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Introduction:
 

The synapse is the vital area between neurons where signaling occurs, which is the fundamental function of neurons. In order for
 neurons to communicate a chemical signal needs to be released from a synapse and travels to its target neuron. In order for this function
 to occur axons need to develop growth cones and elongate their trunks. Once axons have determined the location of their appropriate
 target, the synapse will begin forming the pre/post synaptic areas (Bean & Byrne 2014). Synaptic development is the process which
 occurs as two neurons come together to form a synapse. In the presynaptic neuron, synaptic vesicles begin to accumulate near the active
 zone, and neurotransmitter receptors begin to cluster in the postsynaptic neuron (Nature). This biological process is necessary for
 connections to be made in the brain and messages to be sent between them. Furthermore, having an understanding of how synapses grow
 and mature will allow scientists to better understand how learning and memory occurs and perhaps track its location to a specific area in
 the brain. The proteins that make up the membrane of the synaptic vesicle can be specific to its own membrane, which is useful for
 targeting the synapse in vitro. A way to do that is by using antibodies to target the proteins of these vesicles.

N-ethylmaleimide-sensitive fusion protein, (NSF), is used as an antibody to target proteins found on synaptic vesicles (Tollar &
 Pollank 1998). This is advantageous for determining where synapses form and where they are located in relation to other parts of the cell
 in vitro. Although NSF does not produce a signal when bound, it can be targeted by a secondary antibody with a fluorescent tag. A
 common example that is used is rhodamine bound antibodies that will bind the primary antibody. Once bound, rhodamine allows
 fluorescent imaging to detect the binding of NSF. Using this technique, it is possible to quantify data and learn about synaptic growth in
 culture. Another antibody that was used in this study was Anti-alpha-tubulin, DM1A which targets the alpha subunits of the
 microtubules. DM1A is useful for determining the location of axons which will lead to the potential locations of en passant axons and its
 synapses as well as the synapses formed at the terminals of axons.

The focus of this experiment is to determine if synaptic formation is greater in en passant axons or axonal terminals. En passant axons are
 axons that crossover one another and the synapses that are formed here are determined independently of growth cones (Shen & Cowan 2010).
 Previous studies have shown that en passant synapses form in both vertebrates and invertebrate organisms (Shen & Cowan 2010). Thus in this
 study Lytechinus pictus, sea urchin larvae, and Gallus gallus, chick embryos, were used as model organisms of each class of organisms. Our
 hypothesis was en passant axons synapses have a greater amount of presynaptic vesicles compared to axon terminal synapses. Thus when stained
 by NSF, en passant axons will have brighter immunofluorescence compared to synapses at the terminals of individual axons. A study
 looked at synaptic vesicle protein transport vesicles (STV) and the mechanism these vesicles have on en passant formation at specific
 predefined sites on young axons (Sabo, Gomes, & McAllister 2006). The STV vesicles have NSF and because of this it is possible that
 there are more of these synaptic vesicles at the synapses at en passant axons compared to synapses at axon terminals, thus, causing
 greater binding of the NSF to its target and creating greater brightness.
 
 
Materials and Methods:
 
Materials
Tetramethyl Rhodamine goat anti-rabbit (R-GAR) IgG, Cat No. T-2788 purchased from Molecular Probes.
NSF Rabbit mAb Cat No. 8630 purchased from Cell Signaling.
Anti-Alpha-Tubulin (DM1A) mouse Fluorochrome FITC, Cat No. f-2168-0.2ml purchased from Sigma.
 
Chick Embryo Dissection and Cell Culture

The experiment used peripheral neurons from Gallus gallus embryos. These neurons were collected by the method and materials
 described in Morris 2014a (Morris 2014a). Modifications were made to this protocol. Dulbecco’s Modified Eagle’s Medium (DMEM)
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 was used in place of the Hanks Salt Solution (HBSS). This process produced single neurons as well as small groups of neurons.
 
Fixation

The experiment called for two different fixation methods one being methanol fixation and the other was formaldehyde
 glutaraldehyde fixation. The fixations followed the procedure described in Morris 2014c (Morris 2014c).
 
Sample Preparations:

The positive control group consisted of Lytechinus pictus, larvae that were fixed in formaldehyde/glutaraldehyde. The embryos
 were mounted onto polylysine treated coverslips. The embryos were treated with block and left over night. The embryos were taken out
 of block buffer and treated with different antibodies. The embryos were labeled with Hoechst 0.01mg/ml to stain for DNA, DM1A
 [1:50], which is used to identify alpha tubulin because of the FITC flurochrome, NSF, the primary antibody [1:100], and rhodamine goat
 anti-rabbit [1:100] secondary antibody.The experiment called for immunofluorescent staining following the protocol of “Immunofluor
 staining of SU embryos- MeOH” with modifications to the types of antibodies used and their concentrations (Morris 2014d).

There were two negative control groups. One group was fixed in MeOH and the other was fixed in formaldehyde/glutaraldehyde.
 Both groups were labeled with rhodamine and treated with block solution throughout the labeling procedure.

Kelsey Babcock, my collaborator, and I used three different experimental groups. One group was fixed in MeOH and treated with
 Hoechst 0.01mg/ml, DM1A [1:50], NSF [1:100], and R-GAR [1:100]. The second experimental group was fixed in
 formaldehyde/glutaraldehyde and treated with Hoechst 0.01mg/ml, DM1A [1:50], NSF [1:100], and R-GAR [1:100]. The last
 experimental group was also fixed in formaldehyde/glutaraldehyde but given a higher concentration of NSF [1:50]. The rest of the
 antibody concentrations were the same for the previous experimental groups. However, only the methanol fix group and the
 experimental group with the greater concentration of NSF were used. The other group was not used because cells were not found on the
 cell and was not used for data analysis.
 
Fluorescent Imaging:

Once all of the cells were stained and the coverslips were mounted onto the slides images were collected.  The data were collected
 in the Imaging Center for Undergraduate Collaboration at Wheaton College, Norton Massachusetts. Slides were viewed using a Nikon
 Eclipse E200 at 40X power illuminated by a tungsten bulb. Images were collected using an inSight camera on a Nikon 1.0x camera
 mount and SPOT software with both transmitted light and fluorescence. The imaging protocol was followed using the Imaging
 Fluorescence on Gemini and Pisces computers ICUC (Morris 2014c).
 
Analysis

The collected images were processed using ImageJ software. Three locations of en passant synapses were located along with three
 individual axons with possible synapses. These areas were partly chosen at random, but the en passant axons were chosen based on the
 clear crossover between two axons. The 3Color Overlay image created in Adobe Photoshop was used to help identify these areas (See
 Figure 1). The rectangular selection tool was used to identify these areas and to calculate the brightness. The background around the
 axons was measured by using the rectangle option in ImageJ and selecting an area in the background and subtracting that value from the
 brightness of the axon in order to remove noise from brightness. The brightness was calculated by following the protocol from Morris
 2014f (Morris 2014e).
 
 

Results:
 

The images collected depict the en passant axons and terminal azons in two different experimental groups. Figure 1 shows the
 3Color Overlay that was used to help identify en passant and terminal axons. Figures 2 and 3 demonstrate the areas of importance while
 Figure 4 represents the negative control for NSF. Figures 5 and 6 exhibit the average brightness found at the en passant and the terminals
 in the two experimental groups which one sample was fixed in methanol with an NSF [1:100] and the other sample was fixed with
 formaldehyde/gluteraldehyde with an NSF [1:50].
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Figure 1 The 3Cover Overlay of the immunostaining in chick embryo peripheral nerves in MeOH fixed experimental condition. This
 image was used to help identify en passant and terminal axons in the images in Figure 2. The sections in green demonstrate the axons
 glowing from the DM1A stain. The blue stain represents the DNA and nuclei stained from Hoechst. The red stain represents the staining
 from the NSF and the R-GAR secondary that emits red light under fluorescent conditions.
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Figure 2 Anti-NSF immunostaining in chick embryo peripheral nerves in MeOH fixed experimental condition. Notice that the images are
 the same, but the top image has three arrows pointing to the different en passant axons and the bottom image has three arrows pointing to
 axon terminals. The image on the top has a scale bar measuring 100μM across.
 

Figure 3 The 3Cover Overlay of the immunostaining in chick embryo peripheral nerves in formaldehyde/gluteraldehyde fixed
 experimental condition. This image was used to help identify en passant and terminal axons in the images in Figure 4. The sections in
 green demonstrate the axons glowing from the DM1A stain. The blue stain represents the DNA and nuclei stained from Hoechst. The red
 stain represents the staining from the NSF and the R-GAR secondary that emits red light under fluorescent conditions.
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Figure 4 Anti-NSF immunostaining in chick embryo peripheral nerves in formaldehyde/glutaraldehyde fixed experimental conditions.
 Notice that the images are the same, but the top image has three arrows pointing to the different en passant axons and the bottom image
 has three arrows pointing to axon terminals. The image on the top has a scale bar measuring 100μM across.
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Figure 5 Negative control of anti-NSF. Notice how in the negative control for the NSF and rhodamine there is some red illumination
 occurring
 
 

Figure 6 The average brightness of synapses of en passant axons compared to axon terminals in methanol fixation. Notice how the
 brightness of synapses at the en passant was greater than the synapses at the terminals.
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Figure 7 The average brightness of synapses of en passant axons compared to axon terminals in formaldehyde/gluteraldehyde fixation.
 Notice how the brightness of the synapses at the terminals in experimental group two is greater than at the en passant.
 
Discussion:
 

The data collected in this study is inconclusive and therefore unable to support the hypothesis. Figure 6 indicates that en passant
 synapses are brighter than terminal synapses in methanol fixed cells. However, in formaldehyde/glutaraldehyde fixed cells the opposite
 trend is observed, and the terminal synapses are brighter in Figure 7. It is possible that the storage of presynaptic vesicles in each type of
 synapse is different, which could cause each type of synapse to respond differently to the two types of fixation methods. Thus, it may be
 necessary to use a fluorophore compatible with living tissue to accurately detect the amount of presynaptic vesicles at each type of
 synapse. The results of this study are indecisive and it cannot be determined from these data alone weather en passant neurons have a
 greater amount of presynaptic vesicles compared to terminal synapses. Although the hypothesis is not directly supported, the fact that
 each terminal reacts differently to each fixation method indicates that there are inherent differences in the synapses that could be
 explored through future experiments.

Furthermore, there were multiple errors in the experiment that may also be causing the conflicting results. The negative control
 did not yield expected results. The negative control was not supposed to show any illumination however in this experiment fluorescence
 was observed. It is likely that the NSF did not specifically target the synaptic vesicle proteins, and instead bound a variety of proteins
 throughout the cell. Figures 2 and 3 show that the entire cells are fluorescently tagged, not just the synapses. Another possibility is that
 the secondary antibody did not specifically bind to the NSF and was able to bind to other parts of the cell or auto-fluoresce. In Figure 5
 there is some red illumination, which could be possible auto-fluorescence of the rhodamine in the negative control. The auto-
fluorescence would explain why the slide stained so red and the non-localizing staining of synapses. Since this negative control showed
 significant fluorescence, the results of the experimental groups are not considered reliable..

The literature describes the influence of genes on growth cone extensions in axons and it’s stated that most synapses occur en
 passant (Riddle, Blumenthal, & Meyer 2010). This study has shown that there must be differences in the machinery at each synapse,
 because each had a difference response to the two fixation methods. Therefore, if more data was collected and there was more time to
 conduct experiments, the differences between en passant and terminal synapses could be elucidated. Another way to improve this
 experiment for the future would be to use antibodies that will stain appropriately and will target the specific area we are looking at and
 use a secondary fluorescent antibody that will not auto-fluoresce.
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