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Introduction: 
 
 The nervous system is a complex network of neurons and glial cells that work together to 

coordinate voluntary and involuntary movements within the body.  In the nervous system, cell 

communication is of great importance.  The process of cell communication within the nervous 

system is called synaptic transmission and occurs at the synapse (Kandel, Schwartz, Jessell, 

Siegelbaum, & Hudspeth, 2013).  Many diseases and conditions are associated with synapse 

function, such as Alzheimer’s disease, autism, and epilepsy, to name a few (Lüscher & Isaac, 

2009).   This experiment examines the effect lithium has on synapse formation. 

 Lithium is commonly used as mood stabilizing drug to help treat bipolar disorder.  

Bipolar disorder is a condition is which a person experiences manic and depressive episodes.  

There is no one cause of bipolar disorder, but there is thought to be a factor of heritability 

associated with the disorder (NIMH, 2015).  Lithium has been used to treat bipolar disorder since 

the late 1940s, but the way in which it works is still unclear (Butler-Munro, Coddington, Shirley, 

& Heyward, 2010).  However, researchers still seek to discover more about the way lithium 

affects the nervous system.  It has been found that patients who take lithium to treat bipolar 

disorder have an increased gray matter volume (Sassi et al., 2002).  Another study that used 

neurons from the hippocampus found that lithium increases synapse formation (Kim & Thayer, 

2009).  This current study is similar, but instead uses neurons from the peripheral nervous system 

of Gallus gallus rather than neurons from the central nervous system and uses a different dose of 

LiCl as the perturbation.  While lithium is accepted as an effective treatment for bipolar disorder, 

it is important to work towards understanding the mechanism by which lithium works and to 

understand how an increase in synapses affects the treatment of bipolar disorder patients.  From 
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this, I hypothesized that peripheral nervous system neurons treated with lithium will have a 

greater amount of synapse formation than PNS neurons not treated with lithium.   

 Neurons and glia were harvested from the dorsal root ganglia and sympathetic nerve 

chains of the 10-day embryonic domestic chicken, Gallus gallus, to complete this experiment.  

10-day Gallus gallus embryos were chosen because of their similarity to the nervous system of a 

human and because the ganglia were large enough at day ten to be useful, but not so large that 

dissection would be difficult (Morris, 2015a).  Fluorescence microscopy was used with the styryl 

dye FM1-43.  FM1-43 is a lipophilic dye that inserts itself into the outer leaflet of the plasma 

membrane.  The FM1-43 dye effectively labels the cell membrane and fluoresces more brightly 

at areas of high endocytic activity, such as a synapse, thus giving an idea of where synapses 

might be happening (Molecular Probes, 2005).  Brightness of possible synapses was then 

measured using ImageJ.  Preparation for data analysis, including slide preparation and image 

capturing, was done in collaboration with Nicole Parsons.   

 
Materials and Methods: 
 
Dissection and Cell Cultures 

 Dorsal root ganglia and sympathetic nerve chains were obtained from Gallus gallus 

embryos using the procedure described in “Primary Culture of Chick Embryonic Peripheral 

Neurons 1: Dissections” (Morris, 2015a).  Coverslips plated with visible to the naked eye ganglia 

chunks were used for both the control and the experimental slides. 

 
Lithium Treatment 

 Cells were treated with lithium chloride six hours after plating.  This time window 

allowed for cells to settle onto and adhere to the coverslip.  For the experimental plate, a 10mM 

solution of LiCl in serum free growth medium (SFGM) was made from a 1:100 dilution of 1M 

LiCl stock in sterile water.  For the control plate, a 0mM LiCl solution of serum free growth 

medium containing a 1:100 dilution of the vehicle for LiCl (sterile water) was made.  A 10mM 

concentration was used based on a previous study that used therapeutically relevant 

concentrations ranging from 1mM to 10mM (Butler-Munro et al., 2010).  The highest 

concentration from this study was used in order to elicit a clear difference between the control 

and experimental data sets.  The use of serum free growth medium was based off a previous 
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study that used growth medium without serum to reduce the risk of lithium ions and proteins 

interacting in culture (Tint et al., 1998).  Six hours after cells were plated, the growth medium 

was drained from each petri dish and replaced with 2mL of the 10mM working solution of 

SFGM with LiCl onto the experimental plate, and 2mL of the 0mM working solution of LiCl 

free SFGM onto the control plate.  The petri dishes were then placed into the incubator at 37°C 

for a 19 hour incubation period.  

 
FM1-43 Staining of Cells 

 After the 19 hour incubation period, the cells were treated with the styryl dye FM1-43.  

The dye protocol described in “FM Lipophilic Styryl Dyes” was used with many modifications 

(Molecular Probes, 2005).  A 25 µg/mL solution of the FM1-43 dye in Mg+/Ca+ free Hanks 

Balance Salt Solution (HBSS) was made from a 1:200 dilution of the 5mg/mL stock solution of 

FM1-43.  This solution was used in place of the suggested 1:1000 diluted solution of FM1-43.  

The cells incubated in the working solution of FM1-43 in HBSS for 25 minutes at room 

temperature underneath a cover to prevent the light from bleaching the dye.  This protocol was 

used in place of the suggested one-minute incubation on ice.  A previous study that suggested an 

incubation time of ten minutes was the cause to seek an optimal protocol for FM1-43 staining of 

peripheral neurons (Suarez, 2004).   

 
Mounting Coverslips onto Microscope Slides 

 After LiCl treatment and FM1-43 staining of the cells, coverslips were mounted onto 

microscope slides for imaging following the procedure described in “Primary Culture of Chick 

Embryonic Peripheral Neurons 2: Observation of Live Unlabeled Cells” with some 

modifications (Morris, 2015b).  This protocol calls for the creation of observation chip chambers 

with live unlabeled cells.  The cells used were labeled with the FM1-43 dye.  Additionally, a 

drop of serum free growth medium was used in place of regular growth medium when placing 

the coverslips onto the microscope slide to follow the use of SFGM in the incubation period.   

 
Microscopy and Imaging 

 All microscopy and imaging was done in the Imaging Center for Undergraduate 

Collaboration (ICUC) in the Mars Center for Science and Technology at Wheaton College in 

Norton, MA.  For fluorescence microscopy, a Nikon Eclipse E200 was used in conjunction with 
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an Insight Firewire SPOT Camera on a 1.0x C camera mount.  The imaging software used was 

SPOT 5.2, used on an iMac (Taurus in the ICUC) running OSX Yosemite version 10.10.4.  A 

space heater and thermometer were used to heat the cells to 37°C.  The microscope was aligned 

for Koehler illumination, and then desired cells were located using transmitted light microscopy, 

which was running on a tungsten bulb.  Once cells were found, one transmitted light photo was 

captured, and then a fluorescent photo was captured.  FM1-43 emits in the red, so a green bulb 

was used to take fluorescent pictures.  The fluorescent bulb used was a 100W mercury bulb 

made by Chiu Technical Corporation.  All fluorescent images captured were using a 40x 

objective lens in Phase 2 with an exposure time of 3000ms.  

 
Data Analysis 

 The best and most clear images taken of the experimental and control plates were saved 

and chosen for data analysis.  First, the chosen fluorescent images were normalized for 

brightness using the Adobe Photoshop CC (2015.0.1 Release) program on the Capricorn iMac in 

the ICUC.  Each fluorescent image, one for the control and one for the LiCl experimental, was 

opened in Adobe Photoshop.  The maximum white displayed value was adjusted to be the 

maximum measured brightness value of each fluorescent image (Image ! Adjustments ! 

Levels).  The maximum white display value of the chosen LiCl experimental image was 72, 

while the maximum white display value of the chosen control image was 101.  The images were 

adjusted so that these maximum white displayed values became the maximum measured 

brightness values of the images.  These normalized images were saved for further analysis. 

 The program ImageJ (version 1.50a) was used to view and analyze the images (Capricorn 

iMac in ICUC).  For both the control and LiCl experimental, the normalized fluorescent and 

transmitted light images were opened with ImageJ.  Both the experimental and control 

fluorescent images were changed from an RGB color view to an RGB stack view so as to look 

only at the brightness of the red values.  The normalized fluorescent and corresponding 

transmitted light images were dragged on top of each other so that the images perfectly lined up.  

Areas of possible synapse formation were identified on the transmitted light image and were 

circled using the oval selection tool in a 16x16 sized circle.  Areas of possible synapse formation 

were defined as a crossover of relatively straight axons where both axons contributing to the 

crossover point extended past the crossover point.  The circled area identified in the transmitted 
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light image was then identified in the normalized fluorescent image and circled using the oval 

selection tool in a 16x16 sized circle, regardless if a point of brightness was seen or not.  This 

selected area in the normalized fluorescent image, presented in the red portion of RGB stack 

view, was then analyzed using the measuring tool (Analyze ! Measure) to give the mean 

brightness of the red values of the image, which was then recorded.  Using transparency paper 

taped to the computer screen, crossover points that were analyzed were circled with permanent 

marker, so as to keep track of which areas were analyzed.  This process of identifying and 

analyzing areas of possible synapse formation was repeated 20 times for the control image and 

20 times for the LiCl experimental image.  For both the control and LiCl experimental images, 

six areas of extracellular background were identified and analyzed in the normalized fluorescent 

images using the rectangle selection tool in a square of 20x20 size. Arrows were overlayed onto 

the control and experimental transmitted light and normalized fluorescent images to show five 

areas of possible synapses that were analyzed.  

 The recorded brightness values for the areas of possible synapse formation and the 

extracellular background were then entered into a Microsoft Excel spreadsheet (version 14.4.7 

running on a MacBook Pro owned by Corinne Murphy).  To account for the extracellular 

background brightness, the six recorded background brightness values in the control image were 

averaged, and this number was then subtracted from each control data point.  The same was 

repeated for the experimental data set using the experimental background brightness values.  

These subsequent brightness values were ordered from low to high and graphed in order to look 

for an inflection point in the data range when the brightness was at least 2 times the average 

brightness for the linear range of the distribution curve.  Because FM1-43 dye fluoresces more 

brightly at areas of high endocytic activity, such as at synapses, the areas of crossover that 

measured a brightness at least twice as bright as the average brightness of the linear portion of 

the distribution curve were identified as synapses (Molecular Probes, 2005).  The number of data 

points that were beyond this inflection point were then compared between the control and 

experimental trials to compare the amount of synapse formation seen in each condition.   

 

Results: 

 The analysis of fluorescent control and experimental images, taken in collaboration with 

Nicole Parsons, was carried out using ImageJ.  Images were taken together and analysis of 
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images was done separately.  For Figure 1 and Figure 2, the areas of analysis, some of which are 

indicated by the arrows, were chosen by comparing transmitted light images and choosing areas 

where relatively straight axons crossed and the axons extended beyond the crossover.  The 

brightness value of the possible synapses and extracellular background were measured using the 

RGB stack in ImageJ, while the images seen in Figures 1 and 2 are the RGB color counterparts.  

The RGB color versions are shown here for clarity.  

 

 Figure 1: Images of Gallus gallus neuronal culture in the control condition of a 19 hour 
incubation in serum free growth medium at 40x magnification, stained with FM1-43 dye.  Part A 
shows a transmitted light image of the control condition cells.  Arrows point to areas of possible 
synapse formation selected for analysis.  Note that crossover areas selected are crossings of 
relatively straight axons and are such that the axons extend past the area of crossover.  Part B 
shows the corresponding normalized fluorescent exposure image of the control condition cells. 
Arrows point to the same areas of possible synapse formation selected for analysis as shown in 
part A.   (n = 20 areas of possible synapse formation) 
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 In both Figure 1 and Figure 2, the areas of possible synapse formation selected from the 

transmitted light images (Figure 1A and 2A) are not always visible in the fluorescent images 

(Figure 1B and 2B).  Some areas of crossover fluoresce more brightly than others, which can be 

seen in both the control and LiCl experimental images.  The fluorescent images presented in 

Figure 1B and 2B are normalized for brightness, as described in the methods section.  This was 

done because the experimental fluorescent image was originally much dimmer than the control 

fluorescent image.  All of the images seen in Figures 1 and 2 were taken in areas near the ganglia 

chunks.   

 

Figure 2: Images of Gallus gallus neuronal culture in the experimental condition of a 19 hour 
incubation in 10mM LiCl serum free growth medium at 40x magnification, stained with FM1-43 
dye.  Part A shows a transmitted light image of the experimental condition cells.  Arrows point to 
areas of possible synapse formation selected for analysis.  Part B shows the corresponding 
normalized fluorescent exposure image of the experimental condition cells.  Arrows point to the 
same areas of possible synapse formation selected for analysis as shown in part A.   
(n = 20 areas of possible synapse formation) 
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Figure 3: Distribution curve of measured brightness (with background brightness subtracted) for 
each area of possible synapse formation, ordered numerically lowest to highest brightness.  The 
blue line shows the measured brightness of areas of possible synapse formation for the control 
condition while the red line shows the measured brightness of areas of possible synapse 
formation for the LiCl experimental condition.  Notice how both the control areas have a 
relatively linear increase in brightness and then a point of inflection where the measured 
brightness is much brighter than the data points observed in the linear range. 
 
 
 The brightness values observed in Figure 3 have the average background brightness 

subtracted from them.  The average background brightness for the control was 124.365 and was 

139.662 for the experimental. To determine the number of synapses found in each condition, the 

brightness values were ordered numerically from lowest to highest, as seen in Figure 3. This was 

done to observe the differences in brightness between areas of crossover that were not synapses 

and areas of crossover that are synapses.  As seen in Figure 3, for both the control and the LiCl 

experimental, there was a linear range of brightness points, and then a sharp increase in 

brightness values.  The point of inflection for the control was after point 16 in the control and 

after point 19 in the LiCl experimental.  The average brightness of the linear range for the control 

was 13.95 and the average brightness of the linear range for the experimental was 12.11, while 
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the average brightness past the inflection point for the control was 57.29 and was 50.38 for the 

experimental.  This makes the data points beyond the inflection point at least two times as bright 

as the average brightness of the linear portion of the distribution curve, which defines these data 

points as probable synapses. Also notice in Figure 3 that the control data points are generally 

brighter than the experimental.  

 

Figure 4: Number of synapses found in the LiCl experimental condition and the control 
condition.  The experimental condition had 1 synapse and the control dish had 4 synapses.  
Synapses are defined as areas of crossover that has brightness values at least two times the 
average brightness of the linear portion of the distribution curve seen in Figure 3.   
(n = 20 areas of possible synapse formation for both the LiCl experimental and control) 
 
 Figure 4 shows the number of synapses found in each condition.  The control plate had 

four times as many synapses than the LiCl experimental plate.   

 
Discussions and Conclusions: 
 
 These data do not support the hypothesis that peripheral nervous system neurons treated 

with lithium will have a greater amount of synapse formation than PNS neurons not treated with 
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lithium.  It was found that the LiCl experimental condition had a lesser amount of synapse 

formation than the control condition.  If this experiment were replicated with more trials and a 

higher n value and elicited the same result, the conclusion would be that lithium does not 

increase synapse formation in peripheral nervous system neurons, but rather produces fewer 

synapses than the control.  This conclusion does not concur with previous studies.  A 2009 study 

conducted by Kim and Thayer used rat hippocampal neurons and discovered that lithium 

increases synapse formation.  Their study also found that the mechanism by which lithium works 

to increase synapse formation in rat hippocampal neuron culture is by depleting 

phosphoinositides (Kim & Thayer, 2009).  The current study found the opposite, that lithium 

treated neurons produced fewer synapses.  Similarly, another study, conducted by Lueke et al. in 

2014, found that lithium had no significant effect on the number of synapses (Lueke et al., 2014).  

While this study performed by Lueke et al. presents findings more similar those of the current 

study, there is no previous literature stating that lithium decreases synapse formation, which is 

the result of the current study. 

 It is possible that the lack of literature supporting the results from the current study is 

because this study used neurons from the PNS, while the Kim and Thayer and Lueke et al. 

studies used neurons from the CNS (Kim & Thayer, 2009; Lueke et al., 2014).  However, there 

are some sources of error in this experiment that could also be the cause of these results.  As this 

experiment was conducted for an undergraduate level course, it was not very extensive in terms 

of numbers of trials and n values.  Additionally, all analyzed control and experimental data was 

collected from a single coverslip culture (one coverslip for both the control and experimental), so 

any external factors affecting the culture on either coverslip would skew the results.  

 As seen in Figure 3, the possible areas of synapse formation were brighter overall in the 

control condition than they were in the experimental condition.  The same stock FM1-43 dye was 

used to create the same working solution of the same concentration.  One possible reason for this 

difference in brightness is that lithium decreases the stability of the plasma membrane and thus 

reduced the likelihood of the insertion of FM1-43 dye into the plasma membrane.  Related to 

this, a 2010 study carried out by Butler-Munro et. al. found that lithium increases the excitability 

of neurons.  My collaborator, Nicole Parsons, examined this by testing the effects of lithium on 

membrane stability using brightness of FM1-43 stained axons as a measure of stability (Parsons, 

2015).   
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 This experiment should be reproduced on a larger scale to see if it elicits the same results, 

or if it obtains results more similar to either Kim and Thayer’s study or the study done by Lueke 

et al.  If it is found that lithium increases synapse formation in PNS cells, further research should 

be conducted to determine if lithium increases synapse formation in PNS cells by the same 

mechanism described by Kim and Thayer.  Studies to examine the effect different lithium 

concentrations have on synapse formation should also be carried out.  In general, more research 

needs to be done on the way lithium acts on the nervous system to help treat bipolar disorder and 

other diseases and conditions.   

 

References Cited: 
 
Slide preparation and image collection was done in collaboration with Nicole Parsons.  

Butler-Munro, C., Coddington, E. J., Shirley, C. H., & Heyward, P. M. (2010). Lithium 
modulates cortical excitability in vitro. Brain Research, 1352, 50–60.  

Kandel, E. R., Schwartz, J. H., Jessell, T. M., Siegelbaum, S. A., & Hudspeth, A. J. (2013). 
Principles of Neural Science (5th ed.). New York: McGraw Hill. 

Kim, H. J., & Thayer, S. a. (2009). Lithium Increases Synapse Formation between Hippocampal 
Neurons by Depleting Phosphoinositides. Molecular Pharmacology, 75(5), 1021–1030.  

Lueke, K., Kaiser, T., Svetlitchny, A., Welzel, O., Wenzel, E. M., Tyagarajan, S., … Groemer, 
T. W. (2014). Basic presynaptic functions in hippocampal neurons are not affected by acute 
or chronic lithium treatment. Journal of Neural Transmission, 121(2), 211–219.  

Lüscher, C., & Isaac, J. T. (2009). The synapse: center stage for many brain diseases. The 
Journal of Physiology, 587(4), 727–729.  

Molecular Probes. (2005). FM Lipophilic Sytryl Dyes. 

NIMH. (2015). Bipolar Disorder. Retrieved from http://www.nimh.nih.gov/health/topics/bipolar-
disorder/index.shtml 

Parsons, N. (2015). The effect of lithium on axon brightness in Gallus gallus neurons. Wheaton 
Journal of Neurbiology Research, (Fall 2015). 

Sassi, R. B., Nicoletti, M., Brambilla, P., Mallinger, A. G., Frank, E., Kupfer, D. J., … Soares, J. 
C. (2002). Increased gray matter volume in lithium-treated bipolar disorder patients. 
Neuroscience Letters, 329(2), 243–245.  

Suarez, L. M. (2004). K + Induced Exocytosis at Localized Regions of En Passant Synapses in 
Chick Embryonic Ganglia Cells. Wheaton Journal of Neurbiology Research, (Spring 2004). 

Tint, I., Slaughter, T., Fischer, I., & Black, M. M. (1998). Acute inactivation of tau has no effect 
on dynamics of microtubules in growing axons of cultured sympathetic neurons. Journal of 
Neuroscience, 18(21), 8660–8673. 



Murphy, C.E. (2015). Synapse formation in neurons exposed to lithium. Wheaton Journal of Neurobiology Research. 

I have abided by the Wheaton College Honor Code in this work. Signed Corinne E. Murphy 


