Grant Proposal   

Title

“Introducing two specific light-sensitive proteins, Chlamydomonas reinhardtii Channelrhodopsin-2 (ChR2) and Natronomonas pharaonis halorhodopsin (NpHR) into dopaminergetic neural stem cells for selective manipulation in Parkinson's Disease.”

Summary and Main Objective


Stem cells have been targeted as the solution for treating neurological diseases, specifically Parkinson's, by replacing the loss of dopaminergic neurons. While they hold great promises, scientists today cannot monitor the activity and activation of neural stem-cells after transplantation. The ability to control their activation, and ultimately their integration into the brain tissue, is vital to promote cell replacement therapy. One of the methods in which we can selectively manipulate the functions of neural stem cells in vivo is by introducing a light-regulated ion channel into dopaminergic neural stem cells. The two specific light-sensitive proteins, Chlamydomonas reinhardtii Channelrhodopsin-2 (ChR2) and Natronomonas pharaonis halorhodopsin (NpHR), either drive an activation or a suppression channel with exposures to different wavelengths of light. The maxima activation wavelengths are over 100 nm apart and thus can be controlled independently within the stem cell. Promising benefits would allow scientists to 1. demonstrate the dopaminergic neural stem cells' integration into neural circuitry and 2. activate the neurons' release of dopamine to provide therapy for Parkinson's patients.  Eventually, this could lead to more effective therapeutic treatment.. 

Background and Literature Review 


Stem cells represent a promising source of replacement cells for neurological degenerative diseases, specifically Parkinson's Disease (PD). Current research has shown a lot of progress in the successful transplantation of neural stem cells into mouse PD models in which the stem cells alleviate PD symptoms.1,2 Reprogrammed pluripotent stem cells have been shown to differentiate into neurons and glia, integrate into the surrounding brain tissue and function normally in mice. In rats, after receiving replacement cells, behavior was also markedly improved. 6,8,9 Furthermore, under appropriate conditions of integration and reduced inflammation, grafted neurons have avoided signiﬁcant degeneration in the long term.7 Such ﬁndings encourage the future use of fetal and stem cell–derived dopaminergic neurons for people with Parkinson’s disease. 


However, the bridge to human application remains a challenge due to the complex nature of the regenerative process and our inability to modulate this phenomenon in vivo. It is difficult to determine the precise mechanism by which the stem cell is eliciting the biological response. While the stem cells could differentiate into functional neural cells, it could also be releasing factors that are stimulating the repair process. Research objectives are then to gain insight into this biological interaction of stem cell derived neurons. Many projects have found success in reprogramming human fibroblasts to a pluripotent state and differentiating them into motor neurons.10 A potential use of this is to eventually generate patient-specific stem cells for cell replacement therapy. However, the current method for cell replacement is transplanting neural stem cells into the brain via a viral-based method. Complications arise in that retroviral vectors have been found to randomly integrate into the genome. Thus, the  transplanted cells could lead to cancerous transformation of transplanted neurons or simply face degeneration.6,8 Safer alternative delivery methods have to be developed for human application to become more feasible.


To understand the integration of neural stem cells, one must be able to manipulate them. We have developed a solution to this problem through the use of optogenetics, which will allow one to study regenerative effects in animal models. The application of light-regulated ion channels within dopaminergic neural stem cells will allow for selective manipulation of action potential and dopamine release. Research in this field with regards to neurons has been done by Feng Zhang in the Deisseroth Laboratory at Stanford.5  He has successfully introduced genes taken from archaea bacteria coding for the light-sensitive proteins Chlamydomonas reinhardtii Channelrhodopsin-2 (ChR2) and Natronomonas pharaonis halorhodopsin (NpHR) into neurons. ChR2 is a cation channel allowing Na+ ions to enter the cell with exposure to ~470nm blue light and drives action potentials. NpHR is a chloride pump that initiates with ~580nm yellow light and functions to suppress the neural activity by hyperpolarizing the cells. As stated before, these two wavelengths are over 100nm apart and thus can be controlled independently to either activate or suppress the neuron's activity. Their fast kinetic workings allow for the use of high frequency spike trains to drive these processes. Moreover, fibreoptic systems have been developed to deliver light in vivo to the brain structures and modulate the process. 


Many applications arise for a stem cell-derived, dopaminergic neuron possessing light-regulated ion channels. First, it provides an alternate delivery system to the currently unstable viral-delivery method. Secondly, in vivo integration of the stem cells with neural circuitry can be established, pinpointing the areas of successful activity or regeneration within the brain. Finally, one can modulate the release of the essential and therapeutic neurotransmitter dopamine to attain greater control over the treatment methods, possibly one day leading to patient-specific treatment. 
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Figure 1. Following the culturing of  neural stem cells to express ChR2 and NpHR genes, the next step involves injecting the stem-cell derived, dopaminergic neural cells into a mouse brain. Modulating these cells with fibreoptics of yellow and  blue wavelengths, one can then suppress or activate the ion channels to either activate or inhibit the release of dopamine as the mouse performs standard Parkinson's disease-related motor tests. Confirmation of the the neural stem cell integration into the circuitry can lead to the development of future Parkinson's Disease treatment.  

Method and Data Analysis

Aim I. To create a stem cell line expressing the genes for the proteins in the light-regulated ion 
channels. 

To culture a stem cell line.


The stem cells will be maintained without feeders in Glasgow's modification of Eagle's medium 
(Invitrogen) supplemented with 400 U/ml recombinant murine leukaemia inhibitory factor (LIF; 
Chemicon), 0.1 mM MEM non-essential amino acids (Invitrogen), 10% foetal bovine serum 
Stem Cell Technologies) and 0.1 mM 2-mercaptoethanol (Sigma).  6

To create of a knock-in DNA construct that will target ChR2 and NpHR into the ROSA-26 locus. 

To create the targeting vector pMWROSATcH and the exchange vector pPthC-Oct3/4,  I will use the homology arms for the ROSA26 locus and PGKDTApA from pRosa26-1 (16); the En-2 splice acceptor from pGT1.8 IRESßgeo (17); tTA from pUHD15-1 (3); hCMV*-1 and the beta-globin intron from pUHD10-3 (3) and pLG-1, respectively; the hygromycin-resistant gene from pPGKhygropA (H. Niwa, unpublished data); IRES from pCITE-1 (EMD Biosciences; San Diego, CA; http://www.emdbiosciences.com); Venus from pCS2-Venus (18); the PGK promoter from pPGKhygropA; and PuroTK from pBl-pacTK (19). The polyadenylation signal sequences used in these vectors will be PGKpA, beta-globin pA for pMWROSATcH; PGKpA, bovine growth hormone pA for pPthC-Oct3/4 (from 5' most). XhoI-NotI fragments of cDNAs will be inserted into the exchange vector pPthC-Oct-3/4, which will then be cleaved by XhoI-NotI. From this, I can insert the inducible ChR2/NpHR genes. 7

To electroporate the constructs into the stem cells. 

The stem cells will be electroporated with 75 µg of linearized ChR2/NpHR DNA at 800 V and 3 µF in a 0.4 cm cuvette using a Gene Pulser II (Bio-Rad Laboratories; Hercules, CA; http://www.bio-rad.com) and cultured in the presence of 100 µg/ml of hygromycin B (Invitrogen) without Tc (Tc–) for 7–10 days. 7

Aim II. To characterize the success of the electroporation into the right location and confirm gene 
expression

PCR Detection

Genomic Southern hybridization will performed using Gene Images Random-Prime Labelling and Detection System (Amersham Biosciences; Piscataway, NJ: http://www.amershambiosciences.com). For the 5' probe, a 0.4 kb fragment will be PCR-amplified using a primer pair and cloned into pBluescript KS–. 7

Western blotting

Whole-cell lysates will be extracted by lysis buffer [10 mM Tris–HCl (pH 8.0), 150 mM NaCl, 1% NP-40] containing 1% (v/v) of proteinase inhibitor cocktail (Sigma-Aldrich). Twenty micrograms of total protein from each sample will be fractionated on 10% SDS–PAGE gels and electroblotted onto PVDF membranes. After treatment in blocking buffer {1 x TTBS [10 mM Tris–HCl (pH 7.4), 137 mM NaCl, 2.7 mM KCl and 0.1% Tween-20]} plus 3% skimmed milk], the membranes will be incubated with anti-Gata6 (SC-7244; Santa Cruz Biotechnology; Santa Cruz, CA; http://www.scbt.com) or anti-Oct4 (SC-5279) and then with horseradish peroxidase-coupled anti-goat IgG (SC-2020) or anti-mouse IgG (61-6520; Zymed Laboratories; South San Francisco, CA; http://www.zymed.com), respectively, and developed using ECL reagents (Amersham Biosciences). 7

Protein expression


I will tag ChR2 and NpHR with fluorescent proteins and then detecting them under a lighted 
microscope following pre-established procedures. 

*Note: All of the above protocols are well-established and have been used successfully by many labs to produce transgenic stem cell lines and detect gene location and expression.

Future Prospects


Once these neural stem-cell lines with light-regulated ion channels have been created, they can then be tested on mouse models for Parkinson's Disease. Several approaches are possible to do this. One choice would be to inject stem cells into the substantia niagra of a mouse brain. Another option would be to inject stem-cell derived dopaminergetic neurons into the brain, in which one can then control the release of the essential neurotransmitter dopamine. After this, the mouse would undergo a motor test related to Parkinson's Disease, with one modulating the activation or suppression of these transplanted neural cells. This would subsequently test the integration and interaction of these transplanted neural cells in vivo and hold promises for further therapeutic development. I plan to continue this research into the mouse models during my undergraduate career here at Stanford. The process will require several years of research and may culminate in my senior thesis as well as the continuation of therapeutic applications for Parkinson's Disease. 

Resources


To accompany me through this project, I will have Professors Drew Endy and Christina Smolke, who will provide the cell cultures as well as valuable molecular biology support as faculty advisors. I will be working under their guidance and lab. Graduate students Feng Zhang and Lief Fenno, both currently working in the Deisseroth Laboratories, will offer their support and be available as resources as well. Finally, the Stanford iGEM team directors will be providing their support in the lab and will act as advisors.

Preparation


Last summer I interned as a student researcher and laboratory assistant at the McLaughlin Research Institute for Biomedical Sciences under the lab of John R. Bermingham, Jr., Ph.D. I was involved on my own project under the direction of fellow faculty and lab assistants. I specifically engaged in whole mount in situ hybridization of mouse embryos in determining the spatial location and temporal expression of the Lgi-4 and Adam 22 proteins. These proteins are found to have an affect on peripheral myelination, leading to the “Claw Paw” mutation for Lgi-4 or a similar mutation for the Adam 22 protein. My task for in situ hybridization involved highlighting and probing a specific nucleotide sequence and then following with washes and stains. It culminated in photography analysis to determine where and how explicitly the genes were expressed. Several specific methods I followed were dissection with ethanol and fixation with methanol. Then I followed protocols calling for hybridization washes with the specified probe and post-hybridization and post antibody washing. Finally, I performed histochemistry and detection with the NBT-BCIP substrate, which yields a black precipitate. To analyze the results, the embryos were placed under a microscope and photographs were taken. Some additional lab techniques which I performed include labeling a nucleotide probe and performing a northern blot to test the outcome. I also performed some gel electrophoresis and made up fresh solutions for each round of hybridizations. 


For preparation in coursework, I have taken AP Biology and Advanced Statistics in high school. Here at Stanford, I have completed Chemistry 31X and will have completed Physics 41 and 43 by the end of the year. Additionally, this present quarter I am following the BioE 144- Introduction to Synthetic Biology course. However, due to my schedule I was unable to enroll in it. I will also have completed ENGR 50- Introduction to Materials Science and Engineering. 

Experimental Timeline


March -April: Continue reading literature on the subject of stem-cell cultivation and and 
transplantation. Discuss potential procedures and engage in discussions with my advisors and 
mentors so that I fully understand the vocabulary and can effectively communicate within the 
field.


May-June: Begin preparation of the lab workspace and complete my familiarization with all 
protocols and instruments. Begin to establish a populous stem cell culture in vitro.


6/23/2009-7/10/2009: Establish the knock-in DNA construct targeting ChR2 and NpHR into the 
ROSA-26 locus


7/10/2009-8/1/2009: Successful electroporation of construct into sufficient numbers of neural 
stem cells.


8/1/2009-8/26/2009: Screen for correct location of genes at ROSA-26 locus as well as gene 
expression through PCR, western blots, and fluorescent tagging.


8/26/2009-9/15/209: Compilation of results and data analysis


9/15/2009- school year 2009/2010: Continue research with transplantation into mice modeling  
Parkinson's disease and modulation of neural stem cells during motor tests.

Budget

$2000 Housing - Summer Research College (6/23/09-9/10/09)

$1500 19-meals a week meal plan

$1700 Summer Stipend (12 weeks)

Total = $5200
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