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INTRODUCTION 

Neurons are the basic units of the nervous system. Morphology of neurons is an 
important determinant of their functioning. Understanding how neurons acquire 
intricate morphologies during development, as well as how altered morphology 
of neurons can modify the functional connectivity of adult brain, is the key to 
decipher the formation and function of the nervous system. A functional brain 
constitutes networks of neurons that require tightly controlled and coordinated 
interactions between the cellular molecules during development (Casey et al. 
2000). Brain development is the most complex biological process, organised by 
accurately regulated expression of diversified genes. During development, 
differentiating neurons migrate and elongate the neurites en routing their targets 
via synapse to form neuronal networks. Definite control of neurite sprouting 
during neuritogenesis is crucial to establish neuronal networks and proper 
functioning of the nervous system (Munno and Syed 2003; Flynn, 2013). Each 
of these events is dependent on cues generated by cell surface proteins like cell 
adhesion molecules (CAMs) (Togashi et al. 2009). Numerous families of CAMs 
including glycosylphosphatidylinositol (GPI) anchored immunoglobulin super-
family (IgLON) are located in the developing neurons (Zacco et al. 1990; Tan et 
al. 2017). Five members of the IgLON superfamily of CAMs include Lsamp, 
(limbic system associated membrane proteins), Ntm (neurotrimin), Opcml 
(opioid-binding cell adhesion molecule), Negr1/ Kilon (neuronal growth regu-
lator 1) and IgLON 5 (Horton and Levitt, 1988; Struyk et al. 1995; Schofield et 
al. 1989; Funatsu et al. 1999; Grimwood et al. 2004; Sabater et al. 2014). These 
adhesion molecules are important in the formation of neuronal circuits and 
remarkably regulate brain functions like learning and social behavior (Innos et 
al. 2011, 2012; Philips et al. 2015). Disruptions in CAM gene family may lead 
to abnormal neuronal connectivity with manifested neuropsychiatric endo-
phenotypes and thus increase the possibility of neuropsychiatric conditions such 
as schizophrenia (SCZ), autism spectrum disorders (ASD), major depressive 
disorders (MDD), attention-deficit hyperactive disorder (ADHD), bipolar dis-
order (BP) and mental as well as cognitive symptoms present in neurodegenera-
tive disorders like Alzheimer’s disease (AD) and Parkinson’s disease (PD) 
(Koido et al. 2014; Vawter, 2000; Corvin, 2010).  

In order to explore the potential endophenotypes of psychiatric disorders, 
this study analysed the biological determinants at cellular, anatomical and be-
havioral levels in mice models of IgLON superfamily molecules. IgLONs assist 
the congregation of synaptic connections during the establishment of neuronal 
circuits through inter-family interactions (Reed et al. 2004; Hashimoto et al. 
2009; Tan et al. 2017). At the cellular level, these molecules interact with each 
other, reconcile specific neuronal projections and can further inflect the beha-
vioral responses (Gil et al. 2000; Innos et al. 2011, 2012; Mazitov et al. 2017). 
Among all the five members of the IgLON superfamily, Lsamp and Ntm have 
been shown to have maximum affinity for trans-interactions (Reed et al. 2004). 
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Hence, it was an intriguing question to decipher how these two different IgLON 
molecules are regulated and interact to affect morphology during development, 
structural anatomy and behavior at adulthood.  

Basic in vitro studies elucidating the functional properties of IgLON adhe-
sion molecules were performed using overexpression or viral induced knockout 
of IgLON superfamily genes in the neuronal or secondary cell lines (Miyata et 
al. 2003; Yamada et al. 2007; Hashimoto et al. 2009; Akeel et al. 2011; 
Pischedda et al. 2014; Sanz et al. 2017). Thus, morphological description of 
neuronal development under realistic situation which is comparable to deficient 
mice of IgLON molecules is still lacking. Dissociated primary neuronal culture 
from IgLONs deficient mice has the potential to recapitulate the same pheno-
typic properties of the corresponding in vivo neuronal cell type. Our study is the 
first to outline the early neurite sprouting from the dissociated primary neurons 
derived from a mouse model. In this thesis, we used single or combined dele-
tional mouse model of Lsamp, Ntm to evaluate the interacting effects, and 
Negr1 deletional mouse model for comprehensive investigations in manifold 
behavioral assessment and neuroanatomical examinations. In order to perform 
morphological phenotyping of growing neurons, we chose hippocampal dis-
sociated neuronal culture as Lsamp and Ntm coexpression and Negr1 expression 
were seen during development of hippocampal formation.  

Double knockout mice were created from Lsamp −/− and Ntm −/− mice and 
experiments were done in parallel to understand their potential interaction at 
early neuronal development. We showed that neuritogenesis process and ba-
lance in tissue homeostasis is regulated through complementary interactions 
between Lsamp and Ntm. Similarly, Negr1 is also involved in early neurito-
genesis, indicating the role of IgLON family proteins during neurite initiation 
which is independent of their regulation of cell-cell adhesion. Neuroanatomical 
analysis of Lsamp −/−, Ntm −/− and double deletional Lsamp −/−Ntm −/− mice 
revealed no gross changes. Negr1−/−mice displayed several neuroanatomical ab-
normalities potentially related to neuropsychiatric endophenotypes and apparent 
imbalanced E/I (excitation/inhibition) ratio in hippocampus which are remini-
scent of cross-disorder neuropsychiatric disorders like SCZ, ASD, BP, ADHD 
etc. These neuropsychiatric disorders are highly heritable, share common 
polygenic traits with distinct set of partially overlapping symptoms (Lee et al. 
2013; Wang et al. 2017; Gandal et al. 2018). Finally, behavioral phenotyping of 
mice with same genotypes allowed us to interpret how morphological and 
anatomical data could influence the behavioral manifestations and promote the 
endophenotype approach to study the gene to behavior pathways. This thesis is 
an attempt to understand how different organisational levels are integrated to 
generate specific behavioral changes due to different gene doses. Among all the 
studied genotypes, Negr1 −/− mice data warrant further study of Negr1 in the 
pathogenesis of neuropsychiatric disorders. Mouse models displaying relevant 
endophenotypes of neuropsychiatric disorders can advance translational re-
search in understanding the possible etiology of disorders and help to develop 
new active compounds for potential treatments.  
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REVIEW OF LITERATURE 

1. General description of Immunoglobulin superfamily of 
cell adhesion molecules (IgLONs) 

IgLON superfamily of cell adhesion molecules (CAMs) assembles the tuned 
group of cells for the fundamental development, communication, maintenance 
and functioning of the adult brain (Tan et al. 2017). IgLONs are most abun-
dantly expressed neural cell surface glycosylated proteins (Salzer et al. 1996). 
Five members of the IgLON family are Limbic system associated membrane 
proteins (Lsamp; IgLON3; Levitt, 1984; Horton and Levitt, 1988; Pimenta et al. 
1996), Opioid-binding cell adhesion molecules (Opcml; IgLON1; Schofield et 
al. 1989), Neurotrimin (Ntm; IgLON2; Struyk et al. 1995), Neuronal growth 
regulator 1 (Negr1/Kilon; IgLON4; Funastu et al. 1999) and IgLON 5 (Grim-
wood et al. 2004; Sabater et al. 2014). These molecules are mainly clustered at 
pre and post synaptic sites at different brain regions (Zacco et al. 1990; Miyata 
et al. 2003). 
 
 
Table 1. IgLON superfamily genes in Homo sapiens (hu), mus musculus (mu), their 
genomic location, protein size in amino acid (aa) and molecular mass in kilodaltons 
(kDa) of the proteins. 
 

 Lsamp Ntm Opcml Negr1 IgLON 5 
Genomic location(hu) 3q13.31 11q25 11q25 1p31.1 19q13.41 
Genomic location(mu) 16qB4 9qA4 9qA4 3qH4 7qB3 
Protein size (aa) 338 344 337 348 336 
Mol. Mass (kDa) 64-68 65 46-51 46 36 
 
 
Phylogenetic analyses indicate the first divergence of IgLON family by duplica-
tion over the time of Arthropod emergence around 555Mya (Kubick et al. 
2018). IgLON homologous genes found to be present in all vertebrates as well 
as invertebrates (Garver et al. 2008; Kubick et al. 2018). High levels of intra 
family homology were found in the IgLON superfamily. All the five IgLONs 
share the same structure, contain three C2 type immunoglobulin (Ig) like do-
mains, and one conserved disulphide bone with each Ig domain through which 
they adhered to the plasma membrane via GPI anchor depicted in Fig. 1 (Pi-
menta et al. 1996, Miyata et al. 2003). Ntm and IgLON5 contains one extra non 
conserved cysteine inside the first 90 aa (C45 and C83, respectively), attributing 
to form covalent dimers (Struyk et al. 1995). The sequence of alternative pro-
moter of Lsamp 1a and 1b transcript were initially provided by Pimenta and Le-
vitt, 2004 and later detailed analysis was performed by our group in Vanaveski 
et al. 2017. Similar genomic structures were found in Ntm and Opcml with two 
alternative promoters 1a and 1b. Negr1 and IgLON 5 possess uniform 5’ 
regions implying to have single promoter (Vanaveski et al. 2017).  
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Figure 1. (a) Localisation of CAMs in the developing neurons. Red: CAM labelling 

in the growth cone, filopodium, axons, at cell membrane and contact site with other 

neurons, green: cell soma, blue: nucleus (adapted from G. Pollerberg/ Cells). (b) Mole-

cular structure of IgLONs. Three C2 type Ig- domains adhered to plasma membrane 

with GPI anchor. (c) Structure of Lsamp, Ntm/Opcml and Negr1 gene. Genomic 

structure and assembly of the of 1a and 1b promoter derived transcripts of Lsamp, Ntm 

and Opcml and single transcript of Negr1 gene.  Exons are illustrated as boxes (adapted 

from Pimenta and Levitt, 2004; Vanaveski et al. 2017).  
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2. Expression of IgLONs in mouse brain 
In the mice brain Lsamp, Opcml and Negr1 were expressed both in neurons and 
oligodendrocytes (Sharma et al. 2015). Ntm has been found to express speci-
fically in neurons, Opcml and Lsamp has also shown to be expressed in astro-
cytes (Sugimoto et al. 2010; Zhang et al. 2014; Sharma et al. 2015). IgLON5 
and Ntm were also expressed in microglia (Zhang et al. 2014). Among all 
IgLONs, only Ntm was expressed in endothelial cells (Petryszak et al. 2014).  

The neuroanatomical distribution of Lsamp, Ntm, Opcml and Negr1 is extre-
mely diverse throughout the brain with coexpression at few sites (Philips et al. 
2015; Gil et al. 2002; Hachisuka et al. 2000; Schafer et al. 2005). The timing of 
their first mRNA expression in the developing nervous system was almost 
identical and starting from embryonic period (E) 12.5-15 (Philips et al. 2015; 
Struyk et al. 1995; Hachisuka et al. 2000). During this embryonic period the 
majority of neurons establish their neural circuits indicating IgLONs involve-
ment in formation of variety of diverse neural circuit.  

The first described IgLON family member was Lsamp in the rat brain 
showing expression in the limbic cortex and medial nucleus of the thalamus 
thus suggesting its role in the limbic system circuitry (Levitt, 1984; Horton and 
Levitt, 1988; Pimenta et al. 1996; Reinoso et al. 1996). The mRNA expression 
in the developing and adult rat brain showed the expression of Lsamp in hippo-
campus, amygdala, ventral and dorsal striatum, and preoptic and hypothalamic 
areas, somatosensory, motor cortex, thalamic nuclei, midbrain, hindbrain, supe-
rior and inferior colliculus, dorsal and ventral cochlear nuclei, nucleus of lateral 
lemniscus, superior olive and spinal trigeminal nucleus (Pimenta et al. 1996b; 
Reinoso et al. 1996). In cat, Lsamp expression was also observed in the caudate 
nucleus and substantia nigra (Chesselet et al. 1990). Basal ganglia, hippo-
campus and amygdaloid area (Cote et al. 1995; 1996) were labelled with Lsamp 
in primates brain. Previous study from our lab confirmed the remarkable variety 
in the twin promoters activity of Lsamp1a and 1b in the mice brain (Philips et 
al. 2015). Lsamp 1a was highly expressed in classical limbic structures like 
hippocampal formation, temporal cortex, amygdaloid area, ventral striatum, 
olfactory tubercle, limbic cortex, cingulate cortex, insular cortex, anterior thala-
mus, anterior hypothalamus and pre optic areas. On the contrast, Lsamp 1b pro-
moter was strongly expressed in the sensory pathways like brain stem, sensory 
nucleus in thalamus, layer 4 and 6 of cortex, sensory areas like visual, auditory 
and somatosensory cortex. 1b promoters were also expressed in regions regu-
lating stress and arousal like mammillary bodies, paraventricular nucleus of 
hypothalamus and regions important in olfactory and gustatory regulation like 
insular and piriform cortices (Philips et al. 2015). 

Ntm expression was first described in the developing rat brain (Struyk et al. 
1995). Ntm expression emerges to be restricted to post-mitotic neurons. Ntm 
were highly expressed in somatosensory areas between E18 to post natal day 
(P) 10 in the developing thalamus, cortical subplate, V, VI laminae of forebrain 
cortex, pontine nucleus, internal granule cells and Purkinje cells of cerebellum. 
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Expression in these neurons suggests Ntm involvement in the development of 
these projections. It is interesting to note that Lsamp and Ntm possess comple-
mentary expression pattern in the brain with few similar coexpressions. The 
brain regions expressing both Lsamp and Ntm include sensory and sensory 
motor cortex, entorhinal cortex, hippocampus, amygdala, thalamus (ventral 
posteromedial, lateral geniculate nucleus and lateral dorsal nuclei), piriform 
cortex, cerebellum, brain stem nuclei, spinal cord and dorsal root ganglia (Phi-
lips et al. 2015; Struyk et al. 1995; Gil et al. 2002). In cultured hippocampal 
neurons, the coexpression of Lsamp and Ntm has been also shown at the level 
of single neurons (Gil et al. 2002). 

At first Opcml was considered as a key protein for an opioid receptor in rat 
brain (Cho et al. 1986). Opcml expression was first reported in the developing 
rat brain on cortical plate apparently at subplate, spinal cord and is limited to 
grey matter (Struyk et al. 1995; Hachisuka et al. 2000). Opcml is expressed at 
very restricted set of neurons, high expression in the developing hippocampus 
(Ammon’s horn), cerebral cortex, developing hippocampus, pyriform cortex, 
and the mitral cell layer of the olfactory bulb. Opcml and Ntm coexpressed 
within cornu Ammonis (CA) 1, 2 and 3, with lesser expression in presubiculum, 
subiculum and no expression in the dentate gyrus (DG) by P14 and in coexpres-
sed in the mitral cell layer of the olfactory bulb and the piriform cortex (Struyk 
et al. 1995). Opcml presents more restricted distribution pattern compared to 
Lsamp and Ntm (Struyk et al. 1995; Miyata et al. 2003). Detailed characteri-
sation of alternative twin promoter activity has not been described so far. 

The Negr1 expression levels were detected in developing rat brain in the 
ventricular zone of telencephalic neuroepithelium, diencephalon and basal fore-
brain, cortex, developing entorhinal hippocampal formation, caudate putamen, 
thalamic nuclei, superior, inferior colliculi, cerebellum (Brauer et al. 2000). In 
the adult brain the expression was detected on the neuronal processes in the 
layer IV of cerebral cortex specially to somatosensory and visual cortex, layers 
II/III of entorhinal cortex, DG, amygdala, hypothalamus,   (Schafer et al. 2005; 
Szczurkowska et al. 2018). Negr1 and Lsamp possess similar distribution on 
dendrites and soma of pyramidal neurons (Zacco et al. 1990). 

 
 

3. Functional regulations of IgLONs in the mouse brain 
IgLONs are located at the surfaces of neuronal somata, dendrites, axons and 
synaptic sites during the first post natal weeks suggesting its important role 
during synaptogenesis (Chen et al. 2001; Miyata et al. 2003; Zacco et al. 1990). 
Accumulative evidence based on overexpression and knock down of IgLON 
family members showed that IgLONs can regulate neurite outgrowth, promote 
growth cone migration, axon target guidance, and dendritic tree formation, 
throughout development and adulthood (Pimenta et al. 1995; Zhukareva and 
Levitt, 1995; Mann et al. 1998; Gil et al. 1998, 2002; Miyata et al. 2003; Akeel 
et al. 2011; Pischedda et al. 2014; Sanz et al. 2017). IgLON family members 
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differentially affect the formation and maintenance of excitatory synapses and 
synaptogenesis (Chen et al. 2001; Yamada et al. 2007; Hashimoto et al. 2009). 
Among all IgLON members, only Opcml has ability to regulate the morphology 
and proliferation of cerebral astrocytes (Sugimoto et al. 2010, 2012).  Lsamp 
has been shown to negatively regulate myelination process whereas Negr1 is 
positive regulator of myelination (Sharma et al. 2015; Poplawski et al. 2018). 

Functional studies have shown that each members of the IgLON family such 
as Lsamp, Ntm, Opcml and Negr1, form homo- and heterophilic dimers through 
cis and trans interaction along the cell membrane as part of a larger signalling 
complex (Reed et al. 2004; McNamee et al. 2011). Recent study demonstrates 
that all IgLONs perform basic homodimeric interactions via their first Ig 
domain through calcium independent fashion. Ntm and Negr1 have capacity to 
uphold homo- and heterodimers via trans interactions over different cells or 
synaptic cleft (Ranaivoson et al. 2019). It has been also shown that Ntm and 
Negr1 are particularly shed from the cell surface in regulating neurite outgrowth 
in cortical neurons (Sanz et al. 2015). 

The distinct expression and differential function of IgLON cell adhesion 
molecules suggest its vital contribution into the development of neural circuits 
(Gil et al. 1998; Funastu et al. 1999; Miyata et al. 2003; Takamori et al. 2006). 
Lsamp is involved in the establishment of septo and intrahippocampal, and 
thalamic circuits; an essential role for Lsamp has also been shown in the fasci-
culation process of dopaminergic afferents from midbrain to lateral habenula 
(Schmidt et al. 2014). Ntm has been shown to participate in directing the 
thalamocortical and pontocerebellar projections (Keller et al. 1989; Pimenta et 
al. 1995; Mann et al. 1998; Struyk et al. 1995; Chen et al. 2001). Negr1 has 
been shown to collaborate during hippocampal denervation through its inter-
actions with fibroblast growth factor receptor 2 (FGFR2) for cortical layering 
during cortical development (Schafer et al. 2005; Szczurkowska et al. 2018). 
Recent study indicated significance of Negr1 during adult neurogenesis in 
hippocampus (Noh et al. 2019).  

Behavioral studies based on Lsamp−/− mice reveal the importance of Lsamp 
for the coordination of complex emotional, social behavior, in hippocampal 
plasticity and during adaptation for modifying environments (Innos et al. 2011, 
2012, 2013a, 2013b; Philips et al. 2015; Qiu et al. 2010; Heinla et al. 2015). 
Ntm−/− mice display deficit in emotional learning (Mazitov et al. 2017). Recent 
studies with Negr1−/− mice showed anxiety and depression like behavior due to 
decreased miniature excitatory post synaptic potential (mEPSP) frequency and 
lipocalin 2 (Lcn2) expression in DG leading to impaired neurogenesis (Noh et 
al. 2019). Szczurkowska et al. 2018 showed autistic-like core behavior in 
Negr1−/− mice through defective interactions of Negr1 proteins and FGFR2. 
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4. IgLONs in association with human diseases 
Accumulating evidence suggest the function of Opcml, Lsamp and Negr1 as 
tumor suppressor gene in wide range of cancers such as epithelial ovarian tu-
mors, leukemias, osteosarcomas, breast cancers, colorectal cancers, ovarian 
cancers, renal carcinomas, cerebellar pilocytic astrocytoma, gliomas etc (Sellar 
et al. 2003; Ntougkos et al. 2005; Reed et al. 2007; Cui et al. 2008; Barøy et al. 
2014; Kim et al. 2014; Coccaro et al. 2015; Zanini et al. 2017; Dong, 2018). On 
contrary, Ntm has been shown to have increased expression in tumors where 
Lsamp have higher expression levels (Ntougkos et al. 2005; Pascal et al. 2009) 
indicating Ntm as an opposite impact in tumorigenesis. One study based on 
genome wide paired end DNA sequencing method for breakpoint mapping 
linked Ntm with intracranial and aortic aneurysms (Luukkonen et al. 2012). 

In humans, genetic variations and altered expressions in the IgLON genes 
have been associated with various neurological and psychiatric disorders (Must 
et al. 2008; Pan et al. 2010; Koido et al. 2012; Marauni et al. 2015; Mistry et al. 
2013; Ripke et al. 2014; Hyde et al. 2016).  Polymorphism in Lsamp gene has 
been found in male contemplated suicide (Must et al. 2008), MDD (Koido et al. 
2012) and in SCZ (Koido et al. 2014; Chen et al. 2017).  In post mortem brain, 
the expression of Lsamp gene was increased in the dorsolateral prefrontal cortex 
(DLPFC) of SCZ, BP (Behan et al. 2009), anterior prefrontal cortex  (Cox et al. 
2016) and in the synaptosomal fraction of orbitofrontal cortex (Velásquez et al. 
2017) of SCZ patients. Genetic variations in Ntm have been implicated in 
cognitive functions (Liu et al. 2007), intelligence (Pan et al. 2010), childhood 
aggressiveness in ADHD (Brevik et al. 2016) and with reduced cognition at late 
onset of AD (Liu et al. 2007). Significant increased levels of Ntm 1b isoform 
transcript were found in the DLPFC of post mortem schizophrenic brains (Karis 
et al. 2018). Opcml gene variants has been identified in anorexia nervosa (Huc-
kins et al. 2018), SCZ in the Thai population (Panichareon et al. 2012) and 
with reduced cognition associated with late onset of AD (Liu et al. 2007). 
Genome-wide association study (GWAS) linked variations in Negr1 gene with 
SCZ (Ripke et al. 2014), MDD (Hyde et al. 2016; Amare et al. 2019), intelli-
gence (Sniekers et al. 2017) dyslexia (Veerappa et al. 2013), low white matter 
integrity (Dennis et al. 2014) and psychological symptoms associated with AD 
(Westwood et al. 2017; Ni et al. 2018; Raghavan et al. 2019). Negr1 gene 
variants have been also involved in obesity, body mass index (Thorleifsson et 
al. 2009; Speliotes et al. 2010), psychological traits frequently linked with 
eating disorders (Gamero-Villarroel et al. 2014) and these phenotype could be 
associated due to Negr1 protein interaction with Niemann-Pick disease Type C2 
(NPC2) protein leads to altered cholesterol transport (Kim et al. 2017). Two 
siblings having a microdeletion in chromosome 1p31.1, including partial 
deletion of the Negr1 gene has been shown to have neuropsychiatric, behavioral 
and learning difficulties (Genovese et al. 2015), rare deletional cases associated 
with Negr1 gene cause severe language impairment and  intellectual disability 
(Tassano et al. 2015). In post mortem PFC and DLPFC the Negr1 levels are 
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elevated in SCZ samples (Cox et al. 2016; Karis et al. 2018) and in the DLPFC 
of MDD patients (Chang et al. 2014). Negr1 has been picked up in the cerebro-
spinal fluid proteome signatures for MDD and BP disease exclusive of SCZ 
(Maccarrone et al. 2013). Another study using human cell lines which are 
treated with clozapine shown to have increased levels of Negr1 indicating as a 
target for antipsychotic drugs (Mustard et al. 2012). When Dark Agouti rats 
were treated with antidepressant venlafaxine, a serotonin and noradrenaline 
reuptake inhibitor, Negr1 upregulation has been noted as a drug response 
(Tamási et al. 2014). Precise function of IgLON 5 is poorly understood. Anti 
IgLON 5 disease was first identified in 2014 presenting immune mediated 
dementia and associated sleep disorders (Sabater et al. 2014).  Studies from 
autopsy samples indicated large number of neuronal loss, with deposition of 
hyper phosphorylated tau within neurons of the brain stem tegmentum, hypo-
thalamus, and hippocampus and elaborating this disease as unique autoimmune 
dementia associated with autoimmune encephalitis (Gelpi et al. 2016; Gaig et 
al. 2017). Another studies described patients with IgLON 5 autoantibodies 
showing diverse set of neurological symptoms in clinical context - adults with 
unexplained sleep disorder, movement disorders, bulbar symptoms, CNS hyper-
excitability with taupathy (Graus and Santamaria 2017; Honorat et al. 2017). 
Responses to immunosuppressive treatment are limited in these patients and 
IgLON 5 also emerges to be associated with a risk of sudden death in sleep (Ho-
norat et al. 2017). Altogether these studies signify the importance of IgLONs 
adhesion molecules in the neurological and neuropsychiatric disorders.  

In order to study the etiopathologies of neuropsychiatric disorders, various 
traits of disorders could be studied in the rodents that are linked with the 
susceptible genes through endophenotypes approach. Endophenotype term was 
coined by Gottesman and Shields, 1967 which later on defined as an internal 
phenotype between gene and disease which shows their heritability, trait status, 
cosegregation in families, or frequency in non affected relatives (Gottesman and 
Gould, 2003; Hasler et al. 2006). Psychiatric disorder related endophenotype 
approach is proximally, the pathway from genotype to phenotype (Chan et al. 
2010). Endophenotypes could be biochemical, neurophysiological, neuroanato-
mical, endocrine, behavioral or neuropsychological (Gould and Gottesman, 
2006). An animal model is likely to display endophenotypes, which are quan-
tified phenotypes relevant to symptoms of the modelled disease (Braff and 
Freedman, 2002; van den Buuse et al. 2010; Gould and Gottesman, 2006). In 
the year 2017, National Institute of Mental Health experts have introduced the 
Research Domains Criteria (RDoC; https://www.nimh.nih.gov/research/ 
research-funded-by-nimh/rdoc/index.shtml) framework for categorising psycho-
pathologies which supports endophenotypes oriented studies of psychiatric dis-
orders in animal models. RDoC system employs target assessements at all 
levels of neurobiological analysis from molecules to circuits and behavior for 
presenting the biological basis of diagnosis. It has potential to offer etiological 
understanding into prognosis and the mechanism of gene function (Anderzha-
nova et al. 2017). The main goal is to understand the psychiatric disorders in 
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terms of diversified degrees of dysfuctions in general biological systems. In the 
case of identified susceptible gene, one can analyse the associated endopheno-
types to determine disease pathophysiology based on the genotype (Lacono, 
2018). For example, an array of animal experiments with knockout animal 
model in which inactivated CACNA1C (codes for the alpha1C subunit of the 
voltage gated L type calcium channel Cav1.2) leads to endophenotypes in-
cluding impaired cognitive and social processing featuring on how psychiatric 
endophenotypes can be regulated by gene functions (Dedic et al. 2018). 

IgLONs belong to the second most enriched adhesion molecules in the 
neurons and oligodendrocytes (Sharma et al. 2015). In the rodent brain IgLONs 
have been found on the developing neurons and glia for the requisition of neural 
circuit establishment (Mann et al. 1998; Funastu et al. 1999; Miyata et al. 2003). 
The timing of IgLONs expression and their varied distribution in the brain 
indicate their significant role in creating diversified neuronal circuitry via intra 
family interactions (Reed et al. 2004; Schwarz et al. 2009). Genetic variation 
and expression studies stuggest that IgLONs are involved in several psychiatric 
and diseased conditions in humans (Pan et al. 2010; Koido et al. 2014; Geno-
vese et al. 2015; Hyde et al. 2016; Karis et al. 2018). Animal studies indicated 
roles of Lsamp and Ntm in the control of development and activity of neural 
circuits underlying behavior (Lee et al. 2012; Philips et al. 2015; Mazitov et al. 
2017). Recent years, another member of IgLON family, Negr1 has gained atten-
tion after being discovered as a top gene for the major psychiatric disorders and 
associated with human intelligence (Sniekers et al. 2017). So far, no animal 
studies have been done on Negr1 related to brain functions. The purpose of this 
study was to perform a comprehensive investigation about Lsamp, Ntm and 
Negr1 on neuronal growth, brain structure and behavior related to neuro-
psychiatric endophenotypes. The main questions are: what are the earliest 
changes can be traced out after deletion of these crucial adhesion molecules? Is 
there a possibility that we can correlate brain and behavioral pathologies caused 
by IgLONs adhesion molecules? Studying IgLONs deletional mice model helps 
us to gain insight into these questions and aid to target the neuropsychiatric 
endophenotypes present in animal model of IgLONs adhesion molecules. 
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AIMS OF THE STUDY 

The general aim of the present study was to unravel the effects of IgLON adhe-
sion molecules at the cellular, structural and functional level of the brain. Un-
covering these effects of IgLON adhesion molecules helps us to better under-
stand their implications linked with abnormalities in the brain development and 
connectivity, likely associated with endophenotypes of psychiatric disorders. 
 
More precisely, the aims were as follows: 
1. To study the impact of Lsamp, Ntm, and Negr1 on the morphology of deve-

loping neurons. Morphological phenotyping of developing hippocampal 
neurons deficient of Negr1, Lsamp, Ntm or both Lsamp and Ntm includes 
estimation of structural moities at neurite initiation stage, neurite outgrowth 
and branching during neuritogenesis process.   

2. To examine the effect of Lsamp, Ntm, Lsamp/Ntm and Negr1 deficiency at 
the neuroanatomical level. 

3. To investigate potential behavioral deviations caused by Lsamp/Ntm and 
Negr1 deficiencies. Behavioral phenotyping includes testing for exploratory 
activity, anxiety, learning and memory, and social interactions.  

4. To evaluate the relevance of IgLONs deficient mice in relation to neuro-
psychiatric endophenotypes. 
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MATERIALS AND METHODS 

1. Experimental Animals  
Breeding and housing of the mice was conducted at the animal facility of the 
Institute of Biomedicine and Translational Medicine, University of Tartu, Esto-
nia. Mice were group housed in standard laboratory cages measuring 42.5 (L) × 
26.6 (W) × 15.5 (H) cm, 6–8 animals per cage in the animal colony at 22 ± 1ºC, 
under a 12:12 h light/dark cycle (lights off at 19:00 h). A 2 cm layer of aspen 
bedding (Tapvei, Estonia) and 0.5 l of aspen nesting material (Tapvei, Estonia) 
were used in each cage and changed every week. No other enrichment was used 
besides nesting material. Water and food pellets (R70, Lactamin AB, Sweden) 
were available ad libitum. Breeding and the maintenance of the Negr1−/− mice 
were performed at the animal facility of the Institute of Biomedicine and Trans-
lational Medicine, University of Tartu, Estonia. All animal procedures in this 
study were performed in accordance with the European Communities Directive 
(2010/63/EU) and permit (No. 29, April 28, 2014) from the Estonian National 
Board of Animal Experiments. 

Male Lsamp−/−, Ntm−/−, Lsamp−/−Ntm−/−, Negr1−/−mice with mixed genetic 
background [(129S6/SvEvTac × C57BL/6) × (129S6/SvEvTac × C57BL/6)] 
were used in this study. As control mice we used their Wild-type (Wt) littermate 
mice. For primary culture, breeding was done separately for all of the genotypes 
obtained from the crossings in order to get a sufficient number of new-born 
pups with particular genotypes and comparable background with control mice. 
Wt C57BL/6 (Scanbur, Karlslunde, Denmark) mice were used for qPCR 
analysis and in situ RNA hybridization experiment. 

 
 

1.1 Lsamp deficient mice 

The scheme for generation of Lsamp-deficient (Lsamp−/−) mice with a LacZ 
transgene has been described in details by Innos et al. 2011. Briefly, exon 1b of 
the murine Lsamp gene was replaced by an in frame NLS-LacZ-NEO cassette 
resulting in the disruption of all functional Lsamp transcripts.  
 
 

1.2 Ntm deficient mice  

Ntm gene heterozygous mutant strain (032496-UCD B6;129S5-Ntmtm1Lex/ 
Mmucd) was obtained from the Mutant Mouse Regional Resource Centre at UC 
Davis (https://www.mmrrc.org/catalog/sds.php?mmrrc_id=32496) as described 
in Mazitov et al. 2017. Briefly, the strategy for the creation of Ntm-deficient 
(Ntm−/−) mice was analogous to that of Lsamp deficient mice, as exon 1b was 
deleted, leading to the disruption of all functional Ntm transcripts.  
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1.3 Lsamp Ntm double deficient mice 

For generation of double deficient (Lsamp−/− Ntm−/−) mice we followed the 
scheme: first we generated double heterozygous mice for Lsamp and Ntm 
(Lsamp+/−/Ntm+/−) by crossing Lsamp−/− and Ntm−/− mice in F2 strain background 
[(129S5/SvEvBrd × C57BL/6) × (129S5/SvEvBrd × C57BL/6)]. Further 
crossing the pair of the obtained double heterozygous mice (Lsamp+/−Ntm+/−) 
gave us the entire spectrum of genotypes (including Lsamp+/+Ntm+/+, 
Lsamp+/+Ntm−/−, Lsamp−/− Ntm+/+, Lsamp−/− Ntm−/−).  
 

 
1.4 Negr1 deficient mice  

The scheme for generation of Negr1 deficient (Negr1−/−) mice has been 
described earlier in Lee et al. 2012. Briefly, Negr1 gene was disrupted by 
generated a targeting vector that replaced exon 2 including the 3′ splice site with 
a neomycin cassette.  

 
2. Morphological study 

2.1 Primary hippocampal neuronal culture preparation and 
neuritogenesis stages 

Whole hippocampi of P 0-1 day old mouse pups were used to prepare dis-
sociated hippocampal primary neuronal cultures. The brains were removed, 
chilled with frozen phosphate buffered saline (PBS), and the hippocampi were 
micro dissected under sterile conditions according to Chatterjee et al. 2014. The 
hippocampi were digested with papain/DNase (20 U/ml) solution for 20 min at 
37°C periodic stirring. The papain solution was aspirated and the hippocampal 
pieces were triturated with 1 ml of culture medium. Following centrifugation at 
1200 rpm for 2 min the cells were suspended in culture media consisting Dul-
becco’s modified Eagle’s medium F12 Ham supplemented with N1, 10% fetal 
bovine serum and antibiotic antimycotic solution. Approximately, 20,000–
50,000 dissociated neuronal cells were plated and grown onto 35 mm glass bot-
tom dishes (glass surface diameter 14 mm; MatTek, Ashland, MA) precoated 
with poly D lysine (0.1 mg/ml). All the cultures were grown in a humidified 5% 
CO2 incubator at 37°C. Chemicals, culture media and supplements were ob-
tained from Sigma-Aldrich (USA). 

Two stages of neuritogenesis were chosen to study the earliest morpho-
logical changes during neuronal culture development (1) the neurite initiation 
stage (Days in vitro, DIV 0.25; 6 h post culture), where we investigated the 
dynamics of cytoskeleton rearrangement and quantified the redistribution of 
neuronal cytoskeletal actin using phalloidin, an F-actin (filamentous actin) 
binding compound (Zhang et al. 2016). Microtubule-associated protein (MAP2) 
which interacts with F-actin during neurite initiation (Roger et al. 2004) was 
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used as a neuronal cell marker. (2) At DIV 3, we labelled hippocampal neurons 
with neuron-specific plasmid pAAV-hSyn-RFP (a kind gift from Edward 
Callaway; Addgene plasmid # 22907), expressing RFP only in neurons from the 
synapsin promoter and scored for the following morphological characteristics: 
the number, length and branches of neurites. We also used DIV 3 hippocampal 
primary culture to elucidate the rate of apoptosis and proliferation during in 
vitro development. 

 
 

2.2 Immunofluorescent staining and image analysis 

For immunofluorescent staining hippocampal neurons grown on glass-bottom 
dishes were briefly washed twice with cold PBS, and fixed with 4% para-
formaldehyde (PFA) for 5–10 min at room temperature (RT). After fixation, the 
neurons were washed with cold PBS (3 × 5 min), permeabilized with 0.1% 
Triton X-100 in PBS (PBST) for 10 min, rinsed three times by using PBS and 
blocked with 1% bovine serum albumin (BSA) in PBS for 1 h at RT. The neu-
rons were incubated with primary antibodies in 1% BSA in PBS in a humidified 
chamber overnight at 4°C. The primary antibodies used in these studies were: 
guinea pig anti-MAP2 (dilution 1:500; Synaptic Systems, 188004), rat anti-
phospho-histone-H3 (PHH3) (dilution 1:500; Sigma Aldrich, H9908), guinea 
pig anti-doublecortin (DCX) (dilution 1:300; EMD-Millipore, AB2253), and 
rabbit anti-synapsin-1 (dilution 1:1000; EMD-Millipore, AB1543P). This was 
followed by incubation with secondary antibodies in 1% BSA in PBS in a light-
proof container for 1–2 h at RT. Secondary antibodies used in dilution 1:1000 
were fluorescein (FITC) donkey anti-guinea pig (Jackson, 706-095-148), 
rhodamine (TRITC) donkey anti-guinea pig (Jackson, 706-025-148), Alexa 
Fluor 488 donkey anti-mouse (Jackson, 715-545-150) and with dilution 1:2500 
were Alexa Fluor 488 goat anti-rat (Molecular Probes, ab 150157), and FITC-
conjugated donkey anti-rabbit (Jackson, 711-095-152). Phalloidin-TRITC (Sig-
ma Aldrich) was diluted 1:50 in PBS and incubated for 30 min at RT to selec-
tively stain F-actin. Finally, cells were washed (3 × 20 min in PBS), stained 
with 0.1 μg/ml of 4’,6-diamidino-2-phenylindole (DAPI) for 2–5 min, washed 
in PBS and mounted with Vectasheild (Vector Laboratories).  

LSM 510 META Zeiss laser confocal microscope equipped with x 63/1.4 oil 
immersion objective was used to capture resulting images of immunostainings. 
Acquired images were processed using LSM image browser (http://www.zeiss. 
co.uk/) and Photoshop CS4 Extended software (Adobe Systems Inc.). For 
Phalloidin and synaptic puncta quantification, Imaris 8.1 (Bitplane) was used. 
3D reconstructions were build from confocal Z stacks of phalloidin-stained F-
actin or synapsin1 immunostained synaptic puncta in the neurons using the 
“isosurface rendering” function of Imaris. Isosurface was created and the same 
threshold was set and used for the intensity measurement. These isosurface 
renderings were used to make quantitative measurements on the volume and 
surface fluorescent intensity. 
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2.3 Scanning electron microscopy  

DIV 0.25 neuronal cultures grown on poly D lysine coated 12 mm glass cover-
slips were used for SEM analysis. Neuronal cultures were gently rinsed twice in 
pre-warmed (37ºC) 0.1 M phosphate buffer (pH 7.3). The cultures were fixed 
with 2.5% glutaraldehyde in the same buffer for 30 min at RT. The samples 
were then rinsed in 0.1 M phosphate buffer (PB) and post fixed for 30 min at 
RT in 1% OsO4 in 0.1 M PB. Dehydration was carried out through series of 
ethanol solutions each for 5 min from 30% of ethanol solution prepared in 0.1 
M PB following 40%, 50%, 70% and 90% in Milli-Q water. The samples were 
washed once with 99.8% ethanol and stored in 99.8% ethanol at -20ºC until 
critical point dried using liquid CO2. The samples were then sputter-coated with 
gold and viewed under scanning electron microscopy Zeiss EVO MA-15. 
 
 

2.4 Transfection 

At DIV 2 primary hippocampal neurons were transiently transfected with 
plasmid pAAV-hSyn-RFP, using Lipofectamine 2000 according to the instruc-
tions of the manufacturer (Invitrogen). Briefly, culture medium was collected 
and 100 μl of OptiMEM® I medium containing 2% Lipofectamine 2000 with 1 
μg of plasmid DNA was added directly to the cells grown on the glass bottom 
dishes and incubated for 3–4 h in a humidified 5% CO2 incubator at 37°C. The 
neurons were replenished with collected culture media and maintained for 
another 24 h to enable the expression of the transfected DNA. All the media and 
supplements and reagents were obtained from Invitrogen (Carlsbad, CA, USA). 
 
 

2.5 Neuronal imaging and neurite analysis 

At DIV 3, transfection of the pAAV-hSyn-RFP expression plasmid resulted in 
intense RFP labelling to the entire neurite arbours of individual transfected 
neurons. Since a small number of individual neurons (~15–20 %) were trans-
fected in each culture, we were able to follow the primary neurite processes of 
separately labelled neurons. During the image acquisition at DIV 3, the neurons 
were maintained in sterile PBS solution. Neurons selected for analysis were 
imaged using an Olympus IX70 inverted microscope equipped with WLSM 
Plan Apo ×20/1.25 objective and Olympus DP70 CCD camera. For neurite ana-
lysis, from 70 to 75 transfected neurons were randomly captured from 3 to 4 
independent experiments. For the tracing of neurite number or neurite length 
per neuron, the total number or total length of projections arising from the cell 
soma was considered, while branching was determined on the basis of total 
number of nodes and ends according to Scholl analysis. The morphometric ana-
lysis was performed using computer aided neuronal tracing software (Neuro-
lucida Software; Version 11, MBF Bioscience), and Scholl analysis was per-
formed with Neuroexplorer software (MicroBrightField). 
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2.6 Apoptosis Assay 

At DIV 3 the hippocampal neuronal cultures were fixed with 4% PFA for 5 min 
at RT, and TUNEL staining was performed using Neuro TACSTM II in 
situ apoptosis detection kit (Trevigen, Inc., Gaithersburg, MD) according to the 
manufacturer's instructions. Briefly, the fixed neurons were permeabilized with 
proteinase K (1:100 dilutions). Neurons were then incubated with TdT 
and biotin-labeled dUTP at 37°C for 1 h. After being washed in PBS, the 
neurons were incubated with streptavidin-conjugated horseradish peroxidase, 
and visualized with diaminobenzidine and counterstained with Blue Counter-
stain (R&D Systems, Minneapolis, MN). The counterstain allowed the visuali-
zation of all TUNEL positive nuclei as a dark brown colour, while normal cells 
appeared as light tan. Neurons were visualized using an Olympus IX70 inverted 
microscope with ×20/1.25 objective. The number of TUNEL positive cells 
relative to the total number of cells was determined from 10 randomly selected 
images from the culture dish from three independent experiments (three culture 
dishes per experiments) with each genotype. 
 
 

2.7 qRT-PCR analysis  

Total RNA was extracted individually from P3 Wt brains and DIV 3 dissociated 
hippocampal culture by using Trizol® Reagent (Invitrogen, USA) according to 
the manufacturer's protocol. First strand cDNA was synthesized by using 
Random hexamer primer mix (Applied Biosystems) and SuperScript™ III 
Reverse Transcriptase (Invitrogen, USA). Single strand cDNA was synthesized 
using Random Hexamers (Applied Biosystems) and SuperScriptTM III Reverse 
Transcriptase (Invitrogen, USA). Quantitative TaqMan Assay with FAM-BHQ-
probe was designed for the detection of Lsamp 1a/1b and Ntm 1a/1b specific 
transcript by two-step RT-qPCR (qPCR) according to Philips et al. 2015.  
TaqMan® Universal PCR Master Mix was used in the ABI Prism 7900HT 
Sequence Detection System (Applied Biosystems, USA). Reactions were 
carried out in 10 μl reaction volumes in four replicates. 
 
 

3. Neuroanatomical analysis  

3.1 Nissl staining 

Nissl staining was carried out on free floating 50 μm coronal cryosections. 
Brains of Wt, Lsamp−/−, Ntm−/−, Lsamp−/−Ntm−/−, Negr1−/−  and Wt adult mice 
were dissected and fixed in 4% PFA for 4-5 days followed by cryoprotection 
with 30% sucrose in 4% PFA/PBS, and subsequently sectioned at 50 µm. Free 
floating coronal sections were stained with 0.5% Cresyl violet for 7-10 min. 
The sections were washed with dH2O, dehydrated with graded alcohols, 
cleared with xylene, mounted on glass slides using Pertex (Histolab). 
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Photomicrographs were taken using Olympus BX61 microscope ×4 objective 
with Olympus DX70 CCD camera (Olympus, Hamburg, Germany). 
 
 

3.2 Neurofilament immunohistochemical staining 

For immunohistochemistry Lsamp−/−, Ntm−/−, Lsamp−/−Ntm−/−, Negr1−/− and Wt 
mice were anaesthetised and perfused transcardially with 4% PFA. Dissected 
brains were post fixed overnight and cryoprotected in 30% sucrose for 24 hours 
at 4°C and 50 μm sagittal cryosections were generated. The standard peroxidase 
anti-peroxidase method was used for neurofilament (NF) immunohistochemical 
staining.  Free floating sections were treated as follows: 1) incubation in 0.3% 
PBST (PBS with 0.1% Tween-20, pH 7.0) for 40 min; 2) 0.3% H2O2 in PBS for 
2 h; 3) 5% normal donkey serum (NDS) and 1% BSA in PBST solution (PBST-
BSA/5%NGS) for 1h; 4) incubation with anti-NF antibody (1:100; clone 2H3, 
Developmental Studies Hybridoma Bank) in PBST-0.5%NDS/BSA for 18–24 h 
at RT with agitation on a shaker table for all incubation and washing steps; 5) 
washing with PBS/NDS/BSA for 30 min; 6) incubation with anti-mouse IgG 
(H&L) secondary antibody Peroxidase conjugate (ROCKLAND) in dilution 
1:2000 in 0.5% NDS/BSA for 2 h at RT; 7), washing with PBS for 30 min. The 
sections were then treated with 0.025% diaminobenzidine (DAB)/ 0.05% H2O2 
solution in PBS. The sections were rinsed, mounted on 0.5% gelatin coated 
slides and were cover slipped using Pertex (Histolab). Images were captured 
using inverted light microscope ×4 objective (Olympus BX61 microscope) 
equipped with Olympus DX70 CCD camera (Olympus, Hamburg, Germany). 
 
   

3.3 In situ RNA hybridisation for Negr1 transcript  

Mouse cDNA fragments specific for Negr1 (650 bp) transcripts were cloned 
from a cDNA pool of hippocampi and basal nuclei from four month old male 
C57BL/6 mice brains and inserted into pBluescript KS+ vector (Stratagene, La 
Jolla, CA). Following Negr1 specific primers (containing restriction sites) were 
used: 
Negr1 For     TATAGCGGCCGCATGGTGCTCCTGGCGCAGG 
Negr1 Rev    TATAGTCGACCAGCCTGGTCCCTTGTAATTCCAT 
Mouse brains were dissected immediately after decapitation and fixed at 4°C in 
4% PFA in 0.1 M PBS, pH 7.4 for 5 days. Subsequently, the brains were 
immersed in 20% sucrose in 4% PFA/PBS overnight, freezed at -80°C and kept 
frozen in -80°C until further processing. In situ RNAhybridization was carried 
out on free-floating 40 μm sagittal cryosections using digoxigenin-UTP (Roche) 
labelled sense and antisense RNA probes. At first, the sections were rinsed 
twice in PBST and once in 5 x saline-sodium citrate buffer (SSC), pH 5. Next, 
the sections were prehybridized for 1 h at 65°C in prehybridization mixture 
containing 50% formamide, 5X SSC (pH 5), 2% blocking reagent (BR; Roche), 



28 

following overnight hybridization in the same conditions with hybridization 
mixture containing 50% formamide, 5 x SSC, 1% BR and 1 μg/ml probe 
(heated at 80°C for 5 min and cooled on ice prior to adding to the hybridization 
mixture). To control the specificity of RNA probe binding, some sections were 
incubated with the sense probe. After the hybridization, the sections were 
washed for 30 min at 65°C in solution containing 50% formamide, 5 x SSC and 
1% sodium dodecyl sulphate (SDS), following 2 x 30 min at 60°C in 50% 
formamide, 2 x SSC. Next, the sections were rinsed three times in TBST (25 
mM Tris-HCl pH 7.5; 140 mM NaCl; 2.7 mM KCl; 0.1% Tween20) and 
blocked against non-specific antibody binding for 1h in TBST containing 2% 
BR. Then, the sections were incubated overnight at 4°C in 1% BR/TBST with 
1:2000 anti-digoxigenin antibody conjugated to alkaline phosphatase (Roche). 
On the third day, the sections were washed three times in TBST, following two 
washes in NTMT (0.1 M NaCl, 0.1 M Tris-HCl pH 9.5, 50 mM MgCl2, 0.001% 
Tween20). Then, the sections were transferred into the BM Purple alkaline 
phosphate Substrate (Roche) and when sufficient staining had appeared, the 
reaction was terminated by transferring the sections into PBS. All washing and 
incubation steps were carried out under rocking. The stained sections were 
transferred onto slides in 0.5% gelatine, air dried and mounted with Pertex 
(Histolab). 

The stained sections were recorded using Olympus BX61 microscope with 
Olympus DX70 CCD camera (Olympus, Hamburg, Germany). The abbrevia-
tions in all the figures representing anatomical data have been adopted from the 
mouse brain atlas (Franklin and Paxinos, 1997). 

 
 

3.4 Magnetic resonance imaging 

Negr1−/− and their Wt littermate mice at 7 months of age were used for Magne-
tic resonance imaging (MRI). Mice were deeply anesthetized and transcardially 
perfused with 0.1M PBS followed by 4% PFA (4°C). Brains were left in the 
skulls to preserve the anatomy and incubated in 4% PFA at 4°C for a week with 
high shaking and then in PBS until 2 days prior to imaging. Skulls were then 
placed in 2 mM gadovist in PBS and incubated at 4°C with rocking until 
imaging. For imaging vacuum was created while putting brain in 15ml falcon 
tubes using PBS solution. A T2 RARE sequence was used for imaging using a 
94/20 Bruker BioSpec small animal MRI with the following parameters: Tr, 
900 ms; TE, 47.13 ms; imaging matrix, 512 x 360 x 80; spatial resolution, 
0.0444 x 0.03 x 0.2 mm for an imaging time of approximately 3 h and 4 min. 
MRI sequence images were analysed for volume measurements using freely 
available software ITK-SNAP (V3.2.0). The entire brain and the ventricles 
were manually delineated for each slice and their 3D volumes were measured 
by an observer blinded to the genotype according to Bakker et al. 2015 in ITK-
SNAP (V3.2.0).  
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3.5 Immunohistochemical analysis of hippocampus 

Fluorescent immunohistochemistry was performed on floating 40 µm thick 
sagittal sections were collected after every 240 μm to PBS. Sections were 
permeabilized, blocked and immunostained with mouse pan neuronal anti-
NeuN antibody (dilution 1:250, Millipore; MAB377) in combinations with gui-
nea pig anti-Parvalbumin (PV) antibody (dilution 1:200, Synaptic Systems; 195 
004)  followed by secondary antibody (FITC AffiniPure donkey anti guinea-pig 
(dilution 1:1000, Jackson ImmunoResearch Lab., 706-095-148, TRITC 
AffiniPure donkey anti-mouse (dilution 1:1000, Jackson ImmunoResearch Lab., 
715-025-150) and DAPI. Subsequently sections were rinsed with PBS and 
mounted with Fluoromount mounting medium (Sigma Aldrich), and covered 
with a 0.17-mm coverslip (Deltalab). NeuN positive nuclei, and PV positive cell 
counting was performed with every 6th section and quantified as the number of 
NeuN positive or PV positive cells/ area mm2 using ImageJ Software (version 
1.52a; National Institutes of Health). 

 
4. Behavioral testing  

Behavioral testing was performed between 9:00 to 17:00 h under 30 lux light 
intensity. Before each experiment, mice were let to habituate to the experi-
mental room and the lighting conditions therein for 1 h. The mice were allowed 
to rest 1–2 weeks between the tests if same mice were used repeatedly. The 
behavioral experiments with genotypes Lsamp−/−, Ntm−/− and Lsamp−/−Ntm−/− 

were performed with male mice in between 8 to 16 weeks of age. Behavioral 
testing with Negr1−/− mice started when the mice were 12–14 weeks old except 
scoring of the whiskers length for barbering behavior. Barbering behavior was 
recorded twice in these mice: before starting the battery of behavioral experi-
ments and after finishing the behavioral experiments.  
 
 

4.1 Open field test 

The Open field test (OFT) of individual mice was measured in a lit room (ca 
200 lx) for 30 min in sound proof photoelectric motility boxes measuring 44.8 × 
44.8 × 45 (H) cm made of transparent Plexiglas and connected to a computer 
(TSE, Technical & Scientific Equipment GmbH, Germany). Before each expe-
riment mice were let to habituate with the experimental room for 1 h. The floor 
of the boxes was cleaned with 5% of ethanol and dried thoroughly after each 
mice experiment. Computer registered the distance travelled, the number of 
rearings, and the time spent in the central part of the box. Number of mice used 
as follows: in Lsamp−/− mice n=11, in Ntm−/− mice n=10, in Lsamp−/− Ntm−/ − 

mice n=10, and in Wt mice n=14. 
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4.2 Elevated plus-maze 

The elevated plus maze (EPM) test was carried out as described earlier (Innos et 
al. 2011) to assay anxiety related behaviors. In short, the apparatus consisted of 
two opposite open (17.5 × 5 cm) arms without sidewalls and two enclosed arms 
of the same size with 14 cm high sidewalls and an end wall. The entire plus 
maze apparatus was elevated to a height of 30 cm and placed in a dim room 
(15 lx in open arms). Testing began by placing the animal on the central 
platform (5 × 5 cm) of the maze, facing a closed arm. An arm entry was counted 
only when all four limbs were within a given arm. Standard 5 min test duration 
was employed and the sessions were video recorded. The following parameters 
were scored by an experienced observer, blind to the experimental group: (1) 
the number of closed arm entries, (2) the number of open arm entries, (3) the 
number of protected head dips. Number of mice used as follows:  in Lsamp−/− 
n=11, in Ntm−/− n=10, in Lsamp−/− Ntm−/− mice n=10, and Wt n=11. 
 
 

4.3 Light-dark box test 

The light-dark box (TSE, Technical & Scientific Equipment GmbH, Germany) 
consisted of a quadratic arena made out of dark Plexiglas on three sides and 
transparent Plexiglas at the front, measuring 30 × 30 × 24 (H) cm. Running 
from front to back of the arena and situated at its midline was a dark Plexiglas 
wall containing an opening 3.5 (W) × 10.0 (H) cm, allowing the mouse to 
transfer from one compartment of the arena to the other. The wall divided the 
arena into a lit chamber (ca 200 lx) and a dark chamber (ca 10 lx, with a lid). 
The Plexiglas arena was surrounded by a soundproof chamber. The apparatus 
was located in a quiet, dimly (ca 5 lx) illuminated room. An animal was placed 
in the dark chamber, facing away from the opening, and released. During a 20 
min trial, the latency to enter the lit chamber, time spent in the lit chamber, and 
the numbers of transitions were measured. Number of mice used as follows: in 
Lsamp−/− mice n=10, in Ntm−/− mice n=10, in Lsamp−/− Ntm−/− mice n=10, and 
Wt mice n=12. 
 

4.4 Morris water maze test 

The water maze consisted of a circular pool (diameter 150 cm), escape platform 
(16 cm in diameter), video camera and computer with software (TSE, Technical 
& Scientific Equipment GmbH, Germany). The pool (depth 50 cm) was filled 
with tap water (22ºC, to a depth of 40 cm) that was made opaque by adding a 
small amount of non-toxic white putty. The escape platform was positioned in 
the centre of the Southwest quadrant (Q2), 20 cm from the wall. The water level 
was 1 cm above the platform, making it invisible. In each trial, the animals were 
put into the water, facing the wall, at pseudo-randomly assigned starting 
positions (East, North, South, or West). The acquisition phase of the experiment 
consisted of a series of 16 training trials (four trials per day for four consecutive 



31 

days, inter-trial interval ca 1 h). Mice were allowed to search for the platform 
for a maximum of 60 s at which time the mice were gently guided to the plat-
form by means of a metal sieve. The mice remained on the platform for ca 15 s. 
Posters and furniture around the maze served as visual cues. During testing, the 
room was dimly lit with diffuse white light (20 lx). Distance travelled during 
the trial, latency to find the submerged platform and swim velocity were 
registered. We used average values per day, which was obtained by collapsing 
data of four trials for each animal. On Day 5 the platform was removed for a 
probe trial. Mice were placed into the water in the Northeast position (Q4) and 
were allowed to swim for 60 s. Time spent in all four quadrants (Q1, Q2, Q3, 
Q4) was measured, with time spent in the target quadrant (Q2) where the 
platform had been located serving as indicator of spatial memory. Number of 
mice used as follows: in Lsamp−/− mice n=10, in Ntm−/− mice n=10, in Lsamp−/− 
Ntm−/− mice n=10, and Wt mice n=12. Second set of testing included Negr1−/− 
mice with n=14 and Wt n=13. 
 
 

4.5 Barbering behavior testing 

Barbering behavior was tested on Negr1−/− mice at two time points – 8 to 9 
weeks and 20 to 21 weeks of age. After weaning at 21 days of age, the mice 
were group housed by genotypes. At that time point a difference was noted in 
the appearance of wild-type and Negr1−/− mice: while most Wt mice had 
trimmed whiskers and facial hair, most Negr1−/− mice had full sets of whiskers. 
Barbering behavior was consequently estimated in group-housed mice (7–9 
animals per cage) on a three-point scale: (1) no whiskers, (2) partially trimmed 
whiskers and (3) full whiskers. The percentage of mice having full, partially 
trimmed and no whiskers was calculated. A total of 67 mice were tested: 
Negr1−/− n=34 and Wt n=33. 
 
 

4.6 Three-chamber test 

Automated three-chamber apparatus were used and the test was performed in 
three stages, each lasting 10 min, as follows: (1) Habituation: while the doors 
were open, mice were placed in the center chamber and allowed to freely 
explore. (2) Sociability: The test mouse was isolated to the center chamber 
(Chamber 2), while a gender/age-matched stranger (Stranger 1) was placed 
inside a social enclosure (Noldus) in either Chamber 1 or 3. The other chamber 
contained an empty social enclosure. The doors were opened, and the test 
mouse was allowed to freely explore. The times spent in each chamber were 
recorded. (3) Social novelty: immediately following the second phase, test mice 
were isolated back in the center chamber. A novel gender/age-matched mouse 
(Stranger 2) was placed in the previously empty social enclosure and Strange 1 
in the opposite chamber. Doors were opened, and the test mouse was allowed to 



32 

freely explore. All stranger mice were Wt males at the same age and habituated 
to the apparatus during the previous day (30 min habituation three times). The 
positions of the object and Stranger 1 were alternated between tests to prevent 
side preference. The tests were video recorded and time spent in each chamber 
during stages 2 and 3 were measured by the tracking software (EthoVision XT 
8.5, Noldus Technology). Numbers of mice used are: Negr1−/− n=20 and 
Wt n=20. 
 

4.7 Social dominance tube test 

The test apparatus was adapted from previous work (Koh et al. 2008; Lijam et 
al. 1997) with some modifications in the experimental design. Two waiting 
chambers, sized 10 × 10 × 10 cm, were connected by a 30 cm clear plexiglas 
tube (3 cm diameter). One Wt and one Negr1−/− mouse were placed in the 
waiting chambers at the opposite ends of the tube and were there after simul-
taneously released into the tube. The mouse that remained in the tube, while its 
opponent completely backed out from the tube, was declared “winner”. The 
winner was given a score “1” and the loser a score “0”. Each trial lasted a 
maximum of 5  min and an even score “0.5” was counted when both opponents 
remained into the tube. During testing, the room was dimly lit with diffuse 
white light (20 lx). Each mouse was tested three times with three different 
weight matched mice of the opposite genotype. Numbers of mice used were: 
Negr1−/− n=20 and Wt n=20. 
 
 

4.8 Direct social interaction test 

The direct social interaction (DSI) test was carried out as described previously 
(Innos et al. 2011), briefly: 20 Negr1−/− mice were matched into 10 pairs of two 
unfamiliar mice of same genotype according to the body weight and their 
behaviour was video-recorded for 10 min. The videos were later scored by a 
trained observer. Three measures (time spent, the number of bouts, and average 
bout duration) were registered for each mouse for the following parameters: (1) 
sniffing the body of the other mouse, (2) anogenital sniffing of the other mouse, 
(3) self-grooming, (4) digging, (5) rearing, (6) aggressive attack, and (7) passive 
contact. Parameters 1, 2 and 7 were also summarized to get an additional para-
meter of “total social contact time” for each animal. Altogether, 40 mice were 
tested: Negr1−/− n=20 and Wt n=20. 
 
 

4.9 Marble burying test 

Twenty glass marbles (1.5 cm in diameter) were placed on 5 cm of sawdust 
bedding as a 4 × 5 grid in a Plexiglas cage measuring 42.5 (L) × 26.6 (W) × 
15.5 (H) cm. The mice were placed in the box individually for 30 min, and the 



33 

number of marbles buried at least two-thirds deep were counted. A total of 40 
mice were tested Negr1−/− n=20 and Wt n=20. 
 
 

4.10 Tail suspension test 

Tail suspension test (TST) has been used to assess stress related depression in 
mice (Lad et al. 2007). Mice were suspended from the edge of a shelf 58 cm 
above a table top by adhesive tape, placed approximately 1 cm from the tip of 
the tail. Animals were suspended for 6 min and the duration of immobility was 
scored during the last 4 min from the recorded videos by an observer blind to 
the genotype. Mice were considered immobile only when they hung passively 
and completely motionless for at least 3 seconds. A total of 32 mice were tested: 
Negr1−/− n=16 and Wt n=16. 
 
 

5. Data presentation and Statistical Analysis 
The statistical analysis was performed with Statistica V12 (Statsoft Inc., Okla-
homa, USA), R and Graph pad Prism 5 software (Graph Pad, San Diego, CA). 
The analysis of qRT-PCR data was performed as described previously by 
Philips et al. 2015. Statistical analysis was performed using unpaired Student’s 
t-test, one-way or two-way analysis for variance (ANOVA) followed by 
Newman-Keuls post hoc test for parametric analysis. Chi-square, Mann-Whit-
ney U-test or Wilcoxon Rank Sum test (W) for non-parametric data analysis. 
Reported correlations were calculated using Spearman’s rank-order method. 
Specific test used per experiments has been specified in figure legends. Values 
of p<0.05 were considered significant and experimental values represent the 
mean ± SEM. 
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RESULTS 

1. Role of IgLONs in morphology of developing neurons 

1.1 Lsamp and Ntm are expressed in developing hippocampus 

We used primary hippocampal cultures derived from Wt, Lsamp−/−, Ntm−/−, and 
Lsamp−/−Ntm−/− mice to examine the putative role of Lsamp, Ntm and their com-
bined effects (interaction) at neuritogenesis stage of neuronal development. The 
relative amount of Lsamp and Ntm transcripts was monitored by qPCR analysis 
from DIV 3 Wt hippocampal neuronal culture and hippocampi of P3 Wt mice 
(Fig. 2).    
                                    

 
Figure 2. The average mRNA expression level of Lsamp1a, 1b and Ntm1a, 1b 
transcripts measured by qPCR. Expression levels are presented for hippocampal 
neuronal culture at DIV 3 isolated from Wt mice (4 replicates of qPCR from 3 culture 
dishes) and from P3 Wt mice (n=8) hippocampi based on promoter activity as 2-∆CT ± 
SEM. Data is shown for all 4 active promoters: Lsamp 1a and 1b, Ntm 1a and 1b.  

 
 

1.2 Complementary interaction of Lsamp and Ntm in the 
regulation of neuritogenesis  

At neurite initiation stage (DIV 0.25, 6h post culture) we performed double 
immunofluorescent labelling with phalloidin, the F-actin-binding compound to 
label actin filaments or growing protrusions, and neuronal marker, MAP2. 
These immunostainings demonstrate that Lsamp−/− and Wt hippocampal neu-
rons shared a similar neurite initiation phase (Fig. 3a–h), Ntm−/− and Lsamp-/-

Ntm−/− double deficient hippocampal neurons had aberrant membrane protru-
sions and filopodia with one extending neurite, as well as enhanced puncta of F-
actin aggregates on the neuron surface (Fig. 3i–p). 
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Figure 3. Lsamp and Ntm deficiency interferes with actin accumulation during the 

stage of neurite initiation. Confocal fluorescent images of DIV 0.25 hippocampal 

neurons derived from P0–1 Wt (a-d), Lsamp−/− (e-h), Ntm−/− (i-l), and Lsamp−/−Ntm−/− 

mice (m-p). Phalloidin staining marks F-actin (red), MAP2 neurons (green), and DAPI 

stains nuclei (blue). Scale bar is 10 µm. Graph (q) represents quantification of F-actin 

rich accumulation area (µm2) based on phalloidin intensity. n=70–75 neurons evaluated 

per genotype from three independent experiments. Data represent mean ±SEM, 

*p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA followed by Newman-Keuls 

multiple comparisons test. 

 

 

We performed quantification of the intensity of phalloidin fluorescence on the 

neuronal surface and found that Ntm−/− hippocampal neurons harboured more 

actin aggregates compared to all other analysed genotypes (Ntm−/−vs Wt, 

p<0.01; Ntm−/−vs Lsamp−/−, p<0.001; Ntm−/−vs Lsamp−/−Ntm−/−, p<0.05) (Fig 

3q). Our statistical analysis did not reveal any significant changes in phalloidin 

staining intensity between Wt, Lsamp−/−, and even in Lsamp−/−Ntm−/− double 

deficient hippocampal neurons. 

To view the surface topology of hippocampal neurons at the stage of neurite 

initiation in detail, we visualised the ultrastructure of neurite precursors at DIV 

0.25 using scanning electron microscopy. Scanning electron microscopic 

images revealed that the cultured hippocampal neurons of different genotypes 

exhibited distinct features (Fig. 4). At the neurite initiation stage, the cultured 

neurons attach to the substrate surface and give rise to protrusions to form 

lamellopodia tipped by filopodia. 
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Figure 4. Ultrastructure of hippocampal neurons at neurite initiation stage. Scan-

ning electron microscopy images of Wt (a, e, i), Lsamp−/−
 (b, f, j), Ntm−/−

 (c, g, k), and 

Lsamp−/−Ntm−/− (d, h, l) hippocampal neurons at DIV 0.25. Arrows at e-h point towards 

growing neurite; and at i-l point to the extending protrutions or filopodia on the 

neuronal surface. Scale bar in a–d is 20 µm, in e–h is 5 µm, in i–l is 2µm. 
 

 

Wt neurons were spherical smooth cells surrounded by a thin lamellipodial veil 

and having few protrusions (Fig. 4a, e, i). Some neurons started establishing 

focal contacts with neighbouring neurons (Fig. 4a–d). The surface of Lsamp−/− 

neurons was also smooth, but the extending lamellopodia and filopodia ap-

peared broader and thicker in comparison with those of Wt neurons (Fig. 4e–f, 

i–j). In agreement with the results of our phalloidin staining, scanning electron 

microscopy analysis revealed the excess of aberrant protrusions and lamel-

lopodia in Ntm−/− hippocampal neurons. Moreover, the surface was more ruffled 

compared to Wt and Lsamp−/− neurons. Outgrowth of a single neurite with 

excessive branches was also observed in Ntm−/− neurons (Fig. 4c, g, k). The 

surface of Lsamp−/−Ntm−/− double deficient hippocampal neurons was even 

more ruffled and possessed abnormal filopodium with more aggregates at 

contact points (Fig. 4d, h, l). 

In order to investigate how the deficiency of IgLON molecules further alters 

neurite outgrowth and branching, we performed morphometric analysis on 

primary hippocampal neurons at DIV 3. At this stage, the primary hippocampal 

neurons of all analysed genotypes exhibited well distinct pyramidal shaped somas 

extending several neurite processes with multiple levels of branching (Fig. 5a–d).  
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Figure 5. Morphometric analysis of hippocampal neurons in DIV 3 dissociated 

culture. Representative images of pAAV-hSyn-RFP labelled hippocampal neurons 

derived from Wt (a), Lsamp−/− (b), Ntm−/−
 (c), and Lsamp−/− Ntm−/− (d) mice. Scale bar 

is 50 µm. Graphs (e-g) are obtained by neuron tracing Neurolucida and represent the 

number (e), length (f), and branch points (g) of the neurites per neuron. Data shown as 

mean ±SEM of (n=70–75) neurons of each genotype from three independent experi-

ments. *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA followed by Student-

Newman-Keuls multiple comparisons test. 

 

 

Our morphometric analysis revealed that the number of neurites per neuron was 

higher in Ntm−/− hippocampal neurons compared to Wt neurons (p<0.05), but 

that hippocampal neurons from Lsamp−/−and Lsamp−/−Ntm−/−
 possessed num-

bers of neurites per neuron similar to those of the Wt neurons (Fig. 5e). In addi-

tion to higher neurite number, the neurons derived from Ntm−/− hippocampi also 

possessed longer neurites compared to Wt (p<0.0001), Lsamp−/− (p<0.0001), 

and to the double deficient Lsamp−/−Ntm−/− neurons (p<0.0001). No statistically 

significant differences in neurite length could be observed between other geno-

types (Fig. 5f). Quantification of neurite branching points supported our scan-

ning electron microscopy analysis and revealed that the neurites derived from 

Ntm−/− hippocampal neurons branched more than Wt (p<0.01) and Lsamp−/− 

(p<0.01) neurons. Also, the number of branching points of Ntm−/− neurites was 

higher compared to Lsamp−/−Ntm−/− neurites (p<0.05), but in the last case the 
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deletion of Lsamp reduced the effect of Ntm−/−. Significant difference in the 
number of branching points was detected between Lsamp−/−Ntm−/− and Wt neu-
rites (p<0.05), and no significant difference was observed between Lsamp−/−and 
Wt neurons (Fig. 5g).  

To examine the role of Lsamp and Ntm on synaptogenesis, we immuno-
stained DIV 14 hippocampal neurons derived from Lsamp−/−, Ntm−/−, 
Lsamp−/−Ntm−/−and Wt with pre synaptic marker, synapsin1 antibody and mea-
sured the volume of synaptic puncta (Fig. 6a–d). We did not find any significant 
difference in the synaptic puncta in any of the genotype (Fig. 6e). 

 

 
 
Figure 6. Lsamp and Ntm deficiency unaffects synaptogenesis during in vitro 
hippocampal neuron development. Representative confocal images of hippocampal 
neurons (DIV 14) with the presynaptic marker, Synapsin 1 (green) nuclei marker, DAPI 
(blue) hippocampal neurons cultured from P0-1 (a) Wt, (b) Lsamp−/−, (c) Ntm−/−, (d) 
Lsamp−/−Ntm−/− mice, Scale bar 10 µm. Graph (e) displays the quantification of synap-
tic puncta per view or region of interest from three independent experiments (n=30 
neurons per genotype). Data represent mean± SEM, evaluated per genotype (* P<0.05, 
**P<0.01, ***P<0.001 by one-way ANOVA followed by Student-Newman-Keuls 
multiple comparisons test).           
   
  

1.3 Coordinated regulation of Lsamp and Ntm in  
neuronal homeostasis 

In order to understand the role of Lsamp and Ntm in tissue homeostasis, we 
compared the rate of proliferation and apoptosis in primary hippocampal 
cultures at DIV 3 derived from Wt, Lsamp−/−, Ntm−/−, and Lsamp−/−Ntm−/−mice. 
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Proliferation rate was assessed by immunolabelling with mitotic phase marker 

PHH3 (Fig. 7a), immature and developing neurons were visualised by DCX 

immunostaining, and the nuclei were stained with DAPI. The proliferating cells 

were calculated as the percentage of proliferative cells (Fig. 7b). The percentage 

of proliferative cells in Ntm−/− cultures was significantly lower compared to 

those Lsamp
−/−

 cultures (p<0.01) and Lsamp
−/−

Ntm
−/−

 (p<0.001) genotypes. The 

percentage of proliferation in Lsamp−/−Ntm−/− culture was higher than in Wt 

(p<0.01) and in Ntm−/− (p<0.001) (Fig.7 b–n). 

Figure 7. Effects of Lsamp and Ntm deficiencies on cellular proliferation. (a) High 

magnification image of PHH3 positive (green) primary cells at DIV 3 undergoing mitosis. 

Nuclei are stained with DAPI (blue). Graph (b) displays the percentage of proliferative cells. 

Representative images of DIV 3 hippocampal cultures derived from Wt (c–e), Lsamp−/− 
(f–

h), Ntm−/− 
(i–k), and Lsamp−/−Ntm−/− (l–n) mice show immunostainings with proliferation 

marker PHH3 (green) and neuronal marker, DCX (red). Scale bar in a is 10 µm in c–n is 

100 µm. Data represent mean ±SEM from; *p<0.05, **p<0.01, ***p< 0.001 by one-way 

ANOVA followed by Newman-Keuls multiple comparisons test. 
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For the detection of apoptotic cells in hippocampal cultures, we used in situ 
TUNEL assay. In Lsamp−/− culture, the ratio between all cells to apoptotic cells 
was significantly lower compared to any other analysed genotype (in all cases 
p<0.001) (Fig. 8b, e). The percentage of apoptotic cells in Ntm−/−, and 
Lsamp−/−Ntm−/− cultures at DIV 3 was similar to Wt culture (Fig. 8a, c–e). 
 

     
Figure 8. Effects of Lsamp and Ntm deficiencies on cellular apoptosis. Represen-
tative images showing dark brown TUNEL positive hippocampal neurons at DIV 3 
derived from Wt (a), Lsamp−/− (b), Ntm−/− (c), and Lsamp−/−Ntm−/− (d) mice. Scale bar 
is 20 µm. Graph (e) displays the percentage of apoptotic cells among total number of 
cells. Data represent mean ± SEM from three independent experiments each with 10 
independent image field evaluated per genotype; ***p<0.001 by one-way ANOVA 
followed by Newman-Keuls multiple comparisons test. 
 

 
1.4 Implications of Negr1 during neuritogenesis  

To examine the Negr1 involvement in the initiation stage of the formation of 
neurites and their outgrowth, we investigated the early neuritogenesis stages 
with primary hippocampal culture prepared Negr1−/− mice and the correspon-
ding Wt mice. We observed that spherical Wt neurons started to develop lamel-
lopodia with few filopodia protrusions (Fig. 9a–d). In contrast, the Negr1−/− 
neurons possess large F-actin rich protrutions that began to aggregate with 
diffused lamellopodia and a higher number of filopodia that develop faster com-
pared to control neurons (Fig. 9e–h). Quantification of F-actin intensity 
revealed a significant (p<0.001) increase in neurite initiation sites in Negr1−/− 
hippocampal neurons (Fig. 9i). Similar topographical features of profound 
filopodia protrusions on the surface and accelerated neurite sprouting in 
Negr1−/− neurons were also visualised by scanning electron microscopic images 
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(Fig. 9j–m). Tracing of neuronal development were done similarly as described 
previously using pAAV-hsyn-RFP at DIV2. Morphometric analysis of neurite 
outgrowth and branching in transfected neurons was examined 24 h after trans-
fection (at DIV 3). Our analysis showed that Negr1 deficiency led to a signi-
ficant (p<0.0001) increase in neurite number, neurite length and branching at 
DIV 3 (Fig. 9n–r). 
            

 
Figure 9. Neuritogenesis is impaired in Negr1−/− hippocampal neurons. Confocal 
images of DIV 0.25 hippocampal neurons derived from P0–1 Wt (a–d) and Negr1−/− (e–
h) mice. Phalloidin staining marks F-actin (red), MAP2 for neurons (green), 
and DAPI stains nuclei (blue). Scale bar is 10 μm. Graph (i) represents quantification of 
F-actin intensity for actin aggregates at the neurite initiation site (μm2). Scanning 
electron microscopy images of Wt (j, i), Negr1−/− (k, m), hippocampal neurons at DIV 
0.25. Scale bar in j–k is 5 μm, in l–m 2 μm. Representative images of pAAV-hSyn-RFP 
transfected hippocampal neurons derived from Wt (n) and Negr1−/− (o) mice. Scale bar 
is 50 μm. Graph (p–r) represents the number (e), length (f), and branch points (g) of the 
neurites per neuron obtained by neuron tracing Neuroleucida. N = 75–82 neurons 
evaluated per genotype from three independent experiments. Data represent mean ±  
SEM, *p < 0.05, **p < 0.01, ***p < 0.001, Mann–Whitney U test (Wilcoxon rank sum 
test).  
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2. Neuroanatomy of IgLONs deficient mice 

2.1 Gross anatomy of Lsamp−/−, Ntm−/−, Lsamp−/− Ntm−/−and  

Negr1−/− brains 

Histology of IgLONs deficient adult brains was visualized by Nissl staining and 

initial screening of sub regional organisation by NF immunostaining. No 

obvious gross changes in brain anatomy were found by Nissl staining in neither 

Lsamp−/−, Ntm−/−, Lsamp−/−Ntm−/− and Negr1−/− brains compared to Wt brain 

sections (Fig. 10a–e). Anti-NF immunostaining also revealed no obvious dis-

organisation of the major fiber tracts across genotypes except sign of enlarged 

ventricles in Negr1−/− mice brain (Fig. 10f–j).   

Figure 10. Histological analysis of IgLONs deficient mice brain. Nissl stained adult 

coronal brain sections of Wt (a), Lsamp−/−
 (b), Ntm−/− (c), and Lsamp−/−Ntm−/− (d) 

Negr1−/−
 (e) at the level of hippocampus; scale bar: 1.2 mm. Immunostaining for 

neurofilament (NF) in saggital brain sections of Wt (f), Lsamp−/− (g), Ntm−/− (h), and 

Lsamp−/−Ntm−/−
 (i) and Negr1−/− (j); scale bar: 1 mm.  

 

 

2.2 Negr1 expression in the mice brain 

Initial gross anatomy results from Negr1−/− mice brain prompted us to study 

Negr1 expression and more detailed anatomical analysis of the Negr1−/− brain. 

In situ hybridisation was carried out to label the Negr1 expression in adult 

mouse brain (Fig. 11). Negr1 is expressed extensively in the forebrain and 

cerebellum. Strong expression was observed in all cortical layers in different 

areas (somatomotor, somatosensory, parietal association area, visual area, 

retrosplenial area), in the limbic system (hippocampus (DG, CA1-3 sub-

fields), entorhinal cortex, subiculum, amygdala, hypothalamus, islands of 

Calleja, olfactory bulb, olfactory tubercle, lateral geniculate complex and 

reticular nuclei of thalamus), globus pallidus, and granular layer of 

cerebellum along with caudate putamen (Fig. 11a, b). 
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Figure 11. Expression of Negr1 by in situ hybridisation in adult sagittal brain 
sections (a, b). OB olfactory bulb, Pir piriform cortex, OT olfactory tubercle, iSI island 
of Cajella, Th thalamus, Amy amygdala, Sub subiculum, DG dentate gyrus, IGL inter 
geniculate lateral geniculate complex, CP caudate putamen, MO somatomotor cortex, 
SS somatosensory cortex, PTLP posterior parietal association area, VIS visual area, Epd 
endopiriform cortex, HA hypothalamus, Cb cerebellum, RsPD retrosplenial cortex, CLA 
claustrum, RTn reticular nucleus of thalamus, LGD/V dorsal/ventral part of lateral 
geniculate complex, MG medial geniculate nucleus. 
 
 

2.3 MRI analysis of Negr1−/− brain 

To study neuroanatomical changes, we analysed the volume of the whole brain 
and selected brain regions in Negr1−/− mice compared to their Wt littermates 
using high resolution MRI. No significant differences were observed in body 
weight and brain weight in Negr1−/− mice compared to their Wt littermates 
(Table 2). The analysed brain structures, including the total brain, ventricular 
system, white matter tracts, and cortical and subcortical grey matter structures 
were identified according to Bakker et al. 2015 (Table 2). We detected a small 
but significant (5.7%) reduction in total brain volume in Negr1−/− mice as 
compared to controls (Fig. 12a, b, e). Also, Negr1−/− mice had significantly en-
larged lateral ventricles (64.6%), third ventricle (37%) and fourth ventricle 
(35.7%) (Fig. 12c, d, f, g). Regarding white matter areas, the corpus callosum 
was found to be significantly reduced (15.7%) (Fig. 12h), while other white 
matter tracts like the anterior commissure (anterior and posterior), internal 
capsule, fornix and fimbria remained unchanged. Enlargement of the ventricular 
system in Negr1−/− mice might partly reflect the reduction in the volume of 
other cortical and subcortical areas. We found a significant reduction in the size 
of the globus pallidus (15.5%) and hippocampus (10%) (Fig. 12i, j). No changes 
were observed in the frontal cortex, olfactory system (olfactory bulb, olfactory 
tubercle, lateral olfactory tract and rhinocele), striatum, hypothalamus, medulla, 
midbrain, brain stem and cerebellum volume (Table 2).  
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Table 2. Weight (g) and volume (mm3) measurements (mean±SEM) of selected 
regions in the Negr1-/- compared to the corresponding Wt. P values as determined by 
Mann-Whitney U test (Wilcoxon rank sum test). (Bold p-value means significant 
difference as *p < 0.05; **p < 0.01, ***p < 0.001). 
 

Wt Negr1 -/- % Diff P-value 
Body weight (g) 32.7±3.6 31.2±5 -4.7 0.32 
Brain weight 0.45±0.022 0.45±0.028 -0.6 0.88 
Total brain volume (mm3) 493.2±21.5 465±20.4 -5.7 0.03 
White matter regions (mm3)  
Corpus callosum 15.71±1.5 13.24±2.1 -15.7 0.04 
Ant commissure (anterior) 1.4±0.15 1.3±0.2 -8.9 0.31 
Ant commissure (posterior) 0.35±0.9 0.36±0.06 1.9 0.77 
Internal capsule 2.1±0.5 1.9±0.56 -10.18 0.31 
Fornix 0.49±0.07 0.45±0.06 -7.83 0.47 
Fimbria 1.8±0.33 1.7±0.21 -4.7 0.47 
Ventricles (mm3)  
Lateral Ventricle 1.5±0.22 2.47±0.73 64.6 0.002 
3rd Ventricle 0.54±0.05 0.74±0.18 37 0.02 
4th Ventricle 0.14±0.02 0.19±0.06 35.7 0.06 
Cortical and sub-cortical grey matter regions (mm3)  
Olfactory system 33.5±2.9 32.9±2.1 -1.9 0.66 
Frontal cortex 52.6±6.5 48.3±2.8 -8.2 0.11 
Striatum 18.5±1.2 17.7±1.2 -4.2 0.19 
Globus pallidus 2.2±0.5 1.9±0.18 -15.5 0.03 
Hippocampus 23.2±1.6 20.8±2.4 -10 0.02 
Thalamus 15.2±0.9 15.1±1.5 -1.04 0.77 
Hypothalamus 10.3±0.7 9.9±0.6 -4.21 0.47 
Midbrain 8.8±0.5 9.0±1.2 2.03 0.66 
Pons 16.7±1.8 15.3±1.5 -8.3 0.31 
Medulla 21.0±3.2 22.7±3.7 8.16 0.39 
Cerebellum 55.3±1.9 57.5±2.1 3.99 0.19 
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Figure 12. Neuroanatomical abnormalities in Negr1

/−
 mice: A 3D reconstruction of 

the Wt (a) and Negr1−/−
 (b) brains and ventricles (green: lateral ventricles, yellow: third 

ventricle and purple: fourth ventricle) in Wt (c) and Negr1−/−
 (d) brains. Ventricle 

enlargement occurs in the Negr1−/− mice. Quantitative analysis of effects of Negr1 

deletion in mice on the volume of total brain (e), lateral ventricles (f), third ventricles 

(g), corpus callosum (h), globus pallidus (i) and in hippocampus (j). Data represent 

mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, Mann-Whitney U test (Wilcoxon 

rank sum test).  

 
 

2.4 Impact of Negr1 on hippocampal neuronal population 

Since Negr1 is expressed in hippocampus and we have reduced hippocampal 

volume in Negr1−/− mice, we examined whether Negr1 deficiency affect the 

whole neuronal population in hippocampus or some specific neuronal sub-

types.  We found no significant difference in number of NeuN positive neurons 

(total hippocampal region, p=0.13; DG=0.40; CA=0.16) (Fig. 13a, b, e, f, k). 

However, the number of PV positive neurons was found to be significantly 

reduced (p<0.0001), in the CA (p<0.0001) and in DG (p<0.02) regions of the 

hippocampus (Fig 13c, d, I, j, l). 

 

−
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Figure 13. Reduced number of parvalbumin (PV) positive interneurons in the 
hippocampus of Negr1−/− mice. Representative confocal images of the sagittal section 
of brains of Wt ((a–d) and Negr1−/− (e–j) mice for NeuN (red), PV (green) and DAPI 
(blue) immunostaining. Scale bar is 250 μm for a–c, e–g and 100 μm for d and j.  Graph 
represents mean number of NeuN positive cells (k) and PV positive cells (l) in total 
hippocampus, DG and in CA region. n=3 mice for both genotype with 8-9 sections per 
brain. Data represent mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, Mann–Whit-
ney U test. 
 
 

3. Effect of IgLONs deficiency on the mouse behavior  

3.1 Coordinated interaction of Lsamp and Ntm in  
the regulation of behavior  

3.1.1 Open field test 

Locomotor and exploratory activity was evaluated through the open field acti-
vity test using motility box.  The distance travelled in the motility box during 
the 30 min testing was not dependent on genotype (F(3,41)=2,1, p=0.12) (Fig. 
14a). However, the number of rearings was dependent on genotype (F(3,41)=3.21, 
p<0.05). Wt and Ntm−/− mice displayed approximately twice as much vertical 
activity as Lsamp−/− mice and Lsamp−/−Ntm−/− double deficient mice, while, the 
post hoc comparisons remained at the tendency level (Fig. 14b). Distance in 
centre (F(3,41)=3.63, p<0.05) was significantly dependent on genotype. The 
distance travelled in the centre was significantly longer in Ntm−/− mice than in 
all the other three groups (Fig. 14c). 
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Figure 15. Behavioral analysis of Lsamp

−/−
, Ntm

−/−
 and Lsamp

−/−
Ntm

−/−
mice in el-

evated plus maze. Closed arm entries (a), open arm entries (b), and protected head dips 

(c) in the elevated plus maze in Wt (n=11), Lsamp−/− (n=11), Ntm−/− (n=10) and Lsamp−/− 

Ntm−/−mice (n=10). Data are presented as ±SEM (*p<0.05, **p<0.01, ***p<0.001. One-

way ANOVA followed by Student-Newman-Keuls multiple comparisons test). 

Figure 14. Behavioral analysis of Lsamp
−/−

, Ntm
−/−

 and Lsamp
−/−

 Ntm
−/−

 mice in 

open field test. Distance travelled (a), the number of rearings performed (b), and 

distance trav  elled in the central part of the motility box (c) in the locomotor activity 

test in Lsamp−/− mice (n=11), Ntm−/− mice (n=10), Lsamp−/−Ntm−/−mice (n=10) and Wt 

mice (n=14). Data are presented as ±SEM (*p<0.05, **p<0.01, ***p<0.001. One-way 

ANOVA followed by Student-Newman-Keuls multiple comparisons test).  
 

 

3.1.2 Elevated plus-maze 

Elevated plus-maze is used to access anxiety like behavior in mice. The test 

exploits the avoidance to explore unprotected open arms of the maze at elevated 

position as an anxiety behavior versus the normal tendency of mice to explore 

the novel protected area as closed arm. The number of closed arm entries was 

dependent of genotype (F(3, 38)=4.05, p=0.014) and according to post hoc ana-

lysis Wt mice performed significantly less closed arm entries than Lsamp−/− 

Ntm−/− mice (p=0.016) (Fig. 15a). The number of open arm entries was also 

dependent on genotype (F(3, 38)=4.79, p=0.006) and the post hoc analysis showed 

that Lsamp−/−Ntm−/−mice performed significantly more open arm entries than 

Wt (p=0.008) and Ntm−/−mice (p=0.026) and the difference compared to 

Lsamp−/−mice verged on significance (p=0.06) (Fig. 15b). Protected head dips 

were dependent on genotype (F(3, 38)=2.9, p=0.047), but no post hoc differences 

were detected (Fig. 15c).  
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3.1.3 Morris water maze 
We used Morris water maze to study spatial learning and memory in mice. The 
test depends on the cues from the start point around the perimeter of open 
swimming arena to find the submerged escape platform. Spatial learning is eva-
luated against repeated trials and the reference memory is analysed by prefe-
rence for the platform area when the platform is absent. For the latency to find 
the submerged platform in Days 1–4, there was a clear learning (day) effect 
(F(3,114)=62.6, p<0.0001) and both genotype effect (F(3,38)=2.67, p=0.061) and 
genotype x day interaction (F(9,114)=1.91, p=0.058) approached significance with 
Lsamp−/−Ntm−/− double deficient mice tending to display longer latencies in 
Days 2 and 4 (Fig. 16a–d).  
 

 
 

Figure 16. Behavioral analysis of Lsamp−/−, Ntm−/−, and Lsamp−/− Ntm−/− mice in 
Morris Water Maze. The learning curve (a, b) showing the time (in s) and distance (in 
cm) to reach the submerged platform in Days 1–4. Average values per day, obtained by 
collapsing data of four trials for each animal, are presented in the Morris water maze.  
Time spent in the target quadrant (c) and swimming speed (cm/s) (d) in Lsamp−/−mice 
(n=10), Ntm−/− mice (n=10), Lsamp−/− Ntm−/− mice (n=10) and Wt mice (n=12) during 
Morris water maze. Data are presented as ±SEM (*p<0.05, **p<0.01, ***p<0.001. 
One-way ANOVA followed by Student-Newman-Keuls multiple comparisons test). 
Dotted line in c denotes chance level (15 s). 
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However, this should not be interpreted as learning deficiency as there were 
clear differences in swimming speed between the genotype groups (see below). 
Therefore, distance to the platform is a more objective parameter for expressing 
the learning curve. The distance was likewise very significantly dependent on 
day of test (F(3,114)=46.19, p<0.0001), but not genotype (F(3,38)=1.67, p=0.19). 
Genotype x day interaction was significant (F(9,114)=2.14, p=0.031), but post hoc 
comparisons revealed differences between the groups only in the 1st day (most 
notably, Wt vs Lsamp−/−Ntm−/− mice p=0.004), which basically reflects diffe-
rences in swimming speed. Probe trial on Day 5 confirmed the lack of learning 
deficiency in deficient mice groups as all the genotypes clearly preferred the 
target quadrant (Fig. 16c) and there were no differences between the groups 
(F(3,38)=0.87, p=0.47). Swimming speed was very significantly dependent on 
genotype (F(3,38)=24.19, p<0.0001); both single deficient groups swam slower 
than wild-type mice and the simultaneous deletion of Lsamp and Ntm genes 
further aggravated swimming speed deficiency compared to single deficient 
mice (Fig. 16d). 
  
 

3.2 Implications of Negr1 on mouse behavior 

Previous publications from our group have shown that deficiency of only 
Lsamp or Ntm in mice leads to behavioral changes related to psychiatric endo-
phenotypes (Innos et al. 2011, 2012; Mazitov et al. 2017). Therefore, we next 
investigated the effect of Negr1 deficiency on the behavior of mice. We per-
formed battery of behavioral experiments after weaning of the Negr1−/− mice. 
 
 

3.2.1 Barbering behavior test 

After weaning, no whisker trimming or barbering behavior was observed in Wt 
and Negr1−/− mice (the mice were group-housed by genotypes). Barbering 
behavior was consequently estimated in group-housed male mice (7–9 animals 
per cage) at three-point scale: (1) no whiskers, (2) partially trimmed whiskers, 
(3) full whiskers. At 8–9 weeks of age, most Wt mice were completely devoid 
of whiskers and had trimmed facial hair.  In contrast to Wt littermates, all 
Negr1−/− mice had full sets of whiskers and facial hair (χ2 = 143.72, p < 
0.00001; Fig.  17a). Similar differences in barbering behaviour were evident at 
20–21 weeks of age (χ2 = 145.02, p < 0.00001; Fig.  17b). Notably, 100% of 
Negr1−/− mice had a full set of whiskers and facial hairs at both time points.  
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Figure 18. Three-Chamber test analysis in Negr1
−/−

 mice. Result of three-chamber 

sociability (a) and social novelty (b) test in Negr1−/−mice. Time spent in each chamber. 

Data represent mean ± SEM, Student’s t-test. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001: Negr1−/− mice (n=20) compared to Wt mice (n=20). 

 

Figure 17. Barbering behavior analysis in Negr1
−/−

 mice. Percent of whisker size in 

mice at 8–9 weeks (a), at 20–22 weeks (b) of age. Chi-square (χ2) were used for 

statistical analysis.   *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001: Negr1−/− mice 

(n=34) compared to Wt mice (n=33). 

 

 

3.2.2 Three-Chamber test 

To evaluate sociability and social novelty, we performed the three-chamber test. 

Compared to Wt mice, Negr1−/− mice spent significantly less time in the cham-

ber with a stranger mouse and spent proportionally more time in the empty 

central chamber and the chamber containing an inanimate object (Fig. 18a). 

Normal preference of social novelty was evaluated by social novelty test. Ana-

lysis revealed no significant genotype related neither chamber effect differences 

in Wt mice as compared to Negr1−/− mice (Fig. 18b).     
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3.2.3 Social dominance tube test 

To examine social approach avoidance behavior and dominance, mice were 
subjected to the tube dominance test. While the number of wins achieved by Wt 
and Negr1−/− mice was almost equal (Fig. 19a), the average latency to win 
calculated by winning time of Negr1−/−mice was significantly shorter (Fig 19b).  
 

 
 
Figure 19. Social dominance tube test in Negr1−/− mice. Number of wins (a) and 
winning time during tube test (b). Data represent mean ± SEM, Student’s t-test. 
*p<0.05, **p<0.01, ***p<0.001: Negr1−/− mice (n=20) compared to Wt mice (n=20). 
 
 

3.2.4 Direct Social Interaction test between Negr1−/− mice 

We examined social interaction between two freely moving male mice (12–14 
weeks old) of the same genotype as this test is considered to be more sensitive 
than three-chamber test for studying social interactions in adult mice. During the 
10 min direct social interaction test, aggressive behavior, anogenital sniffing, 
sniffing of other body parts, active contact, passive contact, rearings, digging and 
self-grooming were assessed. No attacks or aggressive behavior were registered 
during the interactions in either genotype. Wilcoxon rank sum test (W) revealed 
that Negr1−/− mice spent substantially less time in sniffing of other body parts 
than genitals (W=82, p=0.014) and in active contacts (W=78, p=0.035) and 
tended to have a shorter total social contact bout duration (W=73, p=0.08; Fig. 
20a–c, g–i, m–o), whereas a higher number of bouts during total social contacts 
(W=20.5, p=0.027) was registered for Negr1−/− mice as compared to Wt mice 
(Fig. 20c). Total social contact is a summarized measure reflecting the sum total 
of anogenital sniffing, sniffing of other body parts, passive contacts and active 
contacts. As for non-social activities, Negr1−/− mice spent more time on rearings 
(W=18, p=0.014) and had a longer rearing bout duration (W=8, p=0.00073); also, 
Negr1−/− mice tended to spend more time digging (W=25, p=0.06) and had a 
larger number of digging bouts (W=13, p=0.0057) (Fig. 20d, e, j, k, p, q). In 
contrast, Negr1−/− mice spent less time on self-grooming (W=81, p=0.019) and 
had less self grooming bouts (W=80.5, p=0.02) (Fig. 20f, l, r). Assessment of 
marble burying and tail suspension tests revealed no differences between Negr1−/− 
and Wt mice (Table 3). 
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Figure 20. Direct social interaction test. Direct social interactions were scored as 
sniffing other body parts (a,g,m), active contact (b,h,n), total social contact (c,i,o) 
comprised of anogentital sniffing, passive contact, active contact and sniffing of other 
body parts, rearings (d,j,p), digging (e,k,q) and self-grooming (f,l,r). Graph represents 
total number of bouts (a–f), time spent (g–l) and bout duration (m–r) during each 
parameter of social interaction. Data represent mean ± SEM, *p < 0.05, **p < 0.01, 
***p < 0.001, Mann-Whitney U test (Wilcoxon rank sum test). 
 
 
Table 3. Marble burying and tail suspension test in Negr1−/− mice. Marbles burying 
test (a) and tail suspension test (b). Data represent mean±SEM and bold numbers 
represent significant differences, Mann–Whitney U test (Wilcoxon rank sum test). 
 

(a) Marble burying test {Number of 
marble buried/displaced in 30 min} 

Wt 6.15±3.55 
Negr1-/- 4.43±2.6 

(b) Tail suspension test {Immobility time 
duration (s)} 

Wt 133±25.4 
Negr1-/- 118±32.7 

 
 

3.2.5 Morris Water Maze test  

To study the role of Negr1 in long term spatial memory, we compared the per-
formance of Wt and Negr1−/− mice in the hippocampus dependent Morris water 
maze (Morris et al. 1982).  
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Figure 21. Behavioral analysis of Negr1−/− mice in Morris Water Maze. The 
learning curve in the Morris water maze (a) showing the latency time (in s) to reach the 
submerged platform at days 1–4 (initial learning) and days 5–6 (reversal learning). 
Average values per day, obtained by collapsing data of four trials for each animal, are 
presented. In (b, c) time spent in each of the four quadrants in probe trials after day 4 
and day 6, respectively, is presented. In the second probe trial (c), following reversal 
learning, Negr1−/− mice spent significantly less time exploring the target quadrant. A 
total of 27 mice were tested (Wt: n = 13; Negr1−/−: n = 14); ∗p < 0.05, Student’s t-test. 
Dotted lines denote chance level (15 s). 
 
 
Wt mice demonstrated improvement in the time required to find the hidden plat-
form (escape latency) over the first three training days and there was a highly 
significant improvement from day 1 to day 3 (p = 0.00002). Negr1−/− mice 
showed less pronounced improvement from day 1 to day 3 (p = 0.058) but 
performed similar to Wt mice at day 4 (Fig. 21a). Thus, Negr1−/− mice may 
have lagged in the learning phase. However, no gross learning impairment was 
evident as in the probe trial after day 4 the performance of both groups was 
similar (Fig. 21b). In contrast, the probe trial performed after completion of two 
days of reversal training at day 6 revealed a statistically significant difference in 
time spent on scanning the target quadrant with the hidden platform. Negr1−/− 

mice spent significantly less time in the changed target quadrant (Fig.  21c). 
Overall, these results suggest that Negr1−/− mice are slower learners than Wt 
mice and exhibit an impaired relearning capacity.     
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3.2.6 Deficits in social behavior correlate with changes in  
the brain structure of Negr1−/− mice 

Next, we investigated the correlations between brain regional volumetric 
changes and social interaction measures. Interestingly, most of the significant 
correlations were found in Negr1−/− mice: reduced total brain volume was 
negatively correlated with sniffing (bouts) and active contact (bouts and time), 
and positively correlated with passive and total social contact (length) (Table 4). 
Reduced hippocampus was positively correlated with passive contact (length) 
and globus pallidus was negatively correlated with active contact (length) and 
positively with passive and total contact (length). Thinner corpus callosum was 
negatively correlated with sniffing (bouts), active contact (bouts and length) and 
three-chamber sociability test. The size of the 3rd ventricles was positively 
correlated with sniffing (bouts and length), active contact (bouts and length) and 
three-chamber sociability test (Table 4). Significant correlations were also 
found in Wt mice analysis as brain weight is negatively correlated with sniffing 
and active sniffing length, digging bouts are positively correlated with total 
brain and hippocampal volume and grooming bout is also positively correlated 
with 3rd ventricle volume (Table 5). When we combined both the genotype and 
correlated with brain structures and behavioral parameters we found positively 
correlations between rearings, grooming with body weight, total brain volume 
with grooming length and negatively correlations between grooming, rearings 
with lateral ventricles and brain weight with different sniffings (Table 6). 
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DISCUSSION 

1. Lsamp and Ntm interact with each other in establishing 
neuronal morphology and homeostasis 

The first step in the direction of establishment of a functional brain during 
development is the neurite initiation from the newly born neuronal cell. We 
studied the effects of IgLON molecules on in vitro neuritogenesis model by 
using dissociated hippocampal culture derived from Lsamp, Ntm, Negr1and 
Lsamp/Ntm double deficient mice. Our first goal was to check the impact of 
Lsamp and Ntm during neuritogenesis, as both genes have been shown to be 
coexpressed in the same neurons (Gil et al. 2012). Moreover, during the first 
postnatal weeks of development, both Lsamp and Ntm are expressed at the 
surfaces of neuronal somata, dendrites and axons (Zacco et al. 1990; Chen et al. 
2001). Lsamp and Ntm have been found to be expressed in a complementary 
fashion in distinct neuronal subpopulations and also coexpressed in some sites 
(Philips et al. 2015; Gil et al. 2012). A summary of Lsamp−/−, Ntm−/−, and 
Lsamp−/−Ntm−/− neuritogenesis analysis is shown in Table 7.  
 
 
Table 7. Summarised interactive effects of Lsamp and Ntm on neuritogenesis of 
neurons (NC represents no change, ↓* and ↑* denote significantly lower or higher 
level). 
 

Summary of  Lsamp−/−, Ntm−/−, and Lsamp−/−Ntm−/− neuritogenesis analysis 
Test Lsamp−/− Ntm−/− Lsamp−/−Ntm−/− Effects 
Neurite initiation (DIV0.25)   
F-actin 
accumulation  

↓*  ↑** ↓* Lsamp dependent 
Ntm inhibitory effect 

Neurite outgrowth (DIV3) 
No of neurites NC ↑* NC Lsamp dependent Ntm 

inhibitory effect 
length of neurites NC ↑** NC Lsamp dependent 

Ntm inhibitory effect 
branching  NC ↑** ↑* Lsamp enhancer effect 

on Ntm 
Proliferation (DIV3) 
% of cells NC ↓* * ↑** Lsamp dependent Ntm 

positive effect 
Apoptosis (DIV3) 
% of cells ↓*** NC NC Ntm dependent Lsamp 

positive effect 
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Our results from the neurite initiation stage (DIV0.25) showed significantly in-
creased neurite sprouting determined by F-actin rich areas in the Ntm−/− hippo-
campal neurons compared with any other genotype (Wt, Lsamp−/− or Lsamp−/− 

Ntm−/−), attributing Ntm as an inhibitory factor for the initiation of neuritic 
sprouts. Lsamp−/− neurons display a similar pattern of initial dynamics of the 
cytoskeleton as Wt neurons; however, double-deficient Lsamp−/−Ntm−/− neurons 
represent the rescue effect of Ntm single deficiency in neurons. Therefore, we 
hypothesize that Lsamp acts as an enhancer of F-actin accumulation during 
neurite sprouting, as premature accelerated initiation of filopodium were exhi-
bited in Ntm−/− hippocampal neurons as compared to Lsamp−/− and Lsamp−/− 

Ntm−/− neurons.  
Morphometric analysis at DIV3 showed accelerated neurite number, length 

and branching in Ntm-/- hippocampal neurons. By contrast, Lsamp−/− neurons 
did not show any changes compared to Wt control. Interestingly, Lsamp−/− 

Ntm−/− neurons showed rescue effect of Ntm−/− hippocampal neurons and their 
morphology was similar to the Wt neurons. Therefore, we hypothesize that Ntm 
acts as a negative factor for neurite outgrowth and branching. The vanishing 
effects of Ntm deletion in Lsamp−/−Ntm−/− neurons indicate that Lsamp might 
be required as an enhancing factor for neuritogenesis in Ntm−/−neurons. IgLONs 
are known to form dimers via homophilic and heterophilic interactions and 
control neuronal growth and synaptogenesis in differential manner (Reed et al. 
2004; Miyata et al. 2002; Hashimoto et al. 2009). Lsamp overexpression in 
hippocampal cell culture had a stimulating effect on synapse formation while 
Ntm overexpression in the same experiment had no effect on the synapse 
marker, indicating that Ntm acts as an inhibiting/neutral factor for synapto-
genesis. The concurrent overexpression of Ntm and Lsamp resulted in a 
decrease of synapses (Hashimoto et al. 2009), which is another example of how 
IgLON family members can have antagonistic impact depending on interaction 
partner. Surprisingly, we found no effects on synaptic number in any of the 
deficiencies with Lsamp and/or Ntm in the DIV 14 hippocampal culture. 
However, there is also a possibility that synaptic contacts in DIV14 neuronal 
culture did not reflect the physiological cellular contacts in the living brains of 
young or adult mice. Moreover, our previous study (Vanaveski et al. 2017) 
using exactly the same genotypes (Wt, Lsamp−/−or Lsamp−/−Ntm−/−) in adult 
mice hippocampal tissue showed that the expression levels of the marker of 
synaptogenesis, Synaptophysin (Syp) was in line with the current results. In 
Ntm−/− adult hippocampi, Syp was significantly upregulated. On the other 
hand, Syp was not significantly increased in the hippocampi of mice lacking 
both Ntm and Lsamp. Thus, we propose that Lsamp is the real enhancer for 
processes that are correlated with Syp activity in the hippocampus. This also 
suggest that premature neuritogenesis and branching observed in the Ntm−/− 
hippocampal cells during neurite development leads to more cellular contacts 
and higher synaptic density in adulthood. As the deletion of Lsamp along with 
Ntm diminishes the effect of Ntm−/− both for neuritogenesis and synapse 
density, we propose in accordance with Hashimoto et al. 2009 that Lsamp acts 
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as an enhancer for processes that are correlated with both neuritogenesis and 
Syp activity in the hippocampus. Our data combined with previously studies 
suggest that Ntm and Lsamp are involved in synaptogenesis with antagonistic 
functions that could be characteristic for the whole IgLON family. 

To elucidate the role of Lsamp and Ntm in tissue homeostasis where coordi-
nation of cellular proliferation and apoptosis is fundamental, we investigated the 
cellular proliferation and apoptosis in Lsamp−/−, Ntm−/− and Lsamp−/−Ntm−/− 

double deficient hippocampal cultures. Here we found that the deletion of 
Lsamp alone did not affect the proliferation rate. Earlier report showed that over 
expression of Lsamp in cancerous cell lines reduces the rate of proliferation 
(Barøy et al. 2014).  Meanwhile, when Lsamp and Ntm were deleted together, 
(Lsamp−/−Ntm−/− hippocampal culture) it resulted in increased rate of prolifera-
tion. However, less proliferation was observed in Ntm−/− hippocampal culture, 
indicating that Ntm acted as a positive factor inducing proliferation, but only in 
the presence of Lsamp. In respect to apoptosis rate, we detected a significant 
decrease of apoptotic cells in Lsamp deficient neuronal cultures, whereas pre-
vious reports have shown that overexpression of Lsamp does not affect apop-
tosis in cancerous cell lines (Chen et al. 2003; Barøy et al. 2014). On the other 
hand, Ntm deficiency and Lsamp/Ntm double deficiency had no effect on 
apoptotic cell percentage. Importantly, our result on Lsamp as a positive factor 
in the apoptosis inducing cellular pathway provides a possible explanation 
about Lsamp as a tumour suppressor which appear only in the presence of Ntm.  
The effects of Ntm for cellular homeostasis were determined on the binding 
partners or specific context. Here we demonstrated that the role of Ntm is 
dependent on Lsamp. Previous data shows that Ntm has been found to be up-
regulated in most of the cancerous tissues (Ntougkos et al. 2005; Makowski et 
al. 2014; Ogawa et al. 2006). Contrasting data also exist, showing Ntm to be 
downregulated together with Lsamp in some tumours, such as medulloblastoma 
and bladder cancer (Barøy et al. 2014). As a whole, we suggest that the com-
bined effects of Lsamp and Ntm determine the balancing factor during cellular 
homeostasis in the course of development and in malignant cellular processes. 

Morphometric analysis of Negr1−/− hippocampal neurons also showed 
increased F-actin accumulation as compared to Wt control neurons. Scanning 
electron microscopy images allowed us to visualise 3D images of defective 
initial neurite sprouting and altered neuronal surfaces at neurite initiation stage 
of neuritogenesis present in Negr1−/− neurons. Enhanced neurite outgrowth and 
branching were also recorded in Negr1−/− neurons as compared to the cor-
responding Wt neurons. Altogether these results suggest that IgLONs coordi-
nate the structural molecules of neurite initiation stage during neuritogenesis 
even before any connections with other neighbouring neurons are made. 
Neuritogenesis required multiple interactions between the developing neurites 
and the extracellular matrix. Constructural changes during neuritogenesis were 
related to abnormal neural circuit development in ASD and SCZ (Bakos et al. 
2015; Lang et al. 2014) as endophenotypes. 
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2. Of IgLON members, only Negr1 has  
a profound effect on neuroanatomy 

Initial histological sectioning of Lsamp−/−, Ntm−/−, Lsamp−/−Ntm−/− and Negr1−/−  
mice brain showed no evidence of gross changes in general organisation of the 
cortex, hippocampus and other subcortical areas, except ventricular enlargement 
seen in Negr1−/−  mice. Therefore, we studied the neuroanatomy of Negr1−/− 

mice in more detail.  In situ hybridisation using Negr1 probe showed an expres-
sion in the cortical and subcortical brain areas well known for the motivational, 
affective and cognitive behavior such as the thalamic reticular nucleus and the 
islands of Calleja. These nuclei are an important component for the information 
flow in thalamo-cortical circuits and dopaminergic signalling between the PFC 
and temporal lobe through ventral striatopallidal system. They are crucial for 
maintaining normal connectivity of the functional brain and their alterations are 
associated with the pathophysiology of psychiatric disorders (Inta et al. 2011; 
Steullet et al. 2017). MRI-based brain volumetric analysis revealed neuro-
anatomical abnormalities such as enlargement of ventricles, and a decrease in 
the volume of the total brain, hippocampus, globus pallidus and corpus callo-
sum in Negr1−/− mice. These abnormalities are in support of neuroanatomical 
anomalies found in several psychiatric animal models and psychiatric human 
patients, representing endophenotypes of psychiatric disorders (Table 8).  

Affected regions in Negr1−/− mouse brain are the fundamental parts of the 
brain responsible for a wide spectrum of behavioral manifestations and also for 
functional connectivity between cortical and subcortical areas. Smaller hippo-
campus is indicative of disturbed functioning of learning, spatial navigation, 
memory formation, emotional and social behavior via extensive neural circuitry 
through the prefrontal cortex, thalamus, amygdala, hypothalamus and basal 
ganglia (Rubin et al. 2014). Atrophied globus pallidus demonstrate disrupted 
corticobasal ganglia circuitry and/or connections of the limbic pallidum with the 
dopaminergic system (Ring et al. 2012), and can dysregulate reward prediction, 
memory, attention and movement planning (Gunadyn et al. 2016; Schechtman 
et al. 2016). Ventricle enlargement corresponds to the negative symptoms of 
SCZ (Galderisi et al. 2004), psychotic behavior in depression (Scott et al. 1983), 
and autistic behavior (Movsas et al. 2013). Similarly, the thinning of corpus 
callosum is correlative with lower white matter integrity, autism, mental disabi-
lities and SCZ due to imbalanced ratio between excitation and inhibition, called 
the E/I balance. It has also been related with faulty hemispheric connectivity 
and linked with impaired sensory motor, social, emotional and cognitive 
functions (David et al. 1993; Paul et al. 2004).  
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Table 8. Comparison between structural MRI findings of Negr1−/− mice with different 
animal model of psychiatric disorders and structural MRI findings in human psychiatric 
patients. (MDD: major depressive disorder, BP: bipolar disorder, ASD: autism spectrum 
disorder, SCZ: schizophrenia, ADHD: attention deficit hyperactivity disorder, OCD: 
obsessive compulsory disorder, PTSD: post traumatic stress disorder). 
 

Brain 
structural 
anomaly in 

Negr1-/- mice 

Psychiatric animal model 
(ref.) 

 
Psychiatric patients (ref.) 

Enlarged 
Ventricles 

MDD: (Zubenko et al. 2014),  
WKY rats (Gormley et al. 2016) 
SCZ: ckr (Torres et al. 2005),  
hDISC1 (Pletnikov et al. 2008; 
Hikida et al. 2007; Clapcote et al. 
2007; Shen et al. 2008), Zic2kd/+ 
(Hatayama et al. 2011), Df16A+/− 
, 22q11.2 (Ellegood et al. 2014), 
CRMP2  (Zhang et al. 2016), 
NCAM180 (Wood et al. 1998) 
Down’s syndrome: Ts1Cje and 
Ts2Cje (Ishihara et al. 2010) 
ASD: 15q13.3 (Kogan et al. 2015) 
Mental retardation: SrGAP3 
(Koschützke et al. 2015) 

MDD: (Kempton et al. 2011; Schmaal et 
al. 2017) 
BP: (Swayze et al. 1990; Hibar et al. 
2016) 
ASD: (Movsas et al. 2013; Turner et al. 
2016) 
SCZ: (Pina-Camacho et al. 2016; van 
Erp et al. 2016; Del re et al. 2016) 
ADHD: (Wang et al. 2007) 
OCD: (Rosenberg et al. 1997) 

Reduced 
Hippocampus

MDD: (McIntosh et al. 2017); 
CYP2C19 (Peerson et al. 2014); 
WKY rats (Gormley et al 2016) 
ASD: ITGβ3 (Ellegood et al. 2012)
SCZ: (Johnstone et al. 2011) 
PTSD: (Golub et al. 2011) 

MDD: (Kempton et al. 2011, Carballedo 
et al. 2012; MacMaster et al. 2014; Xue 
et al. 2015, Schmaal et al. 2017; 
Durmusoglu et al. 2018) 
BP: (MacMaster et al. 2014; Hibar et al. 
2016) 
ASD: (Nicolson et al. 2006) 
SCZ: (Shepherd et al. 2015; van Erp et 
al. 2016; Lieberman et al. 2018) 
OCD: (Kwon et al. 2003) 
PTSD: (O'Doherty et al. 2015) 

Reduced 
Corpus  

callosum 

MDD: (Kumar et al. 2004; 
Zubenko et al. 2014; Kieseppä et 
al. 2010) 
SCZ: MAP6 KO (Gimenez et al. 
2017), DISC1 (Shen et al, 2008), 
Zic2kd/+ (Hatayama et al. 2011; 
(Johnstone et al. 2011) 
ASD: ITGβ3 (Ellegood et al. 2012)

BP: (Brambila et al. 2004; Kumar et al 
2015) 
ASD: (Vidal et al. 2006) 
SCZ: (Kumar et al 2015; Li et al. 2011; 
Del re et al. 2016) 

Reduced 
Globus 
pallidus 

ASD: ITGβ3 (Ellegood et al. 2012) ADHD: (Frodl et al. 2012) 

Reduced 
Frontal cortex

SCZ: Df16A+/− , 22q11.2 
(Ellegood et al. 2014) 
ASD: ITGβ3 (Ellegood et al. 2012)

SCZ: (James et al. 2004; Arnone et al. 
2009; Shepherd et al. 2015;  
Pina-Camacho et al. 2016) 
ADHD (Noordermeer et al. 2017) 
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When investigating the number of parvalbumin (PV) expressing inhibitory 
interneurons in the hippocampus of Negr1−/− mice, we found a significant 
reduction of this specific cell population in Negr1−/− mice as compared to its Wt 
littermates with no change in the total number of neurons. It has been suggested 
that reduced excitability of the neurons leads to decrease in the activity of PV 
expressing interneurons (Le Magueresse et al. 2013; Chen et al. 2018). Hence, 
the reduction in PV positive interneurons in the hippocampus could be a con-
sequence of total hippocampal activity with reduced inhibitory signalling which 
leads to hyperactive hippocampus. Another possible mechanism could be the 
compensatory effects for the reduced excitation (imbalanced E/I ratio) due to a 
smaller corpus callosum, which is in line with a report showing decreased long 
term potentiation (LTP) and miniature excitatory post synaptic currents 
(EPSCs) in the hippocampus of Negr1−/− mice (Noh et al. 2019).  

Decreased GABAergic signalling has been shown as a relevant etiological 
finding concerning psychiatric disorders like SCZ, ASD, MDD, stress and 
anxiety (Lodge et al. 2009; Uchida et al. 2014; Sauer et al. 2015; Lauber et al. 
2016; Chen et al. 2018). Taken together, we suggest that the neuroanatomical 
alterations found in Negr1−/− mice are comparable to brain endophenotypes of 
several neuropsychiatric disorders. Negr1 deficiency does not directly influence 
the total number of neurons in the hippocampus; rather it is important in 
interchanging some specific subtypes of neurons for creating the balance of E/I 
ratio for proper synaptic functioning. 

 
 

3. IgLON members cooperate the patterning of complex 
mouse behavior 

3.1 Lsamp and Ntm interactions in mouse behavior 

In order to study the impact of Lsamp, Ntm and their interactions at the func-
tional level, we performed behavioral phenotyping of Lsamp−/−, Ntm−/−, and 
Lsamp−/−Ntm−/− double deficient mice. A summary of Lsamp−/−, Ntm−/−, and 
Lsamp−/−Ntm−/− behavioral analysis has been shown in Table 9. Initial pheno-
typing showed no differences in the general locomotor activity between the test 
groups in the open field test. Even though result from OFT display more time 
spent and longer distances travelled in the central area by Ntm−/− mice. In 
Lsamp−/− mice no exploratory activity in the centre of the open-field was 
observed which is in line with previous study (Innos et al. 2011). It is note-
worthy to observe the disappearance of significant exploratory effect in the 
Ntm−/− mice when Lsamp was deleted together with Ntm in the Lsamp−/−Ntm−/− 

double deficient mice. This indicates that Lsamp acts as an enhancer for the 
exploratory behavior in the central area of the open field. Previous studies 
pointed out the abolished rearings in the open field in Lsamp−/− mice and 
normal level of rearings in Ntm−/− mice (Innos et al. 2011; Mazitov et al. 2017).  
 



64 

Table 9. Summarised interactive effects of Lsamp and Ntm at behavioral level (NC 
represents no change, ↓*, ↑* denotes significantly lowered or higher vice versa, ↓t, ↑t 
denotes lowered or higher trends). 
 

Summary of  Lsamp−/−, Ntm−/−, and Lsamp−/−Ntm−/− behavioral analysis 
Test Lsamp−/− Ntm−/− Lsamp−/−Ntm−/− Effects 
Open field exploratory activity 
distance- 
travelled 

NC NC NC no effects 

distance in 
centre 

↓* ↑* ↓* Lsamp enhancer 
effect 

No of rearing ↓t ↑t ↓t Lsamp enhancer 
effect 

Elevated plus Maze anxiety related 
activity 

closed arm 
entries 

NC NC ↑* combined deletion 
effect 

open arm 
entries 

↓t ↓* ↑** combined deletion 
effect 

Morris-water maze learning, memory, 
swimming 

latency training NC NC NC  
swimming 
speed 

↓** ↓** ↓*** combined effect 

 
                                                                                           
Decrease in the frequency of rearings has been observed in Lsamp−/−Ntm−/− 
double deficient mice which again suggest the effect due to Lsamp gene. We 
used elevated plus maze to study the genotype dependent changes in anxiety. 
We found drastic reduction in anxiety like behavior in Lsamp−/−Ntm−/−double 
deficient mice displayed in the EPM compared to the other tested genotypes. 
Lsamp−/−Ntm−/− double deficient mice spent longer time and executed more 
entries in open arms compared to other genotype tested mice. Hence, we hypo-
thesize that the notable anxiolytic phenotype in Lsamp−/−Ntm−/−double deficient 
mice, may demonstrate the amplification of reduced anxiety behavior found in 
the Lsamp and Ntm single deletional mice. It can be taken as a model of the 
architecture of a polygenic psychiatric disease: the carry on effects of single 
genes that follow the abnormal behavioral features are magnified in the disrup-
tion of multiple loci until the behavioral deviation meets diagnostic criteria. It 
has been frequently shown that Lsamp−/− mice are more active and likely to 
spend more time on the open arm of the EPM (Catania et al. 2008; Innos et al. 
2011, 2012). 

Ntm−/− mice doesn’t show any significant effects in the EPM. Whereas, it 
has been observed that Ntm−/− mice spend more time in the centre of the open 
field, implying another evidence for reduced anxiety since the Wt control mice 
normally avoid the centre area of the open field (Bourin et al. 2007). It is 
constantly unclear in the different behavior paradigms whether the test mice 
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represent reduced anxiety, excessive behavioral activation or increased loco-
motor activity (Catania et al. 2008, Innos et al. 2011).  All together, these 
effects (increased time in the open arm of the EPM and in the centre of the open 
field) indicate the multidimensional structure of anxiety related behavior in 
mouse (Carola et al. 2002).  

In order to analyse the hippocampal dependent learning and memory, we 
performed Morris water maze. According to our previous studies performed on 
Lsamp−/−and Ntm−/−mice (Innos et al. 2011; Mazitov et al. 2017), we observed 
no gross learning impairments either in Lsamp−/−, Ntm−/− or in Lsamp−/−Ntm−/− 

double deficient mice. Most striking result was observed as amplified defi-
ciency effect in swimming speed: reduction in swimming speed in both Lsamp 
and Ntm single deficient mice which is further enhanced in Lsamp−/−Ntm−/− 
double deficient mice. Despite of having normal performance in fine motor tests 
such as rota rod or beam walking test in Lsamp−/− mice (Innos et al. 2011), 
reduction in swimming speed phenotype is very persistent in these mice. There 
is no adequate explanation of how neural adhesion molecules could impact the 
speed of movements. The distorted premature myelination recently reported in 
Lsamp−/− mice (Sharma et al. 2015) could be an explanation, since myelination 
has been associated with processing speed in early childhood (Chevalier et al. 
2015). Another hypothesis comes from the evidence that both Lsamp (at stage 
E15.5, Philips et al. 2015) and Ntm (at stage P0, Struyk et al. 1995) have strong 
expression in the developing dorsal striatum (caudate nucleus and putamen) and 
in the fourth layer of the somatosensory cortex the brain area which has been 
shown to be involved in the control of speed during execution and mental 
imagery of sequential movements (Sauvage et al. 2013). The strong signal of 
both Lsamp and Ntm in dorsal striatum fades during the first postnatal week and 
is minimal in adulthood, indicating that these adhesion molecules could perform 
the specific tasks mediating fine connections between the cells during the 
development of motor pathways.  Taken all together, we hypothesize that the 
deletional effects of one family member of IgLON molecules is dependent to 
the another family member and hence represent the complementary and diffe-
rential effects at the behavioral level. 

 
 

3.2 Negr1 is involved in regulation of social and  
cognitive behavior 

Our behavior analysis in mice unveiled some novel role of Negr1 at high order 
cognitive brain functions such as defective social behavior and memory based 
plasticity. In fact our study offers Negr1−/− mice as a model system to in-
vestigate the pathophysiology of neuropsychiatric disorders. A summary of 
Negr1−/− behavioral analysis has been shown in Table 10. Impaired social 
behavior is typical characteristics of several psychiatric and neurodevelop-
mental disorders like ASD, SCZ, BPD, and ADHD.  Failure of social inter-
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action and the withdrawal is one of the most common negative symptoms of 
SCZ. Here, we showed lack of barbering or whisker trimming behavior in 
Negr1−/− mice, indicating lack of social cooperation, impaired social cognition 
and inability to build social hierarchy (Strozik et al. 1981; Kalueff et al. 2006; 
Long, 1972; Sarna et al. 2000). Lack of whiskers trimming has been also seen in 
Lsamp−/− mice (Innos et al. 2011). Three-chamber sociability test also showed 
impaired voluntary approach for social interaction in Negr1−/− mice. Reduced 
time latency for winning during tube dominance test implies the lack of motiva-
tion for dominance or avoidance behavior for competing or hyperactivity during 
interaction, this can also be additional effects seen due to lack of whiskers 
trimming by these mice.   

Furthermore, direct social interaction test, provided us more extensive 
evaluation of social and non social activities of mice during interactions. 
Abnormal total social contact, sniffing to other body part, active contact were 
observed suggesting the impaired social cognition with hyperactivity, confused 
and disoriented behavior. Non social activities in Negr1−/− mice were further 
exhibited by the hyperactivity manifestations as increased digging and rearing 
time were detected which is compensated by reduced self grooming. Animal 
model of ASD and other neurological disorders like D1A dopamine receptors 

KO mice, and in 16p11+/− mice (Cormwell et al. 1998; Maillard et al. 2015) also 
demonstrate decreased self grooming. Increased digging bouts in Negr1−/− mice 
were further evaluated at the scale of obsessive compulsive behavior using 
marble burying test. Result suggest that Negr1−/− mice exhibit no sign of 
obsessive behavior instead more digging appears to be an effort to escape due to 
hyperactive behavior perseverations.  

The hippocampal functions such as spatial learning and memory test using 
morris water maze suggest Negr1−/− mice as a slower learner and impairments 
in the relearning ability depicting plasticity defects. We also outlined the 
correlations between brain structure and observed behavioral parameters. Most 
important correlations were found is the volumetric changes in the ventricles, 
hippocampus, globus pallidus, and corpus callosum in Negr1−/− mice. These 
were most significantly correlated with social interaction activities like sniffing 
bouts of other body parts, the duration of active and passive contact. Reduced 
brain and hippocampal volume is in lined with impaired learning and sociability 
effect. We hypothesise that impairments in social behavior leads to behavioral 
hyperactivity observed in Negr1−/− mice were caused by E/I imbalance due to 
reduced corpus callosum volume. Overall, our findings provide the rationale of 
the genetic involvement of Negr1 in the pathogenesis of psychiatric disorders. 
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Table 10. Summary of Negr1−/− mice behavioral analysis and its implications (* 
represents significant difference; n. =number).  
 

Summary of  Negr1−/− behavioral analysis 
Test Response Implications 
Barbering/Whiskers 
trimming 

nil **** lack of social hierarchy, 
social cooperation, & 
social cognition 

3-Chamber test 
Sociability lower** impaired voluntary 

initiation (social approach) 
Social-Novelty no change  
Social dominance 
Tube test short winning latency** lack of motivation to 

compete/interact, 
withdrawal for social 
dominance 

Direct Social Interaction 
test 

 impaired social 
interactions/social 
cognition 

Total social contact     increased n. of bouts, 
decreased bout duration 

hyperactivity during social 
engagements & 

Sniffing decreased bout duration disoriented and confused 
behavior 

Active contact decreased bout duration  
Rearings increased time spent & 

bout duration 
hyperactive supported 
vertical exploration 

Digging increased n. of bouts & 
time spent 

stereotypic repetitive 
behavior & increased 
effort to escape 

Self-grooming decreased n. of bouts & 
time spent 

compensatory for 
hyperactive and repetitive 
behavior during social 
interaction 

Marble burying no change  
Tail suspension no change  
Morris water maze 
latency training small trend change slow learner 
latency-reversal decreased ** cognitive (plasticity 

related relearning 
inability) 
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4.  IgLONs deficient mice in relation to  
neuropsychiatric endophenotypes 

In the present study, we assessed the morphological, neuroanatomical and 
behavioral phenotypes of four IgLONs deficient mice models, Lsamp−/−, Ntm−/−, 

Lsamp−/−Ntm−/− and Negr1−/− for relevance to the neuropsychiatric disorders. 
We found that the cytoskeleton abnormalities, neuroanatomical alterations, 
behavioral impairements found in Negr1−/− mice are comparable to brain 
endophenotypes of several cross disorder neuropsychiatric disorders. Lsamp−/−, 

Ntm−/− and Lsamp−/−Ntm−/− mice can be chosen as a model of polygenic 
psychiatric disease, where the continued traits of abnormal behavioral due to 
single genes are amplified in the multiple loci mutations til the abnormal traits 
carry out the diagnostic criteria. 

Accumulating evidence from neuroimaging studies also indicated common 
volumetric anomalies present in cortical and subcortical brain regions, the most 
replicated of these being the enlargement of ventricles, and the reduced volume 
of the hippocampus, frontal cortex and corpus callosum in the neuropsychiatric 
and neurodevelopmental disorders (Kurokawa et al. 2000; Noordermeer et al. 
2017; Wise et al. 2017; Park et al. 2018). Cytoskeleton rearrangements due to 
actin molecules are very crucial for the neuritogenesis process, synaptic func-
tioning and thereafter proper brain functioning. Abnormalities in actin dysregu-
lation are heavily implicated in several neurodevelopmental and psychiatric 
disorders (Lang et al. 2014; Bakos et al. 2015; Yan et al. 2016). The pattern of 
severe behavioral abnormalities in Negr1−/− mice is greatly similar to those of 
existing putative mice models of several neuropsychiatric disorders (Pletnikov 
et al. 2008; Koh et al. 2008; Hatayama et al. 2011; Zhang et al. 2016; Canitano 
et al. 2017). This analysis is another promising example encouraging concept 
that different kinds of genetic variations or mutations may result in similar kind 
of behavioral menifestations in mice, which could be probably corresponding to 
the neuropsychiatric syndromes present in humans. 
 
 

5. Concluding remarks and future prospects 
IgLON gene family regulates F-actin accumulation at lamellopodial veils during 
early stages of neuritogenesis. Lsamp and Ntm work as a group in balancing 
cellular homeostasis. We showed that the deletional outcome of one IgLON 
family member (Ntm) is dependent on the presence of another family member 
(Lsamp) which is apparently seen in synaptophysin activity or immature en-
hanced neurites outgrowth and branching in Ntm−/− neurons, and this effect was 
rescued when both Lsamp and Ntm genes were deleted, as in the case of 
Lsamp−/−Ntm−/− neurons (Fig. 22).  



69 

 
 

Figure 22. Summary of Lsamp and Ntm deletional effects on neuritogenesis. Com-
plementary interaction between Lsamp and Ntm regulate early neuritogenesis and 
balances the apoptosis and proliferation during neuronal development. 
 
The mechanism driving IgLONs dependent neuritogenesis is unknown and 
needed further investigations especially of downstream signalling mechanisms 
which regulate actin cytoskeleton. Actin regulated cytoskeletal mechanisms at 
synaptic sites would be the promising future prospects to uncover the basic 
topological significance related to brain functioning. In vivo study and detailed 
cell cycle analysis will provide us more insight towards the effect of Lsamp and 
Ntm interactions during tissue homeostasis. It is important to understand what is 
the function of Lsamp and Ntm behind the reduced swimming speed in the 
Morris water maze, in spite of normal efficiency in fine motor performances in 
the deletional mice. There are few speculations which can be further studied 
like myelination and somatosensory cortex circuit formation in relation to 
swimming speed in these mice models. 

Deletion of Negr1 is associated with neuroanatomical anomalies and beha-
vioral alterations that are related to the overlapping symptoms of several 
psychiatric disorders such as ASD, SCZ and ADHD (Fig. 23).  Negr1−/− mice 
may serve as a potential  animal model  to study pathophysiology of complex 
neuropsychiatric disorders.  
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Figure 23. Summary of Negr1 deletional effects on mice. From Wt (Negr1+/+) mice 

when we delete Negr1 gene we receive (Negr1−/−) mice. Negr1−/− exhibit several endo-

phenotypes such as abnormal neuritogenesis, brain morphology and behavior. All these 

impairments congregate in the several psychiatric disorders like SCZ, ASD, ADHD, 

and BP.  

 

 

Further investigations are definitively required in order to untangle the putative 

brain consequences of impaired Negr1 activity. Detailed studies on neuronal, 

white matter tract connectivity, myelination process require further exploration. 

We have proposed hyperactive hippocampus due to imbalanced E/I ratio there-

fore, it would be interesting to measure electrophysiological changes in hippo-

campal area of CA1 against inhibitory or excitatory receptors using different 

pharmacological drugs. Since Negr1−/− mice exhibit normal performances in 

learning during water maze and social novelty test, we believe that other cogni-

tive functions like motivation, food preferences, object recognition or olfactory 

test need to be checked. Interventions with pharmacological examinations that 

involve certain neurotransmitter system in social behavior test along with circuit 

level understanding of endogenous neural activity during social interaction 

should also be a considerable objectives in the future studies. We believe that 

further investigations on Negr1 could land up in the better understanding of the 

causative and therapeutic implications in neuropsychiatric disorders. 
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CONCLUSIONS 

1.  The morphological phenotyping presented in this thesis showed comple-
mentary interactions between Lsamp and Ntm that regulate F-actin accu-
mulation during neurite initiation and balances the speed and rate of neurite 
outgrowth, branching and cellular homeostasis. Similarly, Negr1 is also 
involved in early neuritogenesis and together indicating the role of IgLON 
family proteins in early neurite sprouting, as cell autonomous, independent 
of their regulation in cell cell adhesion. 

2.  Neuroanatomical evidences from Lsamp−/−, Ntm −/− and double deletional 
Lsamp −/−Ntm −/− mice revealed no gross and cytoarchitectural changes. By 
contrast, Negr1−/− brain displayed remarkable brain abnormalities such as 
ventricle enlargement, decreased volume of hippocampus, globus pallidus, 
corpus callosum and total brain. Furthermore, immunohistochemical analysis 
of Negr1−/− mice hippocampi showed decreased number of parvalbumin 
positive inhibitory interneurons indicating decreased activity of hippo-
campus due to imbalanced E/I ratio. These evidences suggest Negr1−/− mice 
to present neuroanatomical endophenotypes related to neuropsychiatric dis-
orders. 

3.  The behavioral phenotyping demonstrated test specific differential inter-
actions between Lsamp and Ntm as the exploratory effects seen in Ntm−/− 

mice dissipated in the case of Lsamp −/−Ntm −/− mice. Additionally, combined 
interactions of Lsamp and Ntm were seen by reduced swimming speed in the 
morris water maze and altered anxiety in the elevated plus maze 
Lsamp−/−Ntm−/− mice. These results implied that activity of Lsamp and Ntm 
is dependent on the type of behavioral test used, referring their associative 
role in coordinating the specific neural circuits manifesting in specific beha-
vioural alterations. Negr1−/− mice behavioral profiling revealed significant 
lack of maintaining social hierarchy due to loss of whiskers trimming, 
affected hippocampal based spatial learning and deficit in reversal learning 
behavior, impaired sociability and social interactions. We also provided 
significant correlations between neuroanatomical and behavioral alterations 
present in the Negr1−/− mice. Collectively, our results suggest role of Negr1 
in neuronal circuit development, connectivity and behavioral deviations 
related to neuropsychiatric conditions. 

4.  We evaluated the applicability of IgLONs deficient mice models for endo-
phenotypes of neuropsychiatric disorders. Our analysis from morphological, 
neuroanatomical and behavioral examinations proposed Negr1−/− mice as the 
best fitted animal model among IgLONs representing various endopheno-
types of neuropsychiatric disorders with overlapping symptoms. Most of the 
neuropsychiatric disorders have heterogeneous symptoms and can have 
limited similarities with rodent model conditions. It is quite challenging to 
have an animal model replicating exact similar symptoms, therefore 
analysing the neuropsychiatric endophenotypes makes it simple to study 
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diverse traits related to the susceptible genes. Negr1−/− mice showed im-
paired cytoskeleton rearrangements, brain volume and cognitive with social 
processing abnormalities.  Thus, Negr1−/− mice model may provide useful 
tool for studies of etiology of neuropsychiatric disorders. 
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SUMMARY IN ESTONIAN 

Neuropsühhiaatriliste endofenotüüpide seos IgLON 
adhesioonimolekulidega hiire ajus 

Psühhiaatriliste häirete multifaktoriaalse patogeneesi mõistmine on suur välja-
kutse. Neuropsühhiaatriliste häirete modelleerimine loommudelites annab või-
maluse uurida, kuidas närviringete düsfunktsionaalsus põhjustab patoloogiliste 
fenotüüpide avaldumist. Erinevad ülegenoomsed assotsiatsiooniuuringud 
(GWAS) ning ekspressiooniuuringud on näidanud IgLON perekonda kuuluvate 
adhesioonimolekulide (Lsamp, Ntm, Opcml, Negr1, IgLON 5) seost inimese 
neuropsühhiaatriliste häiretega ning käitumiskatsed Lsamp ja Ntm puudulike 
hiirtega on näidanud IgLON molekulide osalust emotsionaalse ja sotsiaalse 
käitumise kujunemises. Funktsionaalsed uuringud on näidanud, et IgLON 
valgud osalevad närviringete kujunemisel ja toimimisel nii arenevas kui ka 
täiskasvanud ajus. On teada, et tsütoskeleti dünaamilised ümberkorraldused 
arenevates neuronites on aluseks neuraalsete ringete kujunemisele, kuid IgLON 
perekonna molekulide roll arenevate neuronite tsütoskeleti reguleerimises on 
olnud siiani teadmata.  

Käesoleva töö eesmärk oli selgitada Lsamp ja Ntm vaheliste vastastoimete ja 
Negr1 mõju aju struktuurile ja funktsioonidele, kasutades vastavate geenide 
suhtes mutantseid hiiremudeleid. Analüüsisime neuropsühhiaatriliste häiretega 
seotud morfoloogilisi, anatoomilisi ja käitumuslikke parameetreid Lsamp−/−, 
Ntm−/−, Lsamp−/−Ntm−/− ja Negr1−/− hiirtes. Mitmetasandiline lähenemine aitab 
selgitada, kuidas aju struktuursed kõrvalekalded mõjutavad käitumist. 
Näitasime, et Lsamp ja Ntm mõjutavad varajast neuriitide väljakasvu ja rakkude 
jagunemist ning apoptoosi teineteisest sõltuvalt ning samasugused vastasmõjud 
on jälgitavad ka mutanthiirte käitumuslikes reaktsioonides.  Leidsime, et 
Negr1−/− hiirtel on kõrvalekalded neuritogeneesis, neuroanatoomias ja et nende 
hipokampuses on vähem inhibitoorseid neuroneid, mis võivad olla sellele hiire-
liinile iseloomuliku puuduliku sotsiaalse ja tunnetusliku käitumise põhjuseks. 
Lisaks näitavad käesoleva väitekirja tulemused, et IgLON adhesioonimoleku-
lide toime võib olla sõltumatu rakkudevahelisest adhesioonist.  

Meie uurimistulemused aitavad mõista, kuidas IgLON adhesioonivalgud, 
mille geenipiirkonnad on olulised riskilookused paljudele psühhiaatrilistele 
häiretele, reguleerivad närviringete kujunemist, mõjutades neuronite morfoloo-
giat ja omadusi ning aju anatoomiat. Neid neuronaalseid muutusi, mis seostuvad 
muutustega käitumises, võib vaadata kui psühhiaatriliste häiretega seotud endo-
fenotüüpe. Oleme näidanud erinevate IgLON puudulikkusega hiiremudelite 
sobivust psühhiaatriliste häirete modelleerimiseks ning nende mudelite edasine 
uurimine aitab neuropsühhiaatriliste häirete kujunemist paremini mõista. 
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