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1.1 Statement of the problem 

Schizophrenia is a common, chronic and disabling mental disorder clinically 

characterized by positive, negative and cognitive symptoms. The core behavioral 

alterations include hallucinations and delusions, blunted affect, poverty of speech, 

impaired working memory and deficient executive function 

Global prevalence of schizophrenia is estimated to be 0.5-1% but the disorder 

carries a relatively higher cost accounting for 25% of all mental health costs and 33% of 

psychiatric hospital beds (Crown et al., 2001). Schizophrenia carries a staggering 

economic burden that was estimated to be around 62.7 billion annually in the United 

States (McEvoy, 2007). The social and familial ramifications are equally cumbersome. 

Only 28% of affected individuals will live independently while the rest are 

institutionalized (prisons, hospitals or nursing homes), homeless, reside with family or 

live in supervised housing (Torrey, 2006). 

For nearly sixty years therapeutic options for patients have remained stagnant 

with only minor modifications and improvements being made to existing drugs. The 

current mode of treatment is successful in ameliorating hallucinations and delusions but 

the disabling negative and cognitive symptoms remain intractable. 

Research into the disorder has largely focused on the mechanism of drug action 

and combined with poorly defined neurological malformations has allowed fundamental 

knowledge of schizophrenia pathophysiology to remain elusive. As a result "druggable" 

targets for debilitating cognitive and negative symptoms have not been identified. Since 

prior research strategies have not significantly increased our understanding of the 

disorder novel paradigms must be explored. 
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This dissertation approaches the disorder from a unique perspective. Using data 

from genome wide association studies (GWAS) a gene recently implicated in 

schizophrenia that currently has unknown function 1n the bram will be investigated. The 

author will address gene function utilizing both in vitro and in vivo methods to elucidate 

the role of a novel schizophrenia susceptibility gene m neurodevelopment and adult 

brain function. 

1.2 Statement of Specific Aims 

The primary purpose of this project is to understand the function of schizophrenia 

susceptibility gene Transmembrane Protein 108 (TMEM108) in the brain. First, we set 

out to understand the temporal and spatial expression of TMEME1 08 in the brain using 

RT-PCR, mice harbonng the LacZ gene driven by the TMEM108 promoter and 

antibodies targeting the TMEM1 08 protein. Second, to address protein function mice 

containing a null mutation in the TMEM108 gene were generated. This mouse was used 

to determine the effect of TMEM108 deletion on the development of gross brain 

morphology. Third , we sought to understand the function of TMEM1 08 in synaptic 

development and physiology by examining the number and type of synapse as well as 

recording from brain slices lacking TMEM108. Fourth, we sought to understand the 

consequence of TMEM1 08 deletion on animal behavior 

My specific aims were: 
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1) To determine the temporal and spatial regulation ofTMEM108 expression in the 

brain. 

2) To identify the effect of TMEM108 deletion on gross brain development. 

3) To investigate the effect ofTMEM108 deletion in mice on synaptic development and 

physiology. 

4) To explore the behavioral consequences ofTMEM108 deletion in mice. 

1.3 Review of literature 

Description of schizophrenia: clinical, anatomical, pathological, and genetic 

Clinical presentation of Schizophrenia 

Diagnosis 

Schizophrenia is a chronic and persistent mental disorder that consists of five 

core features. Diagnostic biomarkers are not currently available so clinical diagnosis 

relies on the presentation of self or family reported symptoms that are consistent with 

guidelines set by DSM-V. Patients must satisfy two or more of the following criteria over 

a one-month period and one of the symptoms must include one of the first three. 

1) Delusions 

2) Hallucinations 

3) Disorganized Speech 

4) Grossly disorganized or catatonic behavior 
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5) Negative symptoms (diminished emotional expression or avolition) 

Description of symptoms 

Delus1ons are erroneous beliefs held with strong conv1ction ignonng contradictory 

proof or evidence. Types of delusions are highly variable and unique to the affected 

individual but include persecutory thoughts, grandiose beliefs about self, erotomanic 

delusions of romantic or sexual relationships, hypochondria and control , insertion, 

removal , or broadcasting of thoughts by another ent1ty (Lucas et al. , 1962). 

Hallucinations are generally characterized by false sensory perceptions. Affected 

individuals will often hear, see, smell or feel something that IS Imperceptible to other 

individuals. The most common hallucinations are aud1tory and cons1st of the false 

perception of another person speakmg to the ind1v1dual although the origin of the 

communication is internal (Hugdahl et al. , 2007). 

Disorganized speech is characterized by incoherent non-sequiturs in response to 

questions. These impairments are most often characterized by loose associations as 

the patient fastidiously vacillates between topics, creates neologisms that have no 

meaning except to the patient, perseverant repetition of words or phrases and 

meaningless rhyming of words. 

Disorganized or catatonic behavior often leads to signtficant social and 

occupational impairment for patients. This is generally charactenzed by unpredictable 

emotions or behaviors and lack of inhibition or 1mpulse control. These set of symptoms 

may present as catatonic movements characterized by reduced motor skill , hyperactive 

4 



motor activity, repetitive movements or static rigid poses unresponsive to external 

stimuli. 

The negative symptoms are characterized by loss of normal functionality found in 

unaffected individuals. These manifest as flat affect, lack of gratification in daily life, 

Poverty of speech and an inability to initiate or sustain planned activities. Negative 

symptoms are not as overt as the positive symptoms but contribute significantly to 

disability associated with the disorder and are largely unresponsive to pharmacological 

manipulation (Andreasen, 1982). 

Anatomy of schizophrenia 

Brain regions affected 

There exists compelling evidence for global rather than selective brain pathology 

in schizophrenia. As a result evidence for changes in many but not all brain regions has 

been reported. Most changes relate to a loss of tissue affecting gray matter with some 

reports of decreased white matter with the preponderance of evidence indicating 

temporal and frontal lobe impairments (Table 1). In addition to loss of volume 

dysconnectivity between brain regions has been postulated (Buckley, 2005). 

Alterations have been reported in the temporal and frontal lobes, caudate 

nucleus, thalamus, corpus callosum and cerebellum (Buckley, 2005). Volume loss has 
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Decreased neuron 
number and density 
Decreased internal 
neuron density 
Increased vertical axon 
number in anterior 
cingulate cortex 
Diminished cell soma and 
reduced density in 
anterior cingulate 
Abberant neuronal 
organization in layer II 
Maldistribution of 
NADPH-d positive 
neurons 
Decreased volume in 
parahippocampus, 
amygdala, and 
hippocampus 
Enlarged left ventricle 

Decreased volume in 
hippocampal formation 
Decreased neurons in 
hippocampal formation 
Abnormal 
cytoarchitecture in 
hippocampus and 
cingulate 
Maldistribution of 
NADPH-d positive 
neurons 

(Arnold et al. , 1995; 
Benes et al. , 1986) 
(Benes et al. , 1991) 

(Benes et al., 1987) 

(Chana et al. , 2003) 

(Benes et al., 1986), 
Benes1987a 
(Akbarian et al. , 1993a) 

(Altshuler et al. , 1990; 
Bogerts et al. , 1990; 
Bogerts et al. , 1985) 

(Bogerts et al. , 1985; 
Heckers et al., 1991 ; 
Heckers et al. , 1990) 
(Colter et al. , 1987; 
Heckers et al., 1991) 
(Benes et al. , 1998; 
Casanova et al. , 1990) 
(Arnold et al. , 1991a) 

(Akbarian et al., 1993b) 

Table 1. Brain region specific alterations in schizophrenia. Adapted with modification 
from (lritani, 2013) . 

been reported in the temporal lobe, frontal lobe and thalamus. Smaller superior 

temporal lobe volume has been associated with auditory hallucinations and thought 

disorders, and loss of volume in the frontal lobe correlated with high apathy scores in 

patients. In contrast the caudate nucleus appears to be larger in patients with 

schizophrenia but this effect was later found to be an effect of treatment with typical 
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antipsychotics, as patients treated with atypical antipsychotics did not experience 

increases in volume. Reduced thickness and focal displacement has been reported in 

the corpus callosum but the literature on this region remains enigmatic perhaps due to 

technical difficulties in imaging this brain region and as a result of small sample size. 

Lastly, minor evidence for hypoplasia and reduced volume have been reported in the 

cerebellum but the preponderance of studies suggest preserved cerebellar structure in 

schizophrenia (Buckley, 2005; lritani, 2013). 

In addition to perturbations within specific brain regions evidence exists for 

impaired connectivity between disparate brain structures (Schmitt et al. , 2011 ). Imaging 

studies employing functional magnetic resonance imaging (fMRI) found that patients 

with schizophrenia have decreased connectivity between the posterior hippocampus 

and prefrontal cortex while performing a working memory task (Schmitt et al. , 2011). 

Complimentary to this finding was the discovery of reduced hippocampal and pre-frontal 

myelin generating oligodendrocytes in post-mortem brain tissue, which could alter the 

neuronal transmission between these regions. 

Additional methods have found analogous impairments in connectivity. 

Transcranial magnetic stimulation (TMS) in schizophrenics showed impaired inhibitory 

connections between the two primary motor cortices and altered connectivity between 

the primary motor cortex and its interhemispheric connections with the left dorsal 

premotor cortex, right premotor cortex and right cerebellum (Schmitt et al. , 2011). 

lntrahemispheric connectivity was also found to be impaired between the primary motor 

cortex and right posterior parietal cortex. Electroencephalography (EEG) is used to 

record and map brain activity and can be used to measure whether or not synchronous 
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cortical activity is present. Schizophrenia patients commonly had reduced amplitudes 

and disturbed phase synchronization in all frequency bands in the resting state and 

While performing cognitive tasks and sensory processing suggesting dysfunctional brain 

connectivity (Schmitt et al. , 2011). Taken together, the data from TMS, EEG and post

mortem samples suggest abnormal intra and inter-cortical connectivity in schizophrenia. 

Dentate gyrus in schizophrenia 

The dentate gyrus (DG) is a hippocampal subregion located within the temporal 

lobe and is emerging as a region of interest in schizophrenia. Input to the DG originates 

from the entorhinal cortex projects via the medial and lateral perforant path. The DG in 

turn sends output to the cornu ammon is (CA3) (Figure 1) The DG plays a critical role in 

learning, memory and emotion (Kheirbek et al., 2013). In memory, the dentate gyrus is 

fundamental for encoding but not retrieval of contextualmformation, cognitive flexibility 

and pattern separation , which enables the segregation of similar events into distinct 

memories. Increased activity in the dentate gyrus can help suppress innate anxiety and 

neurogenesis in the dentate gyrus mediates the effects of antidepressants (Kheirbek et 

al. , 2013; Santarelli et al. , 2003). 

Postmortem analysis using markers of neuronal maturity m patients with 

schizophrenia suggested that patients might have an immature dentate gyrus (iDG) 

(Hagihara et al., 2013). Furthermore, mutant mouse models of schizophrenia 

susceptibility genes aCAMKII , SNAP-25 and calcineurin have all shown an iDG 
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Figure 1. Dentate gyrus circuitry. Blue cells represent dengate gyrus granule cells and 
green cells are hillar mossy cells. LPP-Iateral perforant path, MPP-medial perforant 
path. 
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Phenotype. Other studies have indicated locally decreased glutamateric transmission in 

the dentate gyrus, which has been postulated to contribute to psychosis due to spurious 

associations created by impaired pattern completion (Tamminga et al., 2012; Tamminga 

et al. , 2010). 

Abnormal pathology and neurotransmission in schizophrenia 

Schizophrenia neuropathology 

Psychiatric disorders are excluded from the field of neurology as they lack or 

have minor neurological abnormalities in response to clinical examination of the motor 

or sensory systems. Overt pathology is lacking in individuals with schizophrenia but 

recent advances in imaging and investigation into post-mortem samples has helped 

elucidate potential neurological deficiencies that may contribute to the disorder. 

Significant work has been performed to investigate quantitative and qualitative 

macroscopic alterations in brain morphology. Quantitative studies measure changes in 

brain volume and the density, number and size of cells in particular brain regions. 

Qualitative studies primarily focus on the organization of neurons, including proper 

positioning and abnormalities in cytoarchitecture. The majority of morphological studies 

have investigated changes in the limbic cortex, medial temporal cortex and frontal lobe 

(lritani, 2013) (Table 2). Unfortunately, many of the morphological studies lack 

reproducibility but the most consistent and reproducible findings involve increased 

lateral and third ventricle size as well as decreased cortical volume perhaps due to 

decreased neuron density or smaller neuron size (table 2). 
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Macroscopic perturbations Weight of evidence 

Enlarged lateral and third ventricles meta-analysis 
Reduced cortical volume meta-analysis 
Largest volume loss in temporal lobe strong 
Reduced thalamic volume good 
Selectively reduced cortical grey matter good 
Basal ganglia enla11Jement moderate 

[Bistolosical findinss I 
_Absence of neurodegenerative lesions strong 
Lack of gliosis strong 
Reduced hippocampal and cortical good 
neuron size 
Decreased dorsal thalamic neuron good 
number 
Reduced synaptic markers in cortex good 
and hippocampus 
White matter neuron maldistribution moderate 
Entorhinal cortex dysplasia moderate 
Altered hippocampal neuron orientation minor 
Decreased cortical or hippocampal none 
neurons 
Table 2 Strength of neuropathologtcal findmgs m schtzophrema. 
Adapted with modification from (lritani, 2013) . 

II 

To further understand the macroscopic changes linked to schizophrenia 

researchers performed histological analysis of post-mortem tissue (table 2) (lritani, 

2013; Powchik et al. , 1998). The most reproducible findings from histological studies 

said more about what schizophrenia was not than what it was. These studies clearly 

showed a lack of neurodegenerative lesions and gliosis suggesting the disorder was not 

degenerative in nature and was more likely neurodevelopmental. The discovery of 

alterations in neuropil, which consists of dendrites, axons, and pre and post-synaptic 

compartments, support the hypothesis that macroscopic changes in the brain were due 

to impaired neurodevelopment. Researchers found decreased dendritic length and 
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spine density on frontal and temporal lobe pyramidal cells. These findings were further 

corroborated by decreases in synaptic markers (Table 3) (lritani, 2013). 

Aberrant neurotransmission in schizophrenia 

In addition to structural perturbations evidence exists for altered 

neurotransmission in schizophrenia. Changes in dopaminergic, glutamatergic, 

serotonergic and gabaergic signaling have been detected (lritani, 2013). Evidence for 

alterations in the dopamine system from post-mortem and in vivo imaging studies 

include upregulation of dopamine receptors 01-03, elevated striatal dopamine release 

following amphetamine treatment, and increased 02 receptor occupancy, induction and 

exacerbation of psychosis by amphtetamines and efficacy of dopamine antagonists as 

therapeutic intervention for psychosis (Howes and Kapur, 2009; lritani, 2013). Together 

these indicate a potential over activation of the dopamine system in schizophrenia. 

Investigation into impaired glutamatergic signaling began with the discovery of 

Phencyclidine and other N-methyl-0-aspartate (NMOA) receptor antagonists inducing 

Psychosis similar to schizophrenia. Postmortem analysis of the glutamatergic system 

showed reduced metabotropic glutamate receptors in the temporal lobe and alterations 

in NMOA receptor subunit messenger RNA (mRNA) in the pre-frontal cortex and 
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Bratn Regton Marker Alteration Reference 
Frontal Lobe Synaptophysin BA24 Increase (Gabriel et al., 1997) 

SNAP-25 BA9,24 Increase (Thompson et al., 
1998) 

Syntaxin BA24 Increase (Honer et al. , 1997) 
GAD65 cortical layer 11-111 Increase (Benes et al., 2000) 
GABA(A) receptor BA46 Increase (Yolk et al., 2002) 
Synapttc Density Decrease (Aganova and 

Uranova, 1992) 
Synaptophysin in Decrease (Glantz and Lewis, 
BA9, 10,20,46 and PFC 1997; Honer et al., 

1999; Perrone-
Bizzozero et al., 
1996) 

NE positive-vertical fiber Decrease (Benes et al., 1987) 
Pyramidal neuron neurites Decrease (Garey et al., 1998) 
SNAP-25 in BA 10,20 Decrease (Karson et al. , 1999; 

Thompson et al. , 
1998) 

Chandalier neuron axon Decrease (Pierri et al., 1999) 
cartridges 
Myelin basic protein (PFC) Decrease (Honer et al. , 1999) 
GAT -1 positive neuron in Decrease (Pierri et al., 1999) 
corttcallayer 11-111 
PSD95 tn BA9 Decrease (Ohnuma et al., 

2000) 
SAP97 Decrease (Toyooka et al , 

2002) 
VAMP Decrease (Halim et al., 2003) 
GABA membrane Decrease (Konopaske et al., 
transporter BA46 2006) 

Temporal lobe, limbic 
TH-postttve fibers Maldistnbution (Benes et al., 1997) 
Retinoic acid receptor alpha Increase (Rioux and Arnold, 

region/htppocampus tn DG 2005) 
5-HT1A and 5-H2TA Increase (Joyce et al., 1993) 
receptors 
GAP43-DG inner molecular Decrease (Chambers et al , 
layer 2005) 
Synaptophysin in DG Decrease (Chambers et al., 
molecular layer 2005) 
NR1 mRNA in hippocampus Decrease (Gao et al. , 2000) 
Synaptophysin in Decrease (Eastwood and 
hippocampus Harrison, 1995) 
Synapstn in hippocampus Decrease (Browning et al , 

1993) 
VGLUT1 mRNA in Decrease (Eastwood and 
htppocampus Hamson, 2005) 
Nicotinic receptors in Decrease (Freedman et al., 
hippocampus 1995) 
CA3 spine density Decrease (Kolomeets et al. , 

2005) 
Dysbindin I in subiculum Decrease (Talbot et al., 2004) 
Complexin I and II Decrease/altered (Eastwood and 

rat to Harnson, 2000; 
Sawada et al . 2005) 

Dendritic Map2/5 tn Decrease (Arnold et al., 
htppocampus 1991b) ____j 
GluR1 and GluR2 mRNA Decrease (Eastwood et al. , 

1995) 

Table 3. Synaptic and neuropil abnormalities in schizophrenia. Adapted with 
modification from (lritani, 2013) 
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increased glutamate reuptake in the frontal lobe (lritani, 2013). This data indicates a 

Potential role for hypofunctional glutamate signaling in schizophrenia. 

Similar to other neurotransmitters serotonin was implicated because of 

Pharmacological studies. Lysergic acid diethylamide (LSD), which binds serotonin 

receptors, generates psychotic symptoms. Postmortem brain studies revealed 

decreased 5-HT2A receptors in the frontal cortex and increased 5-HT1A receptors 

(lritani, 2013). In the hippocampus it has been reported that 5-HT1A receptors and 5-

HT2A receptors are increased (Joyce et al., 1993). Further studies have been 

Performed using in vivo ligand imaging by way of PET. One study replicated the 

reduced 5-HT2A-receptor expression in the frontal cortex whereas other studies were 

not able to reproduce this finding (lritani, 2013). 

GABAergic transmission is also suspected of being impaired in schizophrenia. 

Research has indicated reduced GABA receptor expression in the frontal cortex and 

hippocampus, decreased GABAergic neuron activity and loss of GABA neuron 

presynaptic terminals (lritani , 2013). These results suggest reduced inhibitory drive and 

altered inhibition may contribute to schizophrenia. 

The preponderance of evidence from post-mortem studies of schizophrenia 

Patients indicates that altered synaptic transmission may be ubiquitously affected by 

most major neurotranmsitters and neuromodulators in the central nervous system. From 

this we conclude that synaptic perturbations likely contribute significantly to brain 

dysfunction in schizophrenia. 
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Genetic architecture of schizophrenia 

Early studies within families demonstrated a strong genetic component to 

schizophrenia (Tsuang et al. , 2001). Studies of identical twins showed heritability rates 

as high as 80 percent. Moreover, studies of adopted individuals demonstrated that 

adopted children with biological parents who are schizophrenic were at a higher risk for 

psychosis while kids adopted by parents affected with schizophrenia did not incur an 

enhanced risk (Rosenthal et al. , 1971 ). 

Since schizophrenia appears to have a high rate of heritability, linkage studies 

sought to investigate chromosomal perturbations in families with schizophrenia. These 

studies determined if affected family members share one of two possible alleles while 

unaffected family members possess the allele not linked with the disorder. The use of 

linkage studies presupposes that a small number of genes with high penetrance 

Underlie the illness. Although numerous alleles were identified in early linkage studies, 

later studies lacked were unable to replicate these findings since they are better 

adapted for determining monogenetic traits rather than polygenetic traits (Kim et al. , 

2011). Further weaknesses in linkage studies include variance in marker sets, ancestry, 

acquisition, statistical methods and inadequate sample size. Although linkage studies 

have limited power meta analyses of these studies suggest chromosome regions 1q, 

2q, 3p, 3q , 4q , 5q, 6p, 6q, 8p, 10p, 10q, 14p, 15q, 16q, 17q, 18q, 19, 20q and 22q may 

contain loci that augment schizophrenia susceptibility across diverse populations (Lewis 

et al. , 2003; Ng et al., 2009). 
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Linkage studies were unable to identify highly penetrant monogenetic causes for 

schizophrenia. It also appears numerous chromosome regions may contribute to the 

illness suggesting that the disorder may be polygenetic. Furthermore, schizophrenia 

appears to be a common disorder as it occurs uniformly across the world at a rate of 

approximately 1%. From this emerged the common-disease common-allele hypothesis, 

Which supposes numerous commonly inherited alleles with minor or moderate risk work 

in concert to contribute to the disorder. The cataloguing of variation in human 

deoxyribonucleic acid (DNA) sequence and the development of technologies capable of 

expeditiously and precisely assaying over one million variants led to the feasibility of 

genome wide association studies (GWAS) in probing common diseases (Cichon et al., 

2009). GWAS has been successful in identifying novel candidate genes, which has led 

to the generation of new pathophysiological hypotheses for numerous common 

diseases. GWAS is an unbiased assessment of vanation across the entire genome 

capable of illuminating causal polygenetic variants of minor effect. Therefore, GWAS 

studies allow for potential identification of commonly occurring single nucleotide 

Polymorphisms (SNPs) that may associate with schizophrenia. Numerous common 

genetic variants have been implicated by GWAS including TMEM108. 

The common disease-rare allele (CORA) hypothesis stands in contrast to the 

COCA. It claims that high genetic heterogeneity combined with highly penetrant 

individually rare mutations account for the genetic contribution to schizophrenia. Adding 

Weight to this hypothesis is the recent discovery of rare transmitted variants and de 

novo mutations in patients with the disorder. An intriguing example of these rare 

transmitted/de novo mutations are copy-number variants (CNVs), which are usually 

16 



deletions or duplications large than 1 kilobase (kb) 1n s1ze and affect a number of genes 

in schizophrenia. The development and broad use of next-generat1on sequencing 

technology w1ll help prov1de further empirical evidence for the CORA hypothesis by 

allowing for h1gh resolution screening of individual genomes for rare variants in the near 

future. 

Although significant progress has been made 1n schizophrenia genetics the 

primary genetic causes remains unclear. As of 2014, 1727 genetic studies have 

examined the genetic architecture of schizophrenia implicated 8788 polymorphisms and 

1008 genes (Allen et al. , 2008). Moreover, many of these genes have unknown function 

in brain development and adult brain funct1on 

1.3.2 Animal models of schizophrenia 

Rationale for modeling human psychiatric disorders in animals 

Modeling mental illness in animals can ameliorate discovery of the 

neurobiological foundation of the disorder These models provide a more rapid means 

to study d1sease progression, allow for invas1ve 1nvestigat1on 1nto molecular and 

structural alterations and rapid preclinical testing of novel therapeutic agents For an 

animal model to be considered representative of a d1sease it must sat1sfy construct, 

face and pred1ct1ve validity Construct validity 1s how well a model fits the etiology of the 

disease, such as modeling a known genetiC mutat1on found 1n human pat1ents in mice. 

Face validity 1s obtamed 1f a model recapitulates accepted anatomical, biochemical, 
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pathological or behavioral characteristics that are present in humans with the disease. 

Predictive validity indicates that a model responds to treatments in a manner analogous 

to the effects of the therapeutic agent on humans. 

Modeling schizophrenia in rodents 

Schizophrenia is a complex mental disease with unclear etiology and complex 

behavioral traits. It is necessary to define the scientific framework used to validate a 

model of this disorder (Figure 2). To obtain construct validity the model should have 

etiological orig1ns similar to that of schizophrenia. These may 1nclude deficits m 

neurotransmitters, impaired synaptic structure, perturbed connectivity or similar genetic 

alterations present in patients. Face validity can be ach1eved by m1mick1ng core 

behavioral disturbances such as impaired pre-pulse inhibition (PPI), stimulant induced 

hyperactivity, working memory defic1ts and altered social interaction. Predictive validity 

may be achieved by reversal of hyperactivity using antipsychot1cs and may lead to the 

discovery of novel neural substrates and therapeutics. Although rigid criteria exist for 

developing models of psychiatric disorders criticism has been leveed against using 

rodents as a model system for schizophrenia as it is impossible to replicate or apply the 

DSMV cnteria for diagnosis in the clime to animals Additionally, a number of the 

behavioral tasks that are employed to assess schizophrema relevant deficits are often 

nonspecific and apply to other psychiatric d1sorders (Nestler and Hyman, 201 0). The 

current models of schizophrenia are reviewed below and can be classified mto four 

categones: developmental, lesion, drug induced and genet1c 
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Developmental models of schizophrenia 

Epidemiological studies have suggested that 1nsults dunng the gestational or 

perinatal period may increase schizophrenia susceptibility These disturbances include 

malnutrition, maternal stress, obstetric complications and Infection leading to an 

abnormal developmental trajectory resulting in schizophrenic behavior (Lewis and 

Levitt, 2002). Prenatal nutritional deficiencies confer an increased susceptibility to 

schizophrenia (Brown, 2006). Epidemiological studies of the "Chinese Famine" and 

"Dutch Hunger Winter" provided a strong assoc1at1ve link between malnutrition and 

schizophrenia (Smith, 1976; Vaclav, 1999). Further research has identified plausible 

m1cronutnents that may mediate the enhanced nsk of schizophrenia due to early 

gestational famme These include decreased gestational levels of v1tamm A, folate, 

vitamin D and protein all of which play a cntlcal role 1n fetal brain development. 

Researchers have tested the effect of protein deficient diets in pregnant rats and the 

behavioral and histological consequences when the1r offspnng are adults. The pups of 

protein deficient rats showed behavioral deficits in PPI , working memory, reversal 

learning and showed increased hyperactivity when treated with dopamine and NMDA 

receptor agonists (Meyer and Feldon, 201 0) Morphological deficits were also present 

and Included reductions in neuronal number, dendritic branching, sp1ne density and 

altered dopam1ne levels. In contrast, vitamin D depnvat1on dunng gestation did not alter 

PPI but did show increased activity in response to dopamine and NMDA receptor 

agonists (Meyer and Feldon , 201 0). Alterations m dendnt1c or synaptic structure have 

not been reported 1n vitamin 0 
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Ftgure 2 Modeling schizophrenia in animals. From (Jones eta/., 2011). 
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deficient models (Meyer and Feldon , 201 0). However, thinning of the neocortex, 

decreased neurogenesis, lateral ventricle enlargement and reduced dopamine levels 

have been described in this model (Meyer and Feldon , 2010). The evidence from these 

studies suggests that gestational deficiencies in essential nutrients can have an effect 

on adult behavioral and brain morphology. The predictive validity of the protein and 

vitamin deficient models remains to be examined but they prov1de significant face 

validity and hold varying degrees of construct validity to schizophrenia. 

Exposure to severe stressors such as war, family death or other traumatizing 

events during pregnancy confers an increased risk for schizophrenia (van Os and 

Selten, 1998). To mim1c stress in rodents three main parad1gms have been developed. 

First, repeated restraint stress during gestation led to decreased neurogenesis, synaptic 

loss and reduced dendritic arborization. These morphological changes were 

accompanied by decreased social and exploratory behavior, work1ng memory deficits 

and increased act1v1ty in response to dopam1ne receptor agomsts (Meyer and Feldon, 

201 0). Second, repeated exposure to foot shock during pregnancy decreased latent 

inhibition and impaired long-term potentiation but further deficits have not been reported 

(Meyer and Feldon, 201 0). Third, glucocorticoid treatment during pregnancy is used to 

m1rror the physiological response tnggered by stressful stimuli. Treatment with stress 

hormones dunng gestat1on led to impaired long-term depress1on and decreased 

neurogenesis. Behavioral impairments were also present and included reduced latent 

inhibition and social behavior as well as mcreased hyperactivity in response to 

dopamine receptor agon1sts (Meyer and Feldon, 2010). From these studies it 1s clear 

that diverse gestational stressors can impact brain development and adult behavior and 
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hold a measure of face validity for schizophrenia. However, 1t IS unclear if these types of 

stress obtain construct or predictive validity and it is important to note the inconsistent 

perturbations between each stress model. Although these studies provide intriguing 

insight into the effects of gestational stress on neurodevelopment they should be viewed 

w1th cautious optim1sm It remams unknown how these models relate to the types of 

stresses reported in epidemiological stud1es of schizophrenia and rescue experiments 

with antipsychotic drugs await exploration. 

Approximately 20% of individuals with schizophrenia have a history of perinatal 

complication. Three primary categones of obstetric complications have been revealed 

by meta-analyses and mclude pregnancy complications (preeclampsia, diabetes, 

bleeding and rhesus incompatibility), aberrant fetal growth and development (small 

head circumference, congenital malformations and low birth weight) and complications 

during delivery (emergency Caesarean section, asphyxia and utenne atony) (Meyer and 

Feldon, 2010). To mvestlgate these complications models of placental insufficiency, 

Caesarean section (C-section) and hypoxia have been generated. Placental 

insufficiency is generated by ligating the uterine artery at mid-gestation which restricts 

blood flow to the placenta (Mallard et al. , 1999). The only reported behavioral 

consequence of this model 1s reduced PPI but several morphological abnormalities ex1st 

including enlarged lateral ventricles, volume reduction in the septum and basal ganglia 

and reduced neuronal cell number. Additional alterations occur in the neuropil, as 

dendritic arbors appear to overgrow and have excessive branching (Dieni and Rees, 

2003, 2005; Mallard et al. , 2000; Mallard et al. , 1999; Rehn et al , 2004). The 

emergency C-sect1on model was created by sacnfic1ng a pregnant female rat, remov1ng 
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her pups and transfernng them to a surrogate mother (EI-Khodor and Boksa, 1997). In 

this case vaginally born pups serve as the control group. C-section produces a number 

of behavioral changes including impaired social behavior, decreased exploration, 

enhanced sensitivity to stress and hyperlocomot1on in response to dopamine receptor 

agonists. Reduced dendritic spine density was also reported 1n th1s model (EI-Khodor 

and Boksa, 1997). These data suggest that perinatal complications can at least in part 

contribute to schizophrenia relevant behaviors and morphological changes. There exist 

three primary models of hypoxia: intra-utenne, acute neonatal and sub-chronic postnatal 

(Meyer and Feldon, 201 0) Intra-uterine hypox1a leads to behavioral changes in the 

adult animal that 1nclude altered social behavioral, reduced exploration and sensitivity to 

dopamine receptor agonists (Meyer and Feldon, 201 0). Histological analysis of uterine 

oxygen deprived animals showed neuronal cell loss, increased gliosis, decreased 

myelination and altered dendritic sp1ne density Acute neonatal and sub-chronic 

postnatal hypoxia produced neuronal cell loss, altered dendritic outgrowth and 

Increased gliosis. Both paradigms showed reductions in PPI and working memory. 

Social behavior was increased in the sub-chronic postnatal hypoxia model but 

decreased in acute neonatal studies (Meyer and Feldon, 201 0). These data provide 

some support to the valld1ty of perinatal and postnatal hypoxia as contnbuting factors in 

the development of structural and behavioral abnormalities linked w1th schizophrenia. 

The construct validity of these models is confounded by the presence of 

neurodegeneration and increased gliosis, which is definitively absent in schizophrenia. 

To mim1c the epidemiological finding of Increased sch1zophrema risk due to 

obstretic 1nfect1on pseudo-v1ral or bacterial agents such as the Influenza v1rus, Polyi:C 
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and lipopolysaccharide (LPS) are systemically delivered during gestat1on. It is believed 

that infection may lead to an increase in circulating pro-inflammatory cytokines that 

could affect brain development. These methods led to varying behavioral deficits 

analogous to schizophrenia that include reduced PPI , social behavior, working memory 

and heightened sensitivity to NMDA receptor antagonists (Meyer and Feldon, 201 0). 

Additional histological deficits were reported and include reductions 1n brain volume, 

increased neuronal cell density and enhanced dopamine activity. LPS treatment led to 

reduced spine density, impaired short-term potentiation and decreased dendritic 

arbonzation (Meyer and Feldon, 201 0). Together these models prov1de evidence that 

Immunological insults can result in neurodevelopmental alterations that lead to 

schizophrenia-like behavioral and structural changes in the adult ammal. 

Lesion models of schizophrenia 

Hyperdopaminerg1c signaling is a hypothetical cause of schizophrenia. Lesion of 

the ventral hippocampus (VH) in adult animals led to increased dopaminergic 

transmission (lipska et al. , 1992). Since schizophrenia is believed to be a 

neurodevelopmental d1sorder and may involve the dopaminergic system developmental 

VH models were generated by regional injection of the excitotoxin 1botenic acid on 

postnatal day 7 (lipska et al. , 1993). Interestingly, neonatal lesion was sufficient to 

cause behavioral abnormalities that emerged after puberty. Schizophrenia relevant 

behavioral defic1ts occurred 1n adult animals including decreased PPI, hyperlocomotion 

in response to amphetamine and NMDA receptor antogomsts, 1mpa1red working 
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memory in both the T-maze and radial arm maze, deficits in attention and increased 

social aggression at all ages. Induction of hyperactivity by amphetamine was rescued 

with antipsychotics but was unable to reduce impairments in social interaction (Lipska, 

2004, Tseng et al. , 2009). Surprisingly, m vivo m1crodialysis stud1es d1d not reveal 

increased mesolimbic dopamine activity 1n the nucleus accumbens in neonatal VH 

lesion models (Jones et al. , 2011). This model also showed enhanced reinforcement for 

reward in sucrose and cocaine self-administration studies, which is contradictory to 

anhedonia that is typically present in schizophrenic patients (Chambers and Self, 2002). 

This model provides excellent face and predictive validity as VH models have 

behav1oral deficits resembling those that appear 1n sch1zophrema pat1ents and 

amelioration of hyperlocomotion occurs with ant1psychot1c treatment. However, there is 

a lack of evidence for analogous anatomical les1ons m patients suggesting that 

schizophrenia may have different etiological ongms. 

Pharmacological models of schizophrenia 

Amphetamine model 

Since the discovery that antipsychotics act as dopam1ne receptor antagonists it 

has been postulated that schizophrenia 1s a d1sorder of dopamme dysregulation. From 

this hypothesis early animal models were developed us1ng pharmacological 

manipulation 1n an attempt to mirror this phenomenon Amphetamines are able to 

induce psychosis 1n healthy individuals and exacerbate the pos1tive symptoms of 
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schizophrenics (Jones et al. . 2011 ; Laruelle et al. . 1996) In rodents chronic 

amphetamine models were developed to mim1c hyper-dopam1ne signaling believed to 

underlie the pos1tive symptoms of schizophrenia. Persistent treatment with 

amphetamine induces hyperactivity. wh1ch can be 1nh1bited w1th anti psychotics (Meng et 

al. . 1998). Further alterations relevant to schizophrenia include deficits in PPI and 

impaired attention in the 5-choice-serial-reaction test, which can be rescued with 

antipsychotic treatment (Jones et al. , 2011 ). Repetitive administration of amphetamine 

causes structural and neurochemical plasticity that may be the neurological basis for 

changes in behavior. Increased efflux of dopamine 1n the nucleus accumbens (nAcc) 

and dorsal stnatum occurred simultaneously with hyperlocomot1on and increased 

dendritic branching and spme density was observed m the pre-frontal cortex and nACC 

(Featherstone et al. . 2007; Robinson and Becker, 1986, Robinson and Kolb, 1999). 

However. th1s model was unable to induce soc1al interaction deficits in rats suggesting it 

is not suited to replicate the negative symptoms of schizophrenia (Sams-Oodd, 1995). 

PCP model 

Pharmacological evidence for the contribution of glutamatergic signaling in 

schizophrenia was d1scovered when healthy md1viduals that consume the NMDA 

receptor antagono1sts ketamine or PCP expenence delusions. halluc1nat1ons and 

poverty of speech reminiscent of the positive and negat1ve symptoms of schizophrenia 

(Cohen et al. . 1962, Krystal et al. . 1994; Luby et al . 1959). These drugs are also able to 

induce or exacerbate positive symptoms 1n schizophrenics (Javitt and Zukin, 1991 ) . A 
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vast number of rodent models have used chronic and acute PCP administration as a 

model for exploring behavioral deficits caused by abnormal glutamatertic signaling that 

are relevant for schizophrenia. Briefly, treatment of PCP was able to induce a number of 

cognitive deficits in reversal learning, novel obJect recognition, working memory, spatial 

learning and attention (Jones et al. , 2011). Additional schizophrenra relevant behavioral 

changes were reported including hyperlocomotion and altered PPI (Mansbach and 

Geyer, 1989; Scalzo and Holson, 1992). Surprisingly, a number of these impairments in 

cognition could be rescued by treatment with antipsychotics, which are not able to 

rescue cognitive deficits in patients (Jones et al. , 2011) Chronic treatment with PCP 

also induces schizophrenia correlated neurochemical changes One of the more notable 

changes 1s decreased dopamine level in the prefrontal cortex (PFC) consistent with 

reduced levels 1n the PFC of patients (Ak1l et al., 1999, Jentsch et al. , 1997). Structural 

alterations also occur as PFC neurons have increased sp1ne number and parvalbumin 

neuron number was decreased in the cortex and hippocampus (Flores et al. , 2007; 

Reynolds et al. , 2004). Findings in patients and in NMDA receptor antagonist models 

have provided evidence for hypofunctionality of glutamate signaling creating a non

dopamine centnc hypothesis of schizophrenia 

Genetic models of schizophrenia 

There 1s not sufficient evidence to causally link a s1ngle genet1c perturbation to 

sch1zophren1a. However, twin studies have clearly prov1ded evidence that genetic 

heritability is near 80%. Many of the genes linked to schizophrenia produce proteins that 
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function in synaptogenesis, plasticity, and dopaminerg1c or glutamatergic signaling 

(Jones et al. , 2011 ). Progress in genetic models has been extensive but only a few of 

the well-characterized models will be reviewed here. 

DISC1 

Disrupted in schizophrenia 1 (DISC 1) was one of the founding genes implicated 

in schizophrenia (Millar et al. , 2001) . Partial loss of DISC-1 in mice results in 

pathological and behavioral alterations similar to schizophrenia. Structurally, DISC-1 

transgemc m1ce have increased lateral ventricle size, reduced cort1cal thickness and 

decreased brain volume (Jaaro-Peled et al. , 201 0) Other structural changes have been 

reported including reduced hippocampal dendritic complexity, structure and density in 

particular DISC-1 mutant models (Jones et al , 2011). lnqUines into behavioral changes 

in these mice have provided mixed results. Some groups have reported changes in PPI , 

hyperlocomotion, social interaction and working memory while other studies have not 

been able to repeat these findings (Jones et al., 2011). Since a complete DISC-1 

knockout mouse has not yet been generated some of these conflicting results may be 

explained by variation in transgenic animal design. A complete understanding of the role 

of DISC-1 in brain development and adult bra1n funct1on awa1ts Investigation. However, 

1t should be noted that mutations in the DISC-1 gene might not be specific to 

schizophrenia, as 1t has been liked to bipolar d1sorder, autism and maJor depressive 

disorder (Bradshaw and Porteous, 2012; Hashimoto et al , 2006) 
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Neuregulin 1 and Erb84 

Neuregulin 1 (NRG1) is a pleiotropic growth factor that serves as a ligand for the 

tyrosine kinase Erb84. Both of these have been Implicated as leading susceptibility 

genes for schizophrenia (Mei and Xiong, 2008) . In patients, NRG1 mRNA and protein 

are increased in the PFC and hippocampus in manner that does not correlate with 

antipsychotic treatment (Chong et al., 2008; Hashimoto et al. , 2004). To study the effect 

of overexpressing NRG1 transgenic mice were generated. These mice exhibited 

schizophrenia relevant behavioral deficits including reduced PPI , impaired spatial 

working memory, hyperlocomotion and impaired social1nteract1on (Deakin et al. , 2009; 

Deakin et al. , 2012; Kato et al., 2010). NRG1 has also been reported to regulate both 

exc1tatory and inhibitory neurotransmission, synaptic plasticity and neurodevelopment 

(Mei and Xiong , 2008). Recently, researchers asked whether restoring normal levels of 

NRG1 in adulthood could reverse hyperfunctional NRG1 developmental deficits. They 

found synaptic and behavioral deficits were ameliorated once NRG1 was restored to 

normal levels in adult mice, suggesting NRG1 dependent schizophrenia deficits require 

persistent pathogenic levels of NRG1 (Yin et al. , 2013). This provides exciting 

possibilities that therapeutic strategies to restore NRG1 signaling may benefit 

individuals afflicted with schizophrenia. 

Dysbindin 
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Altered neurotransmission appears to contribute Significantly to the etiology of 

schizophrema. Dystobrevin-binding protein 1 (DTNBP1) 1s the gene that encodes for 

dysb1nd1n and has strong correlation w1th schizophrenia onset and susceptibility (Allen 

et al. , 2008; Williams et al., 2005) Dysb~ndin is located at the synapse and believed to 

be important for exocytosis, vesicle biogenesis, and trafficking of receptors critical to 

neurotransmission (Karlsgodt et al. , 2011 ; Papaleo et al. , 2012). Post-mortem analysis 

of brain tissue from schizophrenia patients has shown reduced dysbindin levels in the 

dorsolateral PFC and hippocampus, which was linked to expression of negative 

symptoms (Papaleo et al., 2012; Weickert et al. , 2008; Weickert et al. , 2004). Mice 

lack1ng dysb~ndin have altered excitatory synaptic structure Including decreased 

synaptic cleft and reduced large presynaptic vesicles (Jones et al. , 2011 ). These mice 

are hyperactive and hyper-response to amphetamine inJections but surprisingly show 

increased PPI which does not compliment findings 1n patients or other schizophrenia 

mouse models (Jones et al. , 2011 ). Additional behavioral deficits include reduced 

social interaction, impaired working memory, spatial reference memory and novel object 

recognition (Jones et al. , 2011 ). Although mutations in dysbindin mice show many 

behavioral deficits relevant to schizophrenia it is unable to recapitulate all of the core 

features of disorder. 

Reel in 

Patients w1th schizophrenia have reduced Reelin mRNA and protein in the frontal 

cortex, hippocampus and cerebellum (Jones et al . 2011) M1ce with a heterozygous 

mutat1on in the reelin gene (reeler) show reduced dendntic spine density and increased 
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neuronal packing in the hippocampus and frontal cortex (Krueger et al. , 2006; Liu et al., 

2001 ). Reelin mutant mice show normal social interaction, have intact prefrontal 

dependent cognitive behaviors and preserved work1ng memory These mice have 

produced Inconsistent hyperactivity and PPI results and do not consistently replicate the 

positive symptoms of schizophrenia (Jones et al , 2011). Surpnsingly, reelin 

haploinsufficiency in mice appears to protect against environmental stressors as 

maternal separation had a reduced effect compared to wild-type mice (Ognibene et al. , 

2008). As current data on the reeler mouse remains contentious further investigation 

into this mouse line should be performed to confirm or refute its utility as a model for 

researching the neurobiology underlying schizophrenia. 

22q11 .2 deletion model 

Two microdeletions of 3 megabases (Mb) or 1.5 (Mb) 1n s1ze occur in 

chromosome 22 and up to one third of individuals carrying this mutation will be 

diagnosed with schizophrenia (Karayiorgou et al. , 2010). Mouse models of this deletion 

have been generated and mimic the 1.5Mb pa1r deletion found in humans. Examination 

of schizophrenia relevant behaviors in these mice showed impa1red PPI and decreased 

workmg memory (Karayiorgou et al. , 201 0) Neuronal architecture is also altered by th1s 

delet1on as CA 1 pyram1dal cells have abnormal dendntic sp1ne formation, decreased 

dens1ty of mushroom sp1nes and reduced dendtnt1c complexity m v1tro, although the 

reduction in dendritic spines was less pronounced m vtvo (Mukai et al , 2008). As it has 

been postulated that brain connectivity and synchronicity is Impaired in schizophrenia 
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researchers investigated whether the 22q 11 .2 microdeletion in mice would lead to 

perturbed hippocampal and PFC connectivity To study this m1ce harboring this deletion 

were recorded as a working memory task was performed Indeed, these mice showed a 

dramatic reduction in hippocampal and PFC synchronicity, wh1ch may be relevant to the 

altered hippocampal and PFC coupling reported in schizophrenia patients (Meyer

Lindenberg et al., 2005; Sigurdsson et al., 201 0). Investigation into the 22q11 .2 

microdeletion is in its infancy but provides significant promise to further understand the 

genes and circuits involved in the connectivity and cogn1tive abnormalities associated 

with sch1zophren1a. Further studies must provide a more exhaustive examination of the 

neurobiological and behavioral consequences of th1s deletion and how it may relate to 

sch1zophren1a pathophysiology. 

Description of TMEM1 08: clinical significance and function in the mammalian 

nervous system 

Clinical significance of TMEM1 08 

TMEM108 is located on chromosome 3q21 (Figure 3) in humans and is 

assoc1ated w1th several mental illnesses in patients (Table 4). F1rst, TMEM108 has been 

implicated as a schizophrenia susceptibility gene. Usmg 642 sch1zophren1a patients 
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Figure 3. TMEM108 SNP is associated with schtzophrema. The location of the SNP 
associated with schizophrenia is indicated (rs7624858) (Adapted with modification from 
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Schizophren ia 

AltOholism 

versus 2,937 controls from samples obtained in the United Kingdom an intronic SNP 

(rs7624858) in TMEM1 08 was discovered to be associated with schizophrenia 

(O'Donovan et al., 2008). Second, in a GWAS study-1nvest1gatmg SNPs associated with 

alcohol dependence and alcohol consumption an intronic SNP (rs10935045) was highly 

associated with heaviness of drinking but only weakly associated with alcohol 

dependence (Heath et al. , 2011 ). Another SNP (rs2369955) on chromosome 3 near 

TMEM108 (intergenic) was also highly associated with heaviness of drinking but only 

moderately associated with alcohol dependence (Heath et al. , 2011). Third, copy 

number variants 1n TMEM108 have been associated With aut1sm spectrum disorder and 

developmental delay (unpublished reports). Two separate reports of interstitial deletions 

1n chromosome 3 that encompass TMEM1 08 were associated w1th aut1sm spectrum 

disorder, frontal lobe syndrome or developmental delay The second copy number 

vanant IS a duphcat1on 1n chromosome 3q22.1 resulting 1n a copy gain of TMEM108, 

which was associated with autistic disorder and short stature in the affected individual. 

Together this evidence suggests that TMEM108 may be an important gene for normal 

brain development and proper brain function. 

(O'Donovan et al • TMEM 108 UMed K•ngdom OSMIV rs7624858 
2008) 
1Mos~v•na et al TMEM 108 Unknown Unknown Unknown UnknOwn 
2009) 
(Heattt et al , 2011) TMEM 108 Unknown AUOFS rs10935045 
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Table 4. Clinically relevant mutations in the TMEM108 gene 
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TMEM108 in the mammalian nervous system 

TMEM108 (also known as retrolinkin) is a 574 am1no ac1d single-pass type 1 

membrane protein that lacks homology with other protein fam1hes. The gene is 

conserved in vertebrates and appears in a diverse array of species (Figure 4). Previous 

studies reported TMEM108 protein was expressed in the brain and spinal cord but was 

not detected outside of the central nervous system (liu et al. , 2007). This study also 

reported that TMEM108 protein expression was developmentally regulated, with low 

levels at embryonic age 13 (E13), increased to E18 and was highly expressed at 

postnatal day 4 and 1n adulthood. In the cell TMEM108 was h1ghly expressed in 

neuronal endosomes and directly interacted with the BPAG1 n4 an 1soform of BPAG1 

believed to be cntlcal for retrograde axonal transport Dominant negative interference of 

TMEM 108 funct1on by overexpression of truncated TMEM 108 1n cultured dorsal root 

ganglion neurons reduced retrograde axonal transport (liu et al , 2007). The authors 

conclude that TMEM1 08 is an important mediator of retrograde axonal transport. 

Since TMEM108 protein is highly expressed in the brain a second study sought 

to understand it's function in hippocampal development The authors report TMEM108 

express1on 1n the cerebral cortex, hippocampus and cerebellum (Fu et al. , 2011 ). In 

culture it was determined that TMEM108 was h1ghly ennched 1n the dendrites of 

cultured hippocampal neurons prompting an mvest1gat1on 1nto TMEM1 08's role in 

dendnt1c arbonzat1on Short hairpin RNA knockdown of TMEM1 08 in cultured 

hippocampal neurons 1mpaired dendnt1c development. The authors discovered that 

TMEM1 08 Interacted with endophilin A 1 to mediate BDNF Induced dendtritic outgrowth 
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and ERK activation by trafficking TrkB to signaling endosomes (Figure 5). These early 

studies m vitro suggested that TMEM1 08 m1ght be crit1cal for neuronal development and 

funct1on, yet the in vivo function ofTMEM108 remains unknown. 

2.1 Materials and Methods 

Mice. Mice were generated as previously described (Tang et al., 2010). Briefly, 

pKOS.29 containing a lacz/neomycin cassette targeted coding exon 1 by homologous 

recombination resulting in partial deletion of exon 1, insert1on of a premature stop codon 

and a frameshift of the down stream region. Genotyping pnmers for w1ld type allele: 5'

AACCCCCAACCATGAACTT A TTTT-3' and 5'- AAA TGCTGCGTGGACTT ACTT A-3'. 

For the mutant allele 5'- GAATCCCGCATAACTACGCAGAAT-3' and 5'

GCAGCGCATCGCCTTCTATC-3' 

Antibodies. Primary antibodies against calb1ndin (D28k,1 1 000) and calretinin 

(7697,1 500) were obtained from Swant. Antibodes from Abeam Anti-Prox1 (ab37128, 

1 :500) , Ant1-~gal (ab9361 ,1 :200). Antibody from Millipore-NeuN (MAB377, 1 :500). 

Antibody from Thermo-ki67 (RM-91 06-S 1,1 500) Antibodies from developmental 

studies hybndoma bank (DSHB) Anti-Nestln (401) and Anti-PSANCAM (5A5). 

Secondary antibodies for immunosta~ning (1 1 000) were as follows Alexa Fluor 488 

anti-mouse antibody (A 11029, Invitrogen), Alexa Fluor 488 anti-ch1cken (A-11 039), 

Alexa Fluor 594 anti-rabbit (A 11012, Invitrogen), Alexa Fluor 633 anti-rabbit (A-21 070 

lnv1trogen), Alexa Fluor 594 anti-rat (A-11007 Invitrogen) and Alexa Fluor 594 anti

mouse (A-11 005, Invitrogen). HRP-conJugated secondary antibodies were from 
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Amersham B1osciences. Unless otherw1se Indicated, all other chemicals were from 

S1gma. 

RT -PCR. Equal amounts of total RNA (1 ~g for cultured neurons and 4 ~g for brain 

tissue) were reverse-transcribed by random hexamer-primers us1ng SuperScript Ill 

reverse transcriptase (Invitrogen, Carlsbad , CA) 1/200 (1/40 for type VI) of resulting 

eDNA was analyzed by quantitative real time PCR (qPCR) in triplicates using SYBR 

Green/ROX (Fermentas, Glen Burnie, MD) on Chromo 4 (Bio-Rad , Hercules, CA). 

Forward primer: 5'- CCCAGGCTGCCTTCGATGCC REVERSE 5'- GTGGAAAGCGGT 

CTGGGCCC mRNA levels were normalized to ~-actin that was assayed 

simultaneously on the same reaction plate. 

X-Gal Assay. Mice of desired postnatal age were genotyped and animals heterozygous 

for TMEM1 08 beta gal 1nsert1on were used. Mice were deeply anesthetized, decapitated 

and brain tissue was removed Brain samples were rapidly frozen 1n OCT and cut into 

40-~m sect1ons and mounted on SuperFrost Plus slides Slices were fixed in a 2% 

formaldehyde and 0.2% gluteraldehyde solution then rinsed once with distilled water 

then PBS. Slices were then incubated in a solution containing 5 mM potassium 

ferricyanide, 5 mM potassium ferrocyanide, 2 mM magnesium chloride and 1.3 mg/ml 

X-Gal for 12 hours at 37°C followed by a PBS wash. Nuclei were stamed with fast red 

solut1on for 1 0 m1nutes and washed with distilled water Slices were mounted in 

CC/Mount (Sigma) and coverslipped. Imaging was performed us1ng a dissecting 

microscope 

lmmunostaining. An1mals were deeply anesthetized us1ng 1soflurane and perfused w1th 

PBS followed by 4% paraformaldehyde (PFA). After perfus1on brams were post-fixed 
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overnight at 4°C in 4% PFA. The tissue was subsequently dehydrated using 15% 

sucrose followed by 30% sucrose at 4°C. Brarn trssues were embedded in OCT, rapidly 

frozen and cut into 40-IJm sections. Slices were stained using a floating staining 

method. Slices were blocked and permeabilized using a solutron of Triton X-100 plus 

5% goat serum in PBS for two hours at room temperature and were incubated at 4°C 

overnight with primary antibodies in PBS containrng 5% goat serum. Samples were 

washed with PBS then incubated at room temperature for 1-2 hrs with Alexa-488, 

Alexa-594 or Alexa-633 secondary antibody Slices were washed once again in PBS 

and mounted on SuperFrost Plus slides rn Vectashreld mounting medrum (Vector). 

Images were taken by a Zeiss LSM510 confocal mrcroscope and analyzed using Fiji 

(Image J-NIH). 

Timm Staining. Adult mrce were deeply anesthetrzed and perfused wrth a solution of 

11 .7mg/ml sodium sulfide nonahydrate (sigma) and 11 9mg/ml sodrum phosphate 

monobasrc monohydrage (srgma). Brain was dissected and fixed rn 10% buffered 

formalin for 3 hours followed by 10% buffered formalln/20% glycerol overnight. Brains 

were cryoprotected by incubation in a phosphate buffererd 20% glycerol solution for 48 

hours then flash frozen and cut into 30 1-1m section rn a 1.4 series and mounted on 

SuperFrost Plus slides. Slices were subjected to xylene, rehydrated usrng 100%, 95%, 

75% and 50% ethanol then washed with distrlled water Slices were subjected to Timm 

starn solutron compnsed of 52% gum arabrc, 11 % citrate buffer, 35% hydroquinone, and 

.005% srlver nitrate then washed with drstrlled water. The slices were once again 

dehydrated usrng 50%, 75%, 95% and 100% ethanol and defatted with xylene, mounted 

with permount and coverslipped. Images were taken usrng a light microscope. 
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Stereological analysis. For stereological analysis, bra1n blocks were cut transversely 

into 40-~m-thlck serial sections Slices for entire hippocampus were collected. Every 

fifth sect1on was subjected to Immunofluorescent staining of NeuN and DAPI. Unbiased 

stereolog1cal analys1s of total neurons was earned out with the optical fractlonator 

technique by using Stereolnvestigator software, as previously descnbed (Stranahan et 

al . 2012) 

Slice preparation. Mice (5-7 weeks-old, male) were anesthetized with 

ketamine/xylazine (Sigma, 100/20 mg/kg, respectively, i.p ), brains were quickly 

removed and chilled 1n 1ce-cold modified artificial cerebrospinal flu1d (ACSF) containing 

(in mM)· 250 glycerol, 2 KCI, 10 MgS04, 0.2 CaCI2, 1.3 NaH2P04, 26 NaHC03, and 10 

glucose Coronal hippocampal slices (300 ~m) were cut in ice-cold mod1fied ACSF 

us1ng a VT-1000S vibratome (Leica, Germany) and transferred to a storage chamber 

contaimng regular ACSF (in mM, 126 NaCI, 3 KCI, 1 MgS04, 2 CaCI2. 1 25 NaH2P04, 

26 NaHC03, and 10 glucose) at 32 oc for 30 m1n and at room temperature (25 ± 1 °C) 

for additional1 hr before recording. All solutions were saturated with 95% 02/5% C02 

(vol/vol). 

Electrophysiological recording. Slices were placed in the recording chamber, which 

was superfused (2 ml/min) with ACSF at 32-34 oc Whole-cell patch-clamp recording of 

granular neurons from outer layer of upper blade of Dentate Gyrus were visualized with 

Infrared opt1cs us1ng an upright microscope equ1pped with a 40x water-immersion lens 

(Axioskop 2 Plus, ZeiSS) and infrared-senSitiVe ceo camera (C2400-75, Hamamatsu). 

The P1pettes were pulled by a micropipette puller (P-97, Sutter instrument) with a 

resistance of 3-5 MO Recordings were made with MultiCiamp 7008 amplifier and 
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1440A digitizer (Molecular Device Inc.). Series resistance was controlled below 20 MO 

and not compensated. 

To detect the reversal potential of evoked EPSC and IPSC. recording pipettes were 

filled with the solut1on contained (in mM): 125 Cs-methanesulfonate, 5 CsCI, 10 Hepes, 

0.2 EGTA, 1 MgCI2 , 4 Mg-ATP, 0.3 Na-GTP, 10 phosphocreatine and 5 QX314 (pH 7.4, 

285 mOsm). Medial perforated pathway were stimulated with a concentric bipolar 

electrode (FHC), mono-synaptic eEPSCs were recorded in granular neurons at holding 

potentials ranging from -20 to +20 mV at a step of 10 mV, in the presence of bicuculline 

(BMI). Mono-synaptic eiPSCs were rcorded at hold1ng potentials ranging from -80 to -30 

mV at a step of 10 mV in the presence of 20 IJM CNQX and 100 1-1M DL-AP5. 

Spontaneous EPSC and IPSC were recorded in the presence of ongoing spontaneous 

act1v1ty at reversal potential of GABAA receptor-mediated (--70 mV) and glutamate 

receptor-mediated (--5 mV) currents, respectively Total excitatory and inhibitory charge 

was calculated by 1ntegrat1ng baseline subtracted spontaneous synaptic current. 

Evoked EPSCs and IPSCs were recorded by the stimulation of med1al perforated 

pathway with vanous intensities at reversal potential of IPSC (--70 mV) and EPSC (--5 

mV), respectively. 

M1n1ature EPSCs were recorded at hold1ng potential of -70 mV in the presence of 

20 1-1M BMI and 1 1-1M TTX To record miniature IPSCs, record1ng p1pettes were filled 

With the solut1on contained (in mM): 140 CsCI, 10 Hepes. 0 2 EGTA. 1 MgCI2, 4 Mg

ATP, 0 3 Na-GTP, 10 phosphocreatine and 5 QX314 (pH 7.4, 285 mOsm). 

Glutamaterg1c activity was blocked by the treatment of 20 IJM CNQX and 100 IJM DL

AP5. To calculate the rat1o of AMPA to NMDA, evoked EPSCs were recorded by the 
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stimulation of medial perforated pathway. The amplitude of AM PAR component 

measured at -70 mV was divided by the amplitude of NMDAR component measured 50 

ms after the peak at +50 mV. 

Cells would be rejected if membrane potentials were more positive than -60 mV; or 

if eEPSPs were unstable 10 min after establishing whole-cell configuration; or if series 

resistance fluctuated more than 20% of initial values. All recordings were done at 32-34 

°C. Data were filtered at 1 kHz and sampled at 10kHz. 

Golgi staining. Golg1 sta~ning was performed us1ng a kit follow1ng the manufacturer's 

protocol (FD NeuroTechnolog1es). Sp~nes were counted on 10 IJm segments from 

secondary, tertiary branches and quaternary dentate gyrus granule cell ap1cal dendntes 

in the DG molecular layer Sp1ne subtypes were labeled as stubby, filopodia, th1n, 

mushroom and double. Th1n sp~nes had a head diameter slightly larger than the 

diameter of the neck Stubby spines were identified as having a length s1m1lar to that of 

their width and lack1ng a neck A sp1ne was class1fied as mushroom if the head d1ameter 

was far greater than the diameter of the neck. A double sp1ne had a single neck that 

forked to form two bulbous heads. 

Total dendritic length. Golg1 staining was performed by using a k1t following the 

manufacturer's protocol (FD NeuroTechnolog1es). Images were obtained of DG granule 

cell neurons (eas1ly identified by locat1on and morphology) and were reconstructed 

us1ng reconstruct software (Fiala. 2005). 

Open field test. Experiments were performed on male mice (wild type or TMEM1 08 

mutant) 2-3 months of age between the hours of 8am-6pm. Mice were placed 1n a novel 

arena for 30 minutes. Movement was tracked and analyzed using EthoVision XT 
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software. 

Elevated plus maze. Expenments were performed on male mice (w1ld type or 

TMEM108 mutant) 2-3 months of age between the hours of 8am-6pm. Male mice (wild 

type or TMEM108 mutant) 2-3 months of age were in the center of an elevated plus 

maze containing closed and open arms Subjects were allowed to freely explore the 

apparatus for 1 0 m1nutes. Movement was tracked and analyzed using EthoVision XT 

software. 

Statistical analysis. Data were analyzed by Student's t test or ANOVA. P < 0.05 was 

considered statistically sigmficant. 

3. Results 

3.1 TMEM108 expression in the brain 

Temporal regulation of TMEM108 mRNA expression in the brain 

To properly understand novel gene function you must first determine the 

temporal and spat1al regulation of gene expression Understanding which cells express 

the protem and at what t1me can help develop hypothetical models of a novel protein 

funct1on Initially we sought to understand 1f TMEM 108 messenger ribonucleic acid 

(mRNA) expresses in the hippocampus and whether or not TMEM108 mRNA 

expression IS developmentally regulated To do th1s RNA was ISolated from rat brain 

hippocampi at E13, P5, P15, P23, P30 and P70. Isolated RNA was subjected to reverse 
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transcriptase quantitative polymerase chain reaction (RT-qPCR). We found that 

TMEM1 08 mRNA IS expressed in the rat hippocampi and that expression is nearly 

undetectable 1n the early embryonic stage Postnatal expression of TMEM108 mRNA 1s 

lowest at PS and Increases during postnatal development reach1ng 1ts highest point 

during mid to late adolescence. Expression dunng adulthood and maintains a moderate 

to high level relative to younger ages (Figure 6.) This data suggests that TMEM108 may 

have two primary functions in the brain. It likely functions in postnatal but not embryonic 

development and could play a critical role in bra~n maturation. Additionally, TMEM108 

express1on remains strong in the adult animal suggest1ng 1t m1ght be Important for adult 

bra~n function 

3.2 Spatial and temporal regulation of TMEM108 promoter activity 

S1nce TMEM108 mRNA is expressed in the rodent brain we sought to 

understand the spatial and temporal regulation of TMEM 108 expression throughout the 

brain To do this we generated mice with a neomycin/LacZ cassette targeting coding 

exon 1 of the TMEM1 08 gene (Figure 7). This strategy allows for ~-gal expression to be 

driven by the endogenous TMEM108 promoter As TMEM108 mRNA expression 

appears to be largerly postnatal in the rat hippocampus we dec1ded to focus on 

postnatal brain express1on of ~-gat. We examined postnatal brain expression at PO, P7, 

P14, P21 , P30 and P60 (F1gure 8). 
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At PO TMEM108 expression was detected 1n cortical layer 11/111, anterior olfactory 

nucleus, sub1culum (including pre and post), olfactory bulb (putative m1tral cells) , rostral 

migratory stream and surrounding the lateral, th1rd and fourth ventncles (Figure 9 and 

Table 5) Olfactory bulb formation occurs early in embryonic development with the 

maJority of mitral cells already differentiated by E13 (Bianchart et al. , 2006). However, 

interneurons, granule cells and periglomerular cells are generated postnatally in the 

subventricular zone of the lateral ventricle and migrate along the rostral migratory 

stream to the olfactory bulb (Treloar, 2010). Th1s data suggests that TMEM108 could 

potentially play a role in the generation, maturation or m1gration of postnatally generated 

olfactory cells Of note, J3-gal was absent from the hippocampal formation including the 

CA 1-CA3 subfields as well as the developing dentate gyrus suggest1ng it is not 

important for the format1on of the hippocampus 

Next we checked J3-gal expression after one week of postnatal development. The 

highest levels of express1on were in the cortex (layers II-VI), amygdala, olfactory bulb, 

anterior olfactory nucleus, subiculum (including pre and post) and encompassing the 

lateral, third and fourth ventricles (Figure 10 and table 5). Expression levels appeared to 

increase around the ventricles and in the olfactory bulb where it was highly expressed in 

mitral cells, the outer plexiform layer and glomerular layer At P7 J3-gal expression was 

observed 1n the dentate gyrus granule cell layer most noticeably 1n the hillar s1de of the 

granule cell layer near the subgranular zone. Interestingly, 85% of granule cell neurons 

are generated postnatally and the first mature granule cells appear around P7 (Pedron1 

et al , 2014). This ind1cates that TMEM108 may play an important role in the maturation 

or funct1on of dentate gyrus granule cell neurons. 
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At the end of the second week of postnatal development (P14) J3-gal expression 

was highly expressed 1n the olfactory bulb, antenor olfactory nucleus, dentate gyrus, 

subiculum (including pre and post) amygdala, cortex, cerebral aqueduct, and apposed 

to the lateral, third and fourth ventricles (Figure 11 and table 5) In the olfactory bulb 

glomerular layer synapt1c density reaches 1ts peak from P15-P20 and then declines. 

This suggesting TMEM108 may participate in the formation, elimination or maturation of 

olfactory bulb synapses. Dentate gyrus expression increased significantly relative to P7 

as presumably a greater number of mature granule cells populate the granule cell layer. 

Next we Investigated J3-gal express1on at P21 Expression was strongest in the 

amygdala, cerebral aqueduct, antenor olfactory nucleus, parafasc1cular nucleus, 

subiculum (including pre and post), cortical layers 11-VI, dentate gyrus and surrounding 

the lateral and th1rd ventncles (F1gure 12 and table 5) A low level of J3-gal was detected 

in the cerebellar granule cell layer, the first s1gn of express1on 1n the cerebellum. J3-gal 

levels 1n the olfactory bulb began to decline compared with P14 add~ng increasing 

evidence for a role 1n syanaptic development in this reg1on Dentate gyrus expression 

continued to dramatically increase relative to P14 and contained the highest level of 

expression in the brain. During this age the dentate gyrus continues to progress towards 

matunty, which Includes the upregulat1on of GluR1 and GluR2 conta1n1ng AMPA 

receptors and consolidation of synapses (Hag1hara et al , 2011) Dentate granule cells 

also undergo significant electrophys1ologrcal changes that include Increased input 

resistance, enhanced excttability, decreased sp1ke latency and a reversal of the 

NMDA/AMPA rat1o 1n favor of the AMPA current (Hagthara et al , 2011 , Ye et al. , 

2005a). Th1s suggests that TMEM108 may be Important for the maturatton 
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Ftgure 8 Adult mouse brain atlas. A.) Sagtttal (Gensat) B) Coronal (Allen brain 
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Ftgure 9 {3-gal expression m TMEM1 08 +I- mtce at PO A Sagittal section of PO brain 
slice (red arrow mdicates cortical layer IIIII/ expresston, black arrow mdicates RMS 
expressiOn) B. {3-gal expression in RMS (black arrow) C Coronoal section at PO (red 
arrow indicates corttcallayer 111111, blue arrow mdicates thtrd ventncle) 0 {3-gal 
expresston was not detected m the DG of TMEM1 08 +I- mice at PO DG=dentate gyrus 
Scale bar= 1 mm 
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F1gure 10 {3-gal expression m TMEM1 08 +I- mice at P7 A Sagittal section of P7 brain 
slice B Coronal section. C Coronal sect10n of olfactory bulb (black arrow indicates 
mitral cell layer, while arrow indicates glomerular layer) D. {3-gal expression in third 
ventncle (black arrow) E Expression of {3-gal in a subset of DG neurons and in lateral 
ventricle (black arrow) DG=dentate gyrus Scale bar= 1 mm 
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of synapses in the dentate gyrus. 

At P30 J3-gal expression remained strong in the amygdala, anterior olfactory 

nucleus (AON), subiculum (including pre and post), cort1callayers I IIIII and was 

exceedingly h1gh 1n the dentate gyrus compared w1th the rest of the brain (Figure 13 and 

table 5). Interestingly, expression around the lateral, th1rd and fourth ventricles 

decreased at P30. Olfactory bulb expression continued to decline compared with 

previous ages and cortical layers IV-VI saw a reduction in relative level. The persistently 

high expression of TMEM1 08 in the dentate gyrus and its decline in other brain regions 

may suggest disparate functions for this protein among different brain areas. 

Alternatively, as the dentate gyrus 1s a late developing structure 1t's possible that 

TMEM1 08 may funct1on primanly 1n the maturation of synapses in all brain regions, 

which could explain why 1ts expression 1s dechmng 1n early developing structures. By 

P60 TMEM108 express1on persists primarily in the dentate gyrus (F1gure 14 and table 

5) Other remarkable areas include the amygdala and cort1cal layers II-VI. Except AON 

and amygdala other brain regions all saw a complete elimination of expression or a 

strong decrease in J3-gal signal. This suggests that TMEM 1 08's role is primarily 

developmental In other brain regions whereas in the dentate gyrus it may function in 

both development and adulthood. 
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Figure 11. {3-gal expression in TMEM108 +/-mice at P14. A Sagittal section of P14 
brain slice (black arrow indicates DG, white arrow olfactory bulb) B Coronal section of 
cerebellum (black arrow indicates fourth ventncle, white area mdicates ventral cochlear 
nucleus) C Coronal section of p14 bram slice (black arrow-DG, red arrow-endop~riform 
cortex, blue arrow-amygdala, white arrow-lateral ventncle) D {3-gal expression in DG at 
p14 E. Enrichment of {3-gal m layer IIIII/ of motor cortex (black arrow) and in tenia tecta 
(white arrow) F Th1rd ventricle {3-gal express1on H Olfactory bulb mitral eel/layer 
express1on DG=dentate gyrus Scale bar-1 mm 
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Ftgure 12. {3-gal expresston in TMEM1 08 +I- mice at P21 . A Sagtttal section of P21 brain 
slice (black arrow indicates cortical layer IIIII/, white arrow-post subiculum, red arrow
anterior olfactory nucleus) B. Coronal section of p21 brain slice (black arrow-amygdalar 
nucleus, white arrow-parafascicular nucleus) C Coronal sectiOn of p21 hippocampus D. 
Third ventricle {3-gal expression .. E. Olfactory bulb mitral eel/layer expression. DG-dentate 
gyrus, CA1-comu ammonis, Scale bar-1mm. 
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Based on our expression data we hypothesized that TMEM1 08 may play role 1n 

the generation, m1gration or maturation of neurons. As TMEM108 is most highly 

expressed during adolescence we postulate that it may also have an important role in 

synaptic elim1nat1on, maturation or plasticity m select regions Smce expression appears 

to be the h1ghest 1n the dentate gyrus dunng development and adulthood we chose to 

employ th1s reg1on as a model for invest1gatmg TMEM1 08's funct1on m the brain. 

r--=-
Rea1on PO P7 P14 P21 P30 P60 
AmyQdala ++ ++ ++ ++ ++ 
Antenor Olfactory . . . ++ ++ ++ 
Nucleus 
Caudooutamen ++ . - - - . 
Cerebellum - - . + +I- . 
Caranular layer) 
Cerebral Aaueduct - NA ++ +++ - -
Cort1callaver I + - . - - -
Cort1callayers 11/111 +++ +++ +++ +++ ++ ++ 
Cort1callayers IV- . +++ ++ ++ + + 
VI 
Dentate Gvrus - ++ +++ +++++ ++++ ++++ 
Endop1nform - - ++ ++ ++ + 
Nucleus 
Fourth Ventncle ++ ++++ ++ . - . 
H1ppocampus-CA 1 - +I- . - - -

Hippocampus-CA3 - +I- + + + + 
Hypothalamus - + + + +I- +I-
lateral Ventricle ++ +++ ++ ++ + + 
Olfactory Bulb ++ +++ +++ ++ + 
Parafascicular - . + ++ - . 
Nucleus 
Pmform area - - ++ NA NA NA 
PreoptiC Nucleus - - - +I- - -
Nuclues Accumbens ++ - . . - -
Rostral Migratory 
Stream 

+ . - - - -
Sub1culum ++ ++ -t-+ ++ + + 
(mcluding pre, post 
and para) 
Taenia Tecta - + ++ - . -
Th1rd Ventricle ++ +++ +++ +++ ++ + 
Ventral Cochlear NA NA ++ NA + NA 
Nucleus -
Table 5. Summary of TMEM108 expresston throughout postnatal bram development. 
(undectable (-). bareley detectable(+/-) , mcreasing strength(+ to++++), NA-bram 
reg1on was not observed) 
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Figure 13. {3-gal expression in TMEM108 +/-mice at P30. A. Sagittal section of P30 
brain slice (black arrow indicates DG, white arrow-post subiculum, red arrow-amygdalar 
nucleus/cortical amygdalar area) B. Coronal section of p21 brain slice C. Coronal 
section of p30 hippocampus (white box B) D Corticallayere II-VI {3-gal expression (red 
box B) E Thtrd ventricle {3-gal expresston (black box B) DG-dentate gyrus, CA 1-cornu 
ammonts 1, CA3-cornu ammonts 3 Scale bar-1mm 
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Figure 14 {3-gal expression in TMEM108 +/- m1ce at P60 A. Sag1ttal section of P60 
bram sltce (red arrow-cort1callayer /IIIII expression, black arrow-DG, white arrow-post 
sub1culum. blue arrow-an tenor olfactory nucleus) B Coronal sect1on of P60 dorsal 
hippocampus C Coronal section of P60 ventral hippocampus 0 {3-gal expression in 
dorsal OG (wh1te box B) . E. Cortical {3-gal expression F Black arrow-lateral ventricle 
(black box) G Thtrd ventncle {3-gal express1on DG-dentate gyrus, CA 1-comu am moms 
1, CA3-comu am moms 3 Scale bar-1 mm 
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Cell type specific expression of TMEM1 08 promoter activ ity in the dentate gyrus 

The dentate gyrus is a diverse and unique structure housing numerous cell types 

in the adult stage In addition to neuronal and glial cells the dentate gyrus hosts a 

specialized niche that houses stem cells capable of generating neurons and glia 

throughout the life of the animal (Figure 15). S1nce TMEM 108 IS h1ghly expressed in the 

dentate gyrus during adolescent development and in adulthood we sought to determine 

which cell type may express ~-gal driven by the TMEM1 08 promoter to hypothesize 

whether TMEM1 08 funct1ons in neurons, glial cells, stem cells or some combination of 

these cell types 

We addressed th1s question us1ng antibodies specific to ~-gal and the cell types 

present in the DG (F1gure 16). Although there are various subpopulations of stem cells 

most can be classified as either qu1escent or non-quiescent. The maJonty of the stem 

cells are quiescent and express nest1n (Song et al , 2012) while actively proliferating 

stem cells can be labeled with ki67 (Kee et al , 2002). To determine ifTMEM108 

promoter driven ~-gal expression occurs in nestin positive stem cells we performed 

immunofluorescence with antibodies against nestin and ~-gal in the adult dentate gyrus. 

In the mature stage ~-gal express1on d1d not colocallze with the nuclei of nestin posit1ve 

stem cells in the DG suggesting that TMEM108 IS not expressed 1n the quiescent stem 

cell pool (Figure 16a). Furthermore, ~-gal expression was largely absent from actively 

proliferating ki67 stem cells suggest1ng TMEM1 08 does not express 1n proliferating stem 

cells 1n the dentate gyrus (F1gure 16b) Complementary 
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Figure 15 Cellular diversity in the dentate gyrus. Each cell type has unique markers that 
allow for identificatiOn. 
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Figure 16 TMEM1 08 promoter activtty is absent from the DG stem cell pool. A. {3-gal 
and nestin co-stammg in the ventral htppocampus (white box mdtcates magnified 
regton) B Acttvely proliferating ki67 posittve stem cells and {3-gal expression. Scale 
bar-50JJm 
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to the absence of f3-gal in the stem cell pool was the observation that f3-gal expression 

was not detected 1n nuclei located in the inner reg1on of the DG blades. This suggests 

that TMEM1 08 may be completely absent from the subgranular zone stem cell niche. 

From this data we conclude that TMEM108 IS not expressed 1n the dentate gyrus stem 

cell population in adulthood and its effects on adult neurogenes1s, 1f any, must be cell

nonautonomous. 

The absence of f3-gal expression from the subgranular zone stem cells suggests 

that TMEM108 is primarily expressed in dentate gyrus granule cells. As previously 

mentioned, the dentate gyrus is a highly plastic structure generating neurons throughout 

the life of the ammal resulting in the presence of both mature and 1mmature neurons in 

the adult stage. Th1s led us to ask if f3-gal express1on was present 1n the immature or 

mature granule cell neuron. Immature granule cells transiently express polysialylated 

neural cell adhes1on molecule (PSA-NCAM) after generat1on (Sek1 and Ara1, 1993), 

whereas mature granule cell neurons are 1dent1fied by prospero-related homeobox gene 

(prox1) expression (Galeeva et al., 2007; Lavado and Oliver, 2007). f3-gal 

expression did not colocalize with PSA-NCAM but was coexpressed with prox1 in 

mature granule cell neurons of the adult dentate gyrus (F1gure 17a) This suggests that 

TMEM108 may part1c1pate cell autonomously 1n mature granule cell function or act on 

other DG cells 1n a non-cell autonomous manner 1n the adult animal. 

Smce TMEM108 is primanly expressed 1n mature dentate gyrus granule cells we 

sought to determine 1ts distribution 1n granule cell neurons m vivo Prev1ous reports 

suggest that TMEM1 08 IS expressed in neuronal axons and dendntes m vitro 
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F1gure 17 TMEM1 08 1s expressed in mature granule cells and 1s enriched 
m the dentate gyrus molecular layer. A {3-gal expression 1s absent from 
psa-ncam pos1t1ve 1mmature granule cells but coexpresses m prox 1 
pos1t1ve mature granule cells B. TMEM108 ant1body staining m adult 
dentate gyrus Scale bar-50J1m. 
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and 1n the hippocampus, cortex, cerebellum and dorsal root ganglion in vivo (Fu et al. , 

2011 ; Liu et al. , 2007) Us1ng an antibody generated aga1nst TMEM108 we performed 

immunofluorescence on adult wild-type and TMEM108 -/- m1ce. TMEM108 expression 

was highly pronounced in the dendritic and synaptic rich dentate gyrus molecular layer 

in the wild type, but not in TMEM108-/- mice confirming antibody specificity. The 

temporal and spatial enrichment of TMEM 108 expression to the dentate gyrus during 

periods of synaptic development and its restnct1on to mature granule cell neurons in 

adulthood led us to postulate that TMEM108 may play an important role in synapse 

maturation or plast1c1ty 

3.2 Loss of TMEM108 in vivo does not impair gross dentate gyrus development 

The dentate gyrus (DG) is a relatively late developmg bram structure with the DG 

scaffolding forms around postnatal week one. Follow1ng this event neural precursors 

originating from the medial cortical neuroepithelium settle between the hilus and granule 

cell layer creating the subgranular zone, from which the neurons of the dentate gyrus 

will be generated (Li et al. , 2009; Li and Pleasure, 2005) Dunng the first two weeks of 

postnatal life neurogenesis remains h1gh as granule cell neurons are born, migrate and 

mature As TMEM108 expression first appears 1n the DG around postnatal day 7 we 

asked 1f it m1ght play a role 1n the gross morphological development of the dentate 

gyrus To do th1s we used cresyl violet, wh1ch b1nds to negatively charged nucle1c acids 

allowing for Identification of cell nuclei. TMEM108 null m1ce d1d 

64 



A 

B 

Figure 18. Preserved gross hippocampal morphology and neuron number. A. Nissl 
staining of wild type and mutant mice. B. Unaltered mature neuron number in the DG. 
C. Quantification of B p>O. 05. 
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not reveal any gross morphological alterations compared with the1r w1ld type littermates 

suggesting that TMEM 108 is not critical for the migration or positioning of dentate gyrus 

granule cells during development (Figure 18a). 

Although the gross morphology of the DG m TMEM 108 null mice does not 

appear changed it is poss1ble that more subtle deficits in neuron number were present. 

To address this question we performed stereological counting to determine if the loss of 

TMEM1 08 may affect the total number of granule cells present in the granule cell layer. 

Using the neuronal marker NeuN (Mullen et al., 1992), we compared adult TMEM108 

null m1ce with wild type littermates and found neuron number was persevered in the 

adult dentate gyrus (F1gure 18b). This ind1cates that loss of TMEM1 08 throughout 

development and into adulthood does not result in generation or survival of DG neurons 

m the adult age. 

The dentate gyrus receives input from layers I IIIII of the entorhinal cortex by way 

of the perforant path (F1gure 1 ). Axon terminals from the lateral perforant path (LPP) 

project to the outer most portions of the dentate molecular layer and house vesicles 

containing the zinc transporter. Projections from the medial perforant path (MPP) send 

axons to the 1nner most port1on of the molecular layer and do not express the zinc 

transporter. Usmg the timm staining method, heavy metals were introduced to these 

projections and are deposited in cells conta1n1ng the zinc transporter and thus the LPP 

can be distinguished qualitatively from the MPP. To determine if loss of TMEM1 08 

during dentate gyrus development affects the formation of DG spec1fic 1nput we 

compared t1mm stamed senal sections from wild type and TMEM108-/- m1ce Loss of 

TMEM1 08 d1d not grossly affect perforant path projeCtions as LPP and MPP were 
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stratified to their appropriate layer and formed as expected (Figure 19a) suggesting 

TMEM108 is dispensable for targeting of perforant path axons 

In addition to excitatory input from the entorh1nal cortex the dentate gyrus 

rece1ves strong inhibitory input from GABA conta1mng hillar 1nterneurons (Scharfman 

and Myers, 2012) Hillar mossy cell bodies and projections can be labeled by 

immunostaimng with antibodies against calretinin. To 1nvest1gate whether deletion of 

TMEM108 in mice would alter the development hillar inhibitory input to the DG we used 

antibodies targeting calretinin to label inhibitory axons and calbindin to identify the 

dentate gyrus molecular layer (Walton et al., 2012) Quantification by optical density of 

calret1n1n labeled inhibitory projections demonstrated grossly 1ntact inhibitory input to the 

dentate gyrus (F1gure 19b,c). This data suggests that delet1on of TMEM1 08 throughout 

development has no effect on the formation of h1llar 1nh1b1tory projections to the dentate 

gyrus molecular layer. 

Dentate gyrus granule cells project specifically to the CA3 region of the 

hippocampus by way of the mossy fiber pathway. Previous reports suggest that 

TMEM1 08 is expressed in the axons of hippocampal neurons in vitro and dorsal root 

ganglion neurons m v1vo (Fu et al. , 2011 ; Liu et al., 2007) so we sought to investigate 

whether TMEM108 was important for dentate granule cell axons formation in v1vo. 

Mossy fiber axon terminals are highly enriched w1th z1nc transporters and are easily 

sta1ned us~ng the aforementioned timm sta1n1ng method Compared with wild type 

TMEM108 null mossy fiber projeCtions appear normal in both pos1t1on and depth of stain 

(Figure 19a). Th1s suggests that TMEM1 08 is not essential for the gross morphological 

development of DG granule cell axons in vivo 
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Figure 19 Preserved exc1tatory and mhtb1tory input to the OG with unaltered neuropil. A 
Ttmm stammg shows unaltered input from entorhinal cortex 8 Normal hillar inhibitory 
input and OG molecular layer formatton. C QuanttficattOn of calbindm and calretinin 
optical density p>O 05 0 Trace of golgt impregnated DG granule neurons. E. 
Quantification of (D) p>0.05. (LPP-Lateral perforant path, MPP-medial perforant path) 
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It has been reported that TMEM108 may regulate BDNF Induced dendritic 

outgrowth in cultured hippocampal neurons and that TMEM108 IS highly expressed in 

dendntlc nch reg1ons of the central nervous system (Fu et al . 2011 ). Indeed, TMEM1 08 

is enriched in the molecular layer of the dentate gyrus. which contains granule cell 

neuron dendrites (Figure 17b). Because of this we asked whether TMEM1 08 deletion in 

mice would affect dendritic outgrowth and arborization in vivo. Mature granule cell 

neurons strongly express calbindin, which can be used to label the dendritic field 

contained within the molecular layer of the dentate gyrus. Surprisingly, TMEM108 null 

m1ce did not show a deficient in calbindin optical dens1ty within the molecular layer 

suggesting normal gross morphological outgrowth of granule cell dendrites in vivo 

(F1gure 19b,c). To determine ifTMEM108 may regulate subtle alterations in dendritic 

arbonzat1on m VIVO we compared golg1 sta1ned adult littermates conta1mng an intact 

TMEM108 gene or with the TMEM108 null deletion Golg1 stained DG granule cell 

neurons were imaged and their dendritic trees were senally reconstructed using 

reconstruct software (Fiala, 2005). Total dendritic length was calculated from 

reconstructed dendritic trees from individual cells and we found no difference between 

wild type and mutant mice (Figure 19d, e). Th1s data suggests that TMEM108 is not 

essential for regulation of dendritic development of dentate gyrus granule cell neurons 

in VIVO 

3.3. Hypofunctional glutamatergic signaling in the dentate gyrus of TMEM108 null 
mice 
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Alterations in glutamate, dopamine and GABAergic neurotransmission appear to 

be core pathological features of schizophrenia (Lewis and Moghaddam, 2006; Snyder, 

1976; Uhlhaas and Singer, 201 0). Additional ev1dence from postmortem molecular 

stud1es indicates a selective reduction in glutamate transmission 1n the dentate gyrus 

and mossy fiber projections (Eastwood et al. , 1995, Kolomeets et al. , 2007; Law and 

Deakin, 2001 ; Tamminga et al., 2010). This model proposes a localized 

hypofunctionality of glutamate transmission, which is consistent with the finding of a 

hypoglutamatergic medial temporal reported in schizophrenia (Coyle, 2006; Javitt and 

Zukm, 1991 , Tamminga, 1998; Tamminga et al., 2010) Because ofth1s we sought to 

determme whether deletion of TMEM108 might affect glutamate transmission in the 

dentate gyrus 

To test whether TMEM108 null m1ce have an effect on neurotransmission shce 

preparations from post adolescent mice were used We initially asked whether the 

reversal potential of the AMPA or GABAa receptor channels was changed between 

TMEM108 knockout and wild type mice. This will determine the membrane potential at 

which net 1on flow through the membrane is zero for either excitatory or inhibitory 

currents. The reversal potential for AMPA or GABAa receptor channels was similar 

between w1ld type and mutant mice (Figure 20). This data 1nd1cates that the membrane 

properties between w1ld type and mutant an1mals are not altered 

S1nce it has been postulated that schizophrenics have selectively decreased 

glutamaterg1c act1v1ty in the medial temporal lobe we asked whether spontaneous 

exc1tatory postsynaptic current (sEPSC) was altered 1n the dentate gyrus of TMEM 108 
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Figure 20. No change in excitatory or inhibitory reversal potential between wild type and 
mutant mice. A Representative traces of eEPSCs at various holding potentials (-20, -
10, 0, 10 and 20 mV) in OG granular neurons. B. Current-voltage plot of eEPSC 
amplitudes. C. Quantitative analysis of reversal potenttals of eEPSCs (n = 6 neurons, 3 
WT mice; n = 6 neurons, 3 TMEM108-I- mice; t test, t = 0.29, P > 0.05). D. 
Representative traces of eiPSCs at various holdmg potenttals (-80, -70, -60, -50, -40 
and -30 mV) in DG granular neurons. E Current-voltage plot of eiPSC amplitudes. F. 
Quantttattve analysis of reversal potenttals of eiPSCs (n = 5 neurons, 3 WT mice; n = 6 
neurons, 3 TMEM108-I- mtce, t test, t = 0.41, P > 0 05) 
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mice. To do this brain slices from postnatal day 43 (P43) mice were obtained and we 

employed a protocol devoid of pharmacological inhibitors so both excitatory and 

inhibitory transmission could be recorded within the same cell. Holding the cell at the 

inhibitory reversal potential and allowing the circuit to fire spontaneously achieved 

ISolation of spontaneous excitatory postsynpatic current. Dentate gyrus granule cell 

sEPSC charge transfer was reduced in TMEM1 08-/- mice compared to wild type 

littermates (Figure 21a,b). This suggests that loss of TMEM108 appears to be 

detrimental to glutamatergic activity in the dentate gyrus. 

Excitatory transmission is altered in TMEM108 mice so we asked ifTMEM108's 

effect was specific to glutamatergic transmission or if it also led to Impaired GABA 

transmission Us1ng the same neurons as before we recorded spontaneous inhibitory 

currents (siPSC) and found no difference in siPSCs between wild type and mutant 

animals (Figure 21 a,d) As a result the ratio of EPSC/IPSC charge transfer was lower in 

TMEM1 08 null mice suggesting a specific reduction in excitatory transmission in the 

dentate gyrus circuit (Figure 21d). 

The spontaneous glutamatergic activity is lowered in mice lacking TMEM108 so 

we asked whether glutamatergic hypfunctionality persisted when input was given to the 

c1rcu1t. To test th1s we used slice preparations from 5-6 week old mice and stimulated 

perforant path fibers extending from the entorhinal cortex (EC) Stimulation of EC fibers 

While block1ng 1nhib1tory transmission produced evoked excitatory 
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Figure 21. Decreased excitatory but not inhibitory synaptic strength in TMEM108-I
mice. A. Representative traces of spontaneous EPSC and IPSC recorded in DG 
granular neurons at reversal potentials of GABAA receptor-mediated (--70 mV) and 
glutamate receptor-mediated (--5 mV) currents, respectively. B. Quantitative analysis of 
spontaneous EPSC charge (n = 19 neurons, 4 WT mtce; n = 18 neurons, 4 TMEM108-I
mice; t test, t = 2 17, P < 0. 05. C. Quantitative analysts of charge of spontaneous IPSCs 
(n = 19 neurons, 4 WT mice; n = 18 neurons, 4 TMEM108-/- mtce, t test, t = 0.25, P > 
0.05 D Rattos of charge of EPSCs to charge of IPSCs (n = 19 neurons, 4 WT mice; n = 
18 neurons, 4 TMEM108-I- mice; t test, t = 2 16, P < 0 05) 
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Figure 22. Reduced eESPC amplitude m TMEM108 m1ce A Input/output relationship of 
evoked EPSC to mcreased stimulus intensity (n = 20 neurons, 5 WT mice, n = 20 neurons, 
5 TMEM108-I- mice, Two-way ANOVA, F(1,423) = 46.35; P < 0 01). 8.) Input/output 
relationship of evoked IPSC to increasd stimulus mtens!ly (n = 20 neurons, 5 WT mice; n = 
19 neurons, 5 TMEM108-/- mice; Two-way ANOVA, F(1 ,411) = 2.19; P > 0.05). 
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postsynaptic currents (eEPSCs) and revealed reduced excitability 1n TMEM108 null 

mice (Figure 22a) In contrast. stimulation of inhibitory fibers showed evoked inhibitory 

transm1ss1on was preserved in mutant mice (Figure 22b) Th1s data suggest that loss of 

TMEM 108 in vivo produces a hypoglutamaterg1c state in the dentate gyrus under basal 

and in response to stimulation. 

Specific deficiencies in DG glutamatergic c1rcuit activities can be caused by a 

diverse array of alterations including perturbations in the pre or postsynaptic 

compartments. Measuring miniature excitatory postsynaptic currents (mESPC) 

Circumvents circuit deficiencies as neuronal act1vity is blocked allow1ng for tightly 

controlled 1nvest1gation 1nto smgle cell pre and postsynaptic propert1es. To test if the pre 

or postsynaptic component is altered we recorded mEPSC and miniature inhibitory 

postsynaptiC currents (miPSC) in wild type and mutant animals at P43 The mEPSC 

amplitude was significantly lower in mutants while the frequency showed a strong but 

non-significant downward trend (Figure 23a-c). As frequency largely reflects the release 

of neurotransmitter from the presynaptic compartment and amplitude is indicative of the 

postsynaptic response we concluded that a decrease in mEPSC amplitude might be 

due to deficits in the postsynaptic component. Complimentary to previous findings we 

found no deficit in miPSC amplitude or frequency between w1ld type and TMEM108 null 

m1ce prov1d1ng further evidence for select1ve Impairment of the glutamatergic system in 

the dentate gyrus (F1gure 23d-f). 

Excitatory neurotransmission 1s dependent on properly functioning AMPA and 

NMDA receptors AMPA receptors are 1onotrop1c transmembrane glutamate receptors 

that funct1on 1n synaptic plasticity and med1ate fast synaptic transm1ss1on 
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Figure 23. Decreased mEPSC amplitude in TMEM1 08 mutant mice. A. Representative 
traces of miniature EPSC recorded in DG granular neurons m the presence of BMI and 
TTX. B. Quantitative analysis of miniature EPSC amplitude (n = 25 neurons, 5 WT 
mice; n = 25 neurons, 5 TMEM108-/- mice; t test, t = 3.42, P < 0.05. C. Quantitative 
analysis of mmiature EPSC frequency (n = 25 neurons, 5 WT mice; n = 25 neurons, 5 
TMEM108-I- mice; t test, t = 1.06, P > 0.05. D Representative traces of miniature IPSC 
recorded in DG granular neurons in the presence of CNQX, AP-5 and TTX. E. 
Quantitative analys1s of amplitude of mmiature IPSCs (n = 14 neurons, 3 WT mice; n = 
15 neurons, 3 TMEM1 08-1- mice; t test t = 0 13, P > 0 05 F.) Quantitative analysis of 
frequency of mm1ature IPSCs (n = 14 neurons, 3 WT m1ce, n = 15 neurons, 3 
TMEM108-I- m1ce, t test, t = 0.57, P > 0.05. 
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(Traynelis et al., 201 0). NMDA receptors are also ionotropic transmembrane receptors 

of glutamate. Act1vat1on of NMDA receptors is both ligand gated and voltage-dependent. 

Proper NMDA receptor function is also crit1cal to synaptic plasticity and glutamatergic 

transmission. To determine whether AMPA or NMDA receptor dysfunction may 

contribute to alterations in glutamatergic transmission we compared the AMPNNMDA 

ratio. The ratio between AMPA and NMDA receptor mediated current acts as a measure 

of postsynaptic strength. Whole cell recordings from dentate granule cells showed a 

decrease in the fast-mediated AMPA receptor dependent current while the NMDA 

receptor mediated current was unchanged in TMEM108-/- mice (Figure 24a). The 

AMPNNMDA rat1o was lower in mutant mice when compared with wild type suggesting 

an AMPA receptor specific deficit (Figure 24b). Th1s data suggests that the 

hypofunct1onal glutamate signaling in the dentate gyrus may be a result of reduced 

postsynaptic strength due to alterations in AMPA mediated currents. 

3.4. TMEM1 08-/- mice have altered synaptic development in the dentate gyrus 

It is evident that loss of TMEM1 08 regulates synaptic strength and circuit activity 

in the dentate gyrus by altering the postsynaptic compartment As previously 

ment1oned, TMEM1 08 IS most highly expressed in the dentate gyrus during 

adolescence and into adult, which is a penod of cntlcal for the elimination and 

stabilization of excitatory synapses (Selemon, 2013). Because of th1s and the reduction 

in excitatory transmission in the DG we postulated that TMEM108 might negatively 

regulate synapse elimination. If this were true we would expect to see a decrease in 
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Figure 24 Decreased AMPA to NMDA ratio m DG granular neurons in TMEM108-/- mice. 
A. Representative traces of EPSCs evoked by the stimulation of med1al perforated pathway 
at holding potentials of -70 mV and +50 mV respectively 8 Quantitative analysis of AMPA 
to NMDA receptor rat1o. The ratio was calculated by dividmg the amplitude of AM PAR 
component measured at -70 mV by the amplitude of NMDAR component measured 50 ms 
after the peak at +50 mV. (n = 10 neurons, 3 WT mice; n = 12 neurons, 3 TMEM108-/
mice; t test, t = 2. 16, P < 0. 05. 
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the total number of excitatory synapses in the adult animal To test this golgi staining 

was performed on two month old wild type and TMEM108-/- mice. Surprisingly, there 

was no deficit in the number of excitatory spines on dentate gyrus granule cell neurons 

(Figure 25a,b). However, we did observe a statistically Significant alteration in the type 

of spine present on DG granule cell . There are five priniciple spine subtypes that exist in 

the central nervous system: filopodia, stubby, thin, mushroom and double (branched). 

Interestingly, TMEM1 08 null mice showed an increase in the number of immature 

filopodia synapses with a concomitant decrease in mature mushroom and stubby spines 

(Figure 25c). This data suggests that TMEM108 may plan an important role in the 

maturation of sp1nes that co-occurs w1th the ehmmat1on of synpases dunng 

adlolescence and mto adulthood. 

3.5. Behavioral analysis of TMEM1 08-/- mice 

TMEM1 08 appears to be important 1n the maturation of synapses in the dentate 

gyrus so we asked if impaired synaptic maturation in the DG had an effect on behaviors 

relevant to this structure. The dentate gyrus has been reported to be important for 

pattern separation, spatial working memory, anx1ety, contextual learning, exploratory 

drive and med1ates the effects of antidepressant drugs (Khe1rbek et al. , 2013, Morns et 

al. , 2012, Nakash1ba et al., 2012; Santarelli et al , 2003). Decreases m dorsal granule 

cell activity in the DG by optogenetics led to Increased exploratory behav1or when 

exposed to a novel env1ronment (Khe1rbek et al. , 2013). S1nce loss of TMEM1 08 in mice 
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reduces GC excitatory transmission we asked whether TMEM108 mutants would have 

increased exploratory behavior in a novel environment. Surprisingly, we found no 

difference in exploration of a novel open field environment between TMEM 108-/- and 

wild-type mice (Figure 26a-c). However, mice lacking TMEM108 showed a trend 

towards avoiding the center of the open field suggesting a potential increase in anxiety 

in these mice (Figure 26d) . Interestingly, it was recently reported that selective elevation 

of activity in ventral DG granule cells using optogenetics suppressed innate anxiety 

behaviors in mice (Kheirbek et al. , 2013). 

As TMEM1 08 null mice have reduced excitatory transmission in the DG we 

asked if th1s would result in mcreased innate anxiety. To test th1s we employed the 

elevated plus maze task, which takes advantage of the rodents natural tendency to 

prefer closed spaces over open spaces (Waif and Frye, 2007). It 1s believed that 

preference for the closed arms over the open arms reflects Increased anxiety in the 

animal. To test if loss ofTMEM108 in mice would alter anxiety-like behaviors in mice we 

projected that mutants would prefer the closed arms to the open arm as DG electrical 

activity may regulate this behavior. To the contrary, TMEM108 null m1ce spent a similar 

amount of time m the closed arm as wild type mice and did not show anxiety-like 

behav1ors (Figure 27a,b). This indicates that TMEM108 1s not required for exploratory 

dnve and 1nnate anx1ety 1n mice. 
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Figure 26. TMEM1 08 null mice have normal activity in response to a novel environment. 
A.) Schematic of an open field box. Center of box is outlined in red. B.) Total distance 
traveled p=0.97. C) Total distance traveled as a function oft1me p=0.94. D.) Time spent 
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4. DISCUSSION 

We have found that TMEM108 is expressed throughout the central nervous 

system during postnatal development and is highly ennched in the dentate gyrus during 

adolescence and adulthood. This was particularly 1nterest1ng as TMEM108 peak 

expression in the dentate gyrus correlates with the age of schizophrenia onset in 

humans. Within the adult dentate gyrus TMEM108 expression was confined to mature 

granule cell neurons and was largely absent from both quiescent and actively dividing 

stem cells. From this we concluded that TMEM1 08 does not function cell autonomously 

in the OG stem cell pool. However, we cannot exclude the possibility that TMEM108 

m1ght affect e1ther stem cell proliferation or differentiation 1n a cell non-autonomous 

manner. It 1s Important to note that in adult TMEM1 08-/- mice no difference was 

observed 1n the total number of mature neurons present in the granule cell layer. This 

suggests that during the first month of development when neurogenes1s remains robust 

that loss of TMEM1 08 does not have a significant effect. However, this experiment is 

not sufficiently sensitive to detect subtler changes in neurogenesis that may occur in the 

adult animal. It would be interesting to further pursue the notion that TMEM 108 affects 

dentate gyrus neurogenesis as it has been reported that neural stem cell proliferation is 

decreased 1n the hippocampus of sch1zophren1cs (Re1f et al , 2006). Further studies 

should examine whether TMEM108 affects the proliferation or differentiation of 

subgranular zone stem cells into glial cells or neurons It's also possible that TMEM 108 

could play a role in either the survival or maturation of adult born neurons. 

In vivo TMEM108 expression strongly localized to the dendritic and synaptic rich 

molecular layer of the DG. This complimented prev1ous findings that TMEM108 was 
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highly expressed in other dendritic dense regions of the central nervous system (Fu et 

al., 2011 ). Loss of TMEM1 08 in vivo did not affect the gross structure of the dentate 

gyrus granule cell layer, its axonal inputs from the entorh~nal cortex or DG mossy fiber 

outputs to CA3. This data indicates that TMEM108 is not necessary for gross 

development of the EC to DG circuit. Indeed, EC axon projects were appropriately 

organized. Similarly, the mossy fiber axons from the dentate gyrus to the CA3 region did 

not appear different from wild type littermates. This suggests that TMEM1 08 is 

dispensable from axon outgrowth and targeting m vivo. Previous reports suggested that 

TMEM108 regulates BDNF induced dendritic outgrowth in hippocampal neurons in vitro 

(Fu et al 2011) Contrary to this we did not find a deficit in granule cell dendritic 

morphology m v1vo These conflicting results m1ght be due to the experimental methods 

used by the 1nvest1gators. Earlier queries into TMEM1 08 funct1on utilized embryonically 

derived hippocampal neurons. Since the DG primarily develops after birth the majority 

of the cells in embryonic cultures are likely hippocampal pyramidal cells originating from 

the CA1-CA3 subfields. TMEM108 expression was undectable in the CA1 for the 

majority of time points investigated. However, expression in the CA3 was detected in 

postnatal animals. We conclude that TMEM108 is dispensable for proper dendritic 

outgrowth of dentate gyrus granule cells in vivo but cannot exclude it may function in 

this manner in other bra1n reg1ons. 

TMEM1 08 null m1ce had specific deficits 1n dentate gyrus glutamatergic activity 

Without alterations 1n GABAerg1c transm1ss1on Th1s suggests a d1st1nct role for 

TMEM108 in exc1tatory synapse development or funct1on. It has been reported that 

schizophremcs have decreased medial temporal lobe activ1ty and reduced 
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glutamatergic transmission in the DG (Tamminga et al. , 2010) Synaptic proteins 

indicative of excitatory synaptic transmission mcluding NMDA receptors and 

synaptophys1n are reduced m schizophrenics add1ng we1ght to the notion of altered 

glutamate s1gnaling (Beneyto et al., 2007; Eastwood and Harrison, 1995). However, we 

did not observe a deficit in NMDA receptor mediated currents in mutant animals 

suggesting that TMEM108 does not mimic the NMDA receptor deficits reported in 

patients. Whether or not TMEM108 mutant mice have alterations in synaptic markers 

analogous to patients awaits examination. 

Deletion of TMEM1 08 in mice affected the amplitude but not frequency of 

excitatory currents in the DG suggesting a specific deficiency m the postsynaptic 

compartment Reductions in postsynaptic spines has been reported in the cortex of 

sch1zophremc pat1ents and as previously mentioned there are decreased excitatory 

synaptic markers in the DG (Garey et al. , 1998; Glantz and Lewis, 2000). From this we 

postulated that the density of excitatory synapses might be decreased in mutant 

animals. Surprisingly, TMEM108 did not have a deficit in the density of excitatory 

synapses in the DG molecular layer but a decrease in the number of mature mushroom 

body and stubby synapses with a complimentary increase in the number of immature 

filopodia protrusions was observed. This suggested that TMEM108 might be 

responsible for the structural and functional maturation of DG excitatory synapses in 

VIVO 

F1lopod1a are thought to be important for the formation of new synapses. These 

structures are typically electrically inactive and are morphologically long, thin and 

headless. They often lack postsynaptic dens1ty prote1ns and contribute minimally to the 
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synaptic composition 1n the adult brain except during periods of plasticity or 

regeneration. Mushroom spines have larger postsynaptic densities and a greater 

surface area for the accumulation of AMPA receptors These structural and molecular 

properties result 1n stronger more stable synapse (Bourne and Harris, 2007; Ganeshina 

et al., 2004; Matsuzaki et al. , 2001). Moreover, in developing granule cells excitatory 

currents are exclusively NMDA receptor mediated while AMPA receptor currents arise 

with increased maturation. This coincides with the upregulation of AMPA receptor 

subunits GluR1 and GluR2 during granule cell development (Hagihara et al., 2011 ). 

During the maturation process the AMPA to NMDA ratio Increases and in mature cells 

the AMPA current predominates (Hagihara et al. , 2011 ; Liu et al. , 1996; Ye et al. , 2000; 

Ye et al , 2005b). TMEM108 mutant ammals had a reduced AMPA/NMDA ratio 

suggesting failed maturation of granule cell synapses. Th1s IS intrigUing since it has 

been reported that GluR1 and GluR2 mRNA is decreased 1n the medial temporal lobe of 

schizophrenic patients (Eastwood et al., 1995). Because of th1s we postulate that 

TMEM1 08 might regulate either the structural or functional maturation of the synapse. 

Structurally, it may regulate RhoGTPases, postsynaptic density proteins or the actin 

cytoskeleton to drive maturation. Functionally, it may be critical for AMPA receptor 

subunit expression or trafficking allowing for synaptic maturation to complete. In the 

future 1t w111 be Important to determine 1f TMEM108 primarily regulates the structural or 

funct1on development of the synapse. 

Although TMEM1 08 deletion in vivo leads to decreased excitatory transmission in 

the dentate gyrus we were unable to uncover any s1gn1ficant deficits in dentate gyrus 

relevant behaviors, as alterations in exploratory behav1or and anxiety were absent. It is 
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possible that the chosen tasks were not sufficiently sensitive to uncover deficits in these 

behaviors Alternatively, TMEM108 may regulate cognit1ve behav1ors such as working 

or long-term memory, both of which are strongly regulated by the dentate gyrus. It will 

be critical to test whether TMEM1 08 functions in long-term memory by performing 

morris water maze test on mutant animals. Additionally, it would be interesting to 

determine if synaptic dysfunction in TMEM108 null mice alters eight-arm radial maze 

performance. Working memory deficits have been observed in schizophrenia and the 

dentate gyrus is known to be critical for proper spatial working memory (Friedman and 

Goldman-Rakic, 1988). 

Although TMEM108 null mice have certain deficits remimscent of perturbations in 

schizophrenia whether or not this mouse line will serve as a sufficient model remains 

unclear. Construct validity is warranted at least 1n part as an SNP 1n the TMEM1 08 gene 

associates with the schizophrenic population. However, this study was performed on a 

population origmating in the United Kingdom and reports from studies in other countries 

or races 1s lacking. This may limit the general relevance of this mutation to a specific 

population of patients. Further work should be done to investigate the effect of this 

mutation in patients. The SNP occurs within an intronic region of the TMEM108 gene 

and 1ts effect on protein function or gene expression is unknown. Whether or not 

TMEM108 protein levels are altered in patients awaits discovery Interestingly, 

TMEM108 express1on strongly correlates with the onset of the core behavioral features 

of the disorder Th1s suggests developmental events dunng late adolescence may 

contribute significantly to schizophrenia and these changes m1ght be mediated by 

TMEM108. As mentioned. TMEM108 mice show hypofunctionality in glutamatergic 
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signaling in the DG, which provides a measure of face validity in regards as similar 

findings have been reported in patients. In contrast, TMEM108 null mice do not show 

hyperactive behavior in response to a novel environment, which is believed to represent 

the positive symptoms of schizophrenia It is likely that this genetic model like others 

preceding it will replicate some but not all of the core behavioral features of the disorder 

Furthermore, thorough evaluation of face and predictive validity for this model has not 

been performed and this mouse line should be approached with cautious optimism until 

exhaustive evaluation has been completed. Currently it is unknown if TMEM1 08 has 

deficits in the negat1ve or cognitive symptoms relevant to schizophrenia and this should 

be explored in depth. Yet, this project suggests that TMEM108 1s Important for 

maturation of excitatory transmission in the brain and provides further evidence for 

reduced glutamatergic signaling as a valid hypothesis for the underlying cause of 

schizophrenia 

5. SUMMARY 

We report that TMEM108 mRNA is highly enriched in the brain during postnatal 

development. Within the bra1n TMEM108 promoter activity could be detected in a 

d1verse brain reg1ons but was h1ghly enriched in the dentate gyrus. In the dentate gyrus 

TMEM 108 promoter activity was temporally regulated with no activity detected at birth. 

Expression was first observed at postnatal day seven and strongly increases until 

postnatal day thirty In the adult animal TMEM108 promoter activity was pnmarily 

confined to the dentate gyrus. Further regulation of TMEM108 express1on was observed 

W1th1n the dentate gyrus as P-gal activity localized to mature granule cell neurons. Using 
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antibodies against TMEM1 08 protein levels were detected in the synaptic and dendritic 

rich DG molecular layer. 

Investigation of TMEM1 08 function in vtvo was performed using TMEM1 08 null 

mice. Gross brain morphology was normal in mutants and there was no change in 

mature dentate gyrus neuron number in adults. Moreover, axonal input from the 

entorhinal cortex and mossy fiber output to the CA3 was indistinguishable between wild 

type and mutant animals. The dentate gyrus receives strong inhibitory input from hillar 

mossy cells and these projections were not grossly altered in TMEM108-/- mice. 

Although previous reports indicate TMEM1 08 is important for dendritogenesis we were 

unable to find a deficit in OG granule cell dendritic arbors. 

TMEM1 08 appears to be important for excitatory synaptic transmission in the 

dentate gyrus. Spontaneous excitatory circuit activity was reduced in mutants while 

inhibitory synaptic transmission remained unchanged Similarly, evoked excitatory 

currents were decreased while evoked inhibitory currents were unaltered. Isolation of 

miniature currents indicated decreased excitatory current amplitude without significant 

change in frequency suggesting a deficit 1n the postsynaptic compartment. This 

impairment was specific to mEPSCs as miPSCs were unchanged consistent with 

prev1ous results. The deficit in excitatory transm1ss1on may be due to deficits in AMPA 

receptors as AMPA receptor mediated currents were reduced Without change in NMDA 

currents 

To determine how loss of TMEM108 might cause reduced glutamatergic activity 

we performed golg1 sta1mng to mvest1gate if excitatory synapse number was altered. We 

did not find a deficiency in the density of excitatory synapses but found a reduction in 
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the number of mature mushroom and stubby spines w1th an 1ncrease in immature 

filopodia synapses. 

We sought to determine the consequence ofTMEM108 knockout on behaviors 

relevant to the dentate gyrus. There was no change in activity 1n response to a novel 

environment in mutant animals. A strong but non-significant trend towards avoidance of 

the center region was observed. Yet, innate anxiety was not changed as exploration of 

the elevated plus maze open arm was similar between wild type and TMEM108 null 

mice. 
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