supplemental Figures 

Supplemental Figure 4-1 
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Supplemental Figure S4-1: No change in presynaptic release 

probability in NL3 KO and R451C mice. 

A) Sample traces (top) and summary graph (bottom) for fEPSP paired-

pulse facilitation experiments in NL3 WT and KO mice (WT; n=6 slices, 

KO; n=8 slices). 

B) Sample traces (top) and summary graph (bottom) for fEPSP paired-

pulse facilitation experiments in NL3 WT and R451C mice (Wt; n=7 slices, 

R451C; n=9 slices). 

Data represents means +/- SEM. Statistical significance was evaluated 

with Student’s t-test.  
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Supplemental Figure 4-2 
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Supplemental Figure S4-2: NL3 R451C selectively enhances NMDA-

receptor mediated transmission in dissociated hippocampal 

cultures. 

A-B) Sample traces (A) and summary graph (B) for evoked AMPA-

receptor mediated responses (WT; n=17 cells, R451C; n=16 cells). 

C-D) Sample traces (C) and summary graph (D) for evoked NMDA-

receptor mediated responses (WT; n=22 cells, R451C; n=23 cells; 

p<0.05). 

E-F) Sample traces (E) and summary graph (F) for evoked GABA-receptor 

mediated responses (WT; n=13 cells, R451C; n=15 cells). 

Data represents means +/- SEM. Statistical significance was evaluated 

with Student’s t-test.  
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Supplemental Figure 4-3 
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Supplemental Figure S4-3: NL3 R451C increases dendritic 

complexity of CA1 pyramidal neurons. 

A) Summary graph for Sholl analysis evaluating dendritic intersections of 

incrementally larger concentric circles centered at neuron soma. 

B) Summary graph for Sholl analysis evaluating dendritic branch points at 

various distances from neuron soma (WT; n=15 cells, R451C; n=12 cells; 

p<0.05). 

Data represents means +/- SEM. Statistical significance was evaluated 

with Student’s t-test. 
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ABSTRACT 

Numerous neuroligin mutations were observed in autism patients, 

but their functional significance remains unclear. Here, we generated 

knockin-mice carrying an autism-associated single amino acid substitution 

in a conserved cytoplasmic residue of neuroligin-3. Strikingly, we found 

that this mutation significantly impaired AMPA-receptor mediated 

excitatory synaptic transmission, demonstrating a selective effect of the 

mutation on the excitatory/inhibitory balance in brain, and suggesting that 

this mutation is pathophysiologically relevant in autism. 

 

INTRODUCTION 

Neuroligins are post-synaptic cell-adhesion molecules that are 

essential for synaptic transmission (Lise and El-Husseini, 2006)PP. More 

than 20 mutations in neuroligins were identified in patients with Autism 

Spectrum Disorders (ASDs), suggesting that impairments in synaptic 

transmission may contribute to ASD pathogenesis (Sudhof, 2008)PP. 

However, some of these mutations could represent polymorphisms 

without functional consequences. We previously showed that an ASD-

associated point mutation (R451C) in neuroligin-3 (NL3) induces massive 

changes in synaptic transmission, suggesting that this mutation 
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contributes pathophysiologically to the patient's symptomsP (Tabuchi et 

al., 2007). However, the mutation examined in that study is known to 

severely impede folding of the extracellular esterase-homology domain of 

NL3 (Comoletti et al., 2004)P, and thus was expected to impair neuroligin 

function. To test if other, less disruptive mutations associated with ASDs 

also alter the function of neuroligins, we focused on a mutation identified 

in a single ASD family in neuroligin-4 (NL4) (Yan et al., 2005) P. This 

mutation (R704C), the only cytoplasmic neuroligin mutation associated 

with ASDs, is in a conserved residue adjacent to the transmembrane 

region (Fig. 1A), but has no immediately recognizable functional 

consequence.  

 

METHODS 

Generation of Neuroligin-3 R704C knock-in mice 

A 11.3 kb mouse genomic clone encompassing exons 6-8 of the 

NL3 gene was isolated from a 129/SvJ mouse genomic library and 

subcloned into NotI site of pBluescriptII KS (-) for targeting vector 

construction. The nucleotide sequence encoding arginine 704 in exon 8 

was mutated to encode cysteine 704. A neomycin resistance cassette (for 

positive selection) surrounded by FRT sites (flp-recombinase recognition 
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sequences for removal of the neo cassette) was inserted into the HindIII 

site in the intron 3’ of exon 7 (for conditional removal of exon 7) together 

with a loxP site. A diphtheria toxin gene cassette was attached to the 5’ 

end of the vector for negative selection. Embryonic R1 stem cells were 

electroporated with the targeting vector, and cell clones resistant to 

positive and negative selection were screened by Southern analysis using 

a 5’ outside probe to detect a size shift by BglII digestion. Homologously 

recombined clones were injected into blastocysts of C57/BL6 mice to 

generate chimeric mice. Germline transmission was monitored by PCR 

using oligonucleotide primers KT06470 (5’-

GGCGATTTCACCTGCCTACAG-3’) and KT06471 (5’-

TTGGGAGTCATGAGTGGGATG-3’) to detect the point mutation. The 

neomycin resistance gene cassette was removed by flip recombination by 

crossing the initial mutant mice with flip transgenic mice. Genotyping was 

performed by PCR using oligonucleotide primers: KT06470 (5’-

GGCGATTTCACCTGCCTACAG-3’) and KT06471 (5’-

TTGGGAGTCATGAGTGGGATG-3’) to detect the point mutation. PCR 

conditions: (93 °C 10 min) x 1, (93 °C 30 sec, 75 °C 45 sec, 65 °C 3 min) x 

40, (65 °C 10min) x 1, 4 °C. 

 

Biochemical measurements 
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Protein levels were quantified in total brain homogenates from four 

pairs of adult male mice using quantitative immunoblotting as described 

previously (Tabuchi et al., 2007). Signals were detected with iodinated 

secondary antibodies, and monitored with a phosphoimager. Levels were 

normalized for the signals of control proteins (GDI and -actin). 

 

Morphometric analyses 

Morphometric analyses were performed as described previously 

(Tabuchi et al., 2007). Male knock-in and wild-type littermate control mice 

were anesthetized and perfusion fixed with 4% fresh paraformaldehyde in 

100 mM phosphate buffer (pH 7.4). Brains were removed and immersion 

fixed for 4 hours in the same fixative and cryoprotected with 30% sucrose 

in phosphate buffered saline (PBS) for 2 days at 4°C. 30 m serial 

parasagittal sections were cut on a cryomicrotome and floated and 

washed in PBS. For immunostaining, sections were blocked with 3% goat 

serum/0.3% Triton X-100 in PBS for 1 hours at room temperature and 

incubated with anti-synaptophysin monoclonal antibody (Millipore, 

Billerica, MA, USA) at 1:500 dilution, anti-vesicular glutamate transporter 1 

(vGlut1) monoclonal antibody (Synaptic Systems, Göttingen, Germany) at 

1:1,000 dilution, and/or anti-vesicular GABA transporter (VGAT) polyclonal 

antibody (Millipore, Billerica, MA, USA) at 1:500 dilution overnight at 4°C, 
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followed by incubation with Alexa Fluor 488 or 633 goat anti-mouse IgG 

(Invitrogen, Eugene, OR, USA) at 1:1,000 dilution. Sections were 

transferred onto SuperFrost slides and mounted under glass coverslips 

with Vectashield with 4’, 6’-diamidino-2-phenylindole (Vector Laboratories, 

Burlingame, CA, USA). Sections of the CA1 and CA3 subfields of the 

hippocampus were imaged with a Leica TCS2 laser-scanning confocal 

microscope (Leica Microsystems, Wetzlar, Germany) at 63x and the 

stratum radiatum layers were magnified fivefold. For each experimental 

series, all images were acquired with identical settings for laser power, 

photomultiplier gain, and offset with a pinhole diameter. Images were 

imported into ImageJ 1.41 software and converted into binary data for 

morphometric analysis. Synaptic densities and sizes were analyzed under 

fixed thresholds across all slides. Thresholds were chosen within the 

range that allowed outlining as many immunopositive puncta as possible 

throughout all images. The number and size of puncta were detected 

using the “analyze particle” module of the program. The average number 

and size of puncta were normalized with data from wild-type to determine 

synaptic density and size, respectively. Statistical significance was 

determined by Student’s t test. All of the data shown are means ±SEM. 

 

Neuronal culture 
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Primary hippocampal neurons were isolated from newborn litters of 

wild-type and NL3 R704C pups. Cultures were made as described 

previously (Maximov et al., 2007; Maximov et al., 2009; Xu et al., 2007; 

Zhang et al., 2009) (See Chapter 4).  

 

Electrophysiology 

Electrophysiology recordings were performed as described 

previously (Etherton et al., 2009; Tabuchi et al., 2007).  For a detailed 

description of the methods, please refer to Chapters 2 and 4. 

Paired-pulse facilitation experiments were performed at -70 mV 

holding potential. The amplitude of the second EPSC was measured 

relative to the amplitude of the first EPSC. PPF was measured at two 

inter-stimulus intervals, 50 and 80 ms. Twenty traces were collected for 

each inter-stimulus interval. MK-801 experiments were performed at +40 

mV holding potential as described previously (Schoch et al., 2002)}; in the 

presence of 50 µM picrotoxin and 10 µM NBQX to isolate NMDA-R 

mediated responses. Baseline responses were collected for 8 minutes 

prior to MK-801 wash-in. If baseline responses changed greater than 20%, 

experiments were terminated. Once a stable baseline was achieved, MK-

801 was washed into the recording chamber. MK-801 was perfused into 

the chamber for at least 6 minutes without stimulation. After 6 minutes, 
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stimulation was resumed and the rate of the NMDA-R EPSC block was 

monitored. The time constant of decay was calculated using a double 

exponential function: A1exp(–t/ 1) + A2exp(–t/ 2) (Wasling et al., 2004). 

AMPA-R mediated current-voltage experiments were conducted 

with 50 µM picrotoxin and 50 µM AP5 in the ACSF and 0.1 mM spermine 

added to the internal solution. 6-8 traces were collected and averaged at 

each holding potential. Summary graph was constructed by normalizing all 

values to the AMPA-R EPSC at -80 mV. Rectification index was calculated 

as the AMPA-R mediated response at +40 mV/-40 mV. 

 

Cell culture electrophysiology 

Cell culture electrophysiology was done as described previously 

(Maximov et al., 2007; Maximov et al., 2009; Xu et al., 2007; Zhang et al., 

2009) and with similar criteria to the aforementioned acute slice 

electrophysiology. For a detailed description of the methods, please refer 

to Chapter 4. 
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RESULTS 

Generation and characterization of NL3 R704C KI mouse.  

We introduced the R704C mutation by homologous recombination 

into the mouse NL3 gene (Fig. 1B), choosing as a target NL3 instead of 

NL4 for several reasons: in mice, NL4 exhibits extremely low expression 

levels (Varoqueaux et al., 2006)P , is poorly conserved (Bolliger et al., 

2008) , and has no functional role. Advantageously, NL3 is expressed at 

high levels in mice, is highly conserved, and has a demonstrated role in 

synaptic transmission (Tabuchi et al., 2007).  

NL3 R704C mutant mice exhibited no obvious survival phenotype 

(Suppl. Fig. 1). Since previous data revealed that the NL3 R451CP 

mutation severely destabilizes NL3P (Comoletti et al., 2004; Tabuchi et al., 

2007), we first quantified levels of NL3 and other synaptic proteins in the 

NL3 R704C mutant mice. We detected only modest a decrease in NL3 

and a significant increase in the AMPA-type glutamate receptor GluR1 

(Figs. 1C and 1D), possibly as a compensatory event. Moreover, 

immunocytochemical quantitations of synapse density failed to uncover 

significant changes (Figs. 1E and 1F, and Suppl. Fig. 2).  
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NL3 R704C selectively impairs AMPA-receptor mediated 

transmission. 

To test whether the NL3 R704CP mutation altered synapse function, 

we performed extracellular and whole-cell voltage-clamp recordings in 

hippocampal CA1 pyramidal neurons in acute brain slices. Strikingly, the 

NL3 R704CP mutation decreased the frequency but not the amplitude of 

spontaneous mEPSCs, whereas it had no major effect on mIPSCs (Figs. 

2A-2C and Suppl. Fig. 3). Moreover, we observed a dramatic decrease in 

excitatory synaptic strength, as measured in input/output curves (Figs. 2D-

2F). Two different tests of release probability, paired-pulse facilitation and 

use-dependent block of the NMDA-R by MK-801, failed to detect a change 

in NL3 R704CP mutant mice (Suppl. Fig. 4), suggesting that the mutation, 

consistent with the postsynaptic localization of neuroligins, acts 

postsynaptically. 

To examine the nature of the decrease in excitatory synaptic 

transmission, we evaluated the relative ratio of NMDA- vs. AMPA-receptor 

mediated responses (Figs. 2G and 2H) (Etherton et al., 2009)PP. 

Consistent with a relative deficit in AMPA-receptor mediated transmission, 

a significant increase in the NMDA/AMPA ratio was observed. Moreover, 

this deficit was not influenced by a change in AMPA-receptor subunit 

composition, as we observed no change in the I/V curve (Suppl. Fig. 5). In 
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agreement with normal NMDA-receptor mediated transmission, NMDA-

receptor dependent long-term potentiation was unchanged in NL3 R704CP 

mutant mice (Suppl. Fig. 6). 

To better determine whether the NL3 R704CP mutation causes a 

selective impairment in AMPA-receptor mediated responses, we further 

characterized mutant synapses in cultured hippocampal neurons 

(Maximov et al., 2007)PP. Strikingly, cultured hippocampal neurons form 

NL3 R704C mutant mice displayed a significant and selective decrease in 

AMPA-receptor mediated responses, without a change in either NMDA-

receptor mediated glutamatergic responses, or GABA-receptor mediated 

inhibitory responses (Figs. 2I-2K).  

 

DISCUSSION 

Our data show that a single amino-acid substitution in a conserved 

cytoplasmic residue of neuroligins, when introduced into endogenous 

mouse NL3, causes profound and selective changes in AMPA-receptor 

mediated synaptic transmission. The changes we describe here are 

different from those previously observed in NL3 R451C and NL3 knockout 

mice (Tabuchi et al., 2007)P, suggesting a specific effect of different 

neuroligin mutations on synaptic properties. This observation is consistent 
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with a role for neuroligins in specifying synapses (Chubykin et al., 2007)P. 

From an autism perspective, our observations suggest that the R704C 

mutation may be pathogenic through a reduction in excitatory synaptic 

transmission, as similarly observed in other mouse models for ASDs (Dani 

et al., 2005; Etherton et al., 2009; Tabuchi et al., 2007)PP. Finally, these 

results highlight the significance of the intracellular neuroligin sequence 

and their potential protein-protein interactions (Poulopoulos et al., 2009; 

Yamakawa et al., 2007)P. Although the specific function of the R704-

residue remains unknown, it is remarkable that the neutralization of a 

single charge in the cluster of positively charged juxtamembranous 

residues (Fig. 1A) exerts a major effect on synaptic function. 
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Chapter 5 Figures 

Figure 5-1 
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Figure 5-1: Generation and characterization of NL3 R704CP knockin 

mice. 

A) Diagram of the neuroligin structure (top; SP, signal peptide; EHD, 

esterase-homology domain; O-gly, O-glycosylation region; TMR, 

transmembrane region; PDZ, PDZ-domain binding motif), and alignment 

of NL1-NL4 sequences surrounding the mutated residue R704C (bottom; 

R704C, red typeface; intramembranous sequence, blue typeface; 

cytoplasmic sequence, black typeface).  

B) Homologous recombination strategy. Shown from top to bottom are the 

structures of the wild-type NL3 gene (E6-E8 = exons 6 to 8), the targeting 

vector (DT, diphtheria toxin cassette; NEO, neomycin resistance 

cassette), the recombined allele containing NEO (third line), and the 

recombined allele after flp excision of NEOP
3P. Asterisk in exon 8 indicates 

point mutation. 

C, D) Representative immunoblots (C) and summary graphs of protein 

levels (D) in wild-type and NL3 R704CP mutant brains analyzed by 

quantitative immunoblotting (n=4 pairs).  

E, F) Measurements of the hippocampal density of excitatory and 

inhibitory synapse density, as visualized with antibodies to the vesicular 
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glutamate- (vGlut1) and GABA-transporters (vGAT; E, representative low- 

[left] and high-resolution images [right]; F, summary graph [n=3 pairs]).  

Data in D and F are means ± SEMs (*p<0.05 by Student's t-test). 
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Figure 5-2 
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Figure 5-2: NL3 R704CP knockin mutation selectively impairs 

excitatory synapse function. 

A-C) mEPSC sample traces (A), and cumulative probability plots of 

mEPSC amplitudes (B) and frequency (C), recorded in acute hippocampal 

slices. Insets, summary box plots (WT; n=11 cells, R704C; n=11 cells).  

D-F) Sample traces (D), summary plots (E), and summary graph of the 

slope fits (F) for input-output measurements obtained by extracellular field 

recordings in slices (WT; 5 mice, n=13 slices, R704C; 5 mice, n=14 slices; 

p<0.01).  

G, H) Sample traces (G) and summary graph (H) for measurements of the 

ratio of NMDA- vs. AMPA-receptor mediated synaptic responses 

monitored in slices (WT; n=12 cells, R704C; n=13 cells)PP. 

I-K) Evoked synaptic AMPA- (I) (WT; n=19 cells, R704C; n=21 cells), 

NMDA- (J) (WT; n=17 cells, R704C; n=19 cells), and GABA-receptor (K) 

(WT; n=15 cells, R704C; n=18 cells) mediated responses recorded in 

hippocampal neurons cultured from newborn mice.  

All data were obtained from male littermate mice, and are means ± SEMs. 

Statistical significance (*p<0.05) was evaluated by the KS-test (B, C), one-

way ANOVA (E), or Student's t-test (F, H-K). 
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Chapter 5 Supplemental Figures 

Supplemental Figure 5-1 
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Supplemental Figure S5-1: Survival analysis and protein quantitation 

for NL3 R704CP mutant mice. 

A) Survival analysis for NL3 R704CP mutant mice at P20. Bar diagram 

shows the number of surviving male wild-type (NL3 WT) and NL3 R704CP 

mutant mice (NL3 R704C) derived from crossing heterozygous female to 

wild-type male mice, surviving to P20. 

B) Representative immunoblots of brains from wild-type and NL3 R704CP 

knock-in mice (n=4 pairs). This blot complements the data shown in Fig. 

1D.  
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Supplemental Figure 5-2 
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Supplemental Figure S5-2: Immunohistochemistry for synaptic 

markers 

A, B) Representative images of immunohistochemistry for NL3 WT (a) 

and NL3 R704CP mutant mice (b). Sections from the CA1 region of the 

hippocampus were stained for vGlut1 (top) and vGAT (bottom). Low- (left) 

and high-resolution images (right) are shown. 

C) Summary graph for the synaptic puncta size of vGlut1 and vGAT 

positive synapses. For synapse densities, see Fig. 1F. 

D) Representative images of NL3 WT and NL3 R704CP mutant 

hippocampal sections stained for synaptophysin (top, low-resolution; 

bottom, high-resolution). 

E, F) Summary graphs of the total synapse density (e) and size (f) in 

synaptophysin-stained hippocampal sections. 

Data in c and f are means ± SEMs. Statistical significance was excluded 

using Student’s t-test. 
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Supplemental Figure 5-3 
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Supplemental Figure S5-3: Inhibitory synaptic transmission is 

unchanged in NL3 R704CP mutant mice. 

A) Sample traces of mIPSCs recorded in the CA1 region of the 

hippocampus.  

B) Cumulative probability plot of the mIPSC amplitudes (WT; n=11 cells/4 

animals; R704C; n=13 cells/4 animals). Inset, box plot of the mIPSC 

amplitudes.  

C) Cumulative probability plot for the mIPSC inter-event intervals (WT; 

n=11 cells; R704C; n=13 cells). Inset, box plot of the mIPSC frequency.  

Data represents means ± SEMs. Statistical significance (*p<0.05) was 

evaluated with a KS-test (cumulative probability plots) and Student’s t-test 

(box plots). Box plots represent median and inter-quartile range, vertical 

lines represent 10th and 90th percentile. 
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Supplemental Figure 5-4 
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Supplemental Figure S5-4: No change in presynaptic release 

probability in NL3 R704CP mutant mice. 

A) Sample traces for paired-pulse facilitation measurements at 50 and 80 

ms inter-stimulus intervals.  

B) Summary graph for paired-pulse facilitation measurements (WT; n=13 

cells/3 animals, R704C; n=11 cells/3 animals).  

C) Sample traces for NMDA-receptor mediated responses monitored at 

+40 mV for measuring the MK-801 use-dependent block of NMDA-

receptor mediated transmission. The 1st, 10th, and 50th NMDA-receptor 

EPSC following MK-801 application are shown as indicated.  

D) Summary graph of the release probability measurements using the rate 

of the MK-801 dependent block in NMDA-receptor responses during low 

frequency stimulation. Experiments were performed in three parts: stable 

NMDA-receptor mediated responses were established; stimuli were 

stopped as MK-801 was bath-applied for 8 minutes; stimuli were resumed. 

The weighted tau of the NMDA-receptor response decay was calculated 

using a double exponential function: A1exp(–t/ 1) + A2exp(–t/ 2) (WT; n=9 

cells/3 animals; R704C; n=7 cells/3 animals). 

Data represent means ± SEMs. Statistical significance was excluded 

using Student’s t-test. 
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Supplemental Figure 5-5 
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Supplemental Figure S5-5: AMPA-R current-voltage relationship is 

unchanged in NL3 R704CP mutant mice. 

A) Current-voltage plot (I/V curve) or AMPA-receptor mediated synaptic 

responses (WT; n=6 cells/2 animals, R704C; n=4 cells/2 animals).  

B) AMPA-receptor rectification index plotted as current at +40 mV relative 

to current at -40 mV.  

Data represent means ± SEMs. Statistical significance excluded using 

Student’s t-test. 
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Supplemental Figure 5-6 
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Supplemental Figure S5-6: Normal NMDA-R dependent LTP in 

unchanged in NL3 R704CP mutant mice. 

A) Sample traces for extracellular fEPSP recordings performed before (1) 

and 60 minutes after (2) LTP induction with three, one second stimulus 

trains at 100 Hz frequency.  

B) Summary graph for LTP experiments performed in NL3 WT and R704C 

mice (WT; n=9 slices/6 animals, R704C; n=10 slices/7 animals).  

C) Summary graph for the magnitude of LTP at 55-60 minutes post-

induction.  

Data represents means ± SEMs. Statistical significance (*p<0.05) was 

evaluated with a Student’s t-test. 
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Chapter 6  

 

 

Conclusion 

SUMMARY OF FINDINGS 

 

Mouse models for ASDs 

 Prior data evaluating and characterizing mouse models for ASDs 

has produced heterogeneous results (1994; Crawley, 2007; Guy et al., 

2001; Kwon et al., 2006; Napolioni et al., 2009). For a variety of mouse 

models, what has been observed is that many of the syndromic models 

(i.e. Fragile X, Tuberous Sclerosis, Rett’s syndrome) exhibit some 

behaviors comparable to the core domains that are dysfunctional in 

patients with ASDs, however none show deficits in all three diagnostic 

criteria (1994; Crawley, 2007; Guy et al., 2001; Kwon et al., 2006; 

Napolioni et al., 2009). To date, the only mouse model for ASDs that 

exhibits deficits in all three of the core domains for clinical diagnosis is the 

inbred mouse strain BTBR T+tf/J mouse (Crawley, 2007). The major 

drawback of this mouse model, however, is that it exhibits massive 
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neuroanatomical deficits: including absence of the corpus callosum and 

significantly reduced anterior commisures (Wahlsten et al., 2003). 

Because the brain anatomy is so egregiously altered in this inbred strain 

as compared to humans with only subtle changes in brain anatomy, the 

BTBR T+tf/J mouse is not an appropriate mouse model for ASDs. 

 The experimental algorithm for characterizing potential mouse 

models of ASDs is straightforward. First, a behavioral assessment of the 

mouse performance in ASD-relevant behavioral paradigms is critical. 

These would include behavioral assays looking at social interaction, 

repetitive or stereotyped behaviors, and communication (although this is 

arguably the most complicated of the three core deficits of ASDs to 

characterize in mice). Once this has been established, then all future 

findings, whether they are involving synaptic transmission, protein 

function, neuronal morphology, etc., can be realistically interpreted 

regarding the autism relevance of this mouse model. 

 In this thesis I present data characterizing the efficacy of synaptic 

transmission in three potential mouse models of ASDs; the neurexin-1α 

knockout mouse (described in Chapter 2, the NL3 R451C KI mouse 

(Chapters 3 and 4), and the NL3 R704C KI mouse (detailed in Chapter 5). 

What I will now proceed to review are the observations seen in the 

behavioral assays and how they correlate with the observed dysfunctions 
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in synaptic transmission. Although correlative in nature, the relationship 

between the behavioral deficits and the changes in synaptic transmission 

lies at the heart of understanding how ASD-relevant mutations affect 

synaptic transmission and ultimately manifest as behavioral abnormalities. 

 

Neurexin-1α knockout mouse 

 The neurexin-1α knockout mouse showed behavioral abnormalities 

in several assays: increased repetitive grooming behaviors, decreased 

pre-pulse inhibition, and decreased nest-building behaviors. The repetitive 

grooming behavior is directly relevant to one of the core domains for 

diagnosis of ASDs, repetitive or stereotyped behaviors (American 

Psychiatric Association., 2000; Crawley, 2007). Furthermore, changes in 

pre-pulse inhibition are of interest as patients with autism and 

schizophrenia have impaired PPI (Braff et al., 1992; Geyer et al., 1990; 

McAlonan et al., 2002; Perry et al., 2007). An important question to 

address now, however, is how these behavioral changes correlate with the 

observed deficit in AMPA-R mediated excitatory synaptic transmission?  

 Similar enhancements in grooming behavior have also been 

observed in other neurexin/neuroligin mouse models. The NL1 knockout 

mouse showed similar increases in repetitive grooming behavior (Blundell 
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et al.). In this example, however, a selective deficit was observed in 

NMDA-R mediated synaptic transmission. Thus, two different neurexin-

neuroligin mouse models produce similar behavioral deficits by selectively 

impairing different forms of excitatory synaptic transmission. It is important 

to note that another ASD-relevant mouse mode, the Mecp-2 knockout 

mouse, also exhibits neurological deficits and a decrease in excitatory 

synaptic transmission (Dani et al., 2005; Guy et al., 2001). A parsimonious 

explanation would be that the correlated deficits in excitatory synaptic 

transmission are responsible for the increased grooming behavior and that 

general deficits in excitatory transmission manifest with this behavior. 

However, all hypotheses at this point are entirely speculative on the 

relationship between synaptic transmission phenotypes and behavioral 

abnormalities and for a causative interpretation to be attained more 

definitive, region-specific manipulations must be pursued (to be discussed 

later). 

 

Neuroligin-3 R451C Mouse 

 The NL3 R451C mouse is incredibly interesting from an ASD-

perspective. Here we have a point mutation that significantly reduces NL3 

protein levels (~10%), but presents with a phenotype very different from 
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NL3 loss of function. Moreover, the aberrations in synaptic transmission, 

increased inhibitory transmission in the somatosensory cortex (Chapter 3) 

and increased excitatory transmission in the hippocampus (Chapter 4), 

suggest a region or circuit-specific effect. This idea is especially intriguing 

when the behavioral deficits are considered. 

 In the NL3 R451C mouse behavioral deficits were seen in social 

interaction: NL3 R451C mice spent less time interacting with caged mice 

in two different assays. Similar to the neurexin-1α behavior, the NL3 

R451C mice exhibited ASD-relevant behaviors in only one of the three 

ASD core domains (it should be mentioned, however, that communication 

was not evaluated). Surprisingly, the NL3 R451C mice also exhibited 

enhanced spatial memory as tested by the Morris water maze. This result 

was certainly unexpected when one considers that the majority (~70%) of 

patients with ASDs exhibit cognitive deficits (Geschwind and Levitt, 2007). 

However, as mentioned earlier, a minority of patients with ASDs do exhibit 

restricted areas of enhanced, savant-like, skills (Kelleher and Bear, 2008). 

 The interpretations of the hippocampal electrophysiology and the 

enhanced spatial memory are relatively straightforward. There is a clear 

link between NMDA-R mediated synaptic transmission/plasticity and 

spatial memory (Tsien et al., 1996). Thus, the enhanced NMDA-R 

mediated transmission observed in the NL3 R451C mouse is a logical 
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explanation for the improved performance in the Morris water maze. The 

increase in cortical inhibitory transmission is even more interesting given 

its effects on excitatory/inhibitory balance; however, it is much more 

ambiguous in its correlation with any behaviors (i.e. social interaction). 

Phasic and tonic inhibition are critical components for controlling circuit 

oscillatory rhythms (Buzsaki and Draguhn, 2004; Pouille et al., 2009). 

Thus one can appreciate how small changes in inhibitory transmission can 

have profound effects on circuit function. Albeit, whether network 

oscillations are altered in the NL3 R451C mouse and how this contributes 

to the social interaction deficit remain to be determined. 

 

Neuroligin-3 R704C Mouse 

 The NL3 R704C mouse is unique in that it represents the only 

ASD-relevant mutation localized to the cytoplasmic domain of neuroligin 

(Yan et al., 2005). For this reason, this mutation may be useful in 

elucidating the function of the cytoplasmic domain of neuroligins. 

Comparable to the neurexin-1α physiology, the NL3 R704C mutation 

caused a reduction in AMPA-R mediated synaptic transmission. This data 

is in agreement with the hypotheses that neurexins and neuroligins 

modulate synaptic function (Sudhof, 2008). 
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 The questions with this particular mouse are twofold: does the NL3 

R704C mouse exhibit any ASD-relevant behavioral deficits; how does the 

removal of a positively charged residue at the membrane proximal portion 

of the neuroligin cytoplasmic domain impair synaptic transmission? Clearly 

it would be fortuitous in our correlation of behavioral deficits with 

electrophysiology if the NL3 R704C mice exhibited similar behavioral 

deficits as the neurexin-1α knockout. However, most importantly the ASD-

relevance of the NL3 R704C mice must be addressed. 

 

Neurexin, Neuroligin, and ASDs: What does it all mean? 

 In my thesis I present data characterizing synaptic transmission in 

three different ASD-relevant mouse models. Two of the models evaluated, 

the neurexin-1α KO and the NL3 R451C KI mouse, show behavioral 

deficits comparable to one of the three core domains for ASD diagnosis. 

Thus, although these mice exhibit certain ASD-relevant behaviors and are 

useful for this reason, it would be overzealous to say that these mice are 

models for ASDs. For such a model to be valid, it must unequivocally 

demonstrate ASD-relevant behaviors in each of the three core domains of 

ASDs (social interaction, communication, and repetitive or stereotyped 

behaviors). Nonetheless, the aforementioned mice are still useful for 
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probing the physiology responsible for specific ASD-relevant deficits. In 

this manner, the neurexin-1α KO and NL3 R451C KI mice may be even 

more informative than a true ASD-mouse model because they afford the 

characterization of the physiology responsible for individual core domains 

of ASDs. For example, if the appropriate approach was pursued one could 

potentially address the deficits in synaptic transmission responsible for the 

repetitive behavior or social interaction deficits in the neurexin-1α KO and 

NL3 R451C KI mouse, respectively. With this approach, we may therefore 

be able to more clearly identify the physiology responsible for a specific 

behavior, rather than have multiple ASD-relevant behavioral deficits to 

cloud the picture. The biggest, and arguably most important, challenge, 

however, is definitively showing that the observed dysfunctions in synaptic 

transmission are causative for the behaviors. 

 

FUTURE DIRECTIONS 

 The future directions of these projects can generally be divided into 

two areas: characterizing neurexin and NL function, and a more expansive 

investigation into the contribution of neurexin and NL to ASDs 

pathogenesis. Although each of these pursuits are in many ways linked to 

each other: as we improve our understanding of neurexin/NL function we 
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will also be able to better interpret the role of these molecules in ASD 

pathophysiology. 

 

Neurexin and Neuroligin function 

 Despite the fact that neurexins and neuroligins have been studied 

for over twenty years (Ushkaryov et al., 1992), and with an increased vigor 

since their identified relevance to ASDs, there is much to be learned about 

these molecules. Arguably the most important starting point is where 

exactly are these molecules located? By first addressing this question, a 

solid stepping stone will be established for future research. 

 Previous work has demonstrated the presence of certain 

neuroligins at different synapses: NL1 is at excitatory synapses, NL2 is at 

inhibitory synapses, and NL3 is at both excitatory and inhibitory synapses 

(Budreck and Scheiffele, 2007; Song et al., 1999; Varoqueaux et al., 

2004). However, what has not been addressed is the subcellular 

localization of these molecules, for example do all excitatory synapses 

possess NL1? It is evident from characterization of the neurexin and 

neuroligin KO mice that these molecules are not critical for synapse 

formation (Missler et al., 2003; Varoqueaux et al., 2006). Thus it has been 

proposed instead that these molecules are more critical in synapse 



192 

 

validation or modulation (Chubykin et al., 2007; Tabuchi et al., 2007). By 

initially establishing the differential synaptic localization of these 

molecules, it will then be possible to probe how these molecules are 

regulated by activity, for example. 

 

Neurexin and Neuroligin: Role in ASDs pathogenesis 

 The focus of my thesis was on evaluating the effects on synaptic 

transmission of ASD-relevant mutations in neurexins and neuroligins. The 

major technical limitation of my approach was that, inevitably, all 

electrophysiology findings were only correlative with any behavioral 

observations. At best, we were able to say that the deficits in synaptic 

transmission could be contributing to the behavioral deficits. To explicitly 

relate deficits in synaptic transmission with behavioral abnormalities a 

more focused approach must be undertaken. In detail, region specific 

manipulations are a critical starting point. By acutely knocking down 

neuroligin expression with shRNAs, for instance, in the hippocampus and 

then observing an impairment in spatial memory, a stronger link between 

neuroligin function and a particular behavior would be established. This 

avenue of investigation could become continually more focused as 

phenotypes are ascertained: inevitably progressing to cell-type specific 
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deletion of neurexin/neuroligin. The inherent strength in this style of 

approach is enormous. Cell-type specific perturbations would allow for the 

specific role of these molecules in neuronal subtypes to be investigated for 

a certain behavior. 

 On the topic of region specific perturbations, future analyses of 

these mouse models most certainly should be performed in other, more 

ASD-relevant, brain regions. The hippocampus is certainly affected in 

patients with ASDs, showing decreased neuronal size and number 

(Bauman and Kemper, 2003; Bauman and Kemper, 2005). However, 

when considering the core domains of ASDs, it would be pertinent to 

investigate synaptic transmission in higher cortical areas, striatum, and the 

cerebellum. This idea is of even greater interest when the NL3 R451C KI 

mouse is considered. In Chapters 3 and 4, the NL3 R451C mutation 

causes differential effects in pyramidal neurons in layer 2/3 of the 

somatosensory cortex and the CA1 region of the hippocampus. By 

characterizing synaptic transmission in different ASD-relevant brain 

regions, a better understanding of ASD pathology will be achieved. 

 In combination, these approaches will afford a better understanding 

of neurexin and neuroligin function, and how these molecules contribute to 

ASD pathogenesis. Ultimately, this continued characterization of ASD-

relevant mouse models should enhance our understanding of ASD 



194 

 

pathophysiology. By continuing this approach, whereby ASD-relevant 

mutations are characterized for their effects on synaptic transmission an 

improved knowledge of the common synaptic pathophysiologies in ASDs 

will be achieved. As we continue to identify commonalities amongst this 

behaviorally heterogeneous cluster of disorders we should be able to 

more efficaciously design therapeutic interventions. 
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