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Disruption of NDEL1 via knockdown of DISC1 stunts dendritic spine structure in the hippocampus region of mice
I. Introduction
Schizophrenia is a chronic, debilitating mental disorder that currently affects around 1% of the world’s population. Symptoms vary throughout individuals, however, they are all categorized in about the same three categories: positive, negative, and cognitive. Examples of positive symptoms include hallucinations and delusions, while negative symptoms are more along the lines of social withdrawal and lack of motivation. Lastly, cognitive symptoms include impairment of memory and attention. Because of the wide, variety of symptoms, many patients have high rates of homelessness, violence, and suicide (World Health Organization). These prognoses seriously impact the economy and society - costing upwards of $62 billion dollars per year (Ellaithy et al., 2015). It is for this reason that the World Health Organization ranks this disorder among the top 10 causes of disability in the world (Ellaithy et al., 2015). 
While schizophrenia is such a prevalent and debilitating mental illness to individuals and the population, most drug therapy aimed at treating schizophrenia does a very poor job. While typical antipsychotic drugs are effective against positive symptoms, they also demonstrate a limited efficacy against negative symptoms and cognitive impairments - which have been shown to contribute to functional impairment and predict poor prognosis (Ellaithy et al., 2015, Moreno et al., 2011). These drugs were introduced into clinical practice in the early 1900s and despite the increasing research on schizophrenia, they have not changed much in their chemical structure since then. The limitations of the presently available drugs underscore the need for identification of new antipsychotic compounds aiming at new molecular targets. 
One such target, that has been heavily studied, is Disrupted-in-Schizophrenia-1, a gene-encoding protein that is identified as a genetic risk factor across a spectrum of psychiatric disorders. DISC1 is present at the intersection of several neurodevelopmental pathways and acts as a scaffold - binding a number of other proteins together, which have all been shown to be independent risk factors for major mental illnesses as well (Duan et al., 2007, Soares et al., 2011, Bradshaw, 2017). Recent studies have suggested a link between DISC1 genotypes and elements of neurocognitive function (Duan et al., 2007). However, much about DISC1’s full primary sequence and secondary structure is currently known, and thus represents a challenge to drug target (Soares et al., 2011). 
Soares et al. (2011) were able to determine partial sections of the protein sequence through a variety of bioinformatics programs. Through their results, they were able to get a better understanding of the N-terminus, which is typically referring to the free amine group located at one end of the protein and is regarded as the start of the protein. The N-terminus, they found is mostly disordered - meaning that the sequences fail to self-fold into it’s fixed 3D structure. They know this through submission of DISC1 sequence regions into the meta Protein DisOrder prediction system (Soares et al., 2011). DISC1’s C-terminus is, on the opposite side, primarily composed of coiled-coils and alpha helices. The C-terminus of a protein is the other end of a protein, located near the carboxyl group. Coiled-coils refer to regions that are coiled together, similar to strands of rope. Soares et al. (2011) note that most of the work regarding the secondary structure of DISC1 has been done here, yet even then not much is fully understood. Many of the binding partners bind to DISC1 within its C-terminus, so if looking to target a protein complex, focusing on the C-terminus region within DISC1 would be ideal.  
One of DISC1’s many binding partners includes Nuclear Distribution Element-like 1 (NDEL1). NDEL1 is a centrosomal protein that is involved in mitosis, neuronal migration, neuroplasticity, and neurogenesis during brain development (Burdick et al., 2008, Bradshaw, 2017). Neural plasticity refers to the brain’s ability to make changes to itself throughout its lifetime, in response to experience. A recent study has demonstrated that NDEL1 expression is decreased in the hippocampus region of those suffering with schizophrenia (Burdick et al., 2008). This suggests that the plasticity of the brain, or it’s ability to adapt, can lead to changes in cognition and behavior. Cognitive deficits, such as those talked about above as a symptom of schizophrenia, may then be a result and consequence of deficits in neural plasticity (Keshavan et al., 2015, Voineskos et al., 2013). As well, an intact NDEL1-DISC1 interaction has been shown to be critical to multiple developmental processes such as neural outgrowth (Nicodemus et al., 2010, Voineskos et al., 2013). Both of these aspects suggest the importance of NDEL1 and DISC1 in understanding a new aspect and relationship in schizophrenia. 
While there have been some studies examining the relationship between NDEL1 and DISC1, much still has to be studied and understood. Does knockdown of one protein affect the function of the other? How does the knockout of the protein lead to changes in plasticity and changes in the formation of dendrites in the brain? The purpose of this experiment is to answer similar questions by testing whether disruption of DISC1 impacts the function of NDEL1 in the spine formation of the hippocampus region. 

II. Experiment
The aim of this experiment is to understand the relationship between the proteins NDEL1 and DISC1 in the development of the spine structure in the hippocampus region of the brain. Samples of the mutant protein DISC1 will be injected inside adult mice through viral mediation to gather and measure the dendritic spine growth and formation within the hippocampus region. In these samples, DISC1 will be disrupted to test how it’s silence impacts the function of NDEL1, a protein known to play a role in neurogenesis. I would expect that the level of spine formation within the hippocampus be similar to that with a NDEL1 knockout, i.e. under conditions that would negatively impact the cell.

A. Co-immunoprecipitation
Co-immunoprecipitation assay is a quantitative biochemical technique used to assay protein-protein interactions by employing specific antibodies to capture and pull down proteins that are bound to a specific target protein. This method was employed by Moreno et al. (2012) to detect an hemagglutinin (HA)-tagged mGlu2, or Metabotropic glutamate 2, receptor with an anti-HA antibody by capturing a c-Myc-tagged 5-HT2A receptor with an anti-c-Myc antibody. 5-HT2A belongs in the serotonin receptor family, as 5-HT stands for 5-hydroxy-tryptamine, which is serotonin. Moreno et al. (2012) were studying the relationship between mGlu2 receptors and 5-HT2A receptors in hopes of understanding if these two receptors formed, or were apart of, a larger protein complex. By tagging the mGlu2 receptor with HA and the 5-HT2A with c-Myc, Moreno et al. (2012) were able to make the identification of these two receptors through co-immunoprecipitation easier. Instead of having to grab the antibodies for each of their specific receptors, they were able to make use of the antibodies for the tags they used. Co-immunoprecipitation assays will be performed following standard protocols as previously described by Moreno et al. (2012) for the purpose of confirming that these two are in a protein complex, and to help connect that any results we see are due to the messing of this protein complex.
Co-immunoprecipitation works by utilizing antibodies, or large Y-shaped proteins, and using them as tags on the proteins of interest. In Moreno et al. (2012), the antibodies were used to tag the serotonin 2A receptor, 5-HT2A. By tagging this integral protein, they were able to detect if mGlu2 was in a relationship with the 5-HT2A receptor in cells. Similarly, in our experiment, an antibody anti-DISC1 would be used to test whether there is a protein-protein interaction between DISC1 and NDEL1.
In Kamiya et al. (2006), the antibodies used against DISC1 were raised in rabbits against amino acids 360-374 of rodent DISC1 and affinity-purified. The antibody for DISC1, then, would be rabbit polyclonal anti-DISC1 antibody and will be purchased online. After collecting samples of the hippocampus region of adult mice brains - the region known to have high expressions of DISC1 and be involved in memory and cognitive function, we will solubilize them with 2% Sodium dodecyl sulfate (SDS) buffer, and incubate them with the anti-DISC1 antibody (Austin et al., 2004, Ericsson and Nistér, 2011). The samples would also be incubated with protein A/G beads (Figure 1). Protein beads are vital for co-immunoprecipitation as they make the tagged-proteins heavier than the other proteins in the cell, and will then pull down the proteins to form a precipitate through centrifugation. There are various protein bead types out there. Protein A/G beads are utilized as these beads bind to both immunoglobulin antibodies that protein A beads would bind to as well as protein G. Together, they bind to number of polyclonal antibodies, making them ideal for binding the broadest range of antibodies from a number of mammalian samples. For this reason, Protein A/G beads tend to be utilized for co-immunoprecipitation, and were utilized in Moreno et al. (2012). These beads will also be purchased online through Thermo Fisher Scientific. 
After the sample has been incubated with the anti-DISC1 antibody and the protein beads and centrifuged, the sample will be run through a Western blot. Moreno et al. (2012), also utilized a Western blot to identify the proteins in their complex. The Western blot will begin with a gel electrophoresis which will separate the proteins by size. Then, they will be moved to a membrane that will later be incubated with antibodies for the target protein that we are looking to identify. The membrane used will be a polyvinylidene difluoride membrane as it provides better mechanical support and allow the blot to be reprobed and stored (Mahmood, T., & Yang, P.-C., 2012). Through our earlier steps, we will know DISC1 is involved in the protein complex that has been pulled down from the co-immunoprecipitation. Thus, we will use NDEL1 specific antibodies to confirm that there is a relationship between the two proteins and that they are involved in the same complex. The antibody for NDEL1 is mouse monoclonal antibody, clone OTI1G10 and will be purchased online. To prevent this primary antibody from binding with the membrane nonspecifically, 5% BSA will be used as a blocker. After the Western Blot is run and washed, the signal it produces will be captured on film and developed in a dark room. This signal will be produced by the primary antibody and the secondary antibody that will be added to detect and report the primary antibody. Horseradish peroxidase (HRP) will be attached to the secondary antibody, and through the addition of luminol, HRP will emit a light (Fig 2). This light will allow us to capture our results. 
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B. Knockdown of DISC1
The knockdown of DISC1 in the NDEL1-DISC1 protein-protein relationship will occur to understand how DISC1 impacts NDEL1 and spine formation. The original plan was to knockout the NDEL1 protein, however, further research has shown that knockout of NDEL1 can lead to embryonic lethality and is not viable for life (Sasaki et al., 2005). This is primarily due to the various roles NDEL1 plays in modulate dynein function, coupling of the centrosome and nucleus during neuronal migration, and in determining neuronal positioning (Sasaki et al., 2005, Toth et al., 2008). NDEL1 would also not have been ideal to knockout or knockdown due to our understanding of the role it plays in neural growth. Since we understand how vital this protein is in dendrite growth, it would be more beneficial to understand how DISC1’s relationship with NDEL1 affects its function. 
	DISC1 serves a number of functions in the cell and is involved in a number of protein complexes, as stated earlier. For this reason, a complete knockout of DISC1 also serves as an issue for the cell (Jaaro-Peled, 2009). 
Instead of completely silencing the protein, a knockdown of DISC1 will occur via RNA interference (RNAi). RNAi uses a sequence specific genes of RNA to silence a gene by degrading the mRNA strand and prohibiting proteins to form. In mammalian cells, gene silencing occurs through the addition of short, interfering RNA (siRNA) or short hairpin RNA (shRNA) that are specific to the mRNA that needs to be silenced (Kleinhammer et al., 2010). These siRNA induce the RNA-induced Silencing Complex (RISC) to then degrade the mRNA and thus silence the gene (Figure 3). However, a problem occurs for when the protein goes to be translated again - if there is no more siRNA or shRNA in the cell to silence the gene expression, the protein will be expressed again. This issue is solved, however, through the use of vectors. Vector transcripts can be created and integrated into the genome to allow for permanent gene silencing in the organism. The transcripts are comprised of a specific mRNA sequence that will be silenced and its complementary strand. These vectors are driven by the enzyme RNA polymerase III, which acts similar to a dicer in that it breaks down the double stranded RNA (Kleinhammer et al., 2010). These transcripts will form shRNAs in a stem-loop structure that will form together with the RISC complex to degrade the mRNA and thus, silence the gene. 
	Permanent gene silencing occurs by the integration of the shRNA transgenes into the genome (Kleinhammer et al., 2010). Kamiya et al. (2005) employed this method when they knocked down DISC1 to explore its relationship with another receptor. A vector system for shRNA for mice and rat DISC1 was used to suppress the protein. They had produced seven shRNA plasmids through PCR-based mutagenesis protocol and chose to use the strong suppression plasmid and the milder suppression plasmid to complete the interference. The RNA sequences corresponding to the DISC1 sequence for the siRNA and the shRNA were from Dharmacon RNA Technologies (Lafayette, CO). For the purposes of our experiment, we will utilize the same sequences. To look as close as we can to knockout of DISC1 through knockdown, the stronger suppression plasmid will be used. The sequence for this is: 5′-GGCAAACACTGTGAAGTGC-3′ (Kamiya et al., 2005). 
	 For this experiment, the plasmids will be injected into adult mice to knockdown the DISC1 protein. The plasmids were introduced to the mice through a Mouse Neuron Nucelofector Kit (Amaxa, Gaithersburg, MD) in Kamiya et al. (2005), and the same kit will be used here.  To create the plasmids, the mRNA sequence to target is needed, as well as the complementary of that target. The RNA polymerase III termination sequence, as well as a promoter element at the 5’ end are also needed in the plasmid construct. This will allow the polymerase to recognize the vector and allow RISC to be activated. Although this is a knockdown of the protein, the efficiency of gene silencing through transgenic mice has shown to achieve high levels of knockdown and is found to be very similar to its knockout counterparts (Kleinhammer et al., 2010). Through this knockdown of DISC1, and the co-immunoprecipitation method employed earlier, 
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C. Confocal Imaging
Estimation of dendritic spine structure will occur through confocal imaging. This method was employed by Ge et al. (2005) to acquire images of a spine analysis. Images were acquired on a Zeiss LSM 510 META multiphoton confocal system (Carl Zeiss). Neurons were randomly selected. To analyze the dendrites, three-dimensional reconstructions were made for each neuron that had been illuminated through the Z-series stacks of confocal images. Z-series stacks, and confocal imaging, work by taking multiple snapshots of the dendrites at different optical sections.The confocal system changes its position slightly to acquire a stack of photos of the dendrites, and this allows us to use computer programs to construct 3-D images of the dendrites. Ge et al. (2005) used NIH ImageJ through Neuron J plugin to analyze these images. The total dendritic length, distance from cell body, and branch number of each neuron was analyzed. A similar analysis will be done in this experiment. Ge et al. (2005) completed analysis for dendritic complexity by counting the number of dendrites that had crossed circles that were 5 μm intervals from the cell nucleus. A similar method will be employed here to conduct confocal imaging and analysis

III. Discussion
If all goes well, the confocal images of the spine formation will exhibit clear differences between DISC1 knockdown and no DISC1 knockdown. Similar to the results exhibited from Ge et al. (2005), the confocal images hope to show an increase of stubby and thin dendritic spines (Figure 4).  These results may lead me to the conclusion of the importance in NDEL1 in schizophrenia and the importance of DISC1 in NDEL1 function, ultimately leading me to suggest a possible new drug therapy that targets these two proteins. Unfortunately, those perfect results are not guaranteed - and even more so, if they were, much more research would need to be done focusing on finding more information on DISC1 and NDEL1 separately. 
Another result that could present is that there is no dendritic spine changes - or, that it is actually more ‘mushroom’ dendritic observances seen in those with the knockdown of DISC1. The first results - of no change or difference - would be disheartening in that it would show this relationship is not important or vital for schizophrenia. However, it will still bring us closer to where we started. The other set of results, that the knockdown actually positively impacts spine formation in the hippocampus region would be more so revolutionary since the evidence thus far does not suggest that. Ultimately, though, it would lead to a bigger conversation on the relationship between these two proteins and schizophrenia, which could serve as insight on what is still to come. 
Interpreting these results, too will be difficult. A majority of these results are qualitative-based, which makes it much harder to be objective. As you can see from Figure 4, interpreting results from confocal imaging specifically, can be a little more difficult. It adds room for bias in being able to look at the image and seeing the outcome you want. While they have various systems and programs in place to assist with this, so as to stay objective in science, it can still be a little more difficult to truly know that your results are what you think they are.
Despite these possible problems and results, DISC1 and NDEL1 are important proteins that can help us learn more about schizophrenia and neuroplasticity within the brain. With appropriate attention, they can open doors to new drug therapies that may help those suffering with schizophrenia in bettering their prognosis. These advancements would not only save our economy money, but also give thousands of people the opportunity to live better, more full lives. 
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Figure 1. An attempt to show how the protein complex is pulled down through the use of protein beads.
“The yellow circles in the antibody figure (magenta Y-shape) are the protein beads that are attached to the
antibody. These protein beads will be incubated with the antibody and help it precipitate.
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Figure 2. Addition of luminol with horseradish peroxidase (HRP) allows light to be activated
for a brief amount of time. Through this light emission, the Western Blot results can be

captured. Image credit to NovusBio
(bttps://www.novusbio.com/support/support-by-application/western-blotillustrated-assay.htmi)





image2.jpg
e

r— i

Trrreeee TIOTTTTITYYT

Tt e s

Figure 3. Process of knockdown via
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activates RISC to degrade the mRNA.
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