A Comparative Analysis of Centrosome and Soma Migration in Neurons
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Scientists at St. Jude Children's Research Hospital have discovered links between the movements and changes of neurons in the brain to developmental disorders in children. A group at Oak Ridge National Laboratory (ORNL) is working in collaboration with St. Jude to track neurons to better understand the relationship they have with developmental disorders and diseases. St. Jude used a spinning disk confocal microscope to obtain images and videos of cerebral neurons. Different parts of the cells are color-coded due to the use of fluorescent proteins. A code has been developed to track and compare the movements of the centrosome and soma in the migrating neurons in order to look for patterns of behavior. The images are evaluated using computers and software at ORNL, including the MATLAB computational environment with the Image Processing Toolbox. A mathematical model of the relationship between the movement of the soma and centrosome will help to further the understanding of neuron migration processes and the contribution migration makes to developmental disorders and diseases. The future goal of this research is to develop equipment and software that tracks neuronal migration for diagnostic purposes. 
I. Neurons
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Recent advances in the capabilities of biologists to image cellular and subcellular processes by using fluorescent proteins have enable scientists at St. Jude Children’s Research Hospital to image different components of neurons [1]. Neurons are the communicators of the body. They send out and receive the electrical signals throughout the body. To help the neurons accomplish this task, they all have the same basic structures. All neurons contain the axon, dendrite, soma, and centrosomes.
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(Fig. 1)  The left image is courtesy of the Serendip [2] website. The image are the right was taken by St. Jude Children’s Research Hospital. The small bright dots are the centrosomes. 
There are more cell parts in each neuron, but these are the four that were relevant for my research. The axons send out electrical signals to other neurons and the dendrites receive the signals. The soma is the cell body that contains the centrosome that is important for cell mitosis. The centrosome has also been attributed to playing an important role in neuron migration. Neurons must move from their location of origin to their final resting place. Neurons migrate only during the utero stage and early years of develop. The centrosome moves first into the leading process of the cell and then the soma follows afterwards in order to engulf it once again. After the neurons have arrived at the correct location, they must morph into the form they will need to make the right connections. They will change into the structure that will allow them to accomplish their function the best. A neuron’s failure to either migrate or morph exactly correctly may cause a loss of communication to that certain area of the body. The problems caused by this lack of communication can cause many neurological disorders. One such disease is lissencephaly. Lissencephaly results when the neurons fail to migrate during the 12th to 24th weeks of gestation. Lissencephaly is also known as smooth brain syndrome [3]. 

II. St. Jude Children’s Research Hospital

St. Jude Children’s Research Hospital was interested in studying the role of abnormal neuron migration on more diseases than just lissencephaly. Failed neuron connections have also been linked to autism, Parkinson’s and Alzheimer’s diseases. The goal of scientist at St. Jude was to be able to detect and track the neuron in the very early stages of development and be able to distinguish whether or not the migration is normal. St. Jude started this research by taking 3D images of mammal cerebral neurons using a Marianas spinning disk confocal microscope. The scientists highlighted the centrosomes of the neurons by the use of fluorescent proteins. They also added the chemicals blebbistatin and jasplakinolide to two set of neurons. These chemicals were known to halt cell migration. They took data at ten minute intervals. By adjusting the intensity of the two photon laser, the scientists were able to control the depth at which the image was taken. They then spent the next couple of weeks manually tracking each centrosome in the images. This took much longer than they wanted, especially considering they had many sets of images to go through. [4]
III. Methodology
It was taking St. Jude too long to analyze the images. So, a collaboration began between St. Jude and ORNL. Ryan Kerekes was the person at ORNL who tackled the problem of how to automate centrosome detection and tracking. Based on what he had learned about centrosomes from the scientists at St. Jude, he decided to develop a code for the MATLAB with the Image Processing Toolbox computational environment that detected bright, round objects in the image. He did this by developing an algorithm that ignores objects in the image that did not meet three criteria: roundness, intensity, and position. The object had to exceed a predefined roundness threshold in order to prevent confusion with other small, bright objects. The detected object also had to be brighter than the surrounding area and be contained within a soma. 

Once the detections were made and confirmed to be centrosomes, it was necessary to connect the detections throughout the various timeframes. Ryan used the Joint Probabilistic Data Association Filter (JPDAF) [5] to track the centrosomes. JPDAF uses the current position and trajectory of a centrosome in order to predict where it might go next within a certain range. By predicting a range in which the same centrosome could be in the next frame, it is possible to reliably connect all the individual detections into tracks throughout the image sequence. 

The next step was to model the neuron migration. We knew that the centrosome moved first and the soma followed, but we did not know exactly how the two motions compared. Ryan handed off the data set to me and I worked on the problem of segmenting the somas and tracking them throughout the image sequence in order to compare them to the centrosome tracks already created by Ryan’s code. I also used MATLAB with the Image Processing Toolbox. The first method that I tried involved taking the gradient of the images. This gave me a nice outline of the edges of the objects in the images. The soma and axons were separated just enough in the test image that was the filled in the outline, I was able to find the centroid of the somas. I felt that I had a good code and went to test it on other images. I soon found out that it did not. In other images the soma and axon were not separated at all and so I was tracking many random sections of the neuron. I went back to the drawing board and decided to take the inverse of the Euclidean transform equation to the image. This inverse equation reassigns each pixel label to be the distance from the nearest zero intensity pixel. From this I was able segment the image to only display objects larger than a certain radius. 

I tracked the somas using JPDAF. I could then run both Ryan’s code for the centrosome detections and mine for the soma. Since we had images taken throughout an hour period of time, I was able to track both the centrosomes and somas throughout the entire time. To calculate the average speed, I calculated the difference between the first and last position and divided the number by the amount of time in seconds that the computer was able to detect the neuron parts. I did this for both the x- and y-directions. As I was interested in the magnitude of the velocity, I used the Pythagorean Theorem to get the speed. I then calculated the average. I took the error to be the maximum standard deviation from the average. 
IV. Results and Conclusions
I found that there was not much correlation between the centrosome and soma movements in the image sets. The centrosomes moved at an average speed of 0.1 μm. The average speed of the somas was 0.03 μm. There is a large uncertainty of the speeds that is due to the fact that there was such a wide range of speeds between the individual centrosomes and somas. Figure (2) demonstrates the large variation. 
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(Fig. 2) A three dimensional plot of centrosome movement in the x-, y-, and z-directions.

The chemicals added to the neurons may have attributed to the low, steady soma speed. Even with the chemicals, I noticed that the neurons displayed the tendency towards random motion instead of directional motion as seen in Figure (3). 
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(Fig. 3) This graph is the plot of the motion of the soma throughout the various timeframes. Each pixel corresponds to 0.15 μm. 

Another difficulty is analyzing the data was that since I was running two detection codes — one for the centrosomes and one for the somas — it was difficult to match the centrosome and soma pairs. In Figure (4) one can visually see the pairs, but even in that plot it is sometimes hard to determine which centrosome corresponds to a certain soma. 
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(Fig. 4) The graphs are 3D images of the detections and tracks of somas and centrosomes. The red marks the soma tracks and the blue corresponds to the centrosome tracks. The images were taken ever 16 seconds.

V. Future Work

The future work of this project would include conducted a three dimensional analysis of neuron migration. Ryan was able to maintain the 3D aspect in his code for centrosome tracking, but I lose it when writing the code for the soma detections. Also, modeling just the centrosome and soma movements may not be an accurate picture of neuron migration. Other factors, such as actin motion, should also be studied. Once, we have an accurate model of neuron migration, the next step is to study the difference between normal and abnormal migration. We hope that we will soon be able to write a code that can distinguish between the two patterns. The ultimate reason for this research is to learn if it is possible to alter or even prevent completely abnormal neuron migration. After we thoroughly understand neuron migration, we can then go to the next level and start developing techniques to be use for diagnostic purposes. 
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