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ABSTRACT 

Aberrant assembly and function of a hippocampal circuit in a genetic mouse model of schizophrenia 

Heather Marie McKellar 

 

Schizophrenia is highly heritable yet very few genetic risk variants have been unequivocally linked to the 

disease. Disrupted in Schizophrenia 1 (DISC1), was first discovered in a family with a balanced 

translocation t(1;11)(q42;q14) and a history of psychiatric disease that segregates with the translocation. 

We created the Disc1Tm1Kara mice, an etiologically valid genetic mouse model which mimics the effect of 

the human translocation. Disc1 is highly expressed in the dentate gyrus of the hippocampus of adult 

mice, a region that is important for learning and memory. Disc1Tm1Kara mutant mice have specific deficits in 

spatial working memory, a process that requires the interconnectivity of the hippocampus and prefrontal 

cortex.  Electrophysiological recordings in the dentate gyrus region find deficits in short term plasticity and 

decreases in the excitability of mature granule cells. Moreover, the dentate gyrus is one of two regions in 

the brain where adult neurogenesis occurs and this process is believed to be important for encoding new 

memories. Disc1Tm1Kara mutant mice have a 20% reduction in neurogenesis and alterations in the 

architecture of the dendrites and mossy fiber axonal projections of the granule cells in the dentate gyrus 

of both early postnatal and adult mice. Biochemical evidence suggests a link between Disc1 and the 

phosphodiesterase, PDE4B, which is important for the degradation of cAMP. Disc1Tm1Kara mutant mice 

also have decreases in levels of many isoforms of PDE4 as well as increases in cAMP and its 

downstream target pCREB. Finally, Nrp1 and Sema3A, guidance cues that are regulated by cAMP, are 

altered in the Disc1Tm1Kara mutant mice. Overall, this mouse is a valuable model of a known genetic 

variant of schizophrenia susceptibility and adds to our understanding of the pathology of the disease. 

Abnormalities of the structure, organization, and synaptic plasticity of granule cells of the dentate gyrus 

are likely caused by the changes in intracellular signaling and contribute to the alterations in connectivity 

within the trisynaptic circuit and the behavioral deficits of the Disc1Tm1Kara mutant mouse.  
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Chapter I 

Of Mice and Men: Designing Mouse Models of 

Psychiatric Disease 

1.1 Schizophrenia 

Schizophrenia is a debilitating mental disorder that affects nearly 1% of the world’s population. 

Onset of behavioral symptoms occurs in the late teens and early twenties for most patients. These are 

defined as positive symptoms (hallucinations, delusions, disordered thoughts and behaviors), negative 

symptoms (flattened affect, asociality, avolition) and cognitive deficits (impaired working memory and 

executive function). There are also structural brain abnormalities which have been identified in patients 

who suffer from schizophrenia, such as enlargement of the ventricles and a reduction in cortical gray 

matter (Tandon et al., 2008). However, schizophrenia is a heterogeneous disease without a single 

defining symptom or consistent diagnostic biological marker. Pharmacological interventions have limited 

effectiveness in the treatment of negative symptoms and cognitive deficits.   This poor response to 

pharmaceutical therapy is further complicated by the wide array of side effects associated with 

antipsychotics and the need for a chronic course of treatment (Webber and Marder, 2008). Results from 

twin and family studies show that schizophrenia has a high degree of heritability -around 80% (Sullivan et 

al., 2003). However, identical twins are only about 50% concordant for the disease suggesting that 

epigenetic, environmental, and stochastic factors very likely play a substantial role.  

1.1.1 The genetic architecture of schizophrenia 

Two principle theories have been proposed to explain the genetic etiology of the disorder. The 

common disease/common allele (CDCA) hypothesis (Pritchard and Cox, 2002) purports that the presence 

of common mutations with low penetrance in many genes acting in concert leads to the disease. 

Conversely, the common disease/rare allele (CDRA) hypothesis assumes an association with rare, but 

highly penetrant mutations that increase vulnerability for the disease (Cirulli and Goldstein, 2010). 
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Evidence suggests that with schizophrenia, as with many other diseases, these scenarios are not 

mutually exclusive and that both common and rare mutations are likely involved in the etiology of the 

disease.  To search for these genetic risk variants, linkage and association studies have been commonly 

used.  Family-based studies have led to the detection of some chromosomal regions linked to 

schizophrenia (Tiwari et al., 2010).  One limitation of these studies is that the recruitment of enough 

families with multiple affected individuals is difficult and so the populations studied are normally small. 

However, the use of a family-based model instead of population based sample does reduce the genomic 

heterogeneity and enriches for transmitted causal factors thus allowing for the detection of both rare and 

common alleles.  On the other hand, association studies which have been used to study the common 

disease/common allele hypothesis need to have a large population sizes and an a priori knowledge of 

either functional or positional evidence of the gene or genes in question (Tiwari et al., 2010). 

Genetic association studies provide a powerful approach for identifying risk genes in feasible 

sample sizes. These studies are based primarily on the CDCA hypothesis and typically examine if 

common genetic variants are associated with a certain trait or disorder (Allen et al., 2008). The simplest 

design compares the frequencies of genetic variants between groups of non-related cases and controls. 

Candidate genes in this type of study are typically identified based on a priori evidence, by focusing on 

candidates derived from neurobiological hypotheses (functional candidate genes) or by attempting to 

identify positional candidate genes either through systematic follow-up of linkage signals or based on 

possible biological functions (Gogos and Gerber, 2006). More recently, genome-wide association studies 

(GWAS) have allowed for an unbiased investigation of polymorphisms throughout the entire genome 

(Owen et al., 2010). GWAS have opened a window into the biology of common complex diseases and 

yielded several genes of small effect showing strong association with a number of complex diseases or 

traits (McCarthy et al., 2008). Results from GWAS in schizophrenia have been promising but remain 

controversial (McClellan and King, 2010). Moreover, support for all previously identified top candidate 

genes has not been found in such agnostic GWAS (Sanders et al., 2008a). Genetic association studies 

have had only limited success so far in identifying common variants of small effect in an unequivocal 

manner; even though they almost certainly contribute to the genetic risk of psychiatric disorders. This is 

likely due to the complexity of the brain as well as a number of technical confounds that limit the power of 
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such assays. In that respect, it is worth noting that the Schizophrenia Research Forum (szgene.org) 

(Allen et al., 2008) lists 1008 susceptibility genes and 8788 polymorphisms as genetic risk loci identified 

primarily by candidate genetic association studies. Many of these are considered strong susceptibility 

genes, but none have definite support.  

Although large GWAS data sets were initially collected to test the CDCA hypothesis, they have 

also been used to determine the prevalence of large structural variations such as chromosomal 

microdeletions and microduplications (named copy number variations or CNVs) in the genome.   

Evidence emerging from this analysis of GWAS data has demonstrated the importance of rare large-

effect variants in the genetic etiology of the disease in both familial and sporadic cases (Tiwari et al., 

2010). Specifically, several studies found an enrichment of CNVs in patients with schizophrenia (Xu et al., 

2008; 2008; Walsh et al., 2008; Stefansson et al., 2008), providing strong empirical evidence supporting 

the contribution of multiple rare genetic variants to the genetic risk of the disease. Notably, several rare 

variants with large effects on the development of schizophrenia have been known for a long time. In 

particular, the association between recurrent 22q11.2 microdeletions and schizophrenia (Karayiorgou et 

al., 1995) highlighted the role that rare and highly penetrant mutations play in the disease risk and 

represented a shift in our understanding of the genetic architecture of schizophrenia. This view is further 

strengthened by the recent identification of a widespread role of CNVs in determining susceptibility to 

schizophrenia as well as other psychiatric and neurodevelopmental disorders (Stankiewicz and Lupski, 

2010).  

A number of bioinformatics approaches have been employed to test whether the various genes 

identified via GWAS or disrupted by CNVs converge to a relatively small number of affected genetic 

pathways (Xu et al., 2008; Glessner et al., 2010; O'Dushlaine et al., 2011; Walsh et al., 2008). Suggestive 

evidence has been provided for processes ranging from neurodevelopment, neurotransmission, and cell 

adhesion, to RNA processing. At this point, however, it remains unclear whether functional convergence 

should be expected at the level of genes and genetic pathways or at the level of synapses and neural 

circuits affected by the schizophrenia susceptibility genes. Importantly, this will influence interpretation of 

findings emerging from investigation of existing mouse lines. 
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1.2 Genetic mouse models of schizophrenia 

Mouse models of schizophrenia can never fully recapitulate the entire spectrum of behavioral 

abnormalities seen in humans with the disease.  Hallmarks of schizophrenia such as hallucinations and 

delusions are distinctly “human” irregularities and thus cannot be convincingly observed in a mouse 

model. Therefore it is necessary to take a more limited approach to examine those endophenotypes with 

behavioral, structural, or other disease-related correlates which exist in both mice and humans (Arguello 

and Gogos, 2006, Arguello et al., 2010, Nestler and Hyman, 2010). Due to both the confound of drug 

treatment in human schizophrenic patients, and the genetic and phenotypic heterogeneity of the disease, 

mouse models offer benefits that often outweigh their limitations.  Furthermore, human studies are usually 

done in high-risk prodromal subjects or patients with schizophrenia or schizophrenia-spectrum disorders, 

therefore limiting the timeframe which can be studied.  While there are some populations with increased 

genetic risk for developing schizophrenia, in general it is extremely difficult to conduct long-term studies of 

children to assess the neurodevelopmental risk for developing the disease.  Mouse models can be used 

to efficiently examine neurodevelopment along with the function and structure of the more mature brain.  

Nonetheless, evolutionary divergence, a lack of neuropathological markers of schizophrenia, and genetic 

and phenotypic heterogeneity bring into question the validity of animal models and make it critical to 

design a mouse based on valid human genetic data.  

1.2.1 Genetic models based on common alleles 

As described above, two types of hypotheses have been used to describe schizophrenia 

susceptibility genes.  The CDCA hypothesis suggests that the most important factor in the 

pathophysiology of schizophrenia is the accumulation of common alleles of small effect.  While they are 

thought to contribute a significant amount of the risk for the disease, they are much more difficult to model 

in mice.  Few described variants, if any, present a defined alteration in protein structure (Rebbeck et al., 

2004).  Thus, many common alleles may not represent the actual risk, but could serve as stand-ins for 

true risk variants within the gene or other nearby genes (Newton-Cheh and Hirschhorn, 2005).  Moreover, 

since the structure and sequence of most genes is not fully conserved across species, modeling common 

variants is particularly difficult.  This is especially true in the case of single nucleotide polymorphisms 

(SNPs).  Thus, manipulations which knock out genes create constitutively active alleles, or dominant 
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negative variants have been used to assess the role of candidate genes in neural and behavioral assays.  

These models lead to a better understanding of the function of these candidate genes.  However, it is 

important to note that these alterations may not result in the same effects as those of the more subtle true 

risk variants.  To borrow an example from genetic models of other psychiatric diseases, Tabuchi et al. 

(2007) designed a model of autism that used a knock-in approach to introduce a point mutation that had 

been found in human patients into the mouse orthologue of neuroligin-3. This mouse had behavioral 

deficits that are considered correlates of autistic behaviors and an accompanying increase in inhibitory 

synaptic transmission.  Interestingly, a complete knockout of the gene does not result in such behavioral 

or functional abnormalities. However, in the case of depression models which alter BDNF, the knock-in 

Val66Met point mutant and the heterozygous knockout mouse have similar behavioral and cellular 

alterations (Chen et al., 2006, Cao et al., 2007). These two cases point to the fact that it is important to 

carefully consider the affect of each risk allele when creating mouse models of complex psychiatric 

diseases such as schizophrenia, autism, and depression. 

1.2.2 Genetic models based on rare alleles 

The rare alleles that have been found to support the CDRA hypothesis are more accessible to 

model because they often affect the gene and protein in a defined way, as with gain or loss of function 

variants. For example, the 22q11 deletion confers a 30 times increased risk for development of 

schizophrenia.  The 1.5kb deletion region, which is sufficient to cause this increased risk, is found in a 

syntenic region on chromosome 16 in mice.  Deletion of this region in mice has led to the production of 

very valuable models for studying the cellular, molecular, and neural pathways underlying the pathology 

of schizophrenia.  Moreover, mutants with deletion of a single gene from this region are useful for fully 

dissecting the contribution of each gene to the endophenotypes of the disease (Drew et al., 2010).  The 

advancement of schizophrenia genetics, with the advent of GWAS and CNV studies, has led to the 

discovery of new rare variants that will inevitably lead to a new set of mouse models of schizophrenia 

(Tiwari et al., 2010).  While these variants may occur only in a few cases, or as with 22q11, a 

subpopulation of schizophrenic patients, they present the opportunity to accurately model the risk variant 

and to better understand its role in the disease pathology.  Moreover, if deficits in convergent pathways or 
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neural circuits arise in multiple mouse models then these mice can possibly lead to targets for future 

study or therapeutic interventions in human populations. 

1.2.3 Modeling behavior in mice 

Although designing etiologically valid genetic mouse models is of utmost importance, the validity 

of behavioral tests employed to test the phenotypes of these genetic mouse models contributes to the 

overall usefulness of the model system for capturing the pathophysiology underlying the human disease.  

Many of the classic symptoms of schizophrenia, such as hallucinations and delusions, are not easily 

modeled in mice.  However, the basic behavioral components of perception, attention, social interaction, 

and memory have been tested (Arguello and Gogos, 2006, 2010). Prepulse inhibition (PPI) is the most 

common assay of sensorimotor gating in humans, and can also be used to assess perception and 

attention, or more accurately preattention, in mice.  In the task, a low acoustic startle or “prepulse” 

attenuates the startle reaction to a subsequent louder tone.  However, in schizophrenia and other mental 

disorders, the prepulse has less of an attenuating effect on the subsequent startle reflex. While the 

underlying neural correlates are unknown, and the task is not predictive of disease outcome, it is a robust 

assay that is commonly used due to it is translatablity between mice and humans.  Social and affective 

regulation are perhaps more difficult to model in mice because the neural systems involved are not 

necessarily conserved among species.  Nonetheless, behavioral assays to assess social interaction are 

commonly employed in mouse models of mental disorders from autism to schizophrenia (Arguello and 

Gogos, 2010).  

Impairments in memory have frequently been described in patients with schizophrenia (Park and 

Holzman, 1992, Ranganath et al., 2008). Working memory (WM) deficits have long been shown in 

patients, and many of the genes that have been shown to increase susceptibility to schizophrenia have 

been strongly related to these neurocognitive deficits (Park and Holzman, 1992, Toulopoulou et al., 

2007). Since the neural correlates involved in the control of memory and cognition are thought to be the 

same in humans and mice, deficits in behaviors associated with these processes can be assessed in 

animal models (Arguello and Gogos, 2006). WM and short term memory (STM) have often been used 

interchangeably in the literature. However, the function of STM is to transiently hold information online 

and keep it readily accessible while, WM requires not only that information be kept online, but that the 
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proper information be selected and manipulated in the face of interference to successfully complete a 

goal-directed behavior (Arguello and Gogos, 2010). They both rely on the hippocampus, but executive 

control via the prefrontal cortex is an important component of WM and not STM.  Interestingly, it is the 

manipulation of information associated with WM not the maintenance of the information required in STM 

which is more impaired in patients with the schizophrenia (Cannon et al., 2005a).  

A common task used to assess WM in mice is the delayed non match to position task (DNMP).  

The DNMP tasks test the ability of a mouse to remember which arms of a radial maze it has previously 

visited while multiple trials with short inter-trial delays lead to increasing interference of that memory.  

Alternatively, the Win-shift test can be used to assess STM.   The Win-shift test also uses a baited maze, 

but employs fewer trials and thus has less possibility for memory interference. In contrast with WM and 

STM, long-term memory (LTM) requires the encoding, reinforcement, and retrieval of information. It is 

also dependent upon the hippocampus. Defects in LTM are another common symptom of schizophrenia, 

and importantly, are often predictive of how well the patient will function in society (Ranganath et al., 

2008).  In mice, the Morris water maze and contextual fear conditioning are often used to test the spatial 

and emotional aspects of LTM, respectively.  In summary, it is necessary to test behaviors that 

correspond to aspects of the human disease and most likely affect the same underlying neural circuits.  It 

is important to recognize that genetic mouse models might not fully recapitulate the entire disease 

susceptibility and behavioral assays may not completely model the relevant human behaviors.  However, 

these behavioral tasks can potentially define which brain regions are affected in a given genetic mouse 

model, even with the limitations of these assays for modeling complex, human-specific disorders. 

1.3 Disrupted in Schizophrenia 1 

A mutation in Disrupted in Schizophrenia 1 (DISC1) was first discovered in a large Scottish family 

with a history of psychiatric disorders including schizophrenia, bipolar disease, major depression, and 

anxiety disorders (St Clair et al., 1990). A balanced chromosomal translocation t(1;11)(q42;q14) 

segregating with the disorders (Figure 1.1) was found to disrupt two genes named Disrupted in  
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Figure 1.1 Pedigree of the DISC1 Scottish family. The Scottish family in which the mutation in DISC1 was 
orginially found has an extensive history of psychiatric disorders that segregated with the translocation.  Those 
carrying the chromosomal translocation are noted with a star. Adapted by P. Alexander Arguello from (Blackwood et 
al., 2001). 

 

Schizophrenia 1 (DISC1) and Disrupted in Schizophrenia 2 (DISC2) (Millar et al., 2000). While DISC1 has 

become one of the most promising and certainly most studied schizophrenia susceptibility genes, the 

DISC2 transcript is a non-coding RNA antisense to DISC1 that is not conserved in mice and whose 

function is currently unknown (Taylor et al., 2003).  

Unlike the 22q11.2 deletion, which is recurrent in the general population, the truncating lesion in 

DISC1 has been so far identified only in the Scottish family. Moreover, no additional rare mutations in 

DISC1 have been found by either GWAS of common variants or CNV scans. Linkage and association 

studies have suggested a association between common variants in the DISC1 locus with psychiatric 

disorders in karyotypically normal patient populations (Table 1.1, (Allen et al., 2008)), but the possibility 

that these results are merely due to chance cannot be excluded and a recent meta-analysis found no 

association between these common variants and schizophrenia (Mathieson et al., 2011). Several studies 

also provide suggestive evidence that healthy subjects and patients with schizophrenia carrying DISC1 

variants display changes in gray matter volume in the hippocampus, prefrontal cortex and other brain 
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regions, as well as deficits in working, short-term, and long-term memory, attention, and hippocampal and 

prefrontal cortical activation (Table 1.1, (Chubb et al., 2008)). It should be noted that like other 

associations studies, these studies of DISC1 have not produced any statistically unequivocal results, and 

there have been multiple studies which have found no association between DISC1 and schizophrenia or 

other mental diseases (Table 1.1, (Allen et al., 2008)).  

DISC1 expression is widespread in the human, with RNA and protein detected in the heart, 

placenta, kidney, pancreas, and importantly the brain of both adult and fetal tissue (Millar et al., 2000, 

James et al., 2004). DISC1 mRNA is highest within the dentate gyrus region of the hippocampus, but is 

also found in the cortex; it is highest during development and decreases into adulthood (Lipska et al., 

2006). In the adult primate brain, DISC1 mRNA expression shows a strict spatial regulation, with highest 

levels again seen in the dentate gyrus and the lateral septum of the hippocampus, and to a lesser degree 

in other brain regions including the cerebral cortex, amygdala, and cerebellum. In the dentate gyrus, 

DISC1 mRNA is localized in the granule cells (Austin et al., 2003).  During development, rodent Disc1 can 

be detected in all hippocampal subfields, the cortex, the thalamus, and the olfactory bulb of the mouse 

brain. A more restricted localization occurs in the adult mouse, where it is highly expressed in the dentate 

gyrus of the hippocampus, with somewhat less expression in the hippocampal CA1 region and the cortex 

(Ma et al., 2002, Miyoshi et al., 2003, Austin et al., 2004, Lein et al., 2007). 

The localization of the DISC1 protein product is less clear than the mRNA due to the lack of 

specificity of antibodies available.  However, DISC1 protein has been detected in human fetal tissue with 

all isoforms seen in all tissue types, consistent with mRNA localization (James et al., 2004). In rodents, 

Disc1 protein has been detected in a developmentally regulated pattern with peaks during development 

and highest expression in the hippocampus, cortex, brain stem, cerebellum, and hypothalamus (Ozeki et 

al., 2003, Schurov et al., 2004).  Overall, evidence from western blot and immunostaining studies support 

the findings from in situ analysis.   

An impediment to the study of DISC1-associated pathogenesis is that, aside from the associated 

psychiatric phenotypes in the family from which it was identified, its effects on brain function or structure 

are completely unknown. Moreover, little is known about the impact of the Scottish mutation on DISC1 

expression and protein production. While the DISC1 gene gives rise to at least four well-defined splice 
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variants: L (Long, 90 kDa), Lv (Long Variant, 95 kDa), S (Short, 70 kDa) and Es (Extremely Short, 41 

kDa) (Taylor et al., 2003), recent evidence suggests that DISC1 isoforms may be even more numerous 

(Nakata et al., 2009). The Scottish translocation occurs between Exons 8 and 9 of the gene, truncating 

the C-terminal region of the major (L, Lv and S) isoforms (Millar et al., 2000).  Functional analysis 

indicates the presence of an N-terminal domain with no clear structure, and a long helical C-terminal 

domain containing multiple regions with high coiled-coil forming potential and a capacity for binding 

multiple proteins. The chromosomal translocation affects the C-terminal of the three major isoforms, but 

does not affect many of the shorter ones (Millar et al., 2000). It is unknown if the C-terminally truncated 

protein is expressed in the Scottish family, although there is evidence that the truncation instead affects 

protein stability and abolishes the long isoforms (Millar et al., 2005b). However, it has been postulated 

that the truncated isoforms could act in a dominant negative manner, and thus have an affect beyond loss 

of function. While in vivo evidence for such a scenario is currently lacking, many early in vitro studies 

investigated the effects of C-terminally truncated DISC1 and found that their expression likely has 

dominant negative action, affecting the outgrowth of neurites as well as the localization of the 

endogenous DISC1 protein and its putative binding partners (Chubb et al., 2008). Despite the lack of in 

vivo support, this in vitro evidence lead to the development of several mouse models expressing various 

truncated versions of DISC1, which are described in more detail below.  

In vitro assays and yeast-two hybrid screens revealed that full length Disc1 associates with a 

number of proteins, including NDEL-1, LIS1, PDE4B, ATF4/5, elF3, and FEZ1, however, the majority of 

DISC1 binding partners have still not being confirmed in vivo (Camargo et al., 2008, Chubb et al., 2008). 

DISC1 has been found in several cellular compartments including the centrosome (Morris et al., 2003), 

mitochondria (James et al., 2004), spines and dendrites (Millar et al., 2005b, Bradshaw et al., 2008), 

growth cones and axon terminals in neurons and neuronal like cells (Taya et al., 2007), stress granules 

(Ogawa et al., 2005) and the  nucleus (Sawamura et al., 2005). So far, suggestive but still uncertain 

evidence implicates the DISC1 gene in a number of roles (Chubb et al., 2008, Kvajo et al., 2010). DISC1 

has been shown to play a role in neurite outgrowth in vitro, as overexpression of mutant, truncated DISC1 

or RNA interference (RNAi)-mediated knockdown of DISC1 in cell culture leads to shorter neurites (Ozeki 

et al., 2003, Kamiya et al., 2005), whereas expression of the full length protein enhances outgrowth 
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(Miyoshi et al., 2003). Appropriately, DISC1 interacts with a number of microtubule associated proteins 

such as fasciculation and elongation protein zeta-1 (FEZ1), kinesin and 14-3-3ε, and Grb2 (Miyoshi et al., 

2003, Shinoda et al., 2007, Taya et al., 2007). The localization of these proteins to the growth cone is 

DISC1 dependent and supports a role of DISC1 in axonal outgrowth. DISC1 is also thought to bind to and 

maintain a complex of proteins at the centrosome which includes NUDEL, LIS1, and dynein. The mutant 

DISC1 isoform not only fails to form this complex but also leads to the loss of chromosomal localization of 

these proteins and thus may affect cell proliferation and migration (Morris et al., 2003, Brandon et al., 

2004, Kamiya et al., 2005). Evidence from in vitro and in vivo studies has shown that DISC1 binds to 

phosphodiesterase 4b (PDE4b), an important regulatory protein of cAMP, but the consequence of this 

interaction is still not well understood (Millar et al., 2005b, Clapcote et al., 2007, Murdoch et al., 2007). 

DISC1 is enriched in the mitochondria and colocalizes with PDE4b at this organelle (James et al., 2004, 

Brandon et al., 2005, Millar et al., 2005b). Over-expression of the protein leads to the assembly of ring-

shaped mitochondria and suggests that DISC1 is involved in the fission and fusion of mitochondria (Millar 

et al., 2005a). DISC1 may also play a role in the cellular response to stress, as over-expression of DISC1 

leads to the appearance of stress granules containing both DISC1 and eFI3 (Ogawa et al., 2005). 

However, this could also be a stress reaction to DISC1 over-expression. Finally, DISC1 may also have a 

role in the nucleus since truncation of DISC1 affects the localization of its binding partner, the 

transcription factor ATF4 (Pletnikov et al., 2007).  All of the in vitro data presents a very complex view of 

the localization and function of DISC1 within the cell.  It has been suggested that given its large number 

of binding partners, DISC1 may act as a scaffold protein to properly localize proteins within compartments 

of the cell (Chubb et al., 2008).  However, most of this evidence was collected through over-expression of 

full length DISC1 or truncated DISC1 which may not naturally occur; therefore it needs to be confirmed 

through careful in vivo studies.  

In vivo approaches to the study Disc1 have primarily focused on elucidating its roles in the brain 

structures where expression is highest during development and adulthood- namely the dentate gyrus of 

the hippocampus and the cortex. Several high profile studies utilized RNAi to transiently knock down 

Disc1 in individual neurons in these brain regions at times throughout development. Knockdown of Disc1 

in individual neurons in the embryonic cortex leads to extensive disruption of migration and mispositioning 
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of these neurons, and affects the localization of proteins such as NudEL and Lis1 at the centrosome 

(Kamiya et al., 2005). Using the same technique, Mao et al. (2009), found that Disc1 knockdown 

decreases progenitor cell proliferation and also affects neuronal distribution in the developing cortex and 

adult hippocampus through the Wnt/β catenin/GSK3β pathway. Interestingly, alterations in cell positioning 

in this model are thought to arise from premature exit from the mitotic cycle, which in turn results in more 

neurons in layers 2/3 at expense of the progenitor cell population, rather than a migration deficit (Mao et 

al., 2009). This illustrates how differences in experimental designs such as timing of the RNAi may have 

important implications for the results. Interestingly, a new study suggests that Disc1 may act as a 

molecular switch that controls the transition from proliferation to migration of post mitotic cells (Ishizuka et 

al., 2011). In the developing brain, phosphorylation of Disc1 is necessary for migration, whereas the 

unphosphorylated form maintains cell proliferation through a GSK3β-dependent pathway.  Levels of 

phosophorylation of Disc1 have been shown to differ over time during development, suggesting that 

knockdown of Disc1 at different time points could affect distinct processes.  Knockdown of Disc1 in adult-

born cells of the hippocampal dentate gyrus produced enhanced migration, exuberant overgrowth of 

dendrites and axons, and a generally faster maturation of these adult-born cells (Duan et al., 2007, 

Faulkner et al., 2008). The pattern of enhanced migration was found only in adult born neurons; 

knockdown of Disc1 in developing granule cells during late embryonic stages resulted in fewer cells 

migrating into the granule cell layer (Meyer and Morris, 2009) suggesting that the temporal expression 

pattern of Disc1 is very important for its function. Furthermore, the effect of Disc1 knockdown in adult born 

neurons was tentatively attributed to its interaction with Girdin/KIAA1212 and subsequent alteration of Akt 

signaling, an upstream regulator of GSK3β (Enomoto et al., 2009, Kim et al., 2009). 

While RNAi-mediated approaches may provide valuable information about cell-autonomous 

functions, they have significant limitations when utilized to model in vivo effects of a gene disruption. 

Targeting of a small portion of cells within the brain cannot reproduce the timing and magnitude of a 

germ-line genetic disruption, and may result in unpredictable interactions with the “wild-type” context 

surrounding them. Moreover, results from studies utilizing RNAi techniques against Disc1 need to be 

reconsidered in light of a recent report showing that mouse strains which carry an intragenic 25 bp 

deletion of Disc1 that leads to a premature stop codon and abolishes multiple Disc1 isoforms (Koike et 



13 

 

 

al., 2006) also show neuronal migration deficits when  treated with a shRNA, a form of RNAi, targeting the 

abolished isoforms (Kubo et al., 2010). The authors rationalize these findings by referring to putative 

splicing isoforms postulated in a previous study by the same group (Ishizuka et al., 2007).This study 

assumes that Disc1 isoforms with identical sizes but sufficiently divergent sequences exist, thus they are 

not recognized by antibodies sharing the same epitopes but would still be targeted by the same shRNA. 

This scenario is not only biologically implausible, but it also is not supported by existing data of various 

Disc1 isoforms identified the last five years (Nakata et al., 2009). The most parsimonious view of the 

results of the Kubo et al. (2010) study in light of the body of existing literature is the existence of off-target 

effects for at least some of the shRNA sequences that have been previously utilized, thus raising 

concerns about this approach in general. This, together with the fact that many of the commercially 

available anti-Disc1 antibodies appear to be non-specific (Kvajo et al., 2008), argues for carefully 

designed mouse model-based analysis and emphasizes the necessity for etiologically valid approaches 

to uncover which of the many postulated cellular roles attributed to Disc1 play a role in disease 

pathogenesis. 

1.3.1 Mouse models expressing truncated DISC1 

 As previously mentioned, a number of transgenic mouse models have been created with the aim 

of investigating the effects of the truncated Disc1 protein. These include mouse lines that overexpress a 

truncated N-terminal sequence of the human DISC1 under the control of the αCAMKII promoter (named 

DN-DISC1) (Hikida et al., 2007) or the αCAMKII promoter and a TET-off design that allows for inducible 

overexpression of a truncated protein (named inducible hDISC1) (Pletnikov et al., 2008a, Pletnikov et al., 

2008b, Ayhan et al., 2011). A third mouse model carries a bacterial artificial chromosome with the first 

eight exons of the mouse Disc1 sequence (named Disc1tr) (Shen et al., 2008). All three models display a 

range of behavioral abnormalities. However, a comparison of phenotypes is somewhat limited, not only 

because of differences in their design, but also because of the diverse and non-overlapping battery of 

behavioral assays employed in the various studies utilizing these mice (Table 1.2). DN-DISC1 mice are 

hyperactive and have deficits in PPI and olfaction (Hikida et al., 2007). They also display a depression-

like phenotype in the forced swim test, but normal social interaction, spatial memory, and working 

memory. Conversely, the inducible hDISC1 model overexpressing truncated hDISC1 throughout 
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development and adulthood (Pletnikov et al., 2008a) show normal PPI and olfaction, sexually dimorphic 

deficits in spatial memory and locomotion, and increased aggressive behavior in social interactions. In a 

follow-up study using the same hDISC1 mouse line, Ayhan et al. (2011) took advantage of the inducible 

design of the mouse and examined the effect of truncated  DISC1 overexpression  during distinct 

developmental stages. Overexpression during the pre- and postnatal period resulted in depression-like 

phenotype in the tail suspension test, increased locomotor response to MK801 or D-amphetamine and 

alterations in social interaction in adult animals.  When hDISC1 was expressed only during the prenatal 

period, there were no alterations in adult behavior. Expression restricted to the postnatal period increased 

immobility in the forced swim test and decreased social interactions of adult mice. Similarly to the hDISC1 

mice, Disc1tr  mice also showed changes in latent inhibition and depression-associated phenotypes in the 

forced swim and tail suspension tests, but their social behaviors have not been examined (Shen et al., 

2008). Morphological analysis of the DN-DISC1, hDISC1, Disc1tr mice revealed some overlapping 

structural changes in the three mouse lines, primarily enlarged ventricles (Hikida et al., 2007, Pletnikov et 

al., 2008a, Shen et al., 2008) and decreased numbers of interneurons in the cortex (Hikida et al., 2007, 

Shen et al., 2008) and hippocampus (Shen et al., 2008). Additionally, thinning of the cortex and the 

corpus callosum, along with an accompanying decrease in neurogenesis were reported in the Disc1tr 

mice (Shen et al., 2008) (Table 1.3). 

 Another mouse model used the αCAMKII promoter to express a C-terminal fragment of the 

human DISC1 gene in an inducible and reversible fashion (Li et al., 2007). This modeling strategy aims at 

disrupting the putative protein-protein interactions mediated by the C-terminal part of the DISC1 protein. 

While the relevance of this genetic model to human pathology is limited, the mice displayed some 

psychiatric disease-related phenotypes, including deficits in working memory and social interaction, as 

well as depression-like phenotypes. Interestingly, these phenotypes were only seen when C terminal 

DISC1 expression was induced during development, and not during adulthood, and the authors suggest 

this supports the neurodevelopmental theory of the etiology of the disease. 

It should be noted that, as with all transgenic mouse models, the spatial and temporal pattern of 

expression of the truncated DISC1 protein differs from that of the endogenous mDisc1. Moreover, these 

studies overexpress a truncated isoform which could have nonspecific cellular toxicity effects. Finally, 
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there is no evidence supporting the expression of the truncated isoforms in the Scottish family so the 

relevance of this isoforms for the human disease is also unknown (Millar et al., 2005b). Thus, it is 

important to recognize that the limitations of these transgenic mice when comparing cellular and 

behavioral results to etiologically valid models. 

1.3.2 ENU-induced Disc1 mutant mice 

Two mutant mouse strains produced by N-ethyl-N-nitrosourea (ENU) mediated mutagenesis were 

recently described.  These mice carry point mutations in the Disc1 sequence resulting in Q31L and L100P 

amino acid substitutions (Clapcote et al., 2007). No point mutations in DISC1 have been found in human 

populations, thus their relevance for modeling schizophrenia pathology is not clear. Nonetheless,  

interestingly, these mouse lines show distinct clusters of behavioral phenotypes representing depression- 

and schizophrenia-like deficits. The Q31L mouse displays a depression-like phenotype with increased 

immobility in the forced swim test, decreased motivation in the sucrose reward task, and decreased social 

interaction.  This depression-like phenotype is reversed by the pharmacological antidepressant 

bupropion. The L100P mice are hyperactive; and both the Q31L and the L100P mice showed decreases 

in PPI and latent inhibition (LI), as well as a deficit in spatial working memory during the delayed non-

match to place task. Additionally, the reductions in PPI and LI were partially alleviated in L100P mice, but 

not Q31L mice, following treatment with an antipsychotic drug. At least some of these phenotypes have 

been attributed to impaired interaction of Disc1 with PDE4b (Millar et al., 2005b). A recent follow up study 

investigating the cortical development of both these mice (Lee et al., 2011) found an alteration in the 

formation of cortical layers resulting from decreased progenitor proliferation and impaired neuronal 

migration. Moreover, the dendritic complexity of cortical, but not hippocampal neurons was also 

decreased in the adult brain of these mice. 

1.4 The Disc1Tm1Kara mutant mouse 

The Disc1Tm1Kara mutant mice were designed as an etiologically valid model of a schizophrenia-

risk mutation.  The mouse orthologue mDisc1 is about 60% homologous to hDISC1 and has a conserved 

genomic structure thus allowing for mouse models with similar mutations to be created (Ma et al., 2002). 

To mimic the Scottish family mutation, Koike et al designed a knock-in construct which inserted a stop  
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Figure 1.2 The Disc1 gene. (A) mDisc1 gene in C57BL/6J, 129S6/SvEv, and Disc1Tm1Kara mice. The arrow marks the 
position of the break point in the human gene. The positions of the 25bp deletion and early stop codon in the 
129S6/SvEv and Disc1Tm1Kara lines are noted with yellow bars.  The targeted modifications that inserted a stop codon 
and poly-A tail are indicated with red bars.  A stop codon in exon 13 of the C57BL/6J Disc1 gene is noted with blue 
bar.  (B) The four main splice isoforms produced from the Disc1 gene. 
 

codon into exon 8 of the mDisc1 allele thus maintaining the endogenous promoter and spatiotemporal 

pattern of the protein (Figure 1.2A) (Koike et al., 2006). A poly-A tail was also added to stabilize any 

truncated protein product which might be expressed. In the process of gene targeting, the surprising 

discovery was made of a naturally occurring 25 base pair deletion in exon 6 in the Disc1 gene of the 

129S6/SvEv line of mice that results in a frameshift mutation and an early stop codon in exon 7 (Figure 

1.2A).  Subsequent studies have found that all 129 line (Clapcote and Roder, 2006) and ICR line (Kubo et 

al., 2010) inbred strains have this mutation; this deletion does not occur in any of the other mice strains 

tested (BALB/cJ, CBA/J, C3H/HeJ, DBA/2J, AKR/J) (Koike et al., 2006). 

In order to study the Disc1 deficiency, the modified 129S6/SvEv Disc1 gene was transferred onto 

a C57BL/6J line that expresses the full length Disc1.  After five generations of backcrossing, the mouse 

contained more than 98% of the C57BL/6J genome. The heterozygous (HET) mice are an accurate 

model of the Scottish family as they still contain one wildtype copy of the gene. Due to the lack of specific 
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commercially-available antibodies for Disc1, Koike et al. produced a polyclonal antibody directed against 

residues 272-537 of the N-terminal region (Figure 1.3D) (Koike et al., 2006). At P2, western blot analysis 

using this antibody showed that in the brain lysates of homozygous (HOM) mutant mice, the full length  

98kDa isoforms (L and Lv) and a 70kDa isoform were absent (Figure 1.3A) (Kvajo et al., 2008). These 

isoforms were reduced by half in lysates from heterozygous (HET) mice.  While it was difficult to detect in 

most preparations, a 58 kDa isoform which is consistent with the putative truncated form was found in the 

HOM and HET, but not in the wildtype (WT) lysates.  As predicted, there are some low molecular weight 

isoforms that are still detectable in the HET and HOM lysates (Nakata et al., 2009). These most likely 

represent the extremely short isoforms that are not affected by the truncation. A second antibody directed 

against residues 601-852 in the C-terminal region of the sequence was also used and has a similar 

pattern of bands (Figure 1.3B).  As expected, the truncated protein is not detected with this antibody. In 

the adult brain, the L and Lv isoforms can be seen whereas the others cannot be detected (Figure 1.3C).  

 

 

Figure 1.3 Western Blot Analysis of Disc1Tm1Kara mouse. (A-B) Western blot of P2 brain lysates using (A) N-
terminal antibody and the (B) C-terminal antibody. Red arrowheads show where 98 and 70kDa bands are missing in 
HOM mice and diminished by half in HET mice.  The black arrowhead represents the 58kDa punitive truncated 
isoform which is only present in the HOM and HET mice. Asterisks are nonspecific bands. (C) Western blot in adult 
hippocampal lysates using N-terminal antibody. The 98 kDa isoform is only seen in the WT, but not HOM hippocampi. 
(D) Target sequences of the N-terminal (blue, aa: 272-537) and C-terminal (red, aa:601-852) antibodies in the full 
length mDisc1 gene. (E, F) Western blots from whole brain P2 WT and HOM mice showing the nonspecificity of two 
commercial peptide antibodies from Santa Cruz (E) and Invitrogen (F) directed against the N-terminal and C-terminal 
regions respectively. 
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Figure 1.4 Gross Morphology of Disc1Tm1Kara mice (A) The gross morphology of the HOM brain is normal. Cresyl 
violet staining of the prefrontal cortex (top), cortex at ~-2.18 mm Bregma (middle) and hippocampus (bottom) in adult 
WT and HOM brains shows no obvious alterations.  (B) Nissl staining of adult brains for volumetric quantification. 
Nissl staining of mPFC (left), the hippocampus (middle) and dentate gyrus granule cell layer (right).  The asterisks in 
the hippocampal sections denote the region where the granule cell layer was quantified.  (C) Quantifications of 
volumes for the three regions. Scale bar: C: 250 µm. 

 

The specificity of the antibody was confirmed because most of the bands are present only in the WT blots 

of neonatal and adult brains using both the N-terminal and C-terminal antibodies. 

There has been a lot of debate in the field about the specificity of commonly used antibodies 

against Disc1.  Commercially available peptide antibodies against residues in the N- (Figure 1.3E) and C- 

terminal (Figure 1.3F) regions did not detect the loss of the long isoforms in the HET and HOM mice.  

There was also no recognition of the truncated protein band with the N-terminal antibody (Kvajo et al., 

2008).  Another published report shows the detection of bands at the full length 98 kDa length in 

129S6/SvEv mice with many of the peptide antibodies available commercially and from other laboratories 

bringing into question the reliability of most of the antibodies in use (Ishizuka et al., 2007). While the 

authors suggest that the bands detected by the antibodies are most likely from alternate splice isoforms, 

there is no evidence to support this claim and in fact a recent work detected bands in a knockout mouse 

using these antibodies (Kuroda et al., 2010). Thus, it is important to consider the specificity of the 

antibodies used when taking into account the results of many of the published reports.  
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1.4.1 Gross morphology and volumetric measurements 

To determine if there were any gross anatomical changes in the brains of Disc1Tm1Kara mice, HOM 

mouse brains were stained with cresyl violet and the cellular structure was examined (Figure 1.4A).  The 

highest degree of expression of Disc1 is in the cortex and especially the hippocampus (Austin et al., 

2004, Lein et al., 2007). There were no gross changes in the morphology of the cortex, the prefrontal 

cortex, or the hippocampus in adult mice (Koike et al., 2006). To follow up on the gross morphological 

qualification, volumetric analysis of the adult mouse hippocampus and prefrontal cortex was carried out 

on Nissl-stained sections (Figure 1.4B, C) (Kvajo et al., 2008).  No difference in the hippocampal volume 

was seen, however there was a small yet significant decrease of ≈14% in the volume of the prefrontal 

cortex.  As the dentate gyrus is the region with the highest expression of Disc1 during adulthood, this 

region was also investigated for volumetric changes.  No differences were found in the volume of the 

granule cell layer of the dentate gyrus in Disc1Tm1Kara mutant mice (Figure 1.4B, C).   

1.4.2 Behavioral analysis 

  As discussed earlier, mouse models of complex diseases such as schizophrenia can never 

recapitulate all of the relevant behaviors seen in humans.  Positive symptoms such as hallucinations and 

delusions are impossible to test in mice.  Negative symptoms such as blunted affect and social 

withdrawal are also difficult to model.  However, cognitive deficits involving working memory and attention 

are at the core of the disease and are more readily evaluated in rodent models (Arguello and Gogos, 

2006).    

 In order to investigate whether spatial working memory may be affected in the Disc1Tm1Kara mice, 

three different delayed non-match to place (DNMP) tasks were used.  Spatial working memory is a 

prefrontal cortex dependent task and the use of short intertrial intervals allows for an increase in 

interference which challenges this region.  Moreover, recent evidence has suggested that the dentate 

gyrus region may be involved in the pattern separation component of this task (McHugh et al., 2007). 

Pattern separation, which will be discussed more in Chapters 3 and 4, allows for distinct encoding to 

differentiate similar events and is thus important in tasks involving interference. In the first DNMP task 

mice were trained to alternate between arms of a cross maze to receive a food reward (Figure 1.5A, B).  

Intertrial delays of 5,15, or 30 seconds were used throughout the testing with four trials of each delay  
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Figure 1.5 Impaired spatial working memory in Disc1Tm1Kara mice. (A) HET and HOM mice learned the cross 
maze DNMP task as well as WT mice. (B) When delays were increased between trials, the HET and HOM mice 
committed more errors than WT mice (left).  However, there was no difference in the amount of time to complete the 
task (right). (C) In the 2-choice DNMP task, the HET and HOM mice have impaired acquisition of the task.  (D) Again, 
with the increase in errors with larger delays between trials (left), but there was no differences in the response 
latencies between genotypes (right). (E) In the 1-choice DNMP task, there was an increase in errors in later trials in a 
trial block, left. This could not be explained by perseveration (middle) or response latency (right).  (Arguello, 2010).  
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given to each mouse on each of three days of testing.   While the HET and HOM mutant mice came to 

criteria of 70% with the same efficiency as the WT mice, they performed significantly worse during the 

testing phase.  There were also no motoric or motivational deficits suggesting that the impairment is 

indeed due to limitations in spatial working memory (Koike et al., 2006).  

In the follow-up paper, a two-choice DNMP task used an eight arm radial maze with variable 

retention delays to test the robustness of the spatial working memory deficit (Figure 1.5C, D).  The mice 

were required to maintain two sets of locations from two opposite sets of arms in this task. This task 

introduces much more interference and thus more strain on the prefrontal cortex.  The HET and HOM 

mice were impaired in both the training and testing phases of this task confirming the deficits in spatial 

working memory in the Disc1Tm1Kara mutant mice (Kvajo et al., 2008).  A third DNMP task used the same 

radial arm maze but with only a single pair of adjacent arms used to administer the task (Figure 1.5E).  

Interestingly, while the HET and HOM mice did not show a deficit overall during the testing phase, a more 

in depth look at the data revealed a difference based on the trial number.  Later trials within the same trial 

block had significantly more errors in the HET and HOM mice than in the WT mice.  These differences 

could not be accounted for by perseveration, decrease in motivation, or diminished engagement in a task.  

Therefore, the interference of the previous trials impeded the correct choice on later trials.  This need to 

consistently update the information available and still make the correct choice is the key feature of 

working memory and thus these three DNMP tests confirm that there is a robust deficit in this cognitive 

behavior (unpublished data (Arguello, 2010)). 

Other memory tasks rely more upon the hippocampus.  The Win-shift task is similar to the DNMP 

task and uses the eight arm radial maze to test short term memory.  However, there are only two phases 

and thus less interference so this task does not rely as heavily upon the prefrontal cortex. WT and HET 

and HOM mice performed equally well in this task (Figure 1.6A).  In both contextual and cued fear 

conditioning tasks of associative memory there were no differences in the conditioned freezing responses 

between the mutant and WT mice (Figure 1.6B).  The novel-object task tests recognition memory in a 

non-spatially dependent manner.  Both the mutant and WT mice performed normally on this task and 

showed increased interest in novel objects versus familiar ones (Figure 1.6C). Finally, the classic test of 

spatial reference memory is the Morris water maze.  During probe trials of both one hour and 24 hours  
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Figure 1.6 Disc1Tm1Kara mice perform normally on many behavioral tasks. (A) In the win-shift task all mice learn 
the task equally well (left), and do not commit more errors during trials (middle and right). (B) Disc1Tm1Kara mutant 
mice freeze as much in the cued (left) and contextual (right) fear conditioning tasks. (C) There are no deficits in the 
Disc1Tm1Kara mutant mice in the novel object task. (D) In the Morris water maze, Disc1Tm1Kara mutant mice learn the 
task as well as WT (left) and perform as well during probe trials (middle and right). (E) In PPI tests, the Disc1Tm1Kara 
mutant mice show no differences in sensory motor gating. (Arguello, 2010). 
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the mutant and WT mice had similar numbers of errors indicating that both short- and long-term spatial 

reference memory are intact (Figure 1.6D) (Kvajo et al., 2008).   

In order to assess whether these mice had any other behavioral abnormalities classically 

correlated with schizophrenia, they were tested in the open field and prepulse inhibition (PPI) tasks.  

Locomotor activity levels were normal as tested in the open field and as confirmed in the cognitive 

behavioral tasks described above.  Moreover the HET and HOM mice did not show any anxiety-related 

phenotype as they did not spend more time in the margins versus the center portion of the open field as 

compared to WT mice. There were no alterations in PPI pointing to normal sensory motor gating (Figure 

1.6E).  They also did not show any differences in the startle response to a loud tone on its own (Koike et 

al., 2006). 

Thus, although the Disc1Tm1Kara mutant mice perform normally on a number of the behavioral 

tasks, they do have a specific and robust deficit in spatial working memory which has been confirmed in 

three separate DNMP tasks.  This type of task is dependent upon the integrity of the prefrontal cortex to 

maintain and update information to make the proper choice.  An increase in interference with a greater 

number of trials disrupted the ability to maintain sequentially presented information.  Furthermore, the 

dentate gyrus region of the hippocampus and adult neurogenesis in particular are thought to be important 

for the pattern separation component of working memory (McHugh et al., 2007, Clelland et al., 2009).  

Moreover, the coordination of the hippocampus and prefrontal cortical regions are thought to play some 

role in this task (Jones and Wilson, 2005, Sigurdsson et al., 2010). Interestingly, cognitive behaviors that 

are dependent upon the hippocampus but to a lesser degree the prefrontal cortex remained intact.  This 

dysfunction of working memory is a classic cognitive behavioral symptom in schizophrenic patients 

(Goldman-Rakic, 1994) and thus the deficit seen in the Disc1Tm1Kara mutant mice supports the validity of 

the model.  Furthermore, it suggests that prefrontal cortical and hippocampal dysfunction leading to 

cognitive impairments could influence the risk for development of schizophrenia in those harboring a 

DISC1 mutation.  

1.4.3 Electrophysiology 

 The hippocampal region of the brain is critical for most memory tasks and as stated earlier is the 

region of highest Disc1 expression in the adult brain.  In order to investigate if the loss of Disc1 isoforms 
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leads to alterations in synaptic transmission in this region, a battery of electrophysiological assays were 

used. Field recordings in acute slices in the CA1 region while the Schaffer collateral inputs from the CA3 

were stimulated revealed no differences in strength of baseline synaptic transmission (Figure 1.7B).  

Presynaptic release probability was also not altered as there were no changes in paired-pulse facilitation.  

Long term potentiation or LTP has classically been considered the cellular mechanism of learning and 

memory and has been extensively studied at this synapse (Kerchner and Nicoll, 2008). One hour after 

tetanization, there was no difference in the strength of LTP (Figure 1.7A).  Interestingly, short- term 

potentiation or STP which is thought to depend upon increased presynaptic release was significantly 

reduced in HOM mice. STP is measured by looking at the increase in excitatory presynaptic potential or 

(EPSP) in the first 15 minutes following tetanization (Figure 1.7C) (Kvajo et al., 2008).   

 

 

Figure 1.7 Short term potentiation is decreased in the CA1. (A) Relative EPSPs in the CA3/CA1 synapse.  There 
is a decrease in facilitation within the first 14 minutes (STP) of the recording.  There is not a difference in levels of 
LTP.  (B) Stimulus response relationships are normal in the HOM mice.  (C) A close up of the time period around the 
tetanization period shows the decrease in STP more clearly. 
 

 



 

Figure 1.8 Synaptic transmission in the dentate gyrus. 
cells of the dentate gyrus. There is a decrease in input resistance in HOM mice (A) but no changes in adaptation in 
spiking trains (B).  (C-D)There is an increase in the amount of current injection needed t
F) In field recordings in the startum lucidum of the CA3
amplitudes of evoked field excitatory postsynaptic potentials (fEPSPs) were of comparable magnitude in WT and 
HOM (left). There is also no alteration in LTP
measure of presynaptic function, in the HOM mice (
plasticity is decreased in HOM mice. This is especially true at 0.33Hz 
Facilitation decays more in the HOM mice than in WT mice then plateaus in the HOM mice at a level lower than WT 
(center). Normalizing steady-state facilitation at 0.5, 0.33 and 0.2 Hz to that at 1 Hz within slic
facilitation decreases more rapidly in HOM slices as the frequency of stimulation is reduced. 
L.D. Drew). 
 

Synaptic transmission in the dentate gyrus. (A-D) Whole-cell patch clamping studies in the granule
cells of the dentate gyrus. There is a decrease in input resistance in HOM mice (A) but no changes in adaptation in 

There is an increase in the amount of current injection needed to illicit an action potential
he startum lucidum of the CA3, there are select changes in synaptic plasticity.  (E) The 

amplitudes of evoked field excitatory postsynaptic potentials (fEPSPs) were of comparable magnitude in WT and 
). There is also no alteration in LTP in HOM mice (center). There is a decrease in paired pulse ratio, a 

measure of presynaptic function, in the HOM mice (right). (F) Frequency facilitation, a mossy fiber specific form of 
. This is especially true at 0.33Hz where the difference is significant (

Facilitation decays more in the HOM mice than in WT mice then plateaus in the HOM mice at a level lower than WT 
state facilitation at 0.5, 0.33 and 0.2 Hz to that at 1 Hz within slices demonstrates that 

facilitation decreases more rapidly in HOM slices as the frequency of stimulation is reduced. (unpublished data, Dr. 
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Given the expression pattern of Disc1, it is particularly important to investigate synaptic 

transmission and plasticity in the dentate gyrus. Whole-cell patch clamping of mature granule cells from 

the outer layer of the dentate gyrus showed less input resistance in HOM mice than in WT mice (Figure 

1.8A). Moreover, these cells required an increase in current to elicit an action potential and showed less 

overall firing of action potentials in response to current injection (Figure 1.8C).  However, adaptation of  

 the spike trains of these granule cells was normal in the mutant neurons (Figure 1.8E). Field recordings 

in the stratum lucidum of the CA3 with excitation of the granule cells also revealed some interesting 

deficits.  While LTP and synaptic facilitation at brief interstimulus intervals were unaffected, frequency 

facilitation at longer intervals was decreased (Figure 1.8F).  This type of facilitation is thought to be 

mechanistically different from short term facilitation and involves a presynaptic chemical intermediary 

(Nicoll and Schmitz, 2005).  Interestingly, in vivo firing rates of around 0.1-1 Hz are in line with the rates 

needed to see the faster decay of frequency facilitation in the brain slices from mutant mice. This 

suggests that at basal firing rates mossy fiber synapses may be in a tonically less facilitated state.  Thus, 

the decrease in excitability and the faster decay of frequency facilitation would likely result in less input to 

the CA3 pyramidal cells and thus potentially less firing in the trisynaptic circuit (unpublished data Dr. L.D. 

Drew). 

1.5 Summary 

 Schizophrenia has a high degree of heritability, but the genetic risk factors are not well 

understood. While, the advent of GWAS has not led to a confirmation of the role of common variants as 

was expected, it has produced evidence that rare copy number variants play an important role in the 

etiology of the disease.  Before the extensive genome data was available, the study of chromosomal 

abnormalities led to the discovery of a translocation between chromosomes one and eleven and a 

truncation in the gene DISC1 in a family with a history of mental illness, marking it as one of the first 

genes unequivocally associated with schizophrenia risk. Extensive in vitro and in vivo data suggests that 

DISC1 is important for proliferation and migration, neurite outgrowth, and regulation of intracellular 

signaling of neurons in the cortex and hippocampus.  Behavioral studies in transgenic and point-mutant 

mouse models have found deficits in cognitive function, abnormalities in social interaction, and 
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depression-like phenotypes.  However, it is unknown if these are caused by alterations in neural circuits 

underlying the dysfunction in the true risk variant or represent artifacts produced from the overexpression 

of the truncated protein.  The Disc1Tm1Kara mutant mouse therefore offers a valuable resource for 

elucidating the mechanism of a specific genetic variant. The robust deficit in working memory in these 

mice adds to the validity of these Disc1Tm1Kara mice as a model of the disease.  Furthermore the 

contribution of specific deficits in excitability and short term plasticity at two synapses in the hippocampal 

circuit provide promising avenues for dissecting the underlying physiology of the disease.  Cellular 

changes in neuronal morphology and intracellular signaling have yet to be dissected in these mice.  Given 

these deficits, the localization of Disc1 and the importance of both the cortical and hippocampal circuits in 

the disease, these two regions are the most obvious targets for investigation.   

The following chapters will describe in detail our thorough analysis of the developing and mature 

dentate gyrus region of the hippocampus in the Disc1Tm1Kara mice.  Furthermore, we provide evidence that 

suggests the putative role of Disc1 in regulating PDE4B may be different than previously understood yet 

may underlie the mechanism by which Disc1 is critical for proper development, neuronal activity, and 

synaptic plasticity of the dentate gyrus region.  The resulting alterations in the levels of cAMP may be 

critical for the proper physiology of the region and the behavior of the animal. 
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 Populations Citation 

Schizophrenia/ 
Schizoaffective/ 
Schizophrenia 
Spectrum 

Finnish (linkage), 
Finnish (linkage), 
N. American (assoc.), 
N. American (assoc.), 
Finnish (assoc.), 
British/Irish (linkage), 
Finland (assoc.), 
Taiwanese (assoc.), 
Scottish (assoc.), 
Chinese (assoc.), 
N. American (assoc.), 
Scandanavian (assoc.),  
European (assoc.) 

(Ekelund et al., 2001) 
(Ekelund et al., 2004) 
(Hodgkinson et al., 2004) 
(Callicott et al., 2005) 
(Cannon et al., 2005b) 
(Hamshere et al., 2005) 
(Hennah et al., 2003) 
(Liu et al., 2006) 
(Zhang et al., 2006) 
Qu et al. 2007, 
(Song et al., 2008) 
(Saetre et al., 2008)  
(Schumacher et al., 2009) 

Bipolar 

Scottish (linkage), 
Scottish (assoc.), 
N. American (assoc.), 
Finnish (assoc.), 
N. American (assoc.), 
European (assoc.), 
European (assoc.) 

(Macgregor et al., 2004) 
(Thomson et al., 2005), 
(Maeda et al., 2006) 
(Palo et al., 2007) 
(Perlis et al., 2008)  
(Hennah et al., 2009) 
(Schosser et al., 2010)  

Major Depression 
Japanese (assoc.),  
European (assoc.) 

(Hashimoto et al., 2006)  
(Schosser et al., 2010) 

Autism 
Finnish (assoc.), 
N. American (assoc.), 
Belgian (assoc.) 

(Kilpinen et al., 2008)  
(Williams et al., 2009) 
(Crepel et al., 2010) 

Anxiety/Depression Scottish (assoc.) (Harris et al., 2010) 

Chronic Fatigue Japanese (assoc.) (Fukuda et al., 2010) 

Brain volume 
changes 

N. American (HPC), 
Finnish (PFC), 
Japanese (CTX, PFC), 
N. American (HPC), 
N. American (PFC), 
Japanese (CTX), 
Spanish (ventricles) 

(Callicott et al., 2005) 
(Cannon et al., 2005b) 
(Hashimoto et al., 2006) 
(Di Giorgio et al., 2008) 
(Szeszko et al., 2008) 
(Takahashi et al., 2009) 
(Mata et al., 2010) 

Attention Taiwanese (Liu et al., 2006) 

Memory 
African-American (Visual search, WM), 
Finnish (Long term, spatial WM), 
Finnish (visual WM) 

(Burdick et al., 2005) 
(Cannon et al., 2005b) 
(Hennah et al., 2005)  

Social anhedonia Finnish (Tomppo et al., 2009) 

Brain activation 
N. American (HPC), 
N. American (HPC), 
European (PFC) 

(Callicott et al., 2005) 
(Di Giorgio et al., 2008) 
(Prata et al., 2008)  

 
No association 
 

Scottish (SCZ, BPD), 
Japanese (SCZ), 
Chinese (SCZ), 
Korean (SCZ), 
N. American (SCZ), 
Finnish (SCZ), 
French (BPD), 
Korean (ASD), 
European (SCZ,BPD) 
Meta-analysis (SCZ) 

(Devon et al., 2001)  
(Zhang et al., 2005)  
(Chen et al., 2007),  
(Kim et al., 2008) 
(Sanders et al., 2008) 
(Hennah et al., 2009) 
(Legallic et al., 2009) 
(Lim et al., 2009) 
 (Prata et al., 2011) 
(Mathieson et al., 2011) 

Table 1.1: DISC1 studies in human subjects. A large number of studies of the association of DISC1 with mental 
disorders and disease endophenotypes have been conducted in human subjects.  It should be noted that most of 
these associations are with single nucleotide polymorphisms and thus may not have an actual affect on the protein 
structure or function. 
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Mouse/ 
Behavior 

Disc1Tm1Kara 

Koike et al. 
2006, Kvajo 
et al. 2008 

DN-DISC1 
Hikidia et 
al. 2007 

Inducible 
hDISC1 
Pletnikov et 
al. 2007, 
Ayhan et al. 
2010 

Disc1tr 

Shen et al. 
2008 
 

DISC1-cc 
Li et al. 
2007 

L100P 
Clapcote et 
al. 2007, 
Lee et al. 
2011 

Q31L 
Clapcote et 
al. 2007, 
Lee et al. 
2011 

Locomotor 
Activity n.c. ↑ ↑♂ n.c. N/A ↑ n.c. 

Sensory Motor 
Gating (PPI) n.c. ↓ n.c. N/A N/A ↓ ↓ 

Latent Inhibition N/A N/A N/A ↓ N/A ↓ ↓ 

C
o

g
n

it
io

n
 

DNMP 
↓(1 & 2 
choice) 
 

N/A N/A N/A ↓ ↓ ↓ 
 

MWM n.c. n.c. ↑♀ N/A N/A n.c. n.c. 

Win-Shift n.c. N/A N/A N/A N/A N/A N/A 

Novel Object n.c. N/A N/A N/A N/A N/A N/A 

Fear 
Conditioning n.c. N/A N/A N/A N/A N/A N/A 

D
ep

re
ss

io
n

  FST N/A N/A 
↑ 
immobility 
♀(Post)  

↑ 
immobility 

↑  
immobility n.c. 

↑ 
immobility 

TST N/A N/A 
↑ 
Immobility 
♀(Pre+Post) 

↑  
immobility 

N/A N/A N/A 

Sucrose 
Reward 

N/A N/A N/A N/A N/A n.c. ↓ 

A
n

xi
et

y 

Elevated Plus 
Maze N/A n.c. n.c. N/A N/A n.c. n.c. 

Stress Calls N/A N/A N/A ↑ N/A N/A N/A 

Olfaction N/A ↓ n.c. N/A N/A n.c. n.c. 

Social Interaction N/A n.c. 

↓ non-
aggressive 
(Pre+Post), 
(Post) 
↑aggressive 
(Pre+Post) 

N/A ↓ n.c. ↓ 

Locomotor 
Response to Drug 

N/A N/A 

Response to 
amphetamine,
MK801: ↑♂ 
(Pre+Post) 

N/A N/A N/A N/A 

Table 1.2: Behavioral changes in Disc1 mutant mice.  Abbreviations: N/A (not available), ↓(decrease), ↑(increase), 
n.c. (not changed), PPI (prepulse inhibition), DNMP (delayed non match to place test), MWM (morris water maze), 
FST (forced swim test), TST (tail suspension test), ♀(females only), ♂ (males only), Pre+Post (expression of 
inducible hDISC1 throughout prenatal and postnatal period), Post (expression of inducible hDISC1 only during 
postnatal period).
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Mouse/ 
Morphology 

 
Disc1Tm1Kara 

Koike et al. 
2006, Kvajo et 
al. 2008 
 

DN-DISC1 
Hikidia et al. 
2007 

Inducible hDISC1 
Pletnikov et al. 
2007, Ayhan et 
al. 2010 

Disc1tr 

Shen et al. 
2008 
 

DISC1-cc 
Li et al. 2007 

L100P 
Clapcote et al. 
2007, Lee et 
al. 2011 

Q31L 
Clapcote et al. 
2007, Lee et 
al. 2011 

V
o

lu
m

e 

Brain N/A N/A ↓ (Pre), (Post) ↓in ♂ N/A ↓13% ↓6% 

Cortex ↓14% N/A ↓ (Pre+Post), (Post) ↓ layers II/III N/A ↓ ↓ 
Ventricle N/A ↑ ↑ (Pre+Post), (Post) ↑ N/A N/A N/A 

Corpus 
Callosum 

N/A N/A N/A ↓ N/A N/A N/A 

C
el

lu
la

r 
C

h
an

g
es

 

Dentate 
Gyrus/ 
Granule 
Cells 

↓dendritic 
complexity, ↑angle 
of 1° dendrite, 
↑migration 

N/A 
↑spine density 
(Pre+Post) 

N/A ↓dendritic 
complexity 

N/A N/A 

CA1/ 
Pyramidal 
Cells 

n.c. dendritic 
complexity, 
n.c. synaptic 
transmission, LTP 
in CA1 

N/A N/A N/A 
↓ basal synaptic 
transmission 
n.c. LTP 

n.c. dendritic 
complexity 
↓spine density 

n.c. dendritic 
complexity  
↓spine density 

Cortex 
↓length of apical 
dendrite mPFC  
layer V 

N/A ↑spine density (Pre) N/A N/A 

↓ cortical density 
& migration, 
altered cortical 
layers, ↓dendritic 
length & spine 
density 

↓ cortical density 
& migration, 
altered cortical 
layers, ↓dendritic 
length & spine 
density 

Inter-
neurons 

n.c. Parvalbumin, 
Calbindin in mPFC 

↓ Parvalbumin, 
n.c. Calbindin, 
Calretinin in mPFC 

↓ Parvalbumin (Pre) 
(Pre+Post), (Post) in 
CTX 
n.c. Calretinin 

↓Parvalbumin in 
mPFC, HPC, 
altered localization 
in DLFC 

N/A N/A N/A 

Neuro-
genesis 

↓adult in HPC N/A N/A ↓in CTX N/A ↓in CTX ↓in CTX 

Protein 
Expression 

N/A N/A 
↓mDisc1, Lis1, 
Snap25, n.c. NdeL1, 
PSD95 

N/A N/A n.c. mDisc1, 
PDE4 

n.c. mDisc1, 
PDE4 

PDE4 Activity N/A N/A ND N/A N/A n.c. ↓by 50% 
 

Table 1.3: Morphological changes in brains of Disc1 mutant mice.  Abbreviations: N/A (not available), ↓(decrease), ↑(increase), n.c. (not changed), HPC 
(Hippocampus), CTX (cortex), mPFC (medial prefrontal cortex), DLFC (dorsal lateral frontal cortex), ♀(females only), ♂ (males only). Pre (expression of inducible 
hDISC1 only during prenatal period), Pre+Post (expression of inducible hDISC1 throughout prenatal and postnatal period), Post (expression of inducible hDISC1 
only during postnatal period). 
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Chapter II 

The Development of the Dentate Gyrus in the 

Disc1Tm1Kara Mouse 

In this chapter, I have processed and stained all the P11 brain sections.  I have also imaged and 
quantified the axonal bundling in Figure 2.4 and imaged the synaptophysin staining in Figure 2.5. 

2.1 Introduction 

 Disc1 is highly expressed throughout life in the dentate gyrus (DG) region of the mouse 

hippocampus (Austin et al., 2004).  This structure is interesting given that it one of very few that develops 

in the early postnatal period and the granule cells, the main cell type of the DG, are the last cells of the 

hippocampal region to be generated (Frotscher et al., 2007).  Moreover, adult neurogenesis occurs in this 

region, one of only two regions of the brain (Doetsch and Hen, 2005).  The simple organization of the cell 

region also provides an excellent model for investigating dendritic and axonal maturation in vivo (Amaral 

et al., 2007).  In this chapter, we will examine the development of the dentate gyrus region of the 

hippocampus in the Disc1Tm1Kara mice. 

2.1.1 Organization of the dentate gyrus 

 The granule cell layer (GCL) of the DG is organized into two blades that form a V-shaped 

structure within the temporal lobe (Amaral et al., 2007). The suprapyramidal blade lies between the Cornu 

Ammonis 3 (CA3) and the Cornu Ammonis 1 (CA1) regions of the hippocampus while the infrapyramidal 

blade is below the CA3 pyramidal cell layer (Witter, 2007). In the rat DG, there are about one million 

granule cells that form a layer of tightly packed cells (West et al., 1991). They have a bipolar orientation 

with the dendritic trees projecting into the molecular layer and the mossy fiber axons into the hilar region 

(Amaral et al., 2007). The molecular layer is a relatively cell free region surrounding the GCL where the 

efferent projections from the perforant and associational/commissural pathways terminate and synapse 

onto the dendrites of the granule cells.  In between the two blades of the GCL is the hilar region which  
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Figure 2.1: The dentate gyrus.  The dentate gyrus (DG) region contains approximately 1 million granule cells (blue) 
in the rodent brain. The dendrites project into the molecular layer and the axons which are collectively termed the 
mossy fibers project into the hilus and towards the CA3.  At the interface between the hilus and the granule cell layer 
is the SGZ or subgranular zone where the progenitor cell population resides. The mossy fiber form two bundles, the 
suprapyramidal bundle is above the CA3 pyramidal cell layer (green) and synapses with the apical dendrites of these 
cells.  The infrapyramidal bundle projects along the bottom of the pyramidal cell layer and synapses with the basal 
dendrites. 
 
 
 
contains a number of cell types including the mossy cell and numerous interneurons and receives inputs 

from the mossy fiber axons of the granule cells (Amaral et al., 2007).  

Two distinct layers of axonal projections terminate within the molecular layer (Leranth and 

Hajszan, 2007, Witter, 2007).  The main inputs to the DG arise from the entorhinal cortex and project to 

the outer two-thirds of the molecular layer, thus synapsing on the distal regions of the dendritic tree 

(Witter, 2007).  The cell bodies of these axons reside mostly in layer II but also layer V and VI of 

entorhinal cortex.  A second set of excitatory projections termed the commissural/associational 

projections arises from the hilar mossy cells on both the contralateral and ipsilateral sides of the brain and 

innervates the dendrites of the inner third of the molecular layer (Leranth and Hajszan, 2007). Since the 

mossy fibers of the granule cells also synapse onto the mossy cells, a feedback loop exists between the 

granule cells and mossy cells (Amaral et al., 2007).  There are minor projections from other regions such 

as cholinergic and GABAergic projections from the septal nuclei, noradrenergic inputs from the locus 

coeruleus, dopaminergic projections from the ventral tegmental area, and serotonergic projections from 

the raphe nuclei to the granule cells as well as to cells within the hilar region (Leranth and Hajszan, 
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2007). None of these projections form the ordered layers of the projections to the molecular layer like the 

perforant and commissural/associational pathways (Amaral et al., 2007). 

The axonal projections from the granule cells were termed the “mossy fibers” by Ramón y Cajal 

due to their “mossy” appearance caused by the presence of numerous varicosities along the length of 

each fiber and its collaterals (Ramón y Cajal, 1909, Blaabjerg and Zimmer, 2007).  The main mossy fibers 

projection from the granule cells, the suprapyramidal bundle, traverses along the apical dendrites of the 

pyramidal cell layer of the CA3 to the stratum lucidum (Blaabjerg and Zimmer, 2007). There is also a 

second, shorter projection termed the infrapyramidal bundle which passes along the basal dendrites of 

the pyramidal cells.  Fibers often cross between the supra- and infrapyramidal bundles with the 

infrapyramidal bundle eventually joining the main bundle.  There is one last fiber bundle that is present in 

some strains of mice which is called the intrapyramidal bundle. As the name implies, the intrapyramidal 

bundle passes through the CA3 pyramidal cell body layer. It is generally fairly short and also joins with the 

main bundle. There does seem to be a spatial organization to the mossy fiber bundles that relates to the 

location of the granule cell body.  Mossy fibers in the infrapyramidal bundle tend to originate from granule 

cells in the infrapyramidal blade although fibers in the suprapyramidal bundle come from cells in both 

blades of the GCL. The axons in the intrapyramidal bundle are likely to arise from cells at the tip of the 

two blades of the GCL (Ramón y Cajal, 1909). Many collaterals branch from the mossy fibers in the hilar 

region and throughout these bundles, resulting in synapses onto hundreds of cells from interneurons to 

pyramidal cells (Blaabjerg and Zimmer, 2007). 

There are many species and strain differences in the organization of the mossy fiber bundles. 

Barber et al (1974) showed fairly dramatic strain differences among mice in the length of the infra- and 

intra-pyramidal bundles. The 129/J line of mice has both a short intrapyramidal bundle and a longer 

infrapyramidal bundle. The Sm/J line on the other hand has no intrapyramidal bundle but a medium 

length infrapyramidal bundle.  Finally the Balb/c mice have no infrapyramidal bundle but a longer 

intrapyramidal bundle. The length of the infrapyramidal bundle in different strains of inbred mice has been 

positively correlated with ability to correctly perform spatial navigation tasks (Bernasconi-Guastalla et al., 

1994, Crusio and Schwegler, 2005).There are also effects of hormones; increasing thyroid hormone 

levels not only affects the length of the infrapyramidal bundle, but it also improves spatial memory 
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performance on a radial arm maze (Schwegler et al., 1991). Although there are noted strain differences in 

the DG of humans and nonhuman primates compared to rodents such as a much more extensive 

infrapyramidal bundle and synapses that occur throughout the CA3, not just in the stratum lucidum, the 

functional consequences of these changes are not known (Seress, 2007). 

The mossy appearance of the axonal fibers of the granule cell occurs because of the large 

number of varicosities forming on multiple cell types from the main axon fibers and the collateral branches 

(Henze et al., 2000).  Numerous small connections form on interneurons in both the hilus and the CA3. A 

small minority of the synapses are onto the excitatory hilar mossy cells and CA3 pyramidal cells (Acsady 

et al., 1998).  The classic large mossy fiber boutons, termed “thorny excresences”, are vesicle-rich 

regions of nearly 3-5 µm in diameter which encapsulate many spines of the hilar mossy cells or the CA3 

pyramidal neurons (Blaabjerg and Zimmer, 2007). There can be as many as 35 active zones between in 

each of these boutons and they also form puncta adhaerentia or adherens junctions between each other 

and the dendritic shafts of the CA3 pyramidal cells.  While each axon can have over a hundred of the 

small synaptic connections onto interneurons, there are usually less than twenty of the classic large 

mossy fiber boutons (Frotscher et al., 2006)  Thus while the mossy fiber network was once thought to be 

a set of direct excitatory connections between the granule cells and the CA3, it is now understood to be a 

more complex matrix of synapses onto excitatory and inhibitory cells that acts to refine the activation of 

the CA3 region (Blaabjerg and Zimmer, 2007). 

2.1.2 Development of dentate gyrus during early postnatal period 

 While most structures in the brain develop prenatally, the majority of the DG forms in the early 

postnatal period (Bayer, 1980).  Early radiographic studies of development of the hippocampal region in 

rat brains determined that the entorhinal cortex, the septum, and the CA1-CA3 regions all develop from 

embryonic days 15 to 19 (E15-E19).  However, the DG region begins development at E17 and is only 

about 15-20% complete prior to birth.  The bulk of the cells are born between postnatal day 3 (P3) and 

P10 with the remaining 10% born after P18 (Bayer, 1980, Altman and Bayer, 1990).  The stem cells of the 

GCL reside in the subventricular zone and give rise to the suprapyramidal blade cells before those of the 

infrapyramidal blade.  Importantly, a second population of stem cells migrates from the subventricular 

zone and collects within the hilar/GCL border in the subgranular zone region.  These cells will give rise to 
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the adult-born granule cell population. Radial glia scaffolds also form within the GCL during the 

developmental process and remain in the adult brain.  These are thought to act as the matrix for radial 

glia guided migration for newborn cells (Frotscher et al., 2007). When this scaffold is disrupted, as occurs 

in the reelin knockout mice, the GCL is disorganized with scattered, misoriented cells that migrate past 

the GCL into the molecular layer. The mossy fiber projections are also defasiculated (Drakew et al., 

2002).  It is very important to have properly organized granule cell layer so that the afferents to the DG 

make the proper connections.  The projections from the entorhinal cortex actually arrive prior to the 

formation of the granule cell layer at around E18-E19 and occupy the upper two-thirds of the molecular 

layer.  Starting around P2 in the rodent brain, the proximal dendrites, closest to the cell body, receive 

inputs from the commissural/associational projections of the hilar mossy fiber cells (Frotscher et al., 

2007).  

 In rats, on the day of birth granule cells can be found in the suprapyramidal layer.  The first born 

cells will occupy the outer layer of the GCL whereas younger cells reside in the layers closer to the hilus 

(Schlessinger et al., 1975). The youngest neurons have a very rudimentary dendritic tree with two or 

more apical dendrites and few higher order branches.  Immature neurons have basal dendrites which are 

not present in adult neurons (Rahimi and Claiborne, 2007).  By day 5, the dendritic trees are more 

elaborate with filopodia, varicosities, and growth cones present (Lubbers and Frotscher, 1988).  There are 

also a few spines present although most synapses occur on the shaft of the dendrites.  By day 7, some 

mature granule cells are visible; these cells no longer have the features of the immature neurons such as 

the filopodia and varicosities and basal dendrites.  Instead, the dendrites have elongated to reach the 

outer edges of the molecular layer and are covered in spines (Jones et al., 2003).  Furthermore, LTP can 

be elicited suggesting that functional synapses have formed (O'Boyle et al., 2004). However, the granule 

cells are not fully mature and elongation of the dendrites and increases in spine density occur through the 

first two weeks.  The molecular layer gets thickens as the cells mature and the dendritic trees elaborate. 

Until about P60, there is some continued elongation of the dendrites that is accompanied by pruning of 

the short terminal segments on the distal ends of the dendritic tree (Rahimi and Claiborne, 2007). 

 The mossy fiber axonal projections from the granule cells also develop postnatally (Blaabjerg and 

Zimmer, 2007). In rats, the first axons can be seen in the hilus as early as the day of birth. During the first 
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two weeks there is very rapid development and elongation of these fibers with the first full length fibers 

reaching the CA3 by P3-P5.  Collaterals from mossy fiber axons form early synapses in the hilus on both 

excitatory mossy cells and inhibitory interneurons.  Synapses also form on the CA3 pyramidal cells before 

they develop spines.  However, the mossy fiber complex remains immature for a long period of time; it 

takes 3-4 weeks for the fibers to reach their full adult length.  Mature mossy fiber terminals are not seen 

until about 3 weeks of age (Amaral and Dent, 1981, Blaabjerg and Zimmer, 2007).  As the mossy fibers 

grow and start to form synapses, overgrowth and inappropriate synapses need to be eliminated. The 

infrapyramidal bundle initially extends along the entire length of the CA3 but in the period from around 

P20 to P45 the excessive growth is pruned back to leave the mature mossy fiber bundle (Faulkner et al., 

2007). 

 In summary, the majority of the DG develops postnatally.  The elongation and maturation of the 

dendrites and spines of the granule cells occurs simultaneously.  Moreover, while the process occurs 

quickly at first with the first adult-like dendrites appearing at day 7 and the mossy fiber axons forming 

synapses within the first few postnatal days, it can take up to two months for the process to complete.  A 

considerable amount of refinement occurs after the first two weeks to prune over-elaborate growth.  Thus, 

the process consists of many steps: neurogenesis, migration, elaboration of neurites, and pruning of the 

processes and synapses.  

2.1.3 In this chapter 

In this chapter, we report the effect of the Disc1Tm1Kara mutant allele on neurodevelopment of the 

DG region of the hippocampus.  This region forms postnatally with the bulk of neurogenesis occurring 

within the first two weeks.  Outgrowth of mossy fiber axons and the dendritic tree also occurs during this 

time period.  However, the elaboration of the mossy fiber boutons and the final pruning of the axons 

which results in the mature DG have not yet occurred. Thus, we chose to investigate the processes 

involved in formation of the region such as proliferation, maturation, and synapse formation at P11. 

Modest abnormalities were found in all of these domains and could contribute to the behavioral and 

electrophysiological deficits found in the adult mice. 
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2.2 Results 

2.2.1 Nissl staining 

 Since the hippocampus is one of the regions with highest expression of Disc1 during 

development and into adulthood, it was important to determine if there were any gross alterations in this 

region. To assess whether the gross morphology of the hippocampal region is affected in the developing 

Disc1Tm1Kara mice, P11 brains were Nissl stained, allowing for the visualization of the cell bodies and the 

the organization of the cellular layers under the light microscope.  There were no gross anatomical 

differences in the structures (Figure 2.2A). 

 

 

Figure 2.2 The P11 dentate gyrus. (A) Nissl staining at P11 reveals no gross anatomical abnormalities in the 
hippocampal region.  (B, C) Injections of BrdU into the developing DG find a decrease in neurogenesis in the HOM 
mice and an intermediate but not significant decrease in the HET mice (P=0.37). Data presented as mean ± SEM. 
Scale bars: A, B: 200 µm. 
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2.2.2 BrdU detection of proliferating cells 

 Mice were examined at P11 when during the period of developmental neurogenesis. To 

determine the levels of neurogenesis at this time, mice were injected with BrdU at P10 and sacrificed one 

day later. The number of BrdU positive cells was quantified by visual counts.  Evaluation of BrdU 

incorporation revealed a significant decrease in the number of labeled cells in HOM mutant mice 

(P=0.037) (Figure 2.2B, C), indicating that Disc1Tm1Kara affects neurogenesis in the developing DG.  There 

is also an intermediate effect seen in the HET mice. 

2.2.3 Dendritic complexity 

P11 Disc1Tm1Kara mice carrying one Thy1-GFP reporter allele were used to analyze the dendritic 

morphology of granule cells. GFP-positive cells generated during this time period were predominantly 

confined to the outer layer of the DG and displayed a morphology characterized by multiple primary 

dendrites. Analysis of their complexity revealed a decrease in the number of dendritic segments 

(P=0.016) (Figure 2.3) and branching points (P=0.017, data not shown). 

2.2.4 Analysis of mossy fiber projections  

We characterized the mossy fibers (MFs) of P11 granule cells (GCs) using calbindin 

immunohistochemistry. In WT mice, MFs accumulate in the DG hilus and then project toward the CA3 

pyramidal cell layer.  They are segregated into two distinct bundles, the large suprapyramidal bundle 

(SPB) that travels adjacent to and above the pyramidal layer, and a smaller infrapyramidal bundle (IPB) 

 

 

Figure 2.3 Dendritic complexity in P11 granule cells. (A) Granule cells in Thy1-GFP mice were traced and the 
dendritic structure was analyzed. (B) There was a significant decrease in the number of neurites at P11 in the HOM 
mice (P=0.016). Data presented as mean ± SEM. Scale bar: 20 µm. 
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Figure 2.4 Mossy fiber axons in P11 mice. (A) Sections from P11 mice were stained with calbindin, a marker or 
granule cells in the DG. (B) A line was drawn between the two blades of the DG (dotted line) and the distance from 
this line to where the suprapyramidal and infrapyramidal bundles split (arrow head) was measured.  There was a 
significant increase in this length in the HOM Disc1Tm1Kara mice suggesting abnormalities in axonal pathfinding or 
fasciculation (P=0.0002). (C-D) The length of the suprapyramidal bundle (C) and infrapyramidal bundle (D, and 
arrow) was measured from the dotted line to the tip of the bundle.  There was a very small but significant increase in 
the length of both bundles in the HOM mice (SPB: P= 0.018; IPB: P=0.022). Data presented as mean ± SEM. Scale 
bar: 100 µm. 
 
 
 
that travels below the pyramidal layer, with sparse fibers connecting the IPB and SPB. In mutant mice 

there was a prominent increase in fibers crossing the pyramidal cell layer, causing the IPB and SPB to fail 

to clearly segregate into the two distinct tracts until they were significantly further away from the hilus than 

in the WT mice (Figure 2.4A, B). Quantitative determination of the point at which the SPB and IPB 

separated revealed that while WT fibers typically segregated on average 50 µm away from the hilus, 

HOM mutant fibers only segregated at a distance of ~200 µm (P=0.0002) (Figure 2.3A, B). In addition, the 

total length of both bundles was slightly (~6–7%) increased in the HOM mice (SPB: P= 0.018; IPB: P= 

0.022) (Figure 2.4C, D). As shown with the Nissl staining, hippocampal morphology was normal and the 

lamination of CA3 neurons was preserved, suggesting that the abnormal lamination of MFs does not stem 

from altered positioning of their target cells. 

2.2.5 Synapse localization 

When MFs exit the hilar region and reach the pyramidal cell layer, the SPB makes synaptic 

contacts with the apical dendrites while the IPB synapses with the basal dendrites.  To determine whether  
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Figure 2.5 Synapse localization in the P11 CA3. (A, B) Analysis of synaptophysin in the proximal (A) and distal (B) 
CA3 show an altered localization in the mutant Disc1Tm1Kara mice.  There are more mossy fiber synapses as shown by 
synaptophysin puncta in the cell body region.  (C, D) This was quantified in the Thy1-GFP mice in the proximal (C) 
and distal (D) regions.  (E,F) Lines were drawn to outline the pyramidal cell layer (pcl) as shown in (E).  The number 
of varicosities within that region or above (SPB, suprapyramidal bundle) or below (IPB, infrapyramidal bundle) was 
quantified and there was a significant difference in the mutant mice (P=0.005).  (G) In the distal region, the number of 
varicosities in the PCL and the number in the stratum lucidum region (SL) were quantified and again a difference in 
the distribution was seen (P<0.0001). Data presented as mean ± SEM. Scale bars:  A,B (shown in B): 50 µm, C,D: 
100 µm, E: 200 µm. 
 

altered axonal targeting also affected the lamina-restricted distribution of MF terminals (MFT), we stained 

for the presynaptic marker synaptophysin. Notably, our analysis revealed ectopic MFTs invading the 

pyramidal layer in the proximal (Figure 2.5A) and distal (Figure 2.5B) CA3 of mutant mice. We next 

exploited the low expression levels of Thy1-GFP at P11 to visualize and quantify the laminar distribution 

of individual GFP-labeled MFTs. We analyzed the distribution of terminals above (belonging to the SPB), 

below (belonging to the IPB) and within the pyramidal cell layer in both the proximal and distal regions of 
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the CA3 (Figure 2.5E). In all three genotypes the SPB and IPB terminals partially overlapped with the 

pyramidal cell layer. However, quantification in the proximal CA3 in mutant mice showed a ~ 25% 

increase in the proportion of synaptic terminals located within this layer, at the expense of terminals 

localized to the SPB (P< 0.0001) or the IPB (P< 0.0002) (Figure 2.5C,F). A similar quantification in the 

distal CA3 revealed a smaller (~10%) increase in the proportion of terminals located within the pyramidal 

cell layer in the mutant mice (P=0.005) at the expense of terminals located in the stratum lucidum (P< 

0.0001) (Figure 2.5D,G).  This suggests that there is an altered pattern of synaptic inputs into the CA3 

during the neurodevelopmental time points in the Disc1Tm1Kara mutant mice. 

2.3 Discussion 

 The granule cell layer of the DG develops during the early postnatal period.  We thus chose to 

analyze the DG at P11 during this peak in neurodevelopment to determine if there were any alterations in 

this region. Assessment of the cellular organization of the entire hippocampal region, including the DG, 

revealed no gross morphological differences.  However, when we looked more closely at cellular 

proliferation with BrdU labeling, we did find a significant decrease in the HOM mice.  The difference in the 

HET mice was intermediate and did not reach significance.  This suggests that there are underlying 

differences in the neurodevelopment of this region in the mutant mice.  To determine if the dendritic 

structure of the granule cells were affected, we crossed the Disc1Tm1Kara line with a Thy1-GFP reporter 

line.  While we did find a decrease in the dendritic complexity of the granule cells in the HOM mice, we 

did not observe any alterations in the HET mice.  Finally, we looked at the mossy fiber axons of the 

granule cells that synapse with the CA3 pyramidal cells.  The mossy fiber bundles reside above and 

below the pyramidal cell layer of the CA3 respectively.  However, in the proximal region of the CA3, 

closest to the granule cell layer, there is crossing over of fibers between these two bundles.  In the HOM 

mice there is significantly more crossing over and the two bundles do not clearly separate until they are 

further from the DG.  Moreover, both the SPB and IPB were significantly longer in the mutant mice 

suggesting that this may be due to mistargeting or alterations in pruning.  During neurodevelopment there 

is excess growth of these fibers and then they are pruned back at about the time that developmental 

neurogenesis concludes in the DG (Faulkner et al., 2007). To determine if the Disc1Tm1Kara mutation alters 
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not only the axon fibers themselves, but also the synaptic localization during the developing phase, we 

stained sections from P11 brains for the presynaptic marker synaptophysin. We found a qualitative 

increase in the number of synaptic puncta in the pyramidal cell body layer of both HET and HOM mutant 

mice compared to the WT mice. In order to quantify this change, we took advantage of the availability of 

the Thy1-GFP reporter line.  The number of varicosities within the cell body layer as well as within the 

SPB and IPB regions was counted and there was a significant difference in localization in the mutant 

mice.  Interestingly, there was also a difference in the distal region of the CA3 with more of the 

varicosities localized within the cell body layer versus in the stratum lucidum, the appropriate target 

region.  Synapses directly onto a cell body would likely have a stronger effect than those on the distal 

regions of the dendritic tree so this could suggest an altered balance of inputs into the CA3 region. In 

summary, there are a number of alterations in the structure and organization of the DG and its mossy 

fiber outputs during development which could have long-term implications for the function of the region. 

2.3.1 Limitations of the neurodevelopmental study 

This analysis offers a look into the alterations in structure of the developing DG.  While we report 

a decrease in proliferation, we cannot determine from BrdU labeling alone whether this results in a 

decrease in neurogenesis specifically or just an overall decrease in cell division or survival which would 

also affect glia and oligodendrocyte numbers.  Given that the volumetric analysis reported in Chapter 1 

found no difference in the adult brain, it is likely that any differences in proliferation result in more modest 

changes in cell number in the granule cell layer. Although an exhaustive stereological analysis could 

determine if there are changes in the number of cells in this region at various time points, it is unclear 

given the relatively small magnitude of the proliferation deficits and the numerous factors affecting the 

development and survival of cells whether we or not we would see a difference. We also report a 

qualitative alteration in localization of the synaptic marker synaptophysin and a corresponding quantitative 

change in synaptic varicosities within the cell body layer.  Both of these measures are suggestive of 

synapses forming on the pyramidal cell bodies; however further examination such as a survey of mossy 

fiber boutons with electron microscopy or colocalization studies with synpatophysin and PSD95 would be 

needed to definitively make this claim.  Nonetheless, this set of experiments suggests that 

neurodevelopmental changes in the DG region could be important for some of the changes seen in the 
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adult brain.  Finally, given that Disc1 expression is fairly widespread during development (Austin et al., 

2004), a more thorough examination of other regions of the brain such as the cortex or CA3/CA1 

hippocampal subfields during the late embryonic period would be worthwhile. We suspect the 

development of these other regions may also be affected and so it would be important to look during the 

period when the cortex and hippocampus arise. 

2.3.2 Neurodevelopment of the Disc1Tm1Kara mouse 

 The abnormalities seen in the P11 Disc1Tm1Kara mutant mouse brain suggest deficits in many of 

the major processes of neurodevelopment: proliferation, neurite outgrowth, axonal targeting and pruning, 

and synaptic localization.  The Disc1Tm1Kara mutant mice have modest abnormalities across a range of 

domains which could produce more global alterations in the function of the granule cells and the DG as a 

whole. The neurodevelopmental process in the DG begins with a period of rapid cell proliferation and 

maturation, but the refinements that lead to the adult DG are not complete until at least P30 if not later 

(Rahimi and Claiborne, 2007).  Therefore, it is possible that these abnormalities could be corrected with 

time within the normal maturation process.  Moreover, compensatory changes to try and offset the Disc1-

related dysfunctions are likely to occur.  However, Disc1 is expressed in the adult DG as well and likely 

has a continuing effect on the brain region.  In the Disc1Tm1Kara mutant mouse, a persistent loss of full 

length Disc1 models the human condition and thus allows for the study of the effects of loss of Disc1 over 

the lifetime of the mouse. As discussed in Chapter 1, other groups have used transgenic mice expressing 

truncated form of DISC1.  Two of these mice express DISC1 using an inducible model and to look at the 

effect temporal regulation on behavior and cellular phenotypes (Li et al., 2007, Ayhan et al., 2011).  As 

would be expected, Ayhan and colleagues found that expression of truncated N-terminal DISC1 

throughout the lifetime of the mouse had the largest effect.  Moreover, Li et al found that expression of the 

C-terminal portion of DISC1 in the early postnatal but not the adult brain led to behavioral deficits.  

However, it should be noted that there are likely nonspecific effects of the overexpression model and 

neither of these mice is explicitly relevant to human genetic susceptibility to psychiatric disease. 

Nonetheless, the authors claim these findings do support a role for DISC1 in the development of the brain 

and point to the fact that these changes can be long lasting. 
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Decreases in neurogenesis, dendritic complexity, and axonal pathfinding in the DG could produce 

an imbalance in the trisynaptic circuit.  Decreased synaptic input from the DG is likely to decrease the 

firing rate of the CA3, while increased input to the cell body as suggested by mislocalized synaptic puncta 

could actually increase firing rates. The mossy fiber terminal is a very interesting synapse that does not 

require NMDA receptors or concurrent pre- and post-synaptic firing to induce LTP. Instead alterations in 

presynaptic firing frequency are thought to regulate CA3 pyramidal cell and mossy cell firing (Nicoll and 

Schmitz, 2005). High frequency stimulation from a single granule cell neuron is able to induce firing in its 

target cells whereas single spikes or low frequency stimulation is unlikely to induce postsynaptic firing. 

Thus alterations in the granule cells would have downstream affects as well. The structure of the mossy 

fiber bundle has been shown to affect behavior as changes in the infrapyramidal and intrapyramidal 

bundles are speculated to cause impairments in spatial memory (Crusio and Schwegler, 2005) and as 

shown in Chapter 1, the Disc1Tm1Kara mutant mice do have a consistent deficit in spatial working memory. 

Other types of spatial memory such as the Morris water maze are intact suggesting only a partial 

dysfunction in the circuit. Of note, these tests were done in adult mice so compensatory changes either in 

the underlying structure or the memory strategies of the mice likely play a role in their cognitive abilities as 

well.  

2.3.3 Implication for the neurodevelopmental theory of schizophrenia 

 Schizophrenia is often hypothesized to be a neurodevelopmental disease whereby disturbances 

in developmental processes caused by genetic mutations or environmental challenges can lead to lasting 

neuronal dysfunction long before the onset of the disease (Rapoport et al., 2005). Yet because these 

behavioral symptoms do not arise often until the late teens and early twenties it is difficult to dissect the 

importance of prenatal and perinatal insults. Studies of medical record data have shown that patients with 

schizophrenia were often exposed to early medical complications however none of this data is sufficient 

to prove a causal effect (Cannon et al., 2002).  Longitudinal volumetric analysis of the brains of childhood 

onset patients have suggested pre-existing defects, although other brain imaging studies have found 

progressive changes in the brains of schizophrenic patients (Pantelis et al., 2003).  Therefore, while the 

data in favor of developmental etiology is suggestive, it is by no means conclusive.  Animal models 

provide an excellent opportunity to examine the neurodevelopmental process in light of genetic risk 
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variants and environmental challenges. The neurodevelopmental alterations found in the Disc1Tm1Kara 

mutant mouse support the notion that etiologically valid mice can be used to dissect out the earliest 

abnormalities and follow the course of their development.  Decreases in neurogenesis and a possible 

resultant decrease in cell density of the DG would lead to less mossy fiber output and thus less activation 

and regulation of its target regions. Moreover, the altered axonal targeting and synaptic localization would 

lead to further dysfunction within this branch of the trisynaptic circuit. Abnormalities in the hippocampus 

could thus result in behavioral abnormalities in learning and memory.  Since this is a genetic mouse 

model, we are able to look at these changes in the developing brain and then later examine brain function 

and behavior in the adult in light of compensatory changes in other genes, alterations in the rate of 

processes, and maturation-dependent dysfunctions to present a complete picture of the disease risk. 

2.4 Summary 

 The majority of development of the DG occurs postnatally, thus we investigated some of the main 

processes of neurodevelopment at P11 in our Disc1Tm1Kara mice.  While the gross morphology of the 

hippocampal region is unaffected at this time, we find a decrease in cell proliferation in the HOM mice.  

Furthermore, a non-significant intermediate decrease in the HET mice suggests that there is a dose effect 

in response to loss of the full length Disc1 protein.   We also found a decrease in the dendritic complexity 

of the granule cells in the HOM mice.  We next investigated the mossy fiber axons and find that they do 

not bundle properly.  We found that our mice have a less clear delineation of the infrapyramidal and 

suprapyramidal bundles with many fibers crossing between the two.  Finally, when we looked at synaptic 

markers we found that they are mislocalized within the CA3 pyramidal cell body layer in the HET and 

HOM mice.   

Changes in the developing brain could lead to long lasting deficits in neuronal function and 

structure, although compensation throughout postnatal development can also affect these dysfunctions.  

Expression of Disc1 in the adult DG also suggests alterations in protein level could continue to induce 

dysfunction in this brain circuit.  These developmentally-born cells mature to form the majority of the 

granule cell layer and thus could continue to affect the integrity of the region.  Interestingly, adult 

neurogenesis occurs in this region of the brain and thus neuronal maturation continues throughout the life 
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of the mouse.  If the underlying cellular mechanisms are disturbed by the loss of these Disc1 isoforms, 

then perhaps these adult-born neurons are also affected. In the following chapters we discuss a thorough 

examination of the adult mouse hippocampus including the process of adult neurogenesis. 

2.5 Methods  

2.5.1 Animals and Housing 

Genetically engineered mutant Disc1Tm1Kara mice were used to assess the early postnatal 

development of the DG. The design and creation of the mice are described by Koike et al  (Koike et al., 

2006) and in Chapter 2. WT, HET, and HOM mice were housed in standard laboratory cages with their 

mother and littermates. For analysis of dendritic complexity and synapse localization, Disc1Tm1Kara mice 

were crossed with a reporter strain expressing GFP under the Thy1 promoter (Thy1-GFP, line M)(Feng et 

al., 2000). The Thy1-GFP reporter strain was backcrossed to the Disc1Tm1Kara line on the C57BL/6J 

genetic background for nine generations. All animals were maintained on a 12:12 light:dark schedule and 

provided with food and water ad libitum. All animal experiments were performed in accordance with the 

Guide for the Care and Use of Laboratory Animals and approved by the Columbia University and New 

York State Psychiatric Institute Animal Care and Use Committee. 

2.5.2 BrdU 

 Mice (N=6 each for WT, HET, HOM) were injected with 5mg/mL (50µl/5mg) BrdU (Roche, 

Indianapolis, IN) intraperitoneally at P10 and sacrificed with CO2 and transcardially perfused at P11 as 

described below.    

2.5.3 Sample collection for BrdU, GFP, and immunohistochemistry 

For collection of brain tissue, mice were deeply anesthetized with inhalation of CO2 and 

transcardially perfused with ice cold 1X phosphate buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA, Sigma-Aldrich, St. Louis, MO).  Brains were dissected from the skull and placed 

in 4% PFA overnight at 4° C.  Brains were embedded in 2.5% low melting point agarose (Promega, 

Madison, WI) in PBS and then cut on the vibratome. BrdU samples were cut at 40 µm.  For 
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immunohistochemical staining, sections were cut at 60µm.  The Thy1-GFP mice were cut at 100µm to 

allow for analysis of the dendritic tree as well as synaptic localization. 

2.5.4 Immunohistochemistry   

For Nissl staining, 60 µm vibratome sections were dried overnight, dipped in 0.5% Triton in water, 

followed by 3 washes in 50% Ethanol. Slides were then dipped in distilled water before staining with 

Cresyl Violet and Neutral Red (1:4 CV to NR in acetate buffer, Sigma-Aldrich).  Slides were again washed 

in water, dehydrated and coverslipped with Permount mounting medium (FisherChemicals, Pittsburgh, 

PA).  Images were obtained on a Nikon Eclipse E800 microscope (Melville, NY). Gross overall structure 

was qualitatively characterized by comparing WT, HET, and HOM mouse sections. 

BrdU staining was performed as described (Meshi et al., 2006). For the P11 brains, from the 

40µm vibratome sections, 6 sections of the hippocampus per mouse were mounted on slides (Superfrost 

Plus, Fisher Scientific, Pittsburgh, PA).  After overnight drying, sections were boiled in citric acid for 5 

minutes, rinsed in PBS and treated with 0.3% hydrogen peroxide (Sigma-Aldrich) for 30 minutes, followed 

by rinsing in PBS and 7 minutes of trypsin treatment (Trypsin Histo-kit, Invitrogen, Carlsbad, CA). Next, 

sections were treated with 2N Hydrochloric acid (HCl) for 30 minutes and blocked with 3% Normal Goat 

Serum (NGS, Jackson ImmunoResearch Laboratories Inc., West Grove, PA) in PBS for 1 hr. Sections 

were then incubated overnight with the mouse anti-BrdU antibody (1:500, BD Pharminigen, San Diego, 

CA), rinsed and incubated with the biotinylated anti-mouse secondary antibody (1:200, Vector 

Laboratories, Burlingame, CA) for 1 hr at room temperature. After rinsing, sections were incubated with 

an avidin-biotin complex (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, CA) for 1 hour at 

room temperature, washed in PBS and exposed to 3,3 Diaminobenzidine (DAB, Vector Laboratories).  

Sections were then dehydrated by placing them for 5 minutes per step in a series of water and Ethanol 

baths (water followed by Ethanol at 70%, 70%, 90%, 100%, 100%).  After clearing in pure Xylenes for 10 

minutes, sections were mounted with Permount (FisherChemicals).    

For the THY1-GFP sections, no immunohistochemistry was needed, but free-floating sections 

were counterstained with the nuclear marker TOPRO (Invitrogen) for 10 minutes at 1:2500 in PBS before 

washing 3 times 10 minutes with PBS.  Sections were then mounted on slides and mounted with Prolong 

mounting media (Invitrogen). 
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A standard staining technique was used on the 40µm sections.  First, free floating sections were 

washed in PBS 3 X 5 minutes.  Then sections were permeabilized in 0.3% Triton in PBS (PBT) for 10 

min.  Sections were again washed 3 X 5 minutes and then blocked in 0.1% PBT and 3% Normal Donkey 

Serum for 1 hour at room temperature. Sections were then incubated at 4° C overnight in the primary 

antibody diluted in the blocking solution. The antibodies used were anti-synaptophysin (mouse 1:1000, 

Sigma-Aldrich) and anti-calbindin (rabbit, 1:1000, Swant, Switzerland). On the second day, sections were 

washed in PBS (3X5 minutes) and then incubated for 1 hour at room temperature with Alexa-conjugated 

secondary antibodies from Invitrogen (1:1000). Sections were then counterstained with Topro (1:2500, 

Invitrogen) and mounted with Prolong Gold (Invitrogen). 

2.5.5 Analysis of BrdU 

The number of BrdU positive cells in the DG was manually counted using the 100X oil objective 

on a Nikon Eclipse E800 microscope.  The cells within both blades and on both the left and right sides of 

the brain were counted. (Kvajo et al., 2008; Meshi et al., 2006).  

2.5.6 Analysis of Thy1-GFP mice 

GFP expression in the Thy1-GFP reporter line is initiated within the first postnatal days, labeling 

neurons throughout the CNS, including the granule cells of the DG. At P11 low levels of expression of the 

GFP transgene allow the visualization of the distribution of individual neurons and terminals in the DG. 

For the quantification, P11 mutant/Thy1-GFP mice and their WT/Thy1-GFP littermates were again 

sacrificed with CO2 inhalation and transcardially perfused, and mounted on slides as described above. 

Dendritic complexity was analyzed on 40X images of individual neurons that were scanned with the 

confocal microscope (Zeiss, Thornwood, NY). Z-stacks of the neurons were created with the Zeiss LSM 

AIM program and then traced using the Image J software (NIH) with the NeuronJ pluggin. 

For analysis of mossy fibers using the Thy1-GFP mice, sections that were counterstained with 

TOPRO to mark the cell body layers were scanned on the confocal microscope using the 10X objective (4 

WT, 4 HET, 5 HOM, 4-5 sections/mouse).  To quantify the proximal mossy fibers, the region of interest 

was defined by drawing a line between the tips of the upper and lower blades of the DG, and another one 

from the tip of the distal MF crescent perpendicular to the proximal CA3 cell body layer. The cell body 
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layer between these two lines was then outlined (see Figure 2.4E for a representation).To assess the 

localization of synaptic terminals, the number of GFP-labeled terminals was counted above, within, and 

below the lines demarcating the cell body layer.  The counts of GFP puncta in each region were 

expressed as a percentage of the total to correct for differences in Thy-1 GFP expression between mice. 

The number of terminals in the distal region was counted in a similar way.  A line was drawn from the tip 

of the mossy fiber crescent to the proximal CA3 cell body layer. The cell body layer of the distal CA3 was 

outlined.  The number of GFP-labeled terminals within the cell body layer as well as the number outside 

the region within the stratum lucidum was counted and each expressed as a percentage of total.  

 The measurement of the length of the mossy fibers was adapted from a method previously 

described (Zhao et al., 2006).  Sections were stained for calbindin as well as the cellular marker, TOPRO 

(N= 6 mice/genotype, n=6 sections/mouse).  A line was drawn between the upper and lower blade of the 

granule cell layer of the DG.  The length of mossy fibers was then determined by drawing a line from that 

line to the tip of mossy fiber bundle using the Zeiss LSM AIM program.  The separation of the mossy fiber 

bundles was measured in a similar manner.  The same reference line drawn between the two blades of 

the DG was used.  Then the distance at which the supra- and infrapyramidal bundles clearly separate (ie 

where there are no more fibers crossing between the bundles) was measured.  A negative number 

indicates that the bundles separate within the hilar region.  6 mice/genotype (6 sections/mouse), were 

quantified.  

2.5.7 Synaptophysin localization 

 Sections stained for synaptophysin and TOPRO were imaged at 20X on a confocal microscope 

(Zeiss) in both the proximal and distal CA3 regions.  Z stacks were created from these images and the 

localization of synapses as marked by synaptophysin was qualitatively assessed.  Synapses were 

considered mislocalized when they were found within the cell body region.  Representative images are 

presented. 6 mice/genotype and 6 sections/mouse were assessed.  
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2.5.8 Statistical analysis  

One-way ANOVA with Bonferroni posthoc test (as implemented in GraphPad, Prism) was used 

except for the analysis of terminal distribution in the proximal and distal CA3 where the interaction of 

genotype and region was analyzed using two-way ANOVA.  
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 Chapter III  
 

The Adult Hippocampus in the Disc1Tm1Kara Mice 
 

In this chapter I have perfused the mice and stained all the sections except in analysis of the CA1. I have 
imaged the Disc1/Thy1-GFP mice and measured the dendritic complexity for the dentate gyrus and the 
CA3 as well as the spine density for the dentate gyrus. I have also imaged and analyzed the calbindin 
and synaptophysin sections. Finally I perfused and did the initial section preparation of the mice for 
electron microscopy.  I chose the images which were captured and analyzed all of the electron 
micrographs.  

3.1 Introduction 

 In the 1950s, Henry Molaison aka patient HM received a bilateral hippocampal resection to treat 

his severe temporal lobe epilepsy (Scoville and Milner, 1957).  Unfortunately, upon the completion of the 

surgery he was no longer able to form new declarative memories while other forms of memory such as 

procedural memories, classical conditioning, and priming remained intact.  Nine other patients are 

mentioned in the original report, many of whom received temporal lobe resections and also reported 

various degrees of memory impairment which corresponded to the amount of hippocampal tissue that 

was removed.  Interestingly, many of these other patients who seem to have been lost to the historical 

literature were brought in not for seizures, but for treatment of psychiatric symptoms pointing to an early 

understanding of a connection between the hippocampus and psychosis (Scoville and Milner, 1957).  

Thus, out of the tragic situation of these patients and Mr. Molaison’s generosity in allowing doctors to 

study him, we began to understand the importance of the hippocampus in learning and memory. In this 

chapter we will examine the cellular structure of the adult hippocampus in the Disc1Tm1Kara mice in an 

attempt to understand the affect of the genetic mouse model of schizophrenia on this region. 

3.1.1 Connections within the hippocampus 

 The hippocampus is seahorse shaped structure in the medial temporal lobe which is composed of 

three main regions: the dentate gyrus (DG), the Cornu Ammonis 3 (CA3), and the Cornu Ammonis 1 

(CA1) (Amaral and Witter, 1989).  The CA2 (Cornu Ammonis 2) is a transition region between the CA3 

and CA1 which contains both large pyramidal cells like those found in the CA3 and smaller ones like 

those found in the CA1. The mainly unidirectional trisynaptic pathway which makes up the major circuit of  
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Figure 3.1: The hippocampus.  A diagram of the connections within the hippocampus.  The beginning of the 
trisynaptic pathway starts with the inputs from the entorhinal cortex (EC) to the dentate gyrus (DG) through the 
perforant pathway (PP, light blue). There are also direct connections from the EC to the CA1 (cornu ammonis 1, 
bright blue) and CA3 (cornu amonnis 3, light blue). The DG also inputs from the mossy cells of the hilar region via the 
associational and commissural pathway (A/C P, dark blue). The second part of the trisynaptic pathway are the mossy 
fiber projections from the DG to the CA3 (pink). The upper blade of the DG is termed the suprapyramidal blade (SPB) 
and its fibers mainly join the suprapyramidal bundle.   The lower blade or the infrapyramidal blade (IPB) produces 
fibers that form the infrapyramidal bundle but also join the main suprapyramidal bundle. Schaffer collateral axons 
(green) project from the CA3 to the CA1 to complete the trisynaptic circuit.  There are also many recurrent 
connections among CA3 pyramidal cells.  Finally the main output from the region is from the CA1 to layer V/VI of the 
EC (yellow). (Adapted from http://neuralcircuits.uwm.edu/neural-circuits-of-the-hippocampus/). 
 

this region begins with the perforant pathway inputs from the entorhinal cortex to the DG (Witter, 2007).  

The mossy fiber axons of the granule cells of the DG then send their projections to the pyramidal cells of 

the CA3 which connect to the pyramidal cells of the CA1 via the Schaffer collaterals.  The main outputs of 

the CA1 are to the entorhinal cortex and the subiculum.  The entorhinal cortex also makes direct inputs to 

the CA1 and CA3 regions (Amaral et al., 2007, Witter, 2007).  The extensive network of recurrent 

collateral connections among the pyramidal cells of the CA3 is thought to be important for the function of 

the CA3 in pattern completion, which will be discussed later.  Furthermore, the sparse but strong 

connections from the DG onto the CA3 are believed to be critical for the pattern separation component of 

memory formation (Tamminga et al., 2010).   

3.1.2 The hippocampus in learning and memory  

 As shown with patient HM and several other patients with surgery-induced lesions of the medial 

temporal lobe, the hippocampus is required for declarative memory (Scoville and Milner, 1957, Squire et 

al., 2004).  Moreover, findings from patients with focal lesions in the hippocampus following stroke have 
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supported the role of the hippocampus in learning and memory (Rempel-Clower et al., 1996). Animal 

models with lesions of the hippocampus have further helped to define the role of the structure in these 

tasks (Bunsey and Eichenbaum, 1996, Dore et al., 1998).  Rats with hippocampal lesions perform 

normally on DNMP working memory tasks when the inter-trial interval is only a few seconds but are 

impaired at longer intervals of a couple minutes, showing that the hippocampus is not necessary for all 

forms of memory (Clark et al., 2001). Beyond lesion studies, single cell recordings have found cellular 

changes during encoding (Messinger et al., 2001) and imaging studies have reported increases in 

hippocampal activity during retrieval (Stark and Okado, 2003).  Indeed, since patient H.M., abundant 

evidence has been produced which bolsters the role of the hippocampus in learning and memory (Squire 

et al., 2004). 

 Classic work done in Aplysia Depilans started to uncover the molecular mechanisms which 

underlie memory by describing the synaptic changes in response to stimulation (Kandel and Tauc, 1965).  

Importantly, these ideas have led to the description of long term potentiation (LTP) in the hippocampus 

(Bliss and Lomo, 1973).  Indeed, the hippocampus is a very plastic part of the brain. The Schaffer 

collaterals which project from the CA3 to the CA1 and form the last segment of the trisynaptic pathway 

undergo LTP in response to concurrent firing in the presynaptic and postsynaptic cells (Siegelbaum and 

Kandel, 1991).  This form of Hebbian plasticity requires that the cells fire coincidentally to strengthen the 

synapse.  While LTP is complicated and requires multiple signaling cascades, the Hebbian form is known 

to rely on an initial phase of depolarization of the postsynaptic cell when glutamate binds amino-3-

hydroxy-5-methyl-4-isoxazole (AMPA) receptors.  This depolarization of the cell removes the voltage-

dependent magnesium ion blocking N-methyl-D-aspartic acid (NMDA) receptors.  It is the flow of calcium 

through NMDA receptors which leads to phosphorylation of downstream targets and strengthening of the 

synapse (Siegelbaum and Kandel, 1991).  Interestingly, at the mossy fiber terminal between the DG and 

the CA3 pyramidal cells, a non-Hebbian form of LTP occurs that does not require NMDA receptors or 

concurrent firing.  Instead, it involves presynaptic mechanisms which affect the release of 

neurotransmitter to produce potentiation (Zalutsky and Nicoll, 1990, Nicoll and Schmitz, 2005). In the 

granule cell, the second messenger cAMP is thought to play a role in mediating the induction and 

expression of LTP at the DG/CA3 synapse (Weisskopf et al., 1994).  Thus, both pre- and postsynaptic 
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mechanisms regulate the induction and maintenance of LTP, the purported cellular correlate of learning 

and memory. 

3.1.3 Pattern separation and pattern completion 

 Within the hippocampus, the different subregions have different roles; pattern separation is 

thought to occur in the DG, whereas pattern completion requires the CA3. Pattern separation and pattern 

completion play opposing roles in memory encoding and retrieval.  In order to be able to properly encode 

memories, distinct events must be individually represented even if they contain similar spatial or temporal 

details (Treves et al., 2008).  This is the core of pattern separation.  A mouse in which the NR1 subunit of 

the NMDA receptor has been knocked out specifically in the DG has less plasticity in this region and is 

unable to discriminate similar contexts in fear conditioning tasks (McHugh et al., 2007).  Computational 

models have suggested that the DG is perfectly suited to perform this type of fine discrimination because 

relatively few cells from the entorhinal cortex synapse onto many granule cells in the DG (Aimone et al., 

2010). Moreover, local interneurons also provide extensive feedback inhibition and thus the granule cells 

become finely tuned with very few cells being active at one time.  The granule cells are often called 

“detonator” cells because one granule cell is sufficient to depolarize its pyramidal neuron targets.  Finally, 

as will be discussed more in the next chapter, newborn cells in the adult DG have been shown to be more 

plastic and are thought to be involved in encoding new memories while maintaining existing ones (Deng 

et al., 2010).   These features allow for definition of separate events and thus the minimizing of 

interference that can occur between similar memory traces.  

 The ability to associate partial memory traces is essential for pattern completion, a process that is 

thought to be the neural basis of event recollection.  Pattern completion allows not only for associative 

recognition when two events are similar, but also for inferential reasoning which pairs two events together 

if they have a third event in common (Tamminga et al., 2010).  When using a technique based on imaging 

of immediate early genes to look at cellular activity, Vazadarjanova and Guzowski found that the CA3 

plays an important role when a rat is exposed to two similar yet distinct environments.  They find a high 

degree of overlap of the activated cells in the CA3 region across environments, compared to low overlap 

in the CA1 region.  If the two environments are very different, there is very low overlap in activation 

(Vazdarjanova and Guzowski, 2004). Moreover, the plasticity of the region is important for the pattern 
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completion portion of the memory retrieval task. The Tonegawa group also made an NR1 knockout 

mouse which was specific to the CA3.  Although there are few NMDA receptors on the pyramidal cells at 

the mossy fiber boutons, there are many at the recurrent collateral synapses from other CA3 pyramidal 

cells. While these mice were able to learn and perform normally on a Morris water maze task, when some 

of the original spatial clues were removed the mice had impaired performance (Nakazawa et al., 2002).  

The recurrent collaterals within the CA3 are thought to be important for retrieving complete memory 

traces from partial inputs and indeed the need for synaptic plasticity within these synapses suggests that 

they play a role in pattern completion.  

3.1.4 The hippocampus and schizophrenia 

 Numerous observations have led to the speculation that the hippocampus plays a central role in 

the pathology of schizophrenia.  Consistent decreases in hippocampal volume have been found in 

patients with the disease and these seem to progress with the disease course (Tandon et al., 2008). 

Moreover, this is accompanied by an increase in hippocampal perfusion at rest in both schizophrenic 

patients and prodromal subjects who later develop the full disease (Schobel et al., 2009). These changes 

have functional implications as there is an activation deficit seen with fMRI during declarative memory 

tasks and patients also consistently perform worse on these tasks (Heckers et al., 1998). Furthermore, 

alterations in the functional connections between the hippocampus and other regions such as the 

prefrontal cortex may also add to disease (Fletcher, 1998).  Abnormal orientation of cells in the 

hippocampus (Conrad et al., 1991) as well as reduction of synaptic plasticity markers and glutamate 

receptors have been found, among other deficits (Tamminga et al., 2010). Finally, decreases in adult 

neurogenesis (Reif et al., 2006) and glutamate transmission (Crook et al., 2000) in the DG of patients 

suggest a key role for this region of the hippocampus in altering the function of the entire trisynaptic 

circuit.   

3.1.5 DISC1 and the hippocampus 

 As discussed in Chapter 1, studies of patients and their family members who carry common 

DISC1 haplotypes display differences in hippocampal volume and activation (Table 1.1).  Deficits in 

working, short-term, and long-term memory also suggest an alteration in hippocampal function (Chubb et 



71 

 

al., 2008).  It should be noted that these data are based on common DISC1 SNPs and not on causative 

genetic mutations so the implications for gene function are not known. The power of these studies is also 

limited due to the sample size so the results should not be taken as definitive. Yet, prominent expression 

of DISC1 mRNA and protein in the hippocampus in humans and animals suggests that if polymorphisms  

alter the protein, mutant DISC1 would be well situated to affect the structure or the function of the 

hippocampus (Millar et al., 2000, Austin et al., 2003, Austin et al., 2004).   

According to mRNA localization, Disc1 is highly expressed throughout the brain during 

development, but in adult mice it is restricted to the hippocampus with highest expression in the DG 

(Austin et al., 2004). Mouse models that manipulate Disc1 expression have found alterations in various 

parameters from the number and distribution of hippocampal interneurons to performance on working 

memory tasks (see Tables 1.2, and 1.3).  Overall, these clues suggest that changes in DISC1 expression 

in the brains of patients with schizophrenia or mouse models of the mutation could lead to some of the 

deficits that underlie the disease.  However, we should not expect to see these changes in all patients as 

schizophrenia is a very heterogeneous disease. Single nucleotide polymorphisms are also unlikely to lead 

to drastic changes in DISC1 expression or function.  Moreover, changes in DISC1 would not be expected 

in all patients as evidence suggests there are many genetic risk factors for schizophrenia (Allen et al., 

2008).  

3.1.6 In this chapter 

 Since we have described alterations in the neurodevelopment of the DG in the Disc1Tm1Kara 

mutant mice, in this chapter we focus on the effects of the mutation on the entire adult hippocampus.  In 

the adult brain, the expression of Disc1 is highest in the DG, although its expression has been shown to a 

lesser extent in the CA3 and CA1 regions (Austin et al., 2004, Lein et al., 2007), thus we would expect the 

largest changes in the DG.  It is likely that the abnormalities we see in the neonatal brain may still persist 

in the mature brain or be corrected following fine-tuning of the circuit.  In this chapter, we examined the 

dendritic complexity and cellular organization of the granule cell layer as well as the axonal targeting of 

the mossy fibers into the stratum lucidum of the CA3.  We show that many of the phenotypes that were 

observed at P11 remain in the adult mice, although there has been some attenuation of severity with 

maturation.  We also looked at the dendritic complexity and organization of pyramidal cells in the CA3 
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and CA1 regions and while the CA1 seems unaffected, there is a decrease in the dendritic complexity of 

the CA3.  This suggests there may be regional alterations in cellular morphology that are specific to 

regions with Disc1 expression. 

3.2 Results 

3.2.1 Analysis of mature granule cells 

We analyzed GFP-expressing granule cells in mutant Disc1Tm1Kara mice crossed to the Thy1-GFP 

reporter strain. TheThy-1 promoter directs expression in postmitotic neurons (Feng et al., 2000) and, as 

expected, the vast majority of GFP-expressing cells represent mature neurons that do not express 

doublecortin (DCX) (Figure 3.2A). Restricting our analysis to granule cells with a single, well delineated 

apical dendrite, we looked for the alignment of the angle of orientation (θ) of the primary dendrite in 

relation to the subgranular zone and molecular layer.  We found that in WT mice the mean θ was ≈6°, 

whereas in mutant mice it was increased by ≈40% (P<0.0001) (Figure 3.2B-D). In WT mice, ≈10% of 

granule cells had apical dendrites projecting outside of the normal WT θ range (±1.5 SD of the mean θ), 

whereas in mutant Disc1Tm1Kara mice this percentage increased to ≈22%. Analysis of dendritic complexity 

of GFP-expressing granule cells with a single apical dendrite revealed a 25% decrease in total dendritic 

length in mutant mice (P=0.0158) (Figure 3.2E, F). We looked at the density of spines on the secondary 

dendrites of granule cells.  Our analysis revealed a significant 30% decrease in the spine density in 

mutant Disc1 mice (P=0.0017) (Figure 3.2G, H). We measured the soma size of mature granule cells and 

found that mutant Disc1Tm1Kara mice have normal soma size (P=0.204) (Figure 3.2I).  Moreover, we looked 

for abnormalities in dendritic complexity and there was no genotypic difference in the percentage of cells 

with multiple primary dendrites (P=0.25) (Figure 3.2J).Overall, these results show that granule cells in 

mutant mice are less complex and have fewer dendritic spines.  Alterations to both the total dendritic 

length and the number of spines would suggest an additive decrease in synaptic input.  Moreover, the 

alteration in orientation of the primary dendrite and thus the dendritic tree would suggest the possibility of 

inappropriate axonal inputs to these mature granule cells.  While these alterations are modest, the 

contribution of a number of defects in the organization of granule cells in the DG could lead to important 

deficits in neurotransmission in this region.  Since the DG is the main input to the CA3 and an important  
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Figure 3.2: Analysis of mature granule cells in the dentate gyrus. (A) Labeling of the granule cell layer of Thy1-
GFP mice with doublecortin (DCX) (red) shows that most of the GFP-positive cells (green) are not immature neurons. 
(B-D) Analysis of apical dendrite angle in mature granule cells. (B) Cells from the WT and HOM Disc1Tm1Kara mice 
express GFP.  (C) The angle of the primary dendrite was measured through the middle of the cell body.  (D) There 
was a significant increase in the angle of orientation in the HOM mice (P<0.0001). (E, F) The dendritic complexity of 
the WT and HOM Disc1Tm1Kara mice was analyzed in the Thy1-GFP line.  (E) Tracings of WT, HET and HOM mature 
granule cells. (F) There was a significant decrease in the dendritic length in both the HET and HOM mice (P=0.0158). 
(G, H) Analysis of spine density in these mature granule cells showed a significant decrease in the HOM mice and 
the HET mice (P=0.0017).  (I) There was no difference in the soma size (P=0.204).  (J) Most of the granule cells have 
a single primary dendrite but some do have multiple primary dendrites (P=0.25).  There was no difference in the ratio 
of these cell types. Data presented as mean ± SEM. Scale bars: A, B: 25µm, E: 50 µm, G: 5 µm. 



 

Figure 3.3: Analysis of axon and synapse localization in the adult brain.
labeled with the granule cell marker calbindin 
(arrow head).  (B) There was no significant difference 
(IPB) bundle (P=0.37). (C) The blue line marks the ends of the two blades of the granule cell layer.  
line is drawn from the blue line to the end of the fibers to
the same way to measure the IPB (P=0.55
these two bundles and is quantified in (B
CA3 region shows that there are synapses localized within the cell body lay
mice, but not in the WT mice. (G, bottom
(F, H) In the WT mice, there is a clear differentiation between the suprapyramidal bundle (SPB) and 
bundle (IPB) with few synapses in the cell body region.  
projections and synapses within the CA3 cell body region
mean ± SEM. Scale bars: A: 100 µm, G
 

component of the trisynaptic loop, these deficits could be important for determining the function of the 

hippocampal structure in general. 

3.2.2 Axonal pathfinding 

In the Disc1Tm1Kara mutant mice at P11 there is an alteration in the pattern of bundling in the 

mossy fibers resulting in an increase in crossing over between the suprapyramidal and infrapyramidal 

: Analysis of axon and synapse localization in the adult brain. (A) Mossy fiber projections were 
ranule cell marker calbindin to measure the lengths of the bundles and the distance to the split 
There was no significant difference in the splitting of the suprapyramidal (SPB) 

he blue line marks the ends of the two blades of the granule cell layer.  
line is drawn from the blue line to the end of the fibers to measure the SPB (P=0.033).  (E) The red line is drawn in 

0.55).  The white line is drawn to measure the distance to the split between 
bundles and is quantified in (B). (G, top) Synaptophysin is a marker of synapses.  Labeling of the proximal 

that there are synapses localized within the cell body layer (arrow heads) in the HET and HOM
bottom)  The distal CA3 did not have synapses localized within the cell body region.  

In the WT mice, there is a clear differentiation between the suprapyramidal bundle (SPB) and 
synapses in the cell body region.  (H) However, in the HOM mice, there is an increase in axonal 

ithin the CA3 cell body region which could mean altered signaling. Data presented as 
µm, G: 50 µm. 

component of the trisynaptic loop, these deficits could be important for determining the function of the 

mutant mice at P11 there is an alteration in the pattern of bundling in the 

in an increase in crossing over between the suprapyramidal and infrapyramidal 
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Mossy fiber projections were 
to measure the lengths of the bundles and the distance to the split 

(SPB) and infrapyramidal 
he blue line marks the ends of the two blades of the granule cell layer.  (D) The yellow 

The red line is drawn in 
ite line is drawn to measure the distance to the split between 

Synaptophysin is a marker of synapses.  Labeling of the proximal 
er (arrow heads) in the HET and HOM 

did not have synapses localized within the cell body region.  
In the WT mice, there is a clear differentiation between the suprapyramidal bundle (SPB) and infrapyramidal 

However, in the HOM mice, there is an increase in axonal 
Data presented as 

component of the trisynaptic loop, these deficits could be important for determining the function of the 

mutant mice at P11 there is an alteration in the pattern of bundling in the 

in an increase in crossing over between the suprapyramidal and infrapyramidal 
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bundles and an excess in synaptic markers within the pyramidal cell body region. We analyzed the 

crossing over of the fibers in adult mice as we did in the P11 mice (Figure 3.2C). This revealed that while 

alterations in axonal pattering could be still observed (Figure 3.3A), there was no overall significant 

change in the location of SPB and IPB separation (P=0.37), (Figure 3.3B). We next looked at the length of 

the bundles as they were slightly increased at P11 and found the length of SPB (P=0.033) but not IPB 

(P=0.55) remained slightly increased (Figure 3.3D, E). 

3.2.3 Synaptic mislocalization  

Consistent with the pattern of axonal lamination, synaptophysin staining revealed that changes in 

MFT distribution were considerably attenuated in adult mice compared to P11 mice. Qualitative 

assessment of the synaptophysin staining revealed that ectopic terminals could still be observed in the 

proximal, but not distal CA3. (Figure 3.3G). 

3.2.4 Synaptic ultrastructure (EM) 

 The mossy fiber terminals are huge, vesicle-rich structures which contact many spines as well as 

dendritic shafts.  The spines are also often encapsulated within the presynaptic region such that these 

structures have been termed “thorny excrescences”.  To determine if there were any changes at the 

ultrastructural level in the volume and organization of the mossy fiber boutons, a thorough analysis was 

performed utilizing electron microscopy.  Analysis of both pre- and post-synaptic regions in the stratum 

lucidum of the CA3 of adult mice revealed normal gross morphology.  No differences were seen in the 

area of either the presynaptic mossy fiber terminals (P=0.88) (Figure 3.4D) or the post-synaptic spines 

(P=0.62) (Figure 3.4F).  Furthermore, there was no difference in the number of spines that contacted the 

MFTs (P=0.22) (Figure 3.4E) or the number of mitochondria per bouton (P=0.16).  Adherens junctions are 

specialized chemical junctions between the mossy fiber bouton and adjacent dendrites (Amaral and Dent, 

1981).  They can be distinguished from active zones because they do not contain vesicles near the site of 

contact and are always found on dendrites, not spines. We also quantified the number of active zones 

(P=0.41) (Figure 3.4J) and adherens junctions (P=0.26) and again found no differences.     

Next, we focused on analyzing the synaptic vesicles contained within the boutons.  While the 

majority of the vesicle are the small, clear core type, there are also large dense core and to a lesser  



 

Figure 3.4 Electron microscopy analysis of mossy fiber boutons. 
A spine (S), dendrite (D), active zone (AZ), adherens junction (AJ), mitochondria (M) are also labeled.  
same MFTs were also imaged and analyzed at 75,000
was a significant decrease in the volume of the vesi
no differences in area of the bouton (D, 
P=0.62), the density of vesicles (G, P=0.21
(J, P=0.41).  (I) However, there was a small 
Data presented as mean ± SEM. Scale bars: 

 

 

Electron microscopy analysis of mossy fiber boutons.  (A) A mossy fiber terminal (MFT) at 30,000X.  
A spine (S), dendrite (D), active zone (AZ), adherens junction (AJ), mitochondria (M) are also labeled.  

imaged and analyzed at 75,000.  A spine (s) and active zone (AZ) are again labeled. 
was a significant decrease in the volume of the vesicles in the HET and HOM mice (P<0.0001).  (

, P=0.88), the number of spines (E, P=0.22), the area of the spines (F
0.21), the length of the active zone (H, P=0.06), or the density of active zones 

However, there was a small decrease in the active zone width, but only in the HET mice (
Scale bars: A: 500nm, B: 100nm. 
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A mossy fiber terminal (MFT) at 30,000X.  
A spine (S), dendrite (D), active zone (AZ), adherens junction (AJ), mitochondria (M) are also labeled.  (B) These 

.  A spine (s) and active zone (AZ) are again labeled. (C) There 
(D-H,J)There were 

), the area of the spines (F, 
r the density of active zones 

dth, but only in the HET mice (P=0.0041). 



77 

 

extent large clear core vesicles within the synapse (Amaral and Dent, 1981). To quantify the number of 

vesicles, a region of interest was drawn in the center of the bouton and the number of small clear core 

vesicles within this region was counted and the density was calculated (Figure 3.4G).  No difference in 

the number of small clear core vesicles was detected (P=0.21).  While we found no difference in the 

number of dense core vesicles (P=0.20), when we looked at the number of large clear core vesicles we 

did find a decrease (P=0.02). These large clear core vesicles are not well understood although is 

speculated that they are important for releasing a large amount of neurotransmitter at one time (Henze et 

al., 2002). Next, we measured the length of the synaptic density of the active zone and found no 

differences (P=0.06) (Figure 3.4H) although there was a small decrease in the width only in the HET mice 

(P=0.0041) (Figure 3.4I). There was also no difference in the length of the adherens junctions (P=0.087). 

We analyzed the readily releasable pool by measuring the density of vesicles within 30nm of the active 

zone and found no alterations in the ratio of docked versus undocked vesicles (P=0.77 docked, P=0.93 

undocked).  However, when we measured the volume of the small clear core vesicles, there was an 

approximately 10% decrease in mutant mice (P<0.0001) (Figure 3.4C) indicating that the Disc1Tm1Kara 

mutation affects the structure of synaptic vesicles at the presynaptic terminal.  Thus, although most 

measures of the mossy fiber boutons are normal, there is a decrease in the volume of synaptic vesicles 

which could have implications for synaptic transmission.   

 

  

Figure 3.5: Dendritic 
complexity of CA3 pyramidal 
cells. (A) The dendritic 
complexity of the basal dendrites 
of the CA3 pyramidal cells was 
analyzed in the Thy1-GFP 
reporter line.  (B-C) There was a 
significant difference in the total 
dendritic length (B) and the 
number of neurites (C) in both 
the HET and the HOM mutant 
Disc1Tm1Kara mice. Data 
presented as mean ± SEM. 
Scale bar: 50 µm.

 



 

 

 
 

3.2.5 Analysis of CA3 region 

 The levels of Disc1 expressed in the CA1 and CA3 regions of the hippocampus 

the DG (Austin et al., 2004, Lein et al., 2007

synapse with the pyramidal cells of the CA3 region. 

of the CA3 pyramidal cells because they are readily visible in the 

significant decrease in the number of neurites 

pyramidal cells in the distal region (Figure 3.5

the WT mice.   

Since the granule cells project not only to the pyramidal cells but also to in

quantified the number of parvalbumin positive interneurons in the CA3 region.  We did not find any 

differences in interneuron numbers in either the proximal (

3.2.6 Analysis of CA1 region 

We also analyzed the dendritic complexity and organization of the pyramidal cells in the CA1 

region of the hippocampus using the 

complexity (P=0.33) and spine density (

revealed no differences (Figure 3.7). 

  

Figure 3.6: Parvalbumin interneurons in the CA3.
(A-B) There was no difference in the number of 
interneurons in either the (A) proximal (
distal (P=0.95) regions of the CA3. Data presented as 
mean ± SEM. 

expressed in the CA1 and CA3 regions of the hippocampus 

Lein et al., 2007).  The mossy fibers of the DG granule cells project to and 

synapse with the pyramidal cells of the CA3 region. We investigated the complexity of the basal dendrites 

because they are readily visible in the Thy1-GFP mice.  Overall there was a 

significant decrease in the number of neurites (P=0.013) and total dendritic length (P=0.0034) of the CA3 

Figure 3.5) in both the HET and HOM Disc1Tm1Kara mice compared to 

Since the granule cells project not only to the pyramidal cells but also to interneurons, we 

quantified the number of parvalbumin positive interneurons in the CA3 region.  We did not find any 

differences in interneuron numbers in either the proximal (P=0.93) or distal CA3 (P=0.95) (

We also analyzed the dendritic complexity and organization of the pyramidal cells in the CA1 

region of the hippocampus using the Thy1-GFP reporter line. Analysis of dendritic orientation (

0.33) and spine density (P=0.57) in GFP-labeled pyramidal cells in the CA1 region 

).  

78 

: Parvalbumin interneurons in the CA3. 
There was no difference in the number of 

) proximal (P=0.93) or (B) 
regions of the CA3. Data presented as 

expressed in the CA1 and CA3 regions of the hippocampus are lower than in 

granule cells project to and 

e investigated the complexity of the basal dendrites 

.  Overall there was a 

0.0034) of the CA3 

mice compared to 

terneurons, we 

quantified the number of parvalbumin positive interneurons in the CA3 region.  We did not find any 

0.95) (Figure 3.6). 

We also analyzed the dendritic complexity and organization of the pyramidal cells in the CA1 

Analysis of dendritic orientation (P=0.055), 

led pyramidal cells in the CA1 region 



 

 

 3.3 Discussion 

 The DG region of the hippocampus in 

a number of aspects of neurodevelopment. In order to determine if any of these alterations remained in 

the adult brain, we surveyed the hippocampal region including the 

mature granule cells we find that the primary

less complex.  Moreover there are fewer

defasciculation of the mossy fiber tract 

disorganization can be seen.  However, a qualitative assessment of the synaptic marker syna

suggested that there is still some synaptic mislocalization, especially in the proxim

The suprapyramidal bundle is slightly longer, although we do not see axonal mistargeting into the CA2 or 

CA1 regions. In order to determine if there were any alterations at the ultrast

 

 
 
Figure 3.7: Analysis of CA1 pyramidal cells. 
Thy1-GFP mice crossed with the Disc1
were used to analyze the structure of the pyramidal 
cells in the CA1 region.  (B) The angle of the primary 
dendrite was analyzed and there was no 
misorientation in the HOM mice (P=
complexity of the dendritic tree was also analyzed 
no differences were found (P=0.33).  
spine density was quantified and no differences were 
found (P=0.57). Data presented as mean ± SEM
Scale bars: A: 100 µm, C: 50 µm, E

 

region of the hippocampus in Disc1Tm1Kara mutant mice has modest abnormalities across 

a number of aspects of neurodevelopment. In order to determine if any of these alterations remained in 

the adult brain, we surveyed the hippocampal region including the DG, the CA3, and the CA1.  In the 

mature granule cells we find that the primary apical dendrite remains misoriented and the dendritic tree is 

fewer spines, suggesting fewer excitatory synapses.  

mossy fiber tract apparent at P11 is no longer present, although some 

.  However, a qualitative assessment of the synaptic marker syna

that there is still some synaptic mislocalization, especially in the proximal region of the CA3.  

The suprapyramidal bundle is slightly longer, although we do not see axonal mistargeting into the CA2 or 

In order to determine if there were any alterations at the ultrastructural level, we undertook 
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an extensive examination of the mossy fiber terminals via electron microscopy.  While the terminals are 

grossly normal and there is no difference in the size of either the pre- or post-synaptic regions, the density 

of vesicles, active zones, or mitochondria, we did find a small yet significant decrease in the volume of the 

vesicles in both the HET and the HOM mice.  We sought to determine if the alterations we see are 

specific to the DG.  When we looked at the CA3 region, we found a significant decrease in dendritic 

complexity in the basal dendrites of the pyramidal cells. However, CA1 pyramidal cells had normal 

dendritic orientation and complexity and a no differences in the spine density. There were no differences 

in the number of parvalbumin positive interneurons. Overall we find that the mature granule cells still have 

many of the abnormalities that were found in the developing mice, albeit to a lesser degree.  Furthermore, 

the CA1 pyramidal cells are grossly normal while in the CA3, the target region of the mossy fibers, there 

is a decrease in the dendritic complexity. 

 These results suggest that there are underlying structural deficits that could contribute to the 

behavioral and electrophysiological abnormalities described in Chapter 1.  Once again, the differences 

occur over a number of domains, suggesting that Disc1 has an important role in overall regulation of 

cellular morphology.  However because there is some attenuation of the scale of changes in both the 

dendritic angle and the axonal defasicaultion, it suggests that there is likely some refinement of the 

granule cells during maturation.  Interestingly, the degree of the decrease of dendritic complexity seen in 

the mature neurons is more severe than in P11 neurons suggesting the expression of Disc1 in the adult 

DG is needed to maintain the dendritic arbor.  The Disc1Tm1Kara genetic mouse model allows for the 

investigation of these changes over the lifetime of the animal thus providing for a deeper understanding of 

the overall developmental trajectory and underlying brain dysfunction over time.   

3.3.1 Maintaining balance in the trisynaptic circuit 

 Decreases in dendritic complexity and spine density suggest an overall decrease in input to the 

granule cells of the DG.   Our finding of fewer spines in the proximal region of the granule cell dendritic 

tree suggests less excitatory input from the associational and commissural axons of the excitatory hilar 

mossy cells.  These mossy cells also receive input from the granule cells and thus form a feedback loop 

so a loss in connections between these two cell types could have a drastic effect (Amaral et al., 2007). 

Moreover, the changes in synaptic localization in the proximal CA3 with more synaptophysin staining in 
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the cell body layer could lead to increased activation of the proximal CA3 pyramidal neurons. 

Interestingly, a single granule cell is often called a detonator cell because it is capable of causing its 

target pyramidal cells to fire with a high frequency train of stimuli (Nicoll and Schmitz, 2005).  Therefore, 

mislocalization of single boutons onto improper targets could cause inappropriate cells to fire and thus 

have significant effects for the network.  While electrophysiological recordings do not show differences in 

the amplitude of evoked transmissions from this region, there are alterations in excitability and short term 

synaptic plasticity.  However, recordings were done in the distal CA3 where there is much less 

mistargeting.  Therefore, further studies looking at the electrophysiological properties of the pyramidal 

cells in the proximal CA3 region could provide informative results about firing properties in light of 

inappropriate targets. Moreover, synaptic plasticity within the mossy fiber boutons is regulated by 

presynaptic mechanisms (Nicoll and Schmitz, 2005).  Alteration in the firing frequency is important for the 

development of STP and this is impaired in the Disc1Tm1Kara mice, although the exact mechanism of this 

deficit is not understood.  Signaling through glutamate autoreceptors, dopamine signaling, and regulation 

of intracellular cAMP cascades have all been suggested to mediate plasticity in the mossy fiber synapse 

(Nicoll and Schmitz, 2005) and as such it would be worthwhile to investigate these processes in the 

Disc1Tm1Kara mice. 

3.3.2 The ultrastructure of the mossy fiber boutons 

 While the ultrastructure of the mossy fiber boutons is grossly normal, the decrease in volume of 

the small clear core vesicles and the number of the large clear core vesicles does suggest the possibility 

of reduced neurotransmitter release at the DG to CA3 synapse.  Therefore it is interesting to postulate 

that the decrease in vesicular volume could have implications for synaptic transmission and quantal size.  

While the electrophysiological studies of both the CA3-CA1 and DG-CA3 synapses in the Disc1Tm1Kara 

mice do not find differences in the size of the mEPSC, there are alterations in synaptic plasticity.  

Although there is not enough evidence to suggest a causal relationship, as noted earlier the deficit in 

frequency facilitation seen in the DG-CA3 synapse is thought to be based on presynaptic mechanisms 

(Nicoll and Schmitz, 2005). Analysis of vesicle distribution and size at the CA3-CA1 synapse might further 

support the contribution of Disc1 to the regulation of vesicle size and perhaps dynamics.  Normally, the 

size of the vesicles is relatively homogenous within a synapse and is thought to keep the level of 
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neurotransmitter release consistent (Van der Kloot, 1991, Schikorski and Stevens, 1997, Zhang et al., 

1998). Two models of schizophrenia have described increases in volume of small clear core vesicles.  In 

a mouse model of the 22q11 deletion syndrome, Earls et al. (2010) find enhanced short-term and long-

term plasticity as well as neurotransmitter release and an increase in vesicular volume at the CA3-CA1 

synapse.  Interestingly, they suggest these are caused by altered calcium kinetics. However, it should be 

noted that these alterations occur only in older mice so may not be relevant to schizophrenia. Knockout of 

another schizophrenia candidate gene, DTNBP1 also leads to an increase in vesicular size with 

accompanying lower release probability and slower kinetics of release at the CA3-CA1 synapse (Chen et 

al., 2008).  Furthermore, the adapter protein AP-3 which is important for synaptic vesicle biogenesis and 

endosomal sorting regulates synaptic vesicle size in region specific manner.  In mice, AP-3 deficiency 

results in smaller vesicles in the striatum and larger vesicles in the DG suggesting that the mechanism for 

controlling vesicle size is complicated and cell-type specific (Newell-Litwa et al., 2010).  There is a close 

relationship between vesicle size and neurotransmitter release. However, it is significant to note that the 

Disc1Tm1Kara mutant mice do not have alterations in the amplitude of evoked synaptic release or LTP, only 

in the excitability of the cells and short term synaptic plasticity.  In the mice described above, increased 

size of the synaptic vesicles resulted in alterations in synaptic dynamics.  Therefore, it may be that the 

small magnitude of change of the synaptic vesicles in the HET and HOM neurons does not result in 

synaptic transmission changes. Conversely, the alterations in presynaptic processes that lead to the 

decreased vesicular volume could be related to the deficits in excitability and short term plasticity. 

3.3.3 A critical balance: pattern separation and pattern completion 

The balance of dentate gyrus-mediated pattern separation and CA3-dependent pattern 

completion is critical for the proper encoding and retrieval of memories.  Impairment of DG function could 

result in an increased sensitivity to LTP in the under-activated CA3 region. This would mean less pattern 

separation and more pattern completion which might contribute to psychotic symptoms of schizophrenia 

(Tamminga et al., 2010). In the Disc1Tm1Kara mutant mice, while we do see a decrease in short term 

synaptic plasticity and excitability from the DG to the CA3, we also see an accompanying decrease in 

short term plasticity at the CA3-CA1 synapse. However, these studies have all been done in vitro and 

spontaneous firing patterns might provide differing result in vivo. The structural alterations we describe in 
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this chapter could result in overall changes in the input to and output from the DG region of the 

hippocampus. Preliminary studies in the CA3 suggest that while the number of interneurons is unaffected, 

the dendritic complexity of the pyramidal cells is decreased. Interestingly, the dendritic complexity of the 

CA1 pyramidal neurons is unaffected even while the short term synaptic plasticity in this region is 

diminished. Specific alterations in the dendritic tree would create an imbalance in the trisynaptic pathway 

more so than an overall decrease in each region. Since each region plays a slightly different role in the 

encoding and retrieval of episodic memories (Tamminga et al., 2010), region-specific alteration would 

lead to more subtle deficits in the learning and memory process and thus could create an imbalance 

within the trisynaptic circuit and affect the manifestation of psychosis. 

3.4 Summary  

We find decreases in dendritic complexity and spine density and alterations in cellular 

organization.  Furthermore, alterations in mossy fiber organization and synaptic localization indicate that 

outputs to the CA3 are not properly localized.  The ultrastructure of the mossy fiber boutons is maintained 

although there is a small, yet significant decrease in the volume of the synaptic vesicles. Analysis of the 

CA1 pyramidal cells did not reveal any irregularities.  However, when we looked at the CA3, we found a 

decrease in dendritic complexity in the basal dendrites of the pyramidal cells.  These modest but diverse 

alterations in the DG, and to some extent the CA3, suggest that there may be deficits in the connectivity 

along the trisynaptic pathway, presumably culminating in an effect on cognitive behaviors that the circuit 

controls. 

The adult DG is one of two regions in the brain where adult neurogenesis occurs (Doetsch and 

Hen, 2005).  Therefore, maturation continues, albeit in a smaller population of cells, throughout the 

lifetime of the animal.  While there are differences in the process of neurogenesis in the developing and 

mature brain, the steps are for the most part the same. Thus, since the neurodevelopmental process is 

affected and we still see abnormalities in the adult brain, we might expect to see differences in adult 

neurogenesis as well.  Moreover, Disc1 is also expressed in adult DG with little expression elsewhere in 

the brain; it is logical to suspect abnormalities in the region beyond those seen in the mature, neonatally-
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born neurons.  In the next chapter we present a thorough examination of the proliferation, migration, and 

maturation of these adult born neurons in the Disc1Tm1Kara mouse.   

3.5 Methods 

3.5.1 Animals and Housing 

 Adult male Disc1Tm1Kara mice, 8-10 weeks old were used to examine the cytoarchitecture of the 

adult hippocampus.  The mice are described in Chapter 1 and the housing and care is described in 

Chapter 2.  

3.5.2 Sample collection 

For collection of brain tissue (except in preparation for electron microscopy analysis which is 

described below), the procedure is described in Chapter 2. 

For analysis of tissue by electron microscopy, adult mice were perfused with PBS followed by 4% 

glutaraldehyde (EMS, Hatfield, PA) in PBS using a pump at a slow rate of speed. Brains were dissected 

out of the skull and post fixed overnight in the same solution at 4° C.  Brains were then embedded in the 

2.5% low melting point agarose and cut at 60 µm on a vibratome before further processing.   

3.5.3 Immunohistochemistry 

A basic antibody staining technique was described in Chapter 2. The primary antibodies used 

were (anti-synaptophysin (mouse 1:1000, Sigma, St. Louis, MO.), anti-calbindin (rabbit, 1:1000, Swant, 

Switzerland), anti-parvalbumin (rabbit, 1:1000, Swant). 

For the THY1-GFP sections, a few sections were also stained with doublecortin, a marker of 

immature neurons to examine whether the GFP-labeled neurons were immature or mature.  For staining 

of DCX-positive cells, free-floating Thy1-GFP sections were incubated in 20% methanol and 3% 

hydrogen peroxide in PBS for 30min. Sections were blocked in 5% normal donkey serum and incubated 

with the goat anti-DCX antibody (1:200, C-18; Santa Cruz Biotechnology, Santa Cruz, CA) for 48h at 

room temperature, followed by 1h incubation with the Alexa-coupled anti-goat secondary antibody 

(Invitrogen). Sections were then counterstained with Topro-3 Iodide (Invitrogen) and mounted with 

Prolong Gold (Invitrogen). 
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3.5.4 Analysis of dendritic complexity and spine density 

Images were taken on a confocal microscope and z-stacks were created of the optical slices of 

the neurons as described in Chapter 2 for dendritic analysis. Dendritic tree morphology was analyzed in 

the Thy1-GFP mice as described in Chapter 2 (N= WT:14, HET:16, HOM:16). The angle of the primary 

dendrite was calculated by drawing a line from the center of the soma through the primary dendrite and 

measuring the θ relative to the SGZ (N=3 mice/genotype, 5 neurons/mouse). Cell soma size was 

measured by outlining the soma of GFP positive neurons in confocal images using the AIM software 

(Zeiss), followed by automatic calculation of area in µm (N= 204 cells/genotype). The number of proximal 

dendritic spines was counted starting from the first branch point over a distance of 50 µm (N= WT:15, 

HET:18, HOM:15).  

3.5.5 Analysis of Mossy Fibers 

The measurement of the length and division of the mossy fibers was described in Chapter 2.  

Sections were stained with calbindin, a marker of mature granule cells and the length and division of the 

two bundles was analyzed.  N=5 animals/genotypes and 4 sections/animal. 

3.5.6 Synaptophysin 

 Sections stained for synaptophysin and analyzed as was described in Chapter 2. N=5 

animals/genotypes and 4 sections/animal. 

3.5.7 Electron Microscopy 

 Using microwave methods for electron microscopy, 60 µm vibratome sections were post fixed in 

1% osmium tetroxide (EMS), and then dehydrated in an ethanol series of 50%, 70%, 95%, and 2 x 100%.  

Sections were infiltrated with a 1:1 mixture of 100% Epon (EMS) and 100% ethanol and then infiltrated in 

100% epon twice. Sections were then mounted between plastic slides with 100% epon and polymerized 

overnight at 60° C. The next day the polymerized ep on wafers with sections were separated from the 

plastic slides and the area of interest was cut from the section and remounted on a blank epon stub. 

Once remounted, the area of interest was trimmed for sectioning and collected on formvar coated slot 

grids.  The sections on slot grids were then stained with uranyl acetate and lead citrate and examined on 

a JEOL 1200EX electron microscope (Peabody, MA). Axon terminals were studied ultrastructurally using 
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30,000X and 75,000X magnifications, with a focus on the mature boutons, which are characterized by 

their large size, large number of synaptic vesicles and presence of multiple synaptic contacts with 

organelles-containing dendritic spines.  Images were analyzed as shown in Otal et al (Otal et al., 2005). 

Images of boutons at 30,000X were analyzed in the Reconstruct program (SynapseWeb, Kristen M. 

Harris, PI, http://synapses.clm.utexas.edu/) (n= WT:77, HET:65, HOM:97 sections) to determine the area 

of the boutons, the number and size of spines which contact the presynaptic bouton, and the number and 

size of active zones.  The 75,000X images were used to determine the density of vesicles in the center of 

the bouton as well as diameter of the vesicles (n= WT:119, HET:121, HOM: 120).  A region of interest of 

known area was chosen using the rectangle tool in the Reconstruct program. The number of small clear 

vesicles was then determined. Moreover the diameter of a randomly chosen subset of the clear core 

vesicles was measured using the line tool and this length was used to determine the volume of individual 

vesicles (V=4/3π (d/2)3). The number of docked and readily releasable vesicles was also determined as 

shown previously (Schikorski and Stevens, 1997). A region of interest of defined area surround the active 

zones was noted and the number of docked vesicles and total vesicles in the region was quantified. 5 

WT, 4 HET and 5 HOM mice were analyzed. 

3.5.8 Analysis of CA3 region 

 The complexity of the basal dendrites of CA3 pyramidal cells was analyzed in the Thy1-GFP mice 

as is described in Chapter 2 (N= WT:14, HET:17, HOM:17 neurons).  

To determine the number of interneurons in the CA3, sections stained with parvalbumin were 

analyzed with the 100x oil objective on the NikonEclipse E800 microscope.  Six sections of hippocampus 

per mouse were analyzed bilaterally. The region that denotes the CA3 was denoted with the cellular 

marker, TOPRO. The number of cells in the distal region and the proximal region were counted 

separately (N=WT: 55, HET:83, HOM: 70 sections).  

 3.5.9 Analysis of CA1 region 

The analysis dendritic complexity was done as described in Chapter 2 for analysis of Thy1-GFP 

mice (n=14 neurons/genotype). To analyze the apical dendrite orientation, Image J software (NIH) was 

used to define a line from the center of the soma through the primary dendrite. The angle (θ) by this line 
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relative to the pyramidal cell layer of the CA1 was expressed in degrees (Demyanenko et al., 2004) 

(n=144/genotype). The cell soma size was obtained by outlining the soma, followed by automatic 

calculation of the pixel area in µm2 (n=144/group). The spine density was calculated by counting the 

number of spines in a 50 µm region after the first branch point (n=15 segments/genotype). 

3.5.10 Statistical analysis.  

One-way ANOVA with a Bonferonni post hoc test (as implemented in GraphPad, Prism) was 

used except for the analysis of terminal distribution in the proximal and distal CA3 where the interaction of 

genotype and region was analyzed using two-way ANOVA. The Kolmogorov-Smirnov test was used for 

the analysis of vesicle size distribution as measured on the electron micrographs. T-tests were used in 

the analysis of CA1 pyramidal cells. 
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Chapter IV 

Adult Neurogenesis in the Disc1Tm1Kara Mutant Mice 

In this chapter I have processed and stained all of the sections.  I have also injected the mice with BrdU 
and quantified the number of cells. I also quantified the angle of the primary dendrite as well as the 
migration of the DCX positive neurons. I also injected the mice with the retrovirus and prepared the 
sections, imaged and quantified the labeled neurons.  I also quantified the pathfinding of the PSA-NCAM 
labeled axons. 

4.1 Introduction 

 The subgranular zone of the dentate gyrus (DG) is one of two regions in the adult brain where 

adult neurogenesis occurs.  In 1965, Joseph Altman and Gopal Das produced an elegant report in which 

they showed the incorporation of radioactive thymidine into cells within the subgranular zone and 

subventricular zone throughout adulthood (Altman and Das, 1965).  This study beautifully showed the 

presence of dividing cells in both these regions, yet it remained highly controversial for decades.  It was 

only in the 1990s that the existence of self-renewing stem cells in the subgranular zone (Ray et al., 1993, 

Palmer et al., 1997) and the presence of neurogenesis in the adult human brain helped confirm the 

phenomenon (Eriksson et al., 1998). In the prologue to their book “Adult Neurogenesis” Fred Gage, 

Hongjun Son, and Gerd Kempermann suggest the controversy arises from the fact that the “brain is not 

just any organ…at a philosophical and metaphysical level, the brain is thought to be the place where the 

very essence of an individual resides” (Gage et al., 2008). Therefore, how is it possible that this place 

could be constantly evolving with the generation of new neurons interrupting the delicate balance that 

creates the person?  We now know that the brain is actually a very plastic organ and perhaps it is exactly 

this very characteristic that allows us to be flexible thinking and learning organisms.  While the role of 

adult neurogenesis is still not fully understood, clues to its significance in both normal brain function and 

disease are arising and will be discussed below. In this chapter we will examine the effect of the 

Disc1Tm1Kara mutation on the process of adult neurogenesis. 
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4.1.1 Factors influencing adult neurogenesis 

Thousands of new cells can be produced in the adult rodent DG each day (Cameron and McKay, 

2001) and while about 50% of these cells die within the first month, many integrate into the granule cell 

layer (GCL) (Dayer et al., 2003). The level of neurogenesis and the survival of these neurons are 

dependent upon many factors from genes to environment. Much recent work has concentrated on the 

role of running and an enriched environment in increasing the levels of neurogenesis in mice 

(Kempermann et al., 1997b, Kempermann et al., 1998, van Praag et al., 1999).   Even learning, a function 

which is intrinsically related to the hippocampus, can increase neurogenesis (Gould et al., 1999). 

Moreover, stressful conditions (Mirescu and Gould 2006), drugs of abuse (Eisch and Harburg 2006) and 

advancing age (Kuhn et al., 1996) are known to decrease the amount of neurogenesis.  There are 

extensive strain differences in the levels of neurogenesis and neural survival among mice (Kempermann 

et al., 1997a). For instance, 129/SvJ mice have among the lowest levels of neurogenesis of different 

strains of mice tested and perform poorly in learning tasks. However, when these mice are put in an 

enriched environment, not only does neurogenesis increase, so does their performance in a water maze 

task (Kempermann et al., 1998). Interestingly, these mice carry the Disc1del allele, although it is not 

possible to say this mutation causes either of these phenomena.   

Adult neurogenesis has been linked to various brain disorders. While examination of brains of 

patients with major depressive disorder has not demonstrated significant differences in dividing cells (Reif 

et al., 2006, Boldrini et al., 2009), chronic treatment with antidepressants have been shown to increase 

neurogenesis in mice (Malberg et al., 2000, Duman et al., 2001, Santarelli et al., 2003), linking the 

phenomenon to psychiatric disease.  In a study of patients with major depression who either had or had 

not received antidepressants, an increase in neural stem cells but not neurogenesis was associated with 

treatment (Boldrini et al., 2009).  Other treatments for depression such as electroconvulsive seizure and 

behavioral modifications like running that have been shown to alter mood, also increase proliferation 

(Samuels and Hen, 2011). Importantly, while neurogenesis seems to be important for the function of 

antidepressants, reduction in neurogenesis alone is not sufficient to induce depression in animal models 

(Santarelli et al., 2003). Moreover, increasing neurogenesis is also not sufficient to induce anxiolytic or 

anti-depressant like behavioral changes (Sahay et al., 2011). Finally, seizures can induce neurogenesis 



95 

 

but the resultant cells do have some abnormal properties such as enhanced speed of maturation, hilar 

basal dendrites, and ectopic migration to which could perpetuate the disease (Parent and Murphy 2008). 

Interestingly, investigation of neurogenesis in post mortem brains of patients with schizophrenia 

has also shown decreases (Reif et al., 2006). However, as with all studies looking at post mortem tissue 

of patients with psychiatric disease and a history of drug treatment, there are confounding factors and no 

other studies have been published which replicate these findings.  While several additional lines of 

evidence provide indirect support for a role of adult neurogenesis in schizophrenia there is no other 

conclusive proof that neurogenesis is altered in schizophrenia. First, proteins involved in neural 

development such as GSK3β (Nadri et al., 2004) and Reelin (Impagnatiello et al., 1998) have been shown 

to be disturbed in schizophrenia.  There is also evidence that some, but not all, drugs used to treat 

schizophrenia affect levels of proliferation (Toro and Deakin, 2007).  Finally, putative schizophrenia 

susceptibility genes such as NPAS3, NRG1 and DISC1 have found to be involved in regulation of adult 

neurogenesis, at least in mouse models (Toro and Deakin, 2007, Kobayashi, 2009). Of course, all of 

these genes have complex roles within the brain and likely have an important impact beyond their role in 

neurogenesis. 

4.1.2 Stages of adult born neuron maturation 

New granule cells in the DG are born from the progenitor cell population which resides in the 

subgranular zone (SGZ).  These cells differentiate, migrate into the GCL and mature into neurons that are 

indistinguishable from their developmentally-born counterparts (Laplagne et al., 2006).  The progenitor 

cells in the SGZ are divided into three different subtypes based upon their levels of differentiation and the 

types of transcription factors expressed (Figure 4.1) (Kempermann et al., 2004).  However, these cells 

likely exist in a continuum and progress steadily from one stage to the next.  The type 1 or stem cell 

population of the DG is comprised of glial cells which express Nestin, GFAP, and SOX2.  These cells 

have a radial glial-like morphology with their cell body in the SGZ and asymmetrically divide to maintain 

the neural stem cell population and provide the progenitor cells which will eventually become the granule 

cells (Suh et al., 2007).  The type 2a, 2b and 3 cells are the transient amplifying progenitor cell population 

(Kempermann et al., 2004).  These cells have more limited self renewal as the neuronal fate becomes 

determined.  Immature neuronal markers such as doublecortin (DCX) and PSA-NCAM begin to be  



 

Figure 4.1: Adult neurogenesis in the dentate gyrus
cells (blue) are glia cells that express the transcription factors SOX2 and Nestin
rise to the type 2 cell population (green) which is referred to as the proliferating progenitor cell population and still 
expresses SOX2 and Nestin. Cells then differentiate into neurons and type 3 cells
neuronal markers DCX and PSA-NCAM.  These cells are thought to have limited proliferative properties.  The 
immature post-mitotic cells (orange) have differentiated to form neurons and have started to migrate from the SGZ 
into the granule cell layer.  These cells express the calcium
activated by ambient GABA to receiving excitatory GABAergic inputs. The maturing post
has elaborate dendritic trees and spines. 
is now inhibitory and glutamatergic synapses have formed.  
2008). 
 
 
expressed while GFAP expression is lost.  However 

expressed in the type 2a and 2b cells

have also been referred to as neuroblasts because they no longer express stem cell markers.  Following 

cell fate determination, these early postmitotic cells begin to mature and elaborat

This is an important stage of cell survival and the number of new cells drops off significantly during this 

time period (Kempermann et al., 2004

protein calretinin (Deng et al., 2010)

1: Adult neurogenesis in the dentate gyrus. In the subgranule zone (SGZ) of the DG, 
cells (blue) are glia cells that express the transcription factors SOX2 and Nestin.  They asymmetrically divide to give 
rise to the type 2 cell population (green) which is referred to as the proliferating progenitor cell population and still 
expresses SOX2 and Nestin. Cells then differentiate into neurons and type 3 cells (yellow) express the immature 

NCAM.  These cells are thought to have limited proliferative properties.  The 
(orange) have differentiated to form neurons and have started to migrate from the SGZ 

ll layer.  These cells express the calcium-binding protein calretinin and go from being tonically 
activated by ambient GABA to receiving excitatory GABAergic inputs. The maturing post-mitotic cell population (red) 
has elaborate dendritic trees and spines.  They now express calbindin as their calcium-binding protein.  GABA input 
is now inhibitory and glutamatergic synapses have formed.  (Adapted from Kempermann et al., 2004

expressed while GFAP expression is lost.  However Nestin, another marker of stem cells

expressed in the type 2a and 2b cells, supporting the fact that these cells can still divide.  Type 3 cells 

have also been referred to as neuroblasts because they no longer express stem cell markers.  Following 

early postmitotic cells begin to mature and elaborate axons and dendrites.  

This is an important stage of cell survival and the number of new cells drops off significantly during this 

Kempermann et al., 2004).  The young post mitotic neurons express the calcium binding 

).  During the next phase, mature granule cells exchange calretinin for 
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calbindin, synaptic contacts mature as do dendritic spines (Deng et al., 2010).  As the axons grow toward 

the target region of the CA3, the first synapses that form are onto the existing thorny excrescences or 

with the dendritic shaft of CA3 pyramidal cells (Toni et al., 2008).  This suggests that the newborn granule 

cells are able to integrate into an existing network with pre-existing synaptic partners.  Furthermore, it is 

likely that synaptic activity plays a role in survival and integration of these cells. (Ge et al., 2006, Faulkner 

et al., 2008, Toni et al., 2008). While the initial differentiation occurs quickly, these adult born neurons 

require about two months to fully mature (Kempermann et al., 2004, Deng et al., 2010).   

While the adult born neurons do integrate into the granule cell network and become 

indistinguishable from their neonatally born counterparts, during the maturation period they are uniquely 

plastic (Schmidt-Hieber et al., 2004). In the first days after adult-born neurons are generated, they are 

tonically activated by ambient GABA and the first synapses formed are excitable GABAergic synapses 

(Ge et al., 2006).  As spines form around day 16, GABAergic input becomes inhibitory and excitatory 

glutamatergic activity is mediated through NMDA receptors (Deng et al., 2010).  Immature cells have 

higher membrane resistance and resting potential compared to more mature cells (Liu et al., 1996).  They 

are able to generate action potentials after application of a very small current stimulus.  In addition, they 

are able to produce low threshold calcium spikes and fast sodium potentials due to the presence of T-

type calcium channels which are missing in the mature cells (Ge et al., 2006).  Furthermore, these cells 

show associative plasticity with a lower threshold for induction than in mature cells.  The properties that 

make the cell more plastic are thought to be involved in survival and integration of these new neurons into 

existing circuits (Schmidt-Hieber et al., 2004). In the end, after about 7 weeks the adult-born cells mature 

to a point where they are indistinguishable from developmentally-born cells (Laplagne et al., 2006). 

4.1.3 The role of adult neurogenesis 

 The exact role of adult neurogenesis is not well understood, however it is thought to be important 

for learning and memory (Aimone et al., 2010).  Factors that increase neurogenesis, including enriched 

environment, also improve performance on learning tasks (Kempermann et al., 1998, van Praag et al., 

1999).  Genetic variations in neurogenesis in mice have also been correlated with performance on spatial 

memory tasks (Kempermann and Gage, 2002).  Furthermore, learning itself has been shown to increase 

cell survival and possibly proliferation (Gould et al., 1999, Dobrossy et al., 2003).  Manipulations which 
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decrease or eliminate neurogenesis do suggest that it may be involved in some but not all hippocampal-

dependent forms of memory (Shors et al., 2001, Saxe et al., 2006, Deng et al., 2009). Paradoxically, in 

some cases decreased neurogenesis may improve learning on tasks with high levels of interference 

(Saxe et al., 2007).  

Behavioral experiments and computational models suggest that adult neurogenesis and the DG 

may be involved in pattern separation (McHugh et al., 2007, Clelland et al., 2009, Aimone et al., 2010, 

Sahay et al., 2011).  As was described in Chapter 3, pattern separation involves the encoding of a new 

memory to disambiguate it from a stored memory that is similar, yet distinct.  Experimental support for the 

role of the DG in the process came when mice with impaired plasticity in the DG were shown to have 

deficits in discriminating between two contexts (pattern separation) during behavioral tasks (McHugh et 

al., 2007).  More recently, a role of adult neurogenesis in pattern separation has become clear.  Clelland 

et al. (2009) show that decreasing neurogenesis leads to impairments in spatial memory performance 

when the contexts are sufficiently similar.  Interestingly, they found similar deficits when neurogenesis is 

completely eliminated with x-ray irradiation or only partially abolished with manipulation of the Wnt 

signaling pathway, thus suggesting a threshold level of neurogenesis is required for proper pattern 

separation.  Furthermore, increasing neurogenesis led to enhanced pattern separation without affecting 

other hippocampal-dependent memory tasks (Sahay et al., 2011).  

While the exact function of the adult-born neurons in the process is not completely understood, 

computational models suggest that the increased excitability of the immature population plays a role in 

encoding new memories while maintaining the integrity of the existing network and stored memories 

(Aimone et al., 2010, Deng et al., 2010). Moreover, since a large number of these adult-born neurons do 

survive, they could be preferentially activated in response to re-exposure to similar information.  Indeed, 

Aimone et al. found that they were able to “imprint” newly-born neurons so that they fire more readily 

when exposed to the environments they matured within (Aimone et al., 2009).  Thus, the evolving 

electrophysiological characteristics of the maturing cells help to impart a temporal component to the 

encoding of memories, which is critical for the association of temporally similar events or pattern 

integration.  Since immature neurons have higher firing rates and increased levels of LTP compared to 

mature neurons, they are more broadly tuned and are more likely to be fire in response to multiple 
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environments or events.  Overlap between firing responses within populations of immature neurons can 

create a pattern of firing to link events that occur at the same time, thus allowing the continued 

association of these temporally related events, as with pattern integration. (Aimone et al., 2006, Deng et 

al., 2010). Thus adult neurogenesis is likely involved in both pattern separation and integration 

components of memory encoding.  

4.1.4 In this chapter 

 In this chapter we present a thorough investigation of adult neurogenesis in the DG in Disc1Tm1Kara 

mice.  We use multiple techniques to investigate the steps of neurogenesis from cell division to migration 

to maturation.  Ultimately we report that many of the processes that are altered in the developing brain 

and the mature granule cells in the adult brain are also abnormal in the adult born cells.  We also show 

that many, but not all, of the deficiencies that are seen in the HOM mice are also seen in the HET mice.  

Since the HET mice are the more accurate model of the human mutation, it is interesting to see that a half 

dose of Disc1 is not sufficient to produce a normal cell. We show that the Disc1Tm1Kara mutation leads to 

widespread, yet modest alterations across a number of domains of adult neurodevelopment. 

4.2 Results 

4.2.1 Adult neurogenesis 

Given the high expression of Disc1 in the DG in the adult brain (Austin et al., 2004, Lein et al., 

2007), we examined whether there was an alteration in the number of newborn neurons in the DG of the 

Disc1Tm1Kara mutant mice.  We injected mutant mice with the thymidine analog BrdU to label the dividing 

cell population and quantified the number of labeled cells in the SGZ. Relative to WT littermates, HOM 

mice showed a 20% reduction in BrdU-labeled cells (P<0.05) (Figure 4.2A, B). Quantification of the 

numbers of BrdU-labeled cells in the molecular layer revealed no genotypic differences, suggesting that 

the decreased number of BrdU-positive cells in GCL is not a consequence of abnormal migration and 

misplacement of a subset of cells outside of the SGZ. To corroborate this finding, we also looked at a 

population of immature neurons which are between zero and two weeks old using immunohistochemical  
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Figure 4.2: Quantification of adult-born cells in the dentate gyrus. (A, top and B left) The population of dividing 
cells labeled with BrdU was 20% decreased in HOM Disc1Tm1Kara mice (P<0.05).  (A, bottom and B right) The number 
of immature neurons labeled with DCX was quantified. There was a 19% decrease in the number of cells in the HOM 
Disc1Tm1Kara mice (P<0.05).  Data presented as mean ± SEM. Scale bar: 100 µm. 
 
techniques to stain for doublecortin (DCX) (Rao and Shetty, 2004). We found that in the HOM mice the 

number of DCX-positive neurons per section was reduced by ≈19% (P<0.05) (Figure 4.2A, B). 

4.2.2 Stem cells in the adult SGZ 

 We further investigated whether this decrease in proliferation and neurogenesis is due to a 

decrease in the type 1 stem cell population. To quantify stem cells in the DG, the number of cells with a 

radial glia-like shape and a single projection perpendicular to the SGZ that express Sox2 and GFAP were 

counted (Lagace et al., 2007).  HET and HOM mice had significantly fewer stem cells compared to WT 

mice (P=0.046) (Figure 4.3).  This suggests that a decrease in the type 1 cell population could be the 

reason for the decrease in proliferation as shown with BrdU and DCX labeling.   

4.2.3 Organization of adult-born neurons 

 Disc1 has been implicated in migration (Kamiya et al., 2005) so we examined the DCX-stained 

sections for changes in this process. In all three genotypes, the majority of DCX-positive neurons were 

found in the SGZ and inner GCL with only a small proportion reaching the outer layers of the GCL (Figure 

4.4A, B). However, in HET and HOM mice a significantly higher proportion of cells was located in the 

outer layers of the GCL (Figure 4.4A, arrows; Figure 4.4B, P=0.037).The maturation of adult born neurons 

is tightly coupled to their migration, with more mature neurons occupying the outer layers of the GCL 
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(Wang et al., 2000), thus an altered distribution may suggest an uncoupling in the mutant Disc1Tm1Kara 

mice. 

In the developing cortex, knocking down Disc1 leads to a misorientation of neurons (Kamiya et 

al., 2005) so we sought to determine if this also occurred in the immature adult born neurons of the 

DG. The apical dendrites of most WT DCX-positive cells migrating into the GCL are oriented 

approximately perpendicular to the SGZ surface. By contrast, apical dendrites in HOM but not HET mice 

were often misoriented (Figure 4.4C, D). To quantify this phenotype we measured the direction of each 

apical dendrite as an angle of orientation (θ) relative to the SGZ surface (Figure 4.4E). In WT and HET 

mice, the mean angle of orientation was ≈10° and ≈12° respectively whereas in HOM mice it was twice a s 

large ≈19° ( P<0.005) (Figure 4.4D). We also looked at the dendritic complexity of these neurons as 

shRNA knockdown of Disc1 in the adult born cells leads to exuberant overgrowth of the dendritic trees 

(Duan et al., 2007) and truncated DISC1 disrupts neurite outgrowth in culture (Ozeki et al., 2003). 

Analysis of their dendritic tree revealed a small, nonsignificant trend toward a decrease in apical dendritic 

branchpoints and dendritic length in mutant mice (P=0.098) (Figure 4.4F, G).  

4.2.4 Virus labeling of adult-born neurons 

To investigate if the Disc1Tm1Kara mutation affects the developmental trajectory of adult-born 

neurons, we performed a comprehensive analysis of their maturation using a retroviral labeling strategy 

 
 
Figure 4.3: Analysis of stem cell population in the SGZ. (A)The number of stem cells or type 1 cells in the 
subgranular zone (SGZ) were analyzed by quantifying the number of cells with radial-glia morphology that expressed 
SOX2 and GFAP (an example is within yellow box).  (B) A significant decrease in both the HET and the HOM 
Disc1Tm1Kara mice were found (P =0.046). Data presented as mean ± SEM. Scale bar: 50 µm. 
 
 
 



 

Figure 4.4: Analysis of immature granule cells. 
and HOM Disc1Tm1Kara mice migrate into the outer regions of the granule cell layer whereas most of the WT neurons 
are located within the SGZ and inner molecular layer (
cells (C, D) is significantly increased in the 
measured by drawing a line through the primary dendrite and into the soma and calculating the angle re
SGZ.  There was no significant difference in the complexity of the dendrit
G). Data presented as mean ± SEM. Scale bars: A, C: 25 µm

 
4: Analysis of immature granule cells. (A, B) A subpopulation of immature granule cells in both the HET 

mice migrate into the outer regions of the granule cell layer whereas most of the WT neurons 
SGZ and inner molecular layer (P=0.037). The angle of the primary dendrite of these granule 

) is significantly increased in the HOM mice but not the WT or HET mice (P=0.004).  (E
measured by drawing a line through the primary dendrite and into the soma and calculating the angle re

no significant difference in the complexity of the dendritic tree in the HOM neurons (
Scale bars: A, C: 25 µm. 
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Figure 4.5: Labeling of adult-born neurons with GFP
dividing cells and induces GFP expression
DG and some astrocytes in the hilar region expressing GFP.
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Figure 4.6: Analysis of viral-labeled cells in the dentate gyrus
B), 2 wpi (C, D), and 4 wpi (E, F) neurons.  There was a significant decrease in the nu
neurons in both the HET and the HOM Disc1
wpi: P=0.07).  (B, D, F) Analysis of the soma size at 1 wpi 
found a slight increase at 2 wpi in both the HET and HOM mice
was still seen in neurons in the HET mice only at 4 
(left) and distal (right) regions of the dendri
was no difference in the migration of cells at 2 wpi (
difference in the angle of the primary dendrite at 2 wpi (
mean ± SEM. Scale bars: A, C, E (shown in E): 50 µm, G: 5 µm.
 

labeled cells in the dentate gyrus. (A-F) Analysis of dendritic complexity in 1 wpi
neurons.  There was a significant decrease in the number of segments in 4 wpi

Disc1Tm1Kara mice (P=0.02), but not in the younger neurons
is of the soma size at 1 wpi (B, right), 2 wpi (D, right), and 4 wpi (F,
in both the HET and HOM mice (P=0.047), but not at 1 wpi (P=0.72)

was still seen in neurons in the HET mice only at 4 wpi (P=0.015). (G, H) Quantification of spines in both the proximal 
) regions of the dendritic tree found no differences (proximal: P=0.34, distal: P

was no difference in the migration of cells at 2 wpi (left, P=0.7172) or 4 wpi (right, P=0.4646). (K) There was also no 
the primary dendrite at 2 wpi (left, P= 0.244) or 4 wpi (right, P=0.5733). 

Scale bars: A, C, E (shown in E): 50 µm, G: 5 µm. 
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Figure  4.7: Axonal elongation in birth-dated cells. (A, B) There was no alteration in axonal length at 2 wpi 
(P=0.27).  (C, D) At 4 wpi there is a slight increase in the length of mossy fibers in both the HET and HOM 
Disc1Tm1Kara mice (P<0.0001), however axons were not seen in the CA2 or CA1 regions.  Data presented as mean ± 
SEM. Scale bars: A, C: 100 µm. 
 
 
labeled axons had fully invaded the CA3, a small ~10% increase in axonal length was found in HOM and 

HET mice (P<0.0001) (Figure 4.7C, D) but, while shRNA-mediated decrease of Disc1 resulted in 

pronounced mistargeting to the CA2 and CA1 fields (Faulkner et al., 2008), we did not observe any GFP-

labeled axons reaching these areas. 

4.2.5 Axonal pathfinding 

We further investigated whether there was axonal mistargeting in the adult-born neurons as was 

seen in the neonatally born neurons. Analysis of the number of axonal varicosities from the viral-labeled 

granule cells present in the cell body layer of the proximal CA3 revealed an increase in the axons within 

the CA3 layer in the mutant mice (P=0.0058) (Figure 4.8A, C). Labeling of the entire axonal bundle of 

immature adult-born neurons with PSA-NCAM, a marker of 1-3 week old neurons, confirmed abnormal 

bundling in the proximal part of the CA3, although this was not significantly different among genotypes. 

Targeting of the mossy fibers to the distal CA3 region was normal with no axons reaching the CA2 or CA1 

(Figure 4.8B). Measurement of the length of the suprapyramidal (Figure 4.8D, P=0.082) and 

infrapyramidal (Figure 4.8E, P=0.52) mossy fiber bundles revealed no significant differences showing that 

there was not an overgrowth of the axons.   
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Figure 4.8: Analysis of axonal targeting in adult born neurons.  (A, C) Analysis of axonal varicosities at 4 wpi in 
the cell body layer of the CA3 in HET and HOM mice shows an increase at the expense of the suprapyramidal and 
infrapyramidal bundle regions (P=0.0058). (B, D, E) Mossy fiber bundles were labeled with PSA-NCAM, a marker of 
immature neurons. The length of the suprapyramidal (D) and infrapyramidal (E) bundles was measured from the end 
of the granule cell layer to the tip of each bundle.  Arrows represent end of suprapyramidal bundle. No differences 
were observed (suprapyramidal: P=0.082, infrapyramidal: P=0.52).  The distance to division of the two bundles, as is 
marked with the arrowhead, was not different was found although a large amount of variation was seen (P=0.35). 
Data presented as mean ± SEM. Scale bars: A, B: 100 µm. 

4.3 Discussion 

 We investigated the effects of the Disc1Tm1Kara mutation on the process of adult neurogenesis in 

the DG.  A consistent decrease in the number of adult born cells was shown in the HOM mutant mice 

using both BrdU and DCX labeling.  The number of Sox2/GFAP positive stem cells was also reduced. 

Moreover, alterations in organization of the immature cells within the granule cell layer were seen.  A 

subpopulation of cells migrated into the outer regions of the granule cell layer.  Furthermore, a significant 

proportion of the immature neurons had a primary dendrite which was misoriented.  Follow-up 

experiments used retroviral labeling of cells to accurately birthdate adult-born neurons and evaluate their 
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developmental trajectory.  While there was a decrease in the dendritic complexity at 4 wpi and elongation 

of the axons at this point, the neurons were grossly normal.  Finally, looking at the immature axon 

population, we saw an alteration of targeting of the axons as was seen in the developing DG.  As a whole 

this data suggests that both the early postnatal neurodevelopment and adult neurogenesis are altered in 

the Disc1Tm1Kara mutant mice.   

4.3.1 Benefits and shortfalls of common methods for studying adult neurogenesis 

 A classic technique for quantifying cell division is through 5-bromo-2'-deoxyuridine (BrdU) 

labeling.  This thymidine analog incorporates into the DNA of dividing cells and can be detected through 

immunohistochemical techniques (Taupin, 2007).  The earlier precursor of this technique, the detection of 

radioactively labeled thymidine, led to the first papers describing the presence of adult neurogenesis 

(Altman and Das, 1965).  The technique is relatively straightforward and the labeling remains throughout 

the life of the cell as long as it does not divide again and dilute the levels of BrdU.  However, there are 

limitations to this method. There have been suggestions that BrdU is toxic and thus its presence can 

affect the health of the tissue (Taupin, 2007). Additionally, only nuclei are labeled by BrdU.  Co-labeling 

with neuronal markers is necessary in order examine the cell types that are produced.  To try and confirm 

our results and to quantify how a change in proliferation affects the number of adult born neurons, we 

also labeled our hippocampal tissue with DCX.  While DCX is a widely used marker of immature cells, it is 

expressed during the first two weeks of development of the neurons; the population of cells expressing 

DCX is heterogeneous and reflects a range of ages, which increases the sample size needed to see 

differences.  Finally, we used a retroviral labeling technique which allowed us to know the exact birth date 

and look at the morphology of each cell.  However, only a small population of cells was labeled with this 

technique so it is difficult to generate sufficient power to confirm small changes which were apparent with 

the much larger population of DCX-positive cells.  It is also difficult to control the amount of infection so 

therefore quantitative counts of the level of proliferation or survival are not possible.  While each of these 

three methods has limitations, taken together they give a thorough look at the modest yet consistent 

alterations in adult-born cells in the DG.   
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4.3.2 Benefits of genetic mouse models of disease 

 The design of the Disc1Tm1Kara mouse offers the benefit of examining a pathological mutation 

while preserving the endogenous spatial and temporal expression of the Disc1 protein.  This model was 

designed to closely reproduce the human mutation found in the Scottish family and allows for the study of 

the genetic mutation in a physiological setting. As is true in the human subjects, the loss of the Disc1 

protein occurs throughout development and in all cells where the protein is usually expressed. 

Furthermore, the extremely short isoforms are also still present in the Disc1Tm1Kara mutant mice as is the 

case in the Scottish mutation and thus are also relevant to the disease etiology. Indeed the trajectory of 

individual phenotypes is different, confirming the complex effects of the Disc1 mutation.  For example 

while the decrease in dendritic complexity only appears with maturation of the neurons, the mistargeting 

of the axons and the angle of orientation phenotype are attenuated in the mature cells.  RNA interference 

experiments had a large impact on the Disc1 field but, as suggested in Chapter 1, important caveats need 

to be discussed.  RNA interference allows for the knock down of specific proteins during a discrete time 

period.  This is a single cell system which leaves a mutant neuron in the midst of a wild type environment.  

There are likely competition effects between the mutant cell and the wild type cells that surround it. 

Moreover, there most likely are not the compensatory changes that occur in a knock-in model. This model 

does allow for the investigation of cell autonomous effects which occur within the given cell, however, the 

nonautonomous effects based on the interaction of the cell and the environment cannot be seen. Finally, 

there are many opportunities for off-target effects that can confound the understanding of the results.  

Indeed, a recent report shows that shRNA targeted against Disc1 has the same effect on migration in the 

developing cortex in mice with and without full length Disc1 isoforms, suggesting that the effect may not 

be mediated by Disc1 knockdown (Kubo et al., 2010).  

 There are now several shRNA experiments that have specifically addressed the issue of Disc1 

knockdown during adult neurogenesis.  Duan et al investigated the effect of knocking down Disc1 with 

shRNA expressed via retrovirus only in dividing cells (Duan et al., 2007).  They found exuberant 

outgrowth of dendrites including formation of basal dendrites, increased soma size, and premature 

appearance of spines.  They also describe a migratory effect where the infected cells passed through the 

GCL and into the molecular layer.  Finally, the electrophysiological properties of the cells suggested that 
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they matured faster than control cells.  In a follow-up paper, Faulkner et al described enhanced 

elongation and overgrowth or mistargeting effects for the axons of these cells accompanied by enhanced 

synapse formation (Faulkner et al., 2008).   

In comparison, the adult-born neurons in Disc1Tm1Kara mutant mice had decreased dendritic 

growth with no basal dendrites, slight alterations in soma size, and no early presentation of spines.  We 

did observe the increased migration defect in a subset of DCX labeled cells, however in the much smaller 

GFP labeled population we did not find such changes.  Moreover, the DCX positive cells in the 

Disc1Tm1Kara mutant mice only migrated into the outer layers of the GCL but not into the molecular layer.  

Disc1Tm1Kara mutant mice do have increased length of axons but they do not extend into the CA1 and CA2 

regions.  While the changes seen in the Disc1Tm1Kara mutant mice and in the shRNA model often occur in 

the same domains, they are never to the same degree and often in opposite directions.  It may be 

informative to look at the shRNA model as a way to determine processes in which DISC1 may play a role 

in the neuronal physiology, but it is unlikely that these same defects and of such large magnitude would 

be seen outside of a cell autonomous knockdown system.  It is thus important to consider the relevance 

of the design of the model to the disease when proposing interventions and experiments in humans. 

4.3.3 Implications for behavior 

The DG is an intriguing region of the brain because it is one of only two regions where adult 

neurogenesis consistently occurs.  This process is thought to be important for learning and memory 

(Deng et al., 2010) and alterations have been associated with some mental illnesses (Reif et al., 2006, 

Toro and Deakin, 2007).  Moreover, deficits in learning and memory are key to alterations in cognitive 

function seen in schizophrenia (Ranganath et al., 2008).  Disc1 is highly and specifically expressed in the 

DG of adult mice (Austin et al., 2004, Lein et al., 2007).  Alterations in working memory were shown in the 

Disc1Tm1Kara mutant mice (see Chapter 1) and while these tasks particularly require the prefrontal cortex, 

the hippocampus is thought to play a role (McHugh et al., 2007, Clelland et al., 2009).  Importantly, as 

interference was increased in these tasks, Disc1Tm1Kara mutant mice made more mistakes suggesting a 

possible deficit in pattern separation, a task which is performed within the DG.  Furthermore, Clelland et al 

(2009) showed that even with only a partial reduction in neurogenesis, there is still a deficit in a working 

memory task with a high degree of both interference and contextual similarity suggesting that a threshold 
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of neurogenesis is necessary for proper functionality of the DG.  However, the Disc1Tm1Kara mutant mice 

have only a 20% decrease in neurogenesis, so this modest deficit might not be sufficient to affect pattern 

separation. The DNMP tasks did not explicitly test spatial pattern separation, however it is possible that 

the Disc1Tm1Kara mutant mice will have deficits in this component of memory encoding as well.  

Furthermore, the fact that the Disc1Tm1Kara mutant mice have decreased dendritic complexity and altered 

axonal localization in the adult-born neurons suggests that they are not integrating properly into the 

circuit.  This could have effects on both the creation of these networks of interconnected immature 

neurons and the recall of memories as the neurons mature (Deng et al., 2010). Electrophysiological 

characterization of immature neurons in the DG circuit has been done by other groups (Sahay et al., 

2011) and would help to determine if there are differing basal firing rates and altered plasticity in the 

mutant mice which could account for the deficits in cognitive ability in the Disc1Tm1Kara mutant mice.   

As was discussed in Chapter 3, pattern separation functions are thought to be impaired in 

patients with schizophrenia (Tamminga et al., 2010) and there is evidence of decreased adult 

hippocampal neurogenesis in schizophrenia (Reif et al., 2006). Thus, neurogenesis presents a target for 

treatment of a specific cognitive deficit associated with the disease.  However, the relationship is not 

simple. Increases in neurogenesis may not be enough to alleviate symptoms of anxiety or depression in 

mice, although these increases paired with the integration of the new cells into the existing circuit have 

complex affects on behavior (Sahay et al., 2011).  While increased neurogenesis alone enhances pattern 

separation, only a combination of increased neurogenesis and enriched environment produces anti-

depressant like effects.  Therapies that look to augment these two processes might influence multiple 

categories of behavioral abnormalities. 

4.4 Summary 

We describe deficits in many of the steps of adult neurogenesis.  We find a decrease not only in 

the number of stem cells, but also the number of proliferating cells and immature neurons in the SGZ. 

Moreover, these adult born cells are abnormal with a less complex dendritic tree, misoriented dendrites, 

and cells that migrate too far into the GCL.  Finally, we see mislocalization of axons within the CA3 
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region. The many modest changes in dendritic complexity, neuronal organization and axonal targeting 

suggest there may be functional alterations in the trisynaptic pathway.  

The past three chapters have focused on the cellular changes that occur in the Disc1Tm1Kara mice.  

We have found decreases in neurogenesis and neuronal maturation.  However, the overall goal of a 

mouse model of psychiatric disease is to better understand the underlying mechanisms which contribute 

to the dysfunction and could possibly represent drug targets.  While a rare mutation in a single gene does 

not represent the genetic architecture of the disease for every patient, it does present the opportunity to 

study a valid genetic model.  Better understanding of the mechanism of mutant Disc1Tm1Kara and other 

mouse models based on the CDRA hypothesis could point us toward common mechanisms or pathways.  

Thus, in the next chapter we discuss the role of Disc1 in the regulation of PDE4 and cAMP signaling.  

Dysregulation of cAMP can lead to a variety of defects that could explain many of the phenotypes we 

have just described. 

4.5 Methods 

4.5.1 Animals and Housing 

Genetically engineered mutant Disc1Tm1Kara mice were used to assess the adult neurogenesis in 

the DG. The design and creation of the mice are described in Chapter 1 (Koike et al., 2006) and the 

housing and care are described in Chapter 2.  

4.5.2 BrdU 

 To label dividing cells with BrdU (5-bromo-2'-deoxyuridine), group housed adult male mice (WT 

N=10, HOM N=8) were injected with BrdU (50 mg/kg, Roche, Indianapolis, IN) at the same time of day for 

12 consecutive days. Twenty-four hours after the last injection, mice were sacrificed and the brains 

collected as described below. 

4.5.3 Labeling of adult born cells with retrovirus 

Adult-generated DG neurons were labeled with a replication-defective Moloney murine leukemia 

virus (MMLV) that infects dividing neural progenitors and expresses GFP under control of the strong 

ubiquitous CAG synthetic promoter. GFP-expressing MMLV retrovirus pseudotyped with the VSV-G coat 
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protein was produced by transfection of the pCL-CAG:eGFP vector plasmid (a kind gift from Inder Verma, 

UCSD/Salk) along with gag-pol and VSV-G packaging plasmids into the HEK293FT packaging cell line 

with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After harvesting the viral supernatant, virus was 

concentrated through ultracentrifugation to a final titer of 109 cfu/mL. Adult Disc1 mice were group housed 

in an enrichment cage with a running wheel for 1 day prior to injection. Mice were anesthetized with a 

mixture of ketamine and xylazine (100mg/kg and 10mg/kg respectively).  DG injections were performed 

bilaterally using a mouse sterotactic apparatus (Stoelting, Wood Dale, IL) and an attached microinfusion 

pump (Stoelting). Injections of 0.5 µl of virus per site at a speed of 0.1µl/min into the DG at the 

coordinates AP -2.0, ML +/-1.5, DV -2.1 were done bilaterally. Mice were allowed to recover and then put 

back into the enrichment cages for a period of 1 week (5 WT, 5 HET, 5 HOM), 2 weeks (5 WT, 6 HET, 5 

HOM) or 4 weeks (6 WT, 5 HET, 6 HOM). Mice were then sacrificed and tissue prepared as described 

below.  

4.5.4 Sample Collection 

For collection of brain tissue, perfusion and tissue sectioning was done as is described in Chapter 

2 except for BrdU and doublecortin (DCX) stained section. For those, following perfusion and post-fixation 

brains were then cryoprotected in 30% sucrose solution until the brains equilibrated and sunk.  Then 

brains were embedded and frozen in OCT TissueTek (Fisher) mounting media.  Serial sections were cut 

at 35 µm on a cryostat.   

4.5.5 Immunohistochemistry   

BrdU staining was performed as described for cell proliferation at P11 in Chapter 2. For detection 

of DCX-positive cells, free-floating sections were incubated in 20% methanol and 3% hydrogen peroxide 

in PBS for 30min. Sections were blocked in 5% normal donkey serum and incubated with the goat anti-

DCX antibody (1:200, C-18; Santa Cruz Biotechnology, Santa Cruz, CA) for 48 h at room temperature, 

followed by 1 h incubation with the Alexa-coupled anti-goat secondary antibody (Invitrogen). Sections 

were then counterstained with Topro-3 Iodide (Invitrogen, Carlsbad, CA) and mounted with Prolong Gold 

(Invitrogen). 
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A basic antibody staining technique was employed for immunofluorescence labeling of free 

floating sections and is described in Chapter 2.  100 µm virus-labeled sections or 40 µm sections for other 

antibody labeling were used.  For the viral sections, an antibody against GFP was used (rabbit, 1:1000 

Invitrogen).  Other primary antibodies were PSA-NCAM (mouse 1:1000, Chemicon, Billerica, MA), SOX2 

(rabbit 1:3000, Chemicon), and GFAP (mouse 1:3000, Chemicon).  

4.5.6 Quantification of adult-born neurons 

Quantification of BrdU- and DCX-positive cells was performed on a NikonEclipse E800 (Melville, 

NY) microscope with a 100X oil objective according to a previously described protocol (Meshi et al., 

2006). Every sixth section of the entire HPC for each mouse was included in the quantification; the 

starting section within the first six was determined pseudorandomly.  All positively stained cells in the SGZ 

of the DG were counted. A cell was counted as being in the SGZ of the DG if it was either touching or 

located within the SGZ. Cells that were located more than two cells away from the SGZ were not included 

in the count. For BrdU 10 WT and 8 HOM mice and for DCX 8 WT and 8 HOM mice were included. 

4.5.7 Quantification of stem cells in adult SGZ 

 To determine if changes in the number of adult born cells were due to alterations in the type 1 cell 

population, sections were stained for SOX2/GFAP. Six mice of each genotype were processed for 

quantification. Images were taken on the confocal microscope (Zeiss, Thornwood, NY) using the 20X 

objective of sections of the DG (6-11 per mouse) stained for these markers.  The type 1 cell population 

expresses both of these markers and has a radial-glia like morphology.  This means that cells have a 

single primary projection perpendicular to the SGZ and into the granule cell layer.  These cells also line 

up along the SGZ and so only cells that are positive for the two markers, had a radial-glia like 

morphology, and were within 2 cell bodies of the SGZ were counted.   

4.5.8 Analysis of cellular organization of DCX cells 

For analysis of DCX-labeled cells, confocal images of the DG were taken with the 20X objective. 

For each image a Z stack was created using the Zeiss AIM program.  To assess migration, the distance 

between the furthest DCX-positive cell within a given section and the SGZ/hilus border was measured. 

The furthest migrating cell was assigned to one of six 10-µm bins along the vertical axis of the DG (Lazic 
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et al., 2006).  Analysis of the angle (θ) of the primary dendrite is described in Chapter 3 for mature adult 

neurons. The quantification of dendritic complexity of DCX positive cells was performed as described for 

P11 Thy-1 GFP cells in Chapter 2.  

4.5.9 Analysis of virus labeled cells 

Dendritic tree morphology was analyzed as described in Chapter 2 for neonatally born cells 

[(1wpi n: WT=14, HET=18, HOM=16), (2wpi n= WT: 20, HET=23, HOM=21), (4 wpi n: WT=20, HET=19, 

HOM=22)]. Cell soma size was determined by outlining the soma, followed by automatic calculation of 

area in µm using the Zeiss AIM program [(1 wpi n: WT=68, HET=52, HOM=44), (2 wpi n: WT=68, 

HET=52, HOM=44), (4 wpi n: WT=80, HET=84, HOM=107)]. Proximal dendritic spines were counted 

starting from the first branch point over a distance of 50 µm (n: WT=18, HET=18, HOM=14). For distal 

dendritic spines, the number of spines within a 50 µm span starting from the distal tip of a dendrite toward 

the cell body was counted (n: WT=16, HET=10, HOM=17). The length of the longest axon was quantified 

as described for measurement of calbindin-labeled mossy fiber bundles at P11 (Chapter 2). The 

quantification of the axonal distribution in the proximal CA3 was done essentially as for the P11 

Thy1/GFP mice as is also described in Chapter 2 [(1 wpi n: WT=21, HET=18, HOM=14), (2 wpi n: 

WT=14, HET=24, HOM=20), (4 wpi n: WT=32, HET=29, HOM=27)]. The number of axonal protrusions 

was quantified above, below and within the cell body area and expressed as percentage of the total 

number of labeled protrusions.  

4.5.9 Analysis of the mossy fiber bundle 

The measurement of the length of the mossy fibers was adapted from a method previously 

described in Chapter 2 for P11 calbindin stained axons.  Sections were stained for PSA-NCAM and then 

analyzed (N= 5 animals/genotype, n=4 sections/genotype).   

4.5.10 Statistical analysis 

One-way ANOVA with a Bonferroni post hoc test (as implemented in GraphPad, Prism) was used 

for each analysis except for that of terminal distribution in the proximal and distal CA3 where the 

interaction of genotype and region was analyzed using two-way ANOVA. T-tests were used when only 

WT and HOM mice were analyzed (Brdu and DCX counts). 
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Chapter V 

The Mechanism of Action of Disc1 

In this chapter I stained and imaged the sections for cAMP analysis in the dentate gyrus. I also stained, 
imaged, and analyzed the sections for Nrp1 and Sema3a in the hippocampus. Finally, I imaged and 
analyzed the Nrp1 in the growth cone. 

5.1 Introduction 

 The mechanism of action of DISC1 has yet to be fully elucidated. Moreover, how the reduction of 

DISC1 leads to an increased proclivity to develop a psychiatric disorder is also not well understood. The 

likely consequence of the truncation of the gene that occurs in the Scottish family is the loss of several 

isoforms, including the full length DISC1. This has been supported by the lack of full length DISC1 mRNA 

in the lymphoblasts from the Scottish family in vivo (Millar et al., 2005).  It has also been suggested that 

the truncated gene may still produce a protein which acts as a dominant negative affecting the function of 

the intact DISC1 protein, although this has not been shown (Millar et al., 2005).  Early reports do not shed 

much light on the effect of the mutation on brain structure or function and follow up studies have not been 

done to uncover the physiological consequences (Millar et al., 2000, Millar et al., 2005).  Our etiologically 

valid mouse model thus provides an excellent opportunity to investigate how the truncation of the Disc1 

gene can affect the physiology and thus lead to increased susceptibility for psychiatric diseases.  

Moreover, it is possible to follow the developmental trajectory as is described in Chapter 2. The 

alterations in neurogenesis, cellular organization, and axonal and dendritic morphology provide targets for 

manipulation to uncover the underlying mechanisms.  Furthermore, long-term studies could address the 

effects of interventions to rescue behavioral deficits as a guide for development of treatment in humans. 

In this chapter we examine the effects of the Disc1Tm1Kara mutation on cAMP signaling to provide a 

possible mechanism of action of Disc1. 

5.1.1 cAMP and psychiatric disease 

 The second messenger 3’5’monophosphate (cAMP) is a key regulator of many processes within 
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the cell and is degraded by the phosphodiesterase (PDE) family of proteins. DISC1 has been shown to 

bind to PDE4B although the consequence of this interaction is not well understood. Evidence suggests 

that PDE4 could play an important role in neuronal function. A mutation in the Drosophila melanogaster 

orthologue of PDE4 leads to increased cAMP levels and deficits of learning and memory (Davis, 1996). 

The mutation also disrupts a wide array of functions causing abnormalities in ion channel function and 

nerve excitability, synaptic plasticity and transmission, and decreases in axonal growth cone motility and 

neuronal arborization.  PDE4B is also more specifically linked to psychiatric diseases.  It is modulated by 

many antidepressant drugs (Houslay and Adams, 2003, Renau, 2004), as well as antipsychotics (Kanes 

et al., 2007).  Moreover, studies have found an association of genetic variants of PDE4B with psychiatric 

diseases.  In the study which first found a link between DISC1 and PDE4B, the authors also describe a 

family with a chromosomal translocation between t(1;16) which affects the PDE4B and Cadherin 8 genes 

in two family members with the mutation and a history of the disease (Millar et al., 2005). This 

translocation leads to a decrease in PDE4B expression however the relevance to schizophrenia is difficult 

to assume because cadherins have also been linked to psychiatric and neurodevelopmental diseases 

(Wang et al., 2009). Polymorphisms in PDE4B and PDE4D have also been found in karyotypically normal 

patients with schizophrenia (Fatemi et al., 2008a, Numata et al., 2008, Tomppo et al., 2009), while some 

other variants have been described that provide a protective effect (Pickard et al., 2007, Tomppo et al., 

2009). Furthermore, changes in expression levels of PDE4 have been described in patients with 

schizophrenia (Fatemi et al., 2008a), bipolar disorder (Fatemi et al., 2008b), depression (Numata et al., 

2009), and autism (Braun et al., 2007). However, further studies need to be done to fully substantiate 

these findings in larger populations and to determine if alterations in the levels or activity of PDE4 

isoforms and cAMP have a causative role in the etiology of the disease. 

While the Drosophila mutant of the PDE4B orthologue has learning and memory impairments, 

PDE4B-deficient mice have increased anxiety, decreased PPI, and reduced locomotor activity but intact 

memory and learning. These mice also have increased adult neurogenesis likely through increased cAMP 

activation of CREB (Duman et al., 2001, Nakagawa et al., 2002, Siuciak et al., 2008, Zhang et al., 2008). 

The PDE4D-deficient mouse has a robust anti-depressant-like effect with increased neurogenesis, 

memory enhancement, and increased cAMP activation (Zhang et al., 2002, Li et al., 2011). Thus, 
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isoforms of PDE4 are important for behavioral phenotypes associated with psychiatric and affective 

disorders. 

Adenylyl cyclases (AC) are enzymes that synthesize cAMP, acting as one of its major regulators 

with a function opposite that of PDE4 (Sadana and Dessauer, 2009). Although no genetic studies have 

directly linked AC to psychiatric disease, knockout mice have suggested a link to affective behaviors.  

Mice which lack the AC1 and AC8 isoforms have a depression-like phenotype, while AC5 deficiency 

resulted in antidepressant and anxiolytic effects on behavior (Krishnan et al., 2008).  Additionally, AC 

activity is controlled through subunits binding to G-protein receptors, thus coupling neurotransmission to 

cAMP production and signaling (Sadana and Dessauer, 2009). Altered levels and activity of these 

subunits have been directly linked to schizophrenia and bipolar disease (Nishino et al., 1993, Okada et 

al., 1994, Yang et al., 1998, Schreiber and Avissar, 2000).  Moreover, mice with a constitutively active 

form of the G-protein subunit Gαs exhibit sensorimotor gating, cognitive, biochemical, and 

neuoranatomical defects linking them to schizophrenia endophenotypes (Kelly et al., 2007, Kelly et al., 

2009).  

Vasocative Intestinal Peptide Receptor 2 (VIPR2) encodes the Vasoactive Intestinal Peptide 

(VIP) receptor VPAC2, a G-protein coupled receptor which activates cAMP (Fahrenkrug, 1993), regulates 

synaptic transmission (Yang et al., 2009), and upregulates proliferation in the DG (Zaben et al., 2009). A 

recent genome wide association study has found an enrichment of microduplications in VIPR2 in patients 

with schizophrenia (Vacic et al., 2011). Interestingly, in lymphoblasts from patients with the 

microduplication, not only were VPAC2 transcripts increased, but cAMP was also increased in response 

to VIP. VIP has also been associated with learning and memory in mice (Chaudhury et al., 2008). This 

provides evidence for another strong schizophrenia susceptibility gene that converges on the cAMP 

pathway and affects endophenotypes associated with the disease.  

5.1.2 Disc1 and PDE4B 

 The study which described the link between DISC1 and psychiatric disease in the Scottish family 

also suggested a link between DISC1 and control of PDE4B (Millar et al., 2005).  These authors showed 

an in vitro interaction between DISC1 and PDE4B that is regulated by cAMP levels. When cAMP levels 

increased, DISC1 dissociated from PDE4B in a PKA-dependent manner leading to the hypothesis that 
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DISC1 sequesters PDE4B in its low activity form. Upon an increase in cAMP, PDE4B is phosphorylated 

by PKA and converted to its high activity form and this high activity form of PDE4B degrades cAMP. 

However, the authors stopped short of showing the consequences of this interaction on PDE4B activity. 

 A follow-up set of biochemical experiments suggest that DISC1 binds with isoforms of all four 

families (A, B, C, and D) of PDE4. Binding sites in the N-terminal region of DISC1 have differing levels of 

specificity for the various PDE4 families and these interactions are regulated by cAMP levels but in a 

PKA-independent manner (Murdoch et al., 2007).  Given its putative role as a scaffold protein, DISC1 

could act to maintain the strict spatial and temporal pattern of PDE4 and cAMP in various cellular 

compartments (Lynch et al., 2006).  In support of this idea, DISC1 and PDE4 have been found to 

colocalize at the mitochondria, dendrites, and dendritic spines (Millar et al., 2005, Bradshaw et al., 2008) 

and interact as a complex with NDE1, NDEL1, LIS1, and dynein at the centrosome (Bradshaw et al., 

2008).  Although in vitro and biochemical data have not unlocked the mechanism of DISC1 regulation of 

PDE4, the dynamic interaction suggests that this protein complex could be critical for the tight control of 

cAMP levels and its localization within the cell. 

 Finally, a set of Disc1 missense mutant mice generated by ENU (N-nitro-N-ethylurea) 

mutagenesis have been found to have an effect on PDE4 activity (Clapcote et al., 2007).  The relevance 

of these point mutations to psychiatric disease is unknown since similar mutations have never been 

characterized in human patients.  However, the mice do display behaviors which model schizophrenic 

(L100P) or depressive (Q31L) symptoms as discussed in Chapter 1.  In vitro experiments in cells that 

overexpress DISC1 with these point mutations found a decrease in binding of DISC1 to PDE4B, 

especially in the L100P protein. Interestingly, when PDE4B activity was then measured in vivo, they found 

a decrease in Q31L mice and no change in the L100P mice.  Furthermore, pharmacological intervention 

with rolipram, an antidepressant which acts as an inhibitor of PDE4, was unable to reverse the behavioral 

deficits seen in the Q31L mice. According to the in vitro model proposed by Millar et al (2005), decreased 

binding of DISC1 and PDE4B should have led to an increase in PDE4B activity. However, this is not the 

case and these results further complicate our understanding of the interaction of DISC1 and PDE4B but 

suggest that in vivo, Disc1 acts to regulate PDE4 activity through an unknown mechanism. 
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5.1.3 In this chapter 

 Disc1 interaction with PDE4 proteins and regulation of cAMP suggest that it could have very 

wide-ranging effects in a number of pathways, many of which have been linked to schizophrenia or 

affective disorders. Therefore, we investigate the regulation of PDE4, cAMP and downstream pathways in 

the Disc1Tm1Kara mice. Some of the downstream pathways of cAMP are important for axonal guidance and 

neurite outgrowth and we look at whether manipulation of cAMP levels can affect these processes.  

Interestingly, we show that PDE4 is affected in an opposite manner to what has been suggested by in 

vitro models.  Lastly, the levels of neurodevelopmental cues Neuropilin1 (Nrp1) and Semaphorin3A 

(Sema3A) are altered which could account for the axonal and dendritic abnormalities in these mice;  

manipulation of cAMP levels affects this pathway and provides supportive evidence that misregulation of 

PDE4 and cAMP could be important for the morphological changes seen in the Disc1Tm1Kara mutant mice. 

5.2 Results 

5.2.1 Disc1Tm1Kara reduces PDE4 protein levels  

Accumulating evidence on DISC1 suggests that the Disc1Tm1Kara mutation may affect diverse 

cellular and physiological functions; however, an understanding of the impact of Disc1Tm1Kara mutation on 

signaling pathways is still lacking. In collaboration with Dr. James O’Donnell’s lab at West Virginia 

University, we analyzed the activity and protein levels of PDE4 isoforms in the Disc1Tm1Kara mice. In 

contrast to previous in vitro work that predicted an increase in PDE activity (Millar et al., 2005), analysis of 

PDE4B activity in the HPC of Disc1Tm1Kara mice revealed a robust (50%) decrease in HOM mice (P<0.05) 

(Figure 5.1A). Strikingly, immunoblot analysis revealed a consistent decrease in the levels of several 

PDE4 isoforms (Figure 5.1B-I). Specifically, PDE4B1, PDE4B3 and PDE4B4, as well as PDE4D3 and 

PDE4D5 levels were decreased (P<0.005 and P<0.05 respectively), while no difference was observed in 

PDE4B2 and PDE4A1 or A5, indicating that the Disc1Tm1Kara mutation affects only selected PDE4 

isoforms. This decrease was not due to alterations in transcription because analysis of PDE4B transcripts 

by RT-qPCR revealed no genotypic difference (Figure 5.1J). Consistent with the decrease in protein 

levels, further analysis revealed a pronounced decrease in the binding of rolipram, the prototypic PDE4 

inhibitor, in hippocampal fractions of Disc1Tm1Kara mutant mice (Figure 5.1K).  
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Figure 5.1 PDE4 activity in Disc1Tm1Kara mice. (A)There is a significant decrease in PDE4 activity (in pmol/µg/min) 
in hippocampal lysates from HOM mice. (B-I) Analysis of specific isoforms found no decreases in the PDE4A (B, C), 
but decreases in PDE4B1 (D), B3 (F), B4 (G), but not B2 (B) were seen.  There were also decreases in the PDE4D 
isoforms D3 (H) and D5 (I).  (J) Interestingly, these changes were not seen at the mRNA level by RT-qPCR 
suggesting that they were caused by protein instability. (K) An assay to measure the binding of rolipram, an inhibitor 
PDE4 also found decreases in the HET and HOM mice. Data presented as mean ± SEM. * P<0.05. 
 
 

5.2.2 Disc1Tm1Kara increases cAMP levels. 

In order to determine if the decrease in protein levels of specific PDE4 isoforms affected the level 

of cAMP, we assessed cAMP levels in hippocampal lysates, adult tissue sections, and primary 

hippocampal neurons. In line with decreased PDE4 activity, we detected an increase in cAMP levels in 

hippocampal lysates of the HET and HOM Disc1Tm1Kara mice (P<0.05) (Figure 5.2A).  We also detected 

more cAMP in the granule cell layer of the DG (P<0.05) (Figure 5.2B, C). Finally, we investigated cAMP 

levels in primary hippocampal cultures. Notably, hippocampal neurons harvested from Disc1Tm1Kara HOM 

and HET embryos also displayed a prominent increase in cAMP levels both at the soma (Figure 5.2D, E)  
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Figure 5.2 Analysis of cAMP levels. (A) To correspond with the decrease in PDE4, we see an increase in cAMP in 
hippocampal lysates. (B) To look at the levels in the dentate gyrus, tissue sections were stained for cAMP (top) and 
Topro (bottom) a cell marker. (C) There was a significant increase in cAMP levels in both HET and HOM mice as 
shown as % of WT.  (D-G) Primary hippocampal cultures were used to assess cAMP levels in the cell bodies (D, E) 
and growth cones (F, G).  There was a significant increase in cAMP (as % of WT) in the HOM neurons at both the 
cell body and the growth cone and an increase in the HET mice at the growth cone. Scale bars: B: 25 µm, E, G: 10 
µm. Data presented as mean ± SEM. * P<0.05, ** P<0.005 
 
 

(P=0.002) and at the axonal growth cone (P=0.01) (Figure 5.2F, G) confirming a pervasive effect of Disc1 

in modulating cAMP levels in mature and developing neurons. 

5.2.3 Disc1Tm1Kara affects cAMP-dependent pathways.  

To test whether changes in PDE4 activity have an impact on cAMP-dependent pathways we 

probed the phosphorylation of CREB, a downstream transcription factor activated by cAMP-dependent 
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phosphorylation. We observed enhanced CREB phosphorylation (P<0.05) (Figure 5.3A), raising the 

possibility that the Disc1Tm1Kara mutation results in transcriptional alterations. In other systems, elevated 

cAMP levels have been associated with aberrant axonal targeting through CREB-mediated transcriptional 

regulation of key pathfinding molecules, including those belonging to neuropilin/plexin/semaphorin 

signaling complexes (Imai et al., 2009). The axonal lamination phenotype observed in Disc1Tm1Kara mutant 

mice and the fact that neuropilins and plexins have been extensively implicated in mossy fiber targeting 

and laminar-restricted positioning (Cheng et al., 2001, Suto et al., 2007), and more recently in granule 

cells dendritic outgrowth (Tran et al., 2009), prompted us to assess their levels in the DG of Disc1Tm1Kara 

mutant mice. We showed a significant upregulation of Nrp1 and PlexinA3, with no change in Nrp2 

transcripts in DG lysates from adult mutant mice (Figure 5.3B-D) (P<0.05 and P<0.05, respectively). We 

further used immunochistochemical analysis in P11 mice to confirm a pronounced upregulation of the 

Nrp1 protein in the mossy fibers (P<0.001) (Figure 5.3E, F) and a downregulation of Sema3a, which is 

primarily localized in CA3 pyramidal neurons (P<0.05) (Figure 5.3G, H). Finally, in a complementary 

experiment to determine if the changes in cAMP levels directly affect Nrp1 levels, systemic treatment of 

WT early postnatal mice with rolipram, an inhibitor of PDE4, resulted in upregulation of Nrp1 in the DG of 

P11 mice (Figure 5.3J, K). This further supports a direct role of the changes in PDE4 and cAMP in the 

regulation of axonal signaling molecules.  In summary, we showed that the Disc1Tm1Kara mutation results 

in dysregulation of molecules involved in axon guidance and dendritic growth whose expression is 

modulated by cAMP signals. Notably, the pattern of dysregulation is similar to the one  reported in 

reference to elevated cAMP signals in the olfactory system (Imai et al., 2009).  

The cell permeable adenylyl cyclase (AC) inhibitor SQ-22536, like all specific AC-inhibitors, does 

not cross the blood-brain barrier (Pavan et al., 2009). In order to directly assess the effect of manipulation 

of cAMP levels in the Disc1Tm1Kara mice, we cultured explants of the DG and analyzed the levels of Nrp1. 

As expected from the in vivo results, there was an upregulation of Nrp1 mutant growth cones (Figure 

5.3K).  SQ-22536 rapidly decreases cAMP levels in vitro and treatment rescued the effect of increase in 

levels of Nrp1 in the HOM neurons (Figure 5.3L).    
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Figure 5.3 Analysis of downstream targets of cAMP.  (A) There was a significant increase in the levels of pCREB 
in the HPC of adult HOM mice. (B-D) RT-qPCR from dentate gyrus microdissections from adult mice. We found an 
increase in Nrp1 (B) and PlexinA3 (C) but not Nrp2 (D).  (E, F) Immunohistochemical analysis of the MFs from the 
dentate gyrus reveals an increase in Nrp1 in the HET and HOM P11 mice and reported as % of WT.  (G, H) A 
decrease in the Sema3a levels in the CA3 of the HET and HOM P11 mice was also found and reported as % of WT. 
(I, J) To show that the alterations in Nrp1 are a consequence of alterations in cAMP levels, we injected wildtype C57 
mice with rolipram, a PDE4 inhibitor which increases cAMP.  We find an increase in the Nrp1 levels in these mice 
compared to control mice. (J) Quantification as % of WT. (K) Growth cones from explants of the dentate gyrus are 
analyzed for Nrp1 levels. (L) There is an increase in Nrp1 in the HOM neurons. SQ22536 is an inhibitor of adneylyl 
cyclase and thus decreases cAMP levels.  This rescues the effect seen in the HOM neurons. Data presented as 
mean ± SEM. * P<0.05; ** P<0.005 *** P<0.0005. Scale bars: E, G, I: 50 µm, K: 2 µm. 
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5.2.4 Altered cAMP levels underlie Disc1Tm1Kara axonal mistargeting.  

The prominent increase in cAMP levels observed in the soma and growth cone of mutant 

hippocampal neurons afforded us the opportunity to determine whether dysregulated cAMP signaling 

underlies some of the axonal phenotypes associated with the Disc1Tm1Kara mutant mice. We first 

determined whether these phenotypes are recapitulated in cultured neurons and then examined whether 

they can be reversed by manipulating cAMP levels. Neurons from Disc1Tm1Kara mice were first assessed 

for their ability to respond to repulsive cues using a stripe assay. Most WT neurites were strongly repelled 

from entering stripes containing the repulsive molecule ephrin-A5 whose repellent effect was previously 

shown to be dependent on local cAMP levels (Nicol et al., 2007).  By contrast, mutant neurites displayed 

significantly reduced repulsion (P<0.05) (Figure 5.5 A, top, B). Treatment with SQ-22536 increased the 

repulsion in HET and HOM neurons to WT levels (Figure 5.5, bottom, B) suggesting that elevated cAMP 

levels contribute to the alterations in axonal pathfinding. 

 

 

Figure 5.4 Analysis of repulsive axonal guidance cues in vitro. (A) Hippocampal neurons from Disc1Tm1Kara mice 
were grown on alternating stripes of ephrin-A5-Fc (red) and control protein (dark). Neurites from WT neurons are 
repulsed by stripes of Ephrin-A5 (red), however those from HET and HOM are not (top). Treatment with 10 µm 
SQ22536 was again used as an inhibitor of AC to decrease cAMP levels and rescue the phenotype (bottom).  (B) 
The quantification shows that HET and HOM neurons are less responsive to the repulsive cues and are rescued by 
decreases in cAMP. Data presented as mean ± SEM. * denotes differences among genotypes, * P<0.05, Scale bar: 
100 µm 
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Figure 5.5 The effect of Disc1 and cAMP levels in vitro. (A) Primary hippocampal cultures from Disc1Tm1Kara mice 
were transfected at DIV2 with β-actin-GFP or β-actin-GFP and exogenous Disc1 and analyzed at DIV5. (B, C) There 
was significantly less dendritic branching and total dendritic length in the HET and HOM neurons which was rescued 
by expression of full length Disc1. (D, E) The decrease in dendritic branching and total dendritic length could also be 
rescued with increase in cAMP levels by application of the adenylyl cyclase inhibitor SQ22536. Values normalized to 
WT. Data presented as mean ± SEM. * denotes differences among genotypes, # denotes effect of transfection on 
same genotypes. * P<0.05; ** P<0.005 *** P<0.0005. Scale bar: 2 µm. 
 
 

5.2.5 Dendrite outgrowth is determined through cAMP-dependent pathways 

 Deficits in dendritic growth were also recapitulated in hippocampal cultures. Specifically, DIV5 

neurons from the Disc1Tm1Kara mutant mice have a less complex dendritic tree than WT neurons (Figure 

5.6A-C) with decreased branch point numbers (P<0.0001) and total length (P=0.008). Importantly, 

expression of full-length Disc1 normalized dendritic length and branching point numbers (Figure 5.6A-C). 

In order to determine if increased cAMP levels cause these defects, DIV4 neurons were treated for 25 

hours with SQ-22563.  The treatment had no significant effect on the arborization of WT neurons; 

however, the decrease in dendritic complexity in HOM and HET neurons (dendritic branching: P<0.005, 

dendritic length: P<0.05) was abolished (Figure 5.6D, E), suggesting that elevated cAMP levels may 

contribute to the observed dendritic abnormalities.  
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5.3 Discussion 

 The mechanism of Disc1 action is poorly understood.  Past work in both in vitro (Millar et al., 

2005, Murdoch et al., 2007) and in vivo (Clapcote et al., 2007) systems suggests that DISC1 interacts 

with PDE4B; however these reports gave conflicting results as to the consequences of this interaction.  

Thus, we provide the first clear evidence in vivo that the Disc1 truncation leads to a decrease in PDE4 

activity and protein levels.  We found a decrease in PDE4B and PDE4D protein levels in Disc1Tm1Kara 

mutant mice, but not a decrease in total PDE4 transcript levels.  PDE4 activation leads to the degradation 

of cAMP, and measurements in hippocampal lysates, the granule cell layer of the DG of adult mouse 

brains, and in primary hippocampal neuronal cultures from Disc1Tm1Kara mice revealed an increase in 

cAMP levels.  As one of the key second messengers in the brain, cAMP has a number of downstream 

targets.  In order to determine if these were also affected, we look at phospho-CREB levels in 

hippocampal lysates and found that these were also increased.  Axonal guidance molecules Nrp1, Nrp2 

and PlexinA3 are expressed in the granule cells of the DG and Sema3A is expressed in the pyramidal 

cells of the CA3 and have been implicated in the formation of the DG (de Wit and Verhaagen, 2003).  RT-

qPCR of DG lysates shows an increase in Nrp1 and PlexA3 levels but not Nrp2.  Furthermore, Nrp1 is 

increased in the mossy fibers and Sema3A is decreased in the CA3 pyramidal cells of P11 HET and HOM 

Disc1Tm1Kara mice. To mimic the effect of Disc1 on PDE4, we injected WT mice with the PDE4 inhibitor 

rolipram and also found an increase in Nrp1. Finally, in order to rescue the increase in cAMP levels, we 

used an in vitro system where we were able to inhibit adenylyl cyclase levels with SQ22536.  The growth 

cones of DG explants express more Nrp1 in HOM mice, and these levels were also rescued with the 

decrease in cAMP. The axonal repulsion deficit found in the HET and HOM mice in response to Eph-A5 

was rescued by application of SQ22536.  Finally, the decrease in dendritic complexity in primary 

hippocampal neurons was normalized with either the expression of full length Disc1 or the addition of 

SQ22536.  Thus we provide extensive evidence that the Disc1Tm1Kara mutation affects cAMP signaling by 

decreasing PDE4 levels.  Moreover, this has downstream consequences which could explain the deficits 

we see in vivo. 

5.3.1 The Disc1Tm1Kara mice as a model for investigating complex interactions 

 We focus here on abundant evidence that Disc1 affects the PDE4 and cAMP pathways.  
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Preliminary experiments which we have not discussed suggest that in the Disc1Tm1Kara mutant mice there 

are only limited alterations in GSK3β and no changes in AKT signaling.  While results from RNAi 

experiments suggest that Disc1 may interact with these other pathways (Enomoto et al., 2009, Kim et al., 

2009, Mao et al., 2009, Ishizuka et al., 2011), it is also quite possible that the experimental methods used 

produced artifacts that are not present in our etiologically valid model.  Moreover, while cell autonomous 

effects can be effectively examined in the RNAi models, nonautonomous effects which rely on the 

surrounding environment would not be fully recapitulated with this technique. Finally, it is also possible 

that these are merely off-target effects and thus nonspecific artifacts. It is also interesting to note that 

biochemical studies of PDE4 and DISC1 interaction in vitro have produced contradictory results (Millar et 

al., 2005, Murdoch et al., 2007) with the one in vivo model that had explored PDE4 activity (Clapcote et 

al., 2007).  These findings add more credence to the argument that to understand the effect of the Disc1 

mutation we need to look in a model where the mutation has explicit relevance to the disease.  It also 

suggests that while in vitro techniques are very useful for determining interaction of proteins, they also 

have limitations.  Disc1 is hypothesized to act as a scaffold protein since it has been shown to interact 

with many proteins, albeit mostly through yeast-two hydbrid studies or overexpression studies (Chubb et 

al., 2008).  Therefore, it is likely that in a heterologous system which may not contain all of the binding 

partners of DISC1; there will be a different pattern of interaction than in the endogenous system. 

 However, there are limitations to studying the cAMP pathway in vivo. In the Disc1Tm1Kara mutant 

mice, the loss of full length Disc1 leads to increases in cAMP levels. Therefore, the best pharmacological 

intervention would involve treatment of the young mice with a drug that downregulates cAMP.  While 

SQ22536 can affectively inhibit AC to decrease cAMP levels, it and all other AC inhibitors do not cross 

the blood brain barrier (Pavan et al., 2009).  Although PDE4 activity can be decreased by rolipram, there 

is no available activator of this family of proteins. It is important to determine if a pharmacological 

intervention can rescue the deficits seen in the Disc1Tm1Kara mice to determine if some of the signaling 

molecules are directly regulated by the Disc1 mutation or perhaps are the result of compensatory 

changes in protein levels. Until a drug is developed that is able to cross the blood-brain barrier to increase 

PDE4 levels or decrease AC levels, we will be unable to rescue these deficits in a manner that would be 

feasible for treatment of the human disease. It should be noted that rolipram, which does act as an 
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antidepressant is not often used in humans because of common side effects such as emesis (Robichaud 

et al., 2001). Manipulation of molecules with multiple similar isoforms and widespread expression patterns 

such as PDE4 or adenylyl cyclase is not trivial; however, the development of more effective drugs with 

fewer side effects is critically needed in neuropsychopharmacology.  

5.3.2 cAMP and regulation of neurogenesis 

 As described in Chapter 4, adult neurogenesis is regulated by many factors: enrichment, age, 

stress, hormones, and disease, to name a few. Evidence is emerging that cAMP and its downstream 

effectors may be some of the key regulators of neurogenesis.   Studies of progenitor cells in culture show 

that activation of cAMP increases neuronal differentiation and neurite outgrowth; two processes that are 

affected in the Disc1Tm1Kara mutant mice (Palmer et al., 1997). Moreover, as describe earlier, treatment 

with rolipram increases proliferation, cell survival, neurite outgrowth, and dendritic branching (Nakagawa 

et al., 2002, Fujioka et al., 2004).  Beyond the upregulation of neurogenesis, antidepressants increase 

levels of cAMP, pCREB, and the progenitor cell marker, SOX2 (Duman et al., 2001, Li et al., 2009). 

Interestingly, PDE4B- (Zhang et al., 2008) and PDE4D-deficient (Li et al., 2011) mice have increased 

neurogenesis which is in contrast to the decreased neurogenesis we see in the Disc1Tm1Kara mutant mice.  

On the other hand, while inhibition of pCREB in a cell autonomous fashion decreases neurogenesis 

(Nakagawa et al., 2002, Jagasia et al., 2009), a CREB deficient mouse has increased neurogenesis and 

an antidepressant-like behavioral effect (Gur et al., 2007) showing that the pathway is complicated and 

likely depends on the interactions of cells and the neurogenic niche. In fact, in a cell autonomous system, 

loss of pCREB impairs dendritic development and survival of the immature neurons in a GABA-

dependent manner (Jagasia et al., 2009). Of course, truncation of Disc1 affects many of the isoforms of 

PDE4 and other pathways as well (Murdoch et al., 2007, Chubb et al., 2008).  Disc1 has been suggested 

to act through GSK3β (Mao et al., 2009, Ishizuka et al., 2011), AKT (Enomoto et al., 2009, Kim et al., 

2009), and centrosomal proteins such as NudEL (Kamiya et al., 2005, Duan et al., 2007) to regulate 

cellular proliferation.  Therefore, it is likely that the cumulative loss of interaction between Disc1 and 

multiple pathways results in the decreased neurogenesis in the Disc1Tm1Kara mutant mice. 
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5.3.3 cAMP and the development of cellular morphology 

 The semaphorins act as repulsive cues in the developing nervous system.  The heteroreceptor 

for semaphorins is composed of the neuropilin and plexin transmembrane proteins which act as the 

ligand gating and signaling moieties respectively (de Wit and Verhaagen, 2003). In the olfactory bulb, 

these axon guidance molecules are differentially regulated by levels of cAMP and loss of Sema3A or 

upregulation of Nrp1 and Nrp2 leads to deficits in axon topography (Imai et al., 2009).  The Sema3 class 

of proteins is the most widely described and both Sema3A and Sema3F are expressed in the pyramidal 

cells of the CA3 while, PlexA3, Nrp1 and Nrp2 are expressed in the mossy fibers (de Wit and Verhaagen, 

2003). Knocking out these proteins in mice leads to a variety of axonal phenotypes including 

defasiculation of peripheral neurons, mistargeting and lack of stereotyped pruning of the infrapyramidal 

bundle (Chen et al., 2000, Cheng et al., 2001, Bagri et al., 2003, Sahay et al., 2003). Interestingly, both 

the overexpression and knock out of Nrp2 leads to axonal defasiculation and embryonic lethality 

suggesting that it is not just the expression of the protein that is important, but the regulation of the 

expression levels and likely the spatiotemporal pattern as well (Kitsukawa et al., 1995, Kitsukawa et al., 

1997).  There are also dendritic phenotypes including an altered angle of orientation in Sema3A knockout 

mice (Behar et al., 1996) and increased spine density and the appearance of basal dendrites in Nrp2 and 

Sema3A knockout mice respectively (Tran et al., 2009).  The signaling cascades that are initiated in 

response to semaphorins are compartmentalized within the neuron and therefore must be tightly 

regulated.  Some evidence also suggests that semaphorins and neuropilins are involved in migration in 

the developing brain (Tamamaki et al., 2003, Ito et al., 2008). In addition to its primary role in 

neurodevelopment, semaphorins are still expressed in the adult brain, including the hippocampus and 

evidence suggests they are involved in the regulation and maintenance of synapses and synaptic 

transmission (Bouzioukh et al., 2006).  Given the fact that adult neurogenesis also occurs in this region, it 

is reasonable to hypothesize that the semaphorins may be involved in proper development and targeting 

of adult-born neurons as well. Thus, an abundance of evidence suggests that semaphorins, plexins, and 

neuropilins play a role in neurodevelopment. Semaphorins have been implicated in schizophrenia in a 

couple of studies that have found alterations in their transcript levels in patient brains (Eastwood et al., 

2003, Arion et al., 2010). Given the described roles in neurodevelopement and synaptic regulation, these 
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changes could have important implications for the underlying brain physiology that contributes to the 

disease. 

Altered levels of cAMP likely play a part in controlling the expression of these guidance proteins 

and provides a connection between the Disc1 and the semaphorin pathways.  Indeed, Disc1Tm1Kara mutant 

mice have deficits in bundling and targeting of the infrapyramidal mossy fiber bundle and alterations in the 

dendritic orientation, spine density, and migration of the granule cells.  Many of the aberrations seen in 

the Disc1Tm1Kara mutant mice are within the same domains that are affected in the semaphorin, plexin, or 

neuropilin knockout mice. The Disc1Tm1Kara mutation likely has more subtle effects on all these processes 

because the balance of their expression is no longer maintained while the guidance molecules are still 

present. Moreover, changes in cAMP levels at the growth cone can directly affect axonal pathfinding 

(Song et al., 1997) and responsiveness to external cues such as ephrins (Nicol et al., 2007). Thus, the 

morphological changes in the Disc1Tm1Kara mutant mouse and the alterations in transcript or protein levels 

in humans and mice suggests that semaphorins, neuropilins, and plexins may play a role in the etiology 

of schizophrenia by affecting neurodevelopmental and synaptic transmission.  

5.4 Summary  

 While the exact mechanism of action of Disc1 is not understood, it has been found to interact with 

many proteins. We provide clear evidence that Disc1 regulates the cAMP second messenger pathway 

through PDE4.  There are a decrease in PDE4 activity and protein levels in the hippocampus of 

Disc1Tm1Kara mutant mice and an increase in cAMP levels. This has wide ranging effects including the 

increase in the transcription factor pCREB, and the alteration of the guidance molecules Sema3A and 

Nrp1 which are important for the development and maturation of the mossy fiber bundle and the dendritic 

arbors of the granule cells.  Regulation of cAMP in vitro rescues some of these phenotypes and thus 

provides a viable target for pharmacological intervention.  The examination of levels of PDE4, cAMP, and 

pCREB in human brain tissue as well as in other mouse models of schizophrenia may be useful to 

provide a better understanding of the role of this pathway in the general etiology of the disease. 
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5.5 Methods 

5.5.1 Animals and Housing 

Disc1Tm1Kara mice were used to assess the mechanism of Disc1 in the dentate gyrus. The design, 

creation, and housing of the mice are described in Chapter 1 and Chapter 2.  

5.5.2 Rolipram treatment 

Rolipram (1 mg/kg, Sigma) in PBS containing 2% dimethylsulfoxide or the vehicle alone was 

administrated to C57Bl6 littermate pups daily from P6 to P11. At P11 mice were perfused with 4% PFA 

and the brains were processed for Nrp1 immunohistochemistry. 

5.5.3 Sample collection 

Collection of brains for immunohistochemistry is described in Chapter 2. 

5.5.4 Immunofluorescence   

A standard staining technique was used on the vibratome sections as is described in Chapter 2.  

The antibodies used were neuropilin1 (goat, 1:1000, R&D systems, Minneapolis, MN), semaphorin 3a 

(rabbit, central region, 1:300, ECM Biosciences, Versailles, KY), NeuN (mouse, 1:200, Millipore, Billerica, 

MA ), calbindin (rabbit, 1:1000, Swant, Switzerland), cAMP (rabbit, 1:1000, Millipore, Billerica, MA).  

For immunocytochemistry, neurons on coverslips were fixed for 20 minutes in 4% PFA and then 

washed 3 X 5 minutes in PBS.  Sections were blocked in 5% bovine serum albumin in PBS plus 1% triton 

for 1 hour at room temperature.  Then sections were incubated with the primary antibodies for 1 hour at 

room temperature.  Primary antibodies used were neuropilin1 (goat, 1:1000, R&D systems), GAP43 

(mouse, 1:1000, Invitrogen). 

The measurement of cAMP levels was described by Yamada et al. (Yamada et al., 2005). After 4 

days in culture, cells were fixed with 4% PFA for 30 min at 37 °C; and permeabilized with 0.4% Triton X-

100 containing 3% goat serum for 30 min. They were incubated with anti-tau-1 (1:5000 dilution) and 

rabbit anti-cAMP (1:1000, Chemicon) primary antibodies in the presence of 1% goat serum for 2 h at 

room temperature, incubated overnight at 4 °C, and then incubated with Alexa conjugated secondary 

bodies (1:1000, Invitrogen) for 1 h at room temperature.  
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5.5.5 Measurement of Cyclic AMP  

For cAMP measurement, the hippocampus (HPC) was dissected out of adult brains and was 

homogenized in ice-cold 0.1 N hydrochloric acid and centrifuged at 13,000×g for 50 min at 4ºC. Cyclic 

AMP in the supernatant was measured by ELISA according to manufacturer’s instructions (Assay 

Designs, Ann Arbor, MI). In short, 100µl of sample was used in each well and incubated with the primary 

antibody and appropriate buffers and colored substrate for 2 hours.  Following washing, the second color 

substrate is added and the samples are incubated for 1 more hour at room temperature.  Color change of 

the reaction which is a read out of cAMP levels was read on a 96-well reader at 405nm. 5 mice/genotype 

were used. 

For the quantification of cAMP immunoreactivity in the DG adult mice were used. The granule cell 

layer was stained with cAMP antibody as described in Chapter 2 and visualized using Topro. Images 

were taken at 20X on the confocal microscope (Zeiss) and a region of interest in the central part of the 

upper blade was selected. Images intensity was assessed using Image J (NIH) software. 5 

mice/genotype (4 sections/mouse) were quantified. 

5.5.6 PDE Activity Assay 

The PDE activity assay was performed in collaboration with the O’Donnell lab at West Virginia 

University on dissected HPC and has been previously described (Zhang et al., 2006). Rats were killed by 

decapitation and HPC were dissected on ice and homogenized in binding buffer (50 mM Tris–HCl, 5 mM 

MgCl2, pH 7.5) using a Polytron homogenizer (Brinkman Instruments, Westbury, NY, USA). The 

homogenate was centrifuged at 15,000×g for 15 min at 4°C, after which the pellets were resuspended in 

binding buffer. [3H]Rolipram binding was measured. Membrane preparations containing 200–300 µg 

protein were incubated in duplicate at 30°C in 250 µl of binding buffer containing 2 nM [3H]rolipram with 

different concentrations of the PDE4 inhibitors. Nonspecific binding was defined in the presence of 

unlabeled Ro 20-1724 [4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone] (10 µM). Reactions were 

stopped after 1 h by addition of 5 ml of ice-cold binding buffer and rapid vacuum filtration through glass 

fiber filters that had been soaked in 0.3% polyethyleneimine. The filters were washed twice with 5 ml of 

ice-cold buffer, and radioactivity measured by liquid scintillation counting. Samples were assayed in the 

presence or absence of 10uM rolipram. PDE4 activity (i.e. rolipram-sensitivity) was calculated by 
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subtracting cAMP hydrolysis in the presence of rolipram to that in its absence. 4 mice/genotype were 

used. 

5.5.7 Radioligand Binding Assays  

[3H]Rolipram binding was also performed in collaboration with the O’Donnell lab and measured as 

described previously (Zhao et al., 2003). HPC lysate samples containing 200 µg of protein were 

incubated at 30°C in the presence of 250 µl of incu bation buffer that contains different concentrations of 

[3H] rolipram (2–30 nM). Nonspecific binding was determined in the presence of 10 nM unlabeled Ro 20 -

1724 [4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone] for [3H] rolipram binding. Reactions were stopped 

by addition of 5 ml of ice-cold binding buffer after 1 hr and followed by rapid vacuum filtration through 

glass fiber filters. The filters were washed twice, and radioactivity measured by liquid scintillation 

counting. (n= 7 mice/genotype). 

5.5.8 Real Time Quantitative PCR (RT-qPCR) Analysis.   

Dentate gyrus from adult mice of all three genotypes was dissected out (Hagihara et al., 2009) 

and placed overnight in RNAlater (Ambion, Foster City, CA). RNA was then isolated using RNeasy 

(Qiagen, Valencia, CA). Approximately 2 µg of total RNA was reverse transcribed into double-stranded 

cDNA then diluted 1:10 in ddH2O. Expression levels were assessed via TaqMan® Gene Expression 

Assays: Mm00435379_m1 (Nrp1), Mm00803099_m1 (Nrp2), and Mm00501170_m1 (Plxna3). Expression 

of TaqMan® mouse Gapdh probe (Applied Biosystems, Carlsbad, CA) was used for normalization. 

Quantitative PCR was run as a 14 µL reaction of 7 µL 2x TaqMan® Universal Master Mix (Applied 

Biosystems), 0.25 µL Gapdh probe, 0.5-2 µL probe of interest, and 1.6 µL cDNA using 5 technical repeats 

per cDNA sample on an ABI 7900HT Real-Time PCR system (Applied Biosystems). Pooled cDNA was 

used to generate a dilution series run in duplicate on each plate for expression quantification. Cycle 

thresholds were determined using SDS 2.3 software (Applied Biosystems). Expression data were 

calculated using median values for ddCt and standard curve formulas (www. AppliedBiosystems.com) 

and normalized to the average of WT values.  To verify the specificity of DG dissection, dentate gyrus and 

Ammon horn from 5 WT mice were dissected out and the expression of Tdo2 was determined (Hagihara 

et al., 2009). 
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For the quantification of PDE4B expression total RNA was isolated from HPC with TRIzol reagent 

(Invitrogen) according to manufacturer’s instruction and followed by DNase treatment to eliminate 

contaminated genomic DNA. Conversion of total RNA into cDNA was performed using High Capacity 

cDNA archive kit (Applied Biosystems). Real-time PCR was performed on an ABI PRISM 7300 Detection 

System (Applied Biosystems) with Taqman Universal Mastermix (Applied Biosystems). The PDE4B 

primer was purchased from Applied Biosystems. The samples were run in triplicate and amplified for 40 

cycles (50°C for 2 min, 90 °C for 10 min, 95 °C for 15 s, extension 60°C for 1 min). Β-actin was used as 

an endogenous control. The fold difference in expression of target cDNA was determined using the 

comparative threshold method as previously described13. Statistical analysis was performed using one 

way analysis of variance (ANOVA) followed by Dunnett’s test. 3 mice/genotype were used. 

5.5.9 Immunoblotting.  

To determine phospho-CREB levels, HPC (5 mice/genotype) was homogenized in ice-cold lysis 

buffer (Upstate, Temecula, CA) and centrifuged at 10,000×g for 30 min at 4°C. Solubilized samples were 

mixed with equal volumes of Laemmli sample buffer and heated to 100°C for 2 minutes. Equal amounts 

of sample protein were loaded onto gels for SDS-PAGE. Following separation by electrophoresis, 

proteins in the gels were transferred to nitrocellulose membranes, which were incubated overnight at 4°C 

with primary antibodies against CREB phosphorylated at serine-133 (Upstate) or PDE4A, B or D 

(FabGennix, Fisco, TX) (4 mice/genotype). This was followed by incubation with Alexa Fluor 680-

conjugated secondary antibody for 30 min at room temperature (Invitrogen). An Odyssey Infrared Imaging 

System (LI-COR Bioscience, Lincoln, NE) was used for quantifying fluorescence. 

5.5.10 Analysis of axonal guidance cues in tissue 

For Neuropilin-1 immunoreactivity quantification, P11 vibratome sections were labeled against 

Neuropilin-1 and calbindin and imaged at 20X on a confocal microscope. Sections were loaded into 

ImageJ and the region of interest, which encompassed the entire distal part of the MFs, as labeled by 

calbindin was selected. The intensity of Neuropilin-1 staining in this region was measured using ImageJ 

software. For the quantification of Sema3a immunoreactivity in the CA3, pyramidal neurons were labeled 

with the anti-NeuN antibody and a region of interest encompassing the whole distal CA3 was selected. 
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Images were loaded into Image J software (NIH) and a region of interest was defined using the calbindin 

and NeuN stains.  The intensity of Neuropilin-1 or Sema3A was then determined within that region of 

interest. 6 mice/genotype (5 sections/mouse), were quantified. 

5.5.11 Primary cell cultures, transfection and treatment.  

Primary hippocampal neuron analysis was carried out in collaboration with Aude-Marie Bestel of 

the Simonneau lab of Université Paris Diderot-Paris 7. E17.5 hippocampal neurons were dissociated 

enzymatically (0.25% trypsin, DNase), mechanically triturated with a flamed Pasteur pipette, and plated 

on 35mm dishes (4x105 hippocampal cells per dish) with glass coverslips coated with poly-DL-ornithine 

(Sigma), in DMEM (Invitrogen) supplemented with 10% FBS (Invitrogen). Four hours after plating DMEM 

was replaced by Neurobasal® medium (Invitrogen) supplemented with 2mM glutamine and 2% B27 

(Invitrogen). For dendritic analyses, primary cultures were transfected with a β-actin-GFP construct after 

two days in culture and analyzed on day four. Cells were transfected with constructs using Lipofectamine 

and Plus-Reagent (Invitrogen), as described by the manufacturer (Invitrogen). For the inhibition of 

adenyly cyclase, DIV2 neurons were transfected with a β-actin-GFP construct, and 24 hours later SQ 

22536 (Sigma) was added to the cell culture medium at the final concentration of 100 µM. Following 

another 25 hours cells were fixed and their dendritic complexity was determined. Neurite analysis was 

carried out with ImageJ software (NIH) essentially as described for the analysis of Thy1-GFP expressing 

neurons in Chapter 2. 

For the quantification of cAMP levels, images of individual neurons were obtained using confocal 

microscopy, and signal intensity within the cell body area was quantified using ImageJ software.  

5.5.12 Stripe Assay 

The carpets for the stripe assays were prepared as described (Knoll et al., 2007). Hippocampal 

neurons of all three genotypes were plated on individual carpets and after 48 hours fixed and stained for 

Tau1. For the analysis, 10x confocal images were acquired starting from one end of the carpet until 

reaching the other end (typically 10 images). The repulsion of neurites was quantified as described17. 

Neurons were scored as non-repulsed if their neurites at any point entered the Ephrin-A5-containing 

stripes, and calculated as a percentage of the total number of neurons. Only neurons whose cell bodies 
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were localized on the control stripes were analyzed. For the rescue experiments 10 µm SQ 22536 was 

added to the cell medium 4 hours after plating and again after 20 hrs. 24 hours later cells were fixed and 

analyzed. 

5.5.13 Dentate gyrus explants culture.  

DG explants culture was prepared as described (Tawarayama et al., 2010). For the treatment, 

SQ22536 (final concentration 10 µM) was added to the culture medium 4 hours after plating, and again 

after 20 hrs. 48 hours after plating explants were fixed and processed for Nrp1 and Gap43 

immunocytochemistry. For the quantification, images of growth cones were taken on the Nikon E800 

microscope loaded onto ImageJ software (NIH) and analysis of the intensity was performed.  

5.5.14 Statistical analysis  

 One-way ANOVA with Bonferonni post hoc test was used (as implemented in GraphPad, Prism). 

A t-test determined the difference in the levels of Nrp1 in the rolipram treated sections, and the Tdo2 

levels by RT-qPCR. 
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Chapter VI 

General Discussion 

6.1 Summary of results 

 Given the heterogeneity of schizophrenia, it is difficult to accurately model appropriate risk factors 

for the disease.  Rare genetic risk factors may not affect a large percent of the schizophrenic population; 

however, they are easier to model because they modify a gene and protein in a defined way.  

Nonetheless, given the complexity of genetic, environmental, and stochastic risk factors, it is likely that a 

combination of these factors is necessary for the development of the disease.  Thus, in addition to 

modeling the appropriate genetic lesion, it is also important to investigate the morphological, functional, 

and behavioral consequences of the lesion and relate these to known endophenotypes in patients with 

the disease. Indeed, while the design of the etiologically valid Disc1Tm1Kara mice provides a model with 

construct validity, the abnormalities in structure and function in the hippocampus add to the face validity. 

As is discussed in Chapter 3, the hippocampus has structural and functional abnormalities associated 

with schizophrenia.  Moreover, it is known to be important in memory formation and retrieval, processes 

that are often disturbed in schizophrenia. The Disc1Tm1Kara mutant mice have specific deficits in spatial 

working memory and short term synaptic plasticity.  Furthermore, they have widespread alterations in the 

dendritic and axonal organization of the hippocampus which may underlie the functional alterations.  

Finally, evidence suggests that cAMP, a pathway that is known to be affected in schizophrenia (Vacic et 

al., 2011) is also disturbed in the Disc1Tm1Kara mutant mice possibly resulting in the alterations of 

hippocampal structure and function. 

 Disc1 is expressed in many parts of the brain during development and then levels decrease in 

adulthood (Austin et al., 2004, Lein et al., 2007).  The strongest expression is in the hippocampal region, 

specifically the dentate gyrus.  The DG is a region where adult neurogenesis occurs and thus where 

neurodevelopment can be investigated in both the neonatal and adult brains.  Neurodevelopmental 

proliferation at P11 as well as adult neurogenesis is decreased in the HOM mice.  There is an 
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intermediate deficit in the HET mice suggesting there is a dose effect of the Disc1 deficiency. 

Furthermore, we found reduced dendritic complexity in the developmentally generated granule cells of 

HOM mice at P11, and an even more significant decrease in both the HET and HOM mice in adulthood. 

In the immature, 1- and 2-wpi adult-born neurons, we did not find a decrease in dendritic complexity.  

However, the 4 wpi neurons do have fewer neurites in both the HET and the HOM mice suggesting that 

the aberration becomes more apparent with maturation of the granule cells. Similarly, while we see a 

decrease in the number of spines in the mature adult neurons, in the viral-labeled neurons at 4 wpi, we do 

not detect a difference.  The 4 wpi neurons are still maturing, suggesting there is likely a loss of spines in 

the older neurons. Finally, immature DCX-positive neurons show larger deficits in their orientation within 

the DG than the mature granule cells suggesting there is modification and refinement of the organization 

and morphology of the granule cells during development.   

 The mossy fiber axonal projections from the DG form two tracts, the suprapyramidal bundle 

(SPB) and infrapyramidal bundle (IPB).  In the P11 mouse, the mossy fibers are still elongating and will 

be pruned to their mature length within the first month.  Both the SPB and IPB are slightly longer in the 

HOM mutant mice, although the axons are not found in the CA1 or CA2 regions.  Moreover, there is 

mistargeting of the axons within the proximal region of the CA3 in the HET and HOM mice resulting in 

more synapses within the cell body layer. However, in the mature axons, these phenotypes are 

attenuated suggesting that some of the mistargeting phenotype is corrected during maturation, possibly 

through pruning.   

 The DG mossy fibers synapse on the CA3 pyramidal cells which then project to the CA1 

pyramidal cells to complete the trisynaptic circuit.  Disc1 is prominently expressed in these regions during 

development, but there are a lower levels of expression of Disc1 in the CA1 and CA3 regions compared 

to the DG in the adult brain (Austin et al., 2004, Lein et al., 2007). In the adult brain, analysis of the CA1 

neurons found no abnormalities in dendritic complexity, spine density, angle of orientation of the primary 

dendrite, or soma size.  However, there was a decrease in the basal dendrites of the CA3 pyramidal cells.  

While the difference between these two populations of pyramidal cells may be explained by specific 

expression patterns of Disc1, it could also result from compensatory changes in the CA3 pyramidal cells 

in response to decreased mossy fiber input.  
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 We also examined the ultrastructure of the mossy fiber boutons to determine if there were 

morphological abnormalities that could account for the electrophysiological changes that we see in the 

DG/CA3 synapse.  While the large, complex boutons are grossly normal, there is a small (~10%), yet 

significant decrease in the volume of the small clear core vesicles. However, it is unclear if this would 

have an effect on the levels of synaptic transmission as the amplitude of the spontaneous mEPSCs, 

which is a measure of quantal size, are unchanged. 

 Finally, we sought to investigate the PDE4 in the Disc1Tm1Kara mice to better understand the 

consequences of the Disc1 and PDE4 interaction and to detail the mechanism of action of Disc1.  We 

found a decrease in PDE4 activity and a corresponding decrease in the protein levels of PDE4B and 

PDE4D isoforms.  Importantly, there was also an increase in cAMP levels as well as the levels of pCREB, 

a downstream target of cAMP signaling. The neurodevelopmental guidance cue Sema3A, Plexin3A, 

Nrp1, and Nrp2 are regulated by levels CREB-dependent alteration in the olfactory system and we 

observed decreased levels of Sema3A and increased Nrp1 and Plexin3A (Imai et al., 2009).  This 

provides evidence for a signaling pathway and downstream effectors that are dysregulated in the 

Disc1Tm1Kara mutant mice and may account for the aberrations in the cellular morphology. Direct evidence 

for the involvement of cAMP in the dendritic complexity and axonal phenotype comes from two in vitro 

assays. HET and HOM primary hippocampal neurons had less complex dendritic arbors which could be 

rescued by either expression of full length Disc1 or the application of SQ22536, an inhibitor of adenylyl 

cyclase which downregulates cAMP levels.  Moreover, SQ22536 corrected the axonal repulsion 

phenotype that was seen in both the HET and the HOM neurons in the stripe assay.  Finally, SQ22536 

normalizes the levels of Nrp1 in the growth cones of DG explants.  Thus, we have multiple lines of 

evidence that the dysregulation of cAMP due to the loss of interaction of PDE4 and Disc1 leads to 

alterations in guidance cues which are known to be important for neurodevelopment.    

The DG provides the unique opportunity to examine neurodevelopment in both the neonatal and 

adult brains.  Moreover, the developing adult-born neurons and the mature neurons can both be 

characterized in the adult brain.  Abnormalities in all three populations of granule cells suggest deficits in 

the initial development as well as the final maturation and refinement of these cells.  On the other hand, 

the CA1 and CA3 regions of the hippocampus develop in the embryonic brain, prior to the DG formation.  
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Furthermore, while they are known to be very plastic regions of the brain, with robust LTP, in the adult 

brain, there are no newly born or maturing cells.  Thus, the comparison of the pyramidal cells and the 

granule cells allows for the detection of cell type or region specific alterations in cellular morphology.  

6.2 What is a valid model of schizophrenia? 

There are inherent difficulties in designing an animal model of a decidedly human disease such 

as schizophrenia (Arguello and Gogos, 2006).  As both the underlying brain structure and the natural 

behaviors are not the same in humans and mice, a mouse model will never fully recapitulate the disease 

either at the neuronal circuit or behavioral level.  As such, we sought to model a defined genetic variant 

which has a clear association with the disease and investigate the cellular effects in a region that is 

conserved between mice and humans.  Even within the Scottish family, there are a variety of psychotic 

and affective diagnoses suggesting that the genetic mutation along with other genetic, environmental and 

stochastic risk factors contribute to the disease diagnosis (Blackwood et al., 2001). The Disc1Tm1Kara 

mouse lets us dissect out the role of the genetic risk variant in relation to the underlying structural and 

functional alterations.  Moreover, the HET mouse accurately models the Scottish family as they still carry 

a normal copy of the gene along with the truncated version, while the HOM mouse allows us to examine 

the effect of complete loss of full length Disc1.  As is discussed in Chapter 2, another benefit of an 

etiologically valid mouse model is the ability to follow the neurodevelopmental trajectory of the 

hippocampus in a mouse where the spatiotemporal pattern of Disc1 expression is conserved.    

It is important to develop a better understanding of common behavioral and morphological 

alterations in various etiologically valid mouse models of schizophrenia. For instance, many etiologically 

valid mouse models have been devised to model the 22q11 deletion region (Drew et al., 2011).  Knock-

outs of single genes within the region have also been created to investigate the role of some of the 

affected proteins.  While, these mice are commonly tested for deficits in PPI or increased locomotor 

activity, systematic analysis of cognitive impairments have not been consistently done (Drew et al., 2011).  

The results of the battery of behavioral tests in the Disc1Tm1Kara mice as well as results from the Df(16)A+/- 

mouse, a model of the 22q11 deletion (Stark et al., 2008), suggest that deficits in spatial working memory 

may be important for the disease. Moreover, the CA1 region of the hippocampus, but not the DG is 
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commonly characterized in schizophrenia models (Drew et al., 2011). The phenotypes seen in the 

granule cells in the Disc1Tm1Kara mutant mice, such as decreased adult neurogenesis, impaired migration, 

and decreased dendritic complexity offer valid targets for study in other mutant models. Reductions in the 

number of mossy fiber terminals, adult-born neurons and NMDA-R subunit mRNA specifically in the 

dentate gyrus of patients with schizophrenia further supports the role of the DG in the disease (Tamminga 

et al., 2010). Moreover, characterization of the granule cells in postmortem brain tissue might uncover 

other phenotypes suggestive of those found in the Disc1Tm1Kara mutant mouse. The Disc1Tm1Kara mouse as 

well as other etiologically valid mouse models should be used as guides for detecting abnormalities that 

are shared among mouse models and that should be investigated in patients. 

6.3 Disc1 and neurodevelopment  

During development, the DG of the Disc1Tm1Kara mutant mouse has a significant decrease in 

neurogenesis and abnormalities in dendritic complexity and axonal pathfinding as was discussed in 

Chapter 2.  While the expression pattern of Disc1 is restricted to the hippocampus and to some extent the 

cortex of the adult mouse, in the embryonic mouse, Disc1 is much more widespread (Austin et al., 2004).  

Therefore, a logical next step is to look at the neurodevelopment of these other structures. The 

investigation of the maturation of the cortical layers in the embryonic Disc1Tm1Kara mutant mouse can be 

done with timed BrdU injections into the pregnant dam followed by quantification of neurogenesis and 

assessment of migration (Fenelon et al., 2011).  Furthermore, in utero electroporation injections of GFP 

label the processes and cell bodies of a subset of neurons which can then be characterized for migratory 

and dendritic abnormalities. While shRNA studies have limitations which have been discussed at length 

earlier in this text, it is worth noting that knockdown of Disc1 in the developing cortex through 

electroporation of Disc1 shRNA leads to migration deficits, misorientation of primary neurites, and 

decreased neurogenesis (Kamiya et al., 2005, Mao et al., 2009). Given these results and the migration 

deficits seen in the dentate gyrus, we would expect fewer cells would migrate out of the ventricular zone 

of the Disc1Tm1Kara mutant mice compared to the WT mice. Moreover, we might anticipate that these cells 

would be abnormally oriented, especially if they are characterized soon after birth.  However, we would 

not expect these changes to be robust. Analysis of the adult prefrontal cortex of the Disc1Tm1Kara mutant 
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mice does show a small (~10%) decrease in volume and a corresponding shorter apical dendrite in the 

pyramidal cells of layer V (Kvajo et al., 2008).  However, there are no differences in the dendritic 

complexity or angle of orientation. In the DG, some of the alterations that are present in the developing 

cells are not seen in the mature cells, thus it is possible that impairments in neurodevelopment are refined 

in the adult brain.   

 Similar techniques can also be used to investigate the development of the CA1 and CA3 regions 

of the hippocampus.  These regions develop in the late embryonic period and thus both the BrdU 

injections and in utero electroporations would be relevant for dissecting out the effects of the Disc1Tm1Kara 

mutation on neurogenesis, migration, and cellular complexity.  As is true in the cortex, we do not expect 

to see large alterations in any of these processes as the adult regions are substantially normal.  

Moreover, the majority of the hippocampal-dependent cognitive tasks are also unaffected. However, the 

decreased complexity of the basal dendrites of the CA3 pyramidal cells as well as the electrophysiological 

deficits suggests that there may be more abnormalities in these regions.    

6.4 Interconnectivity of regions of the brain. 

 The Disc1Tm1Kara mutant mouse has widespread, although modest effects in multiple 

domains. It is not likely that an abnormality in any one of these aspects of neurodevelopment and cellular 

organization would be sufficient to cause the behavioral deficits in the mutant mice.  Instead, it is the 

additive effect of all of these changes which leads to the behavioral phenotype.  In fact, we would not 

expect robust changes in cellular or structural organization as these are not seen in the hippocampi of 

patients with the disease (Tamminga et al., 2010). Moreover, a 20% reduction in neurogenesis may not 

cause significant deficits in cognitive or affective symptoms given that results in mice with completely 

abolished adult neurogenesis are not always conclusive (Leuner et al., 2006).  However, alterations in 

connectivity within the hippocampal subregions and between the hippocampus and cortical regions are 

likely to have a wide impact on the neural activity (Sigurdsson et al., 2010).  

Studies in patients with schizophrenia have shown that dysconnectivity between brain regions 

may underlie the pathology of the disease (Lawrie et al., 2002, Meyer-Lindenberg et al., 2005, Stephan et 

al., 2009).  Moreover, recent work in the 22q11 deletion mouse, an etiologically valid mouse model of 
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schizophrenia, has shown reduced hippocampal-prefrontal synchrony that is predictive of performance on 

a working memory task (Sigurdsson et al., 2010).  Importantly, the process of spatial working memory is 

thought to rely not just upon the prefrontal cortex, but also the hippocampus and the interconnectivity of 

these regions (Jones and Wilson, 2005).  Studies have shown that the DG (McHugh et al., 2007) and 

adult neurogenesis (Clelland et al., 2009, Sahay et al., 2011) are required for the pattern separation 

component of working memory tasks. The interconnectivity of regions is therefore important for basic 

cognitive function. 

 While as of yet there is no evidence that the prefrontal cortex and hippocampus are aberrantly 

connected in the Disc1Tm1Kara mutant mice, there are a several lines of cellular evidence that suggest that 

indeed the connectivity of the subregions of the hippocampus may be affected in the Disc1Tm1Kara mutant 

mice.  First, the granule cells of the DG in mutant mice have less complex dendritic arbors and fewer 

synaptic spines suggesting they receive less input, specifically excitatory input from the entorhinal cortex 

and association and commissural regions.  Second, the mislocalization of the synaptic boutons and 

axonal fibers within the CA3 pyramidal cell layer suggests that the DG inputs may be improperly 

connecting to the CA3 pyramidal cells.  It is known that the location of a synapse on the cell is important 

for how it is perceived and a synapse on the distal portions of the cell will have less impact on the firing 

rate than a synapse on to the cell body or a primary dendrite (Gulledge et al., 2005).  One interesting note 

about the DG/CA3 synapses is that the granule cell is often called a detonator cell as a single cell is able 

to induce its target cells to fire (Nicoll and Schmitz, 2005).  Thus, improper targeting of these synapses 

could have an impact on firing of cells within the CA3. Finally, the electrophysiological data shows that 

short-term plasticity is reduced in both the DG/CA3 and CA3/CA1 synapses.  Reduced facilitation 

suggests these synapses will not be as readily strengthened following appropriate inputs and thus there 

will be weaker connectivity within the trisynaptic circuit.   

The electrophysiological recordings described in Chapter 1 only target mature cells within the DG 

and recordings are done in the distal stratum lucidum region of the CA3.  Therefore, a better 

understanding of the electrophysiological properties of the immature neurons would provide a link 

between the anatomical deficits in adult-born neurons and the firing properties.  Also, field recordings 

within the proximal CA3 cell body layer would more clearly define the functional effect of the mistargeted 
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axons. Furthermore, we have not fully characterized the basal activity and synaptic plasticity in all regions 

of the brain including the prefrontal cortex.  So far short term plasticity deficits have been found in both 

the CA3/CA1 and DG/CA3 synapses suggesting that these impairments might be central to the role of 

mutant Disc1Tm1Kara in neuronal activity. It is important to examine this phenomenon in other regions as 

well, especially those with Disc1 expression. Overall, this data suggests that connectivity within the 

hippocampal subregions and between the DG and the entorhinal cortex is decreased in the Disc1Tm1Kara 

mutant mice. However, in vivo recordings to demonstrate the effect of the Disc1Tm1Kara mutation on 

endogenous firing rates are needed.  Moreover, recordings like those done in the 22q11 deletion mice 

(Sigurdsson et al., 2010) would be useful in determining synchronicity between the prefrontal cortex and 

the hippocampus. Altered synaptic activity in specific regions of the Disc1Tm1Kara mutant brain may be 

important for the increased risk for psychiatric disease in persons carrying the similar mutation and thus 

defining these will help to determine which areas are affected in the disease. 

6.5 Cellular signaling and Disc1 

The interaction of Disc1 with PDE4 and the resulting increase of the second messenger cAMP 

have significant consequences for the overall function and responsiveness of neurons expressing Disc1. 

Adenylyl cyclase, which synthesizes cAMP, is activated downstream of G-proteins and thus links cAMP to 

many neurotransmitter receptors, including the dopamine receptors (Sadana and Dessauer, 2009, Kvajo 

et al., 2010).  Improper activation or regulation of cAMP will result in abnormal reactivity, which could 

have effects throughout the brain.  Moreover, the downstream targets of cAMP are diverse and the 

impact of the Disc1Tm1Kara mutation on most is unknown.  Microarray analysis of the DG will provide more 

understanding of the alterations in transcript expression and the pathways affected. As discussed in 

Chapter 5, the semaphorins, plexins, and neuropilins are important not just for axon guidance, but also for 

dendritic development and spine formation and morphology (de Wit and Verhaagen, 2003), implicating 

these proteins in many of the processes which are impaired in the Disc1Tm1Kara mutant mouse.  

Thus, cAMP and its regulatory proteins such as PDE4 and adenylyl cyclase offer excellent targets 

for drug discovery.  Given that antipsychotics have only had moderate success in treating the full 

spectrum of behavioral symptoms related to schizophrenia and coupled with the difficult side effects that 
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often result (Webber and Marder, 2008), it is important to design new drugs based on a better 

understanding of the underlying signaling mechanisms that lead to functional impairments. The recent 

publication of the microduplication in the VIPR2 gene that causes increases in cAMP in lymphoblasts 

from patients also points to a wider role of cAMP signaling in the etiology of schizophrenia (Vacic et al., 

2011). There are many isoforms of PDE4 (Cherry and Davis, 1999, Perez-Torres et al., 2000) and 

adenylyl cyclase (Sanabra and Mengod, 2011), with specific spatial expression patterns and functions 

which may allow for more specific targeting of the pharmaceutical interventions.  While rolipram mimics 

the action of Disc1 by inhibiting PDE4, there are no known drugs which upregulate its activity. Moreover, 

all known drugs which inhibit adenylyl cyclase do not cross the blood brain barrier and thus are not 

suitable for treatment in humans (Pavan et al., 2009).  Thus, new pharmaceuticals interventions that 

target this pathway hold promise for regulating neuronal function in the schizophrenic patients.  Moreover, 

an understanding of the specific downstream pathways which are affected by dysregulation of cAMP in 

the Disc1Tm1Kara mutant mouse as well as other mouse models of schizophrenia can provide potential 

targets for even more specific interventions.  Finally, manipulation of the intracellular signaling in vitro in 

primary cells derived from the Disc1Tm1Kara mutant mice also offers the opportunity for high throughput 

screens of the relevant drugs. 

While we know that Sema3A and Nrp1 are dysregulated in the Disc1Tm1Kara mutant mice, it would 

be optimal to examine how these changes lead to axonal and dendritic alterations. Manipulation of an in 

vitro system will contribute to a better understanding of how the alterations in the Sema3A and Nrp1 

signaling pathway affect the dendritic and axonal phenotypes.  While there is evidence that cAMP levels 

directly affect expression of these guidance cues, it is unknown if there are other factors which would also 

regulate their signaling.  Moreover, we do not know if there is an altered response to Sema3A by the 

Nrp1-expressing mossy fibers. Given the increase in Nrp1 levels, we would expect that axons from DG 

explants have an increased response to Sema3A.  Therefore, in a stripe assay we would expect to see 

less crossing over on Sema3A stripes instead of more and given that so few WT neurons cross into the 

stripes, it would be difficult to see this difference. However, other studies can be used to investigate 

response to Sema3A.  Growth cone collapse assays have been used to examine the response of the DG 

to semaphorin (Tawarayama et al., 2010). Such an approach is also technically demanding as 
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Disc1Tm1Kara mutant neurons should still respond to Sema3A so a titration of the correct dose to enhance 

any differences in response would be important. In the Disc1Tm1Kara mutant mice, we would also expect 

SQ22536 to normalize any difference in growth cone collapse in HET and HOM neurons. Finally, axonal 

repulsion or attraction can be tested in vitro using a system with a fixed Sema3A source (Fan and Raper, 

1995). Increased repulsion to Sema3A would result in more axons turning away from the source. To 

complicate the system, cAMP has a multilevel effect on axonal pathfinding as it not only controls levels of 

guidance cues, but also the attractive or repulsive response of the growth cone to these cues (Song et al., 

1998).  Moreover, dendritic complexity in granule cell cultures can be manipulated with either expression 

of full length Disc1 or application of SQ22536 as has already been done in primary hippocampal cultures. 

Nrp1 levels in these cultures should also be measured before and after rescue to assess if the 

Disc1Tm1Kara mutation affects the guidance molecule.  

6.6 Behavioral alterations and dentate gyrus abnormalities 

 As discussed in Chapters 4 and 5, the DG and adult neurogenesis have been implicated in a form 

of memory encoding called pattern separation which is important for disambiguating two similar inputs or 

events (Deng et al., 2010).  Abnormalities in the DG which decrease its input such as the reduced 

dendritic complexity and spine density are likely to decrease output from the DG as well.  The granule 

cells are highly tuned and only fire when specifically activated and thus alterations of input will have 

significant effect on the output of the region (Kobayashi, 2009).  Furthermore, the altered synaptic 

targeting of the mossy fibers is likely to modify the input to the CA3 cells and alter the balance within this 

connection of the trisynaptic circuit.  The balance between the CA3 and DG is critical for maintaining a 

balance between pattern separation and pattern completion.  Plus, even a 50% reduction in neurogenesis 

has been shown to lead to deficits in pattern separation (Clelland et al., 2009). However, the Disc1Tm1Kara 

mutant mice only have a 20% decrease in neurogenesis, so it is unclear if this would result in a deficit in 

pattern separation, but it can be tested with a number of specific behavioral tasks that are variations of 

contextual fear conditioning (McHugh et al., 2007) or a DNMP task (Clelland et al., 2009). This can help 

provide a better understanding as to whether the modest yet widespread effects we see in the DG cellular 

morphology result in deficits in function of the region. 
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7.7 Conclusion 

 The Disc1Tm1Kara mutant mouse is an etiologically valid model of a rare schizophrenia 

susceptibility gene that has deficits in spatial working memory and short term plasticity.  Moreover, our 

extensive characterization of the hippocampal formation finds multiple abnormalities in neurodevelopment 

of both the neonatal and adult-born granule cells of the dentate gyrus.  There is reduced neurogenesis 

accompanied by alterations in dendritic complexity, spine density, cellular migration and organization, and 

axonal pathfinding in the neonatal and adult brains. Moreover, since the pyramidal cells in the medial 

prefrontal cortex and CA1 are normal, while the granule cells of the dentate gyrus and the pyramidal cells 

of the CA3 are impaired, the spatial and cell type specific expression patterns are also critical for 

development of disease-relevant phenotypes. While the mechanism of action of Disc1 is not well 

understood, we provide evidence that it is responsible for regulation of PDE4 protein levels and thus 

affects cAMP and its downstream targets. As a better understanding of cAMP signaling in schizophrenia 

emerges, this pathway will provide an excellent target for drug development. The conserved spatial and 

temporal expression pattern of the mutant Disc1Tm1Kara gene is important for understanding the conferred 

risk of the mutation for developing disease-related endophenotypes. Indeed the behavioral, 

electrophysiological, and cellular changes we see in the Disc1Tm1Kara mutant mice increase its validity as a 

model of psychiatric disease and suggest pathways for further investigation in other mouse models as 

well as human patients.  
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