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Introduction 
 

Axonal growth is very important to nerve cells because the axon is responsible for 
transmitting integrated information in the form of an action potential, an electrical excitation 
wave that travels along the axonal membrane (Kevenaar & Hoogenraad, 2015). The axon is an 
extension of the cytoskeleton of the cell. Microtubules (MTs), actin filaments, and 
neurofilaments make up the cytoskeleton, and thus all have very important roles in the 
establishment and maintenance of neuronal polarity, morphology, and integrity of axons 
(Kevenaar & Hoogenraad, 2015). MTs are protein polymers that provide a means of intracellular 
transport for organelles that are essential for outgrowth and maintenance of synaptic function 
(Rochlin, Wickline, & Bridgman, 1996).  
 One of the main proteins related to the assembly of MTs is tau, a natively unfolded 
monomer protein (Binder, Guillozet-Bongaarts, Garcia-Sierra, & Berry, 2005).  Tau not only 
assists in the assembly of MTs, but contributes to cell dynamics. This is concluded from the fact 
that inactivation of tau within the growth cone area decreased the neurite extension rate by nearly 
2-fold (Liu, Lee, & Jay, 1999). Tau is a phosphoprotein which potentially has 80 serine/threonine 
and 5 tyrosine phosphorylation sites, and the primary enzyme linked to the phosphorylation of 
tau’s glycogen synthase kinase 3-beta (GSK3β) (Wang, Xia, Grundke-Iqbal, & Iqbal, 2012). 
GSK3β phosphorylates tau in most serine and threonine residues hyperphosphorylated in paired 
helical filaments, and GSK3 activity contributes both to amyloid-β production and amyloid-β-
mediated neuronal death (Mendes et al., 2009). Hyperphosphorylation of tau is thought to result 
in the destabilization of MTs giving rise to a pretangle stage (Bhat, Budd Haeberlein, & Avila, 
2004). These tangles of hyperphosphorlyated tau and amyloid- β plaques are the known causes 
of Alzheimer’s disease (AD).  Because Tau is a naturally occurring unfolded monomer, it must 
undergo multiple truncations and shifts in conformation as it transforms to the structured 
polymer characteristic of these tangles (Binder et al., 2005). GSK3β is a ubiquitously expressed 
serine/threonine kinase that plays a key role in the pathogenesis of AD (Hernandez, Lucas, & 
Avila, 2012). Because of GSK3β’s central role in both mechanisms known to cause AD, it has 
become quite a primary target in finding the cure for AD.  
 Lithium (Li+) is a neuroprotectant and quite possibly the simplest drug in the modern 
pharmacopoeia, and has been shown to have therapeutic effects as a mood stabilizer in other 
mental diseases such as bipolar disorder (Jope, 2003). Studies of GSK3β show that lithium 
reduces GSK3β activity by increasing the inhibitory phosphorylation of GSK3β both indirectly 
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and directly which would then cease production of hyperphosphorylated tau tangles (Jope, 2003). 
Lithium chloride was observed directly inhibiting GSK3β-mediated phosphorylation of protein 
substrates with 50% inhibition, as shown in clawed frog (Xenopus) embryos. (Klein & Melton, 
1996). The hypothesis tested in this study is that if embryonic chick sympathetic nerve cells are 
exposed to varying doses of lithium for a period of 24 hours, then axon growth and cellular 
dynamics will be negatively affected, as shown by time lapse microscopy. This hypothesis will 
be tested on chick (Gallus gallus) sympathetic neurons because they are a well-known system 
frequently used to investigate neuronal differentiation and neurotransmitter receptors, and they 
are easily accessed (Boehm, Harvey, von Holst, Rohrer, & Betz, 1997). 
 
Materials and Methods  
 
Materials 
 Chick (Gallus gallus) embryos, cover slips, growth medium, HBSS, and all dissection 
materials were gathered and prepared using Professor Robert Morris’s Primary Culture of Chick 
Embryonic Peripheral Neurons 1: DISSECTION protocol (Morris, 2015a). When the chick 
embryos were ten days old, they were dissected and sympathetic nerve chains and dorsal root 
ganglia were harvested for experimentation using Professor Robert Morris’s protocol (Morris, 
2015a). The neurons were cultured in C medium containing Leibovitz L1 5medium plus 0.5% 
methylcellulose, 10% fetal calf serum, 0.6% glucose, 2 mM L-glutamine, 100µg/ml 
streptomycin, 100U/ml penicillin, and 10-50 ng/ml NGF (Morris, 2015a). The 1M lithium 
chloride (LiCl) stock solution prepared by RLM 10-21-2015, was first sterilized using 0.2 µm 
filtration with a sterile syringe, then diluted to 40mM using 0.4 ml of the sterilized stock solution 
and 9.6 ml of C medium. This created the working solution of 40mM LiCl to be applied to cells 
in different doses. Due to lithium’s chemical properties, another salt was necessary as a second 
control to ensure it was not simply the salt overwhelming the cell and inhibiting growth. The salt 
control utilized sodium chloride (NaCl), so a 1M stock solution was prepared using water and 
then sterilized with the same procedure. This 1M NaCl stock solution was diluted with C 
medium to a 40mM working solution using the same method mentioned previously.  
 
 
Imaging Equipment  

Imaging was done in the Wheaton College ICUC lab, on the Capricorn, Sagittarius, and 
Libra iMac computers all running OS X Yosemite Version 10.10.5. Each computer is equipped 
with a Nikon E-200 microscope, a Sony DFW-X700 camera with the adapter C-mount 1.0x 
magnification, and BTV 6.0B1 software program. Imaging of coverslips was done under 40.0x 
magnification, and images were analyzed using the ImageJ 1.38e software application in order to 
collect data.  
 
Methods  

The first step of the experiment was to isolate the chick (Gallus gallus) neurons for 
experimentation following Professor Robert Morris’s Primary Culture of Chick Embryonic 
Peripheral Neurons 1: DISSECTION protocol (2015a). After these neurons were plated and 
incubated at 37ºC for 24 hours in C medium and checked for successful growth of axons, we 
applied the treatments. The concentrations of LiCl on the cells were 20mM, 10mM, and 5mM 
LiCl. The NaCl control had a 20mM concentration, and the other control’s growth medium 
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remained incubating in normal C medium after the medium was removed and replaced in order 
to keep fluid flow consistent among all cultures. These concentrations were accomplished by 
removing a certain amount of the C medium the cells had been incubating in (described below) 
and replacing the same amount with the 40mM LiCl in C medium solution.  

For a concentration of 20mM LiCl on the cells, 1ml of the 2ml total C medium was 
carefully pipetted out of the dish with the coverslip using a sterile pipette, and 1ml of the 40mM 
LiCl in C medium solution was slowly allocated into the dish to replace the 1ml removed, with 
sterile procedure. For a concentration of 10mM on the cells, 0.5ml of the 2ml total C medium 
was carefully pipetted out of the dish with the coverslip, and 0.5ml of the 40mM LiCl in C 
medium solution was slowly allocated into the dish with sterile procedure. For a concentration of 
5mM on the cells, 0.25ml of the 2ml total C medium was carefully pipetted out of the dish with 
the coverslip, and 0.25ml of the 40mM LiCl in C medium solution was slowly allocated into the 
dish. The 20mM NaCl concentration was applied with the same method as the 20mM LiCl 
concentration.  These five plates of cells were left to incubate in 37ºC for a period of 24 hours 
before they were taken out and made into chip chambers for imaging. The second trial of the 
experiment was repeated a week later following the same procedure. 

 
Imaging 
 After incubating for 24 hours with the different doses of reagents, the coverslips were 
made into chip chambers and imaged using a Nikon E-200 light phase microscope, following the 
protocol as described in Morris (2015b). Imaging was done as time lapse; a picture of the same 
axon was taken every thirty seconds for a total of ten minutes for the first trial, and every thirty 
seconds for a total of twenty minutes for the second trial. The images were taken under 40.0x 
magnification on phase 2 on the Nikon E-200 microscope fit with a Sony DFW-X700 camera 
with the adapter C-mount 1.0x magnification, using the BTV6.0B1 software capture command. 
All images were stored on personal flash drives, as well as being uploaded onto the ICUC server 
in the BIO324 Spring 2017 folder.  
 
Quantifying Images 
 In order to collect data from the image sequences, the software application ImageJ 
version 1.51k1 was installed on a personal computer. All images were imported into ImageJ, 
measured using the trace tool, resulting in a length in pixels. The length of the axon as well as 
the change in growth cone dynamics were measured by starting the trace tool where the axon met 
the edge of the picture, and ending at the longest axis of the growth cone, or the longest 
filopodium. Because ImageJ is only calibrated to measure images in pixels, a picture of a stage 
micrometer was necessary in order to convert the lengths of pixels to microns. To accomplish 
this, an image of a 0.01mm stage micrometer was taken under the same magnification on the 
same camera. This image was then imported into ImageJ and 10µm were measured using the 
same procedure, to acquire the number of pixels that equates to 10 µm. The number of pixels 
was then divided by ten to simplify the conversion, and resulted in 6.56 pixels equaling 1 µm.  
 Every length measured in pixels, of axons from each set of image sequences, were then 
translated into Microsoft Excel spreadsheets. Each set of image sequences from the five different 
coverslips of cells had one excel spreadsheet assigned respectively, for each of the two trials. 
These spreadsheets were then used to convert the lengths in pixels to lengths in microns for 
every sequence of images taken. On each excel spreadsheet, the difference in microns was 
calculated between an image captured and the subsequent image captured.  The differences 
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between every image and its successor were then averaged, by calculating their total and then 
dividing it by the one less than the total number of images. These values calculated for each of 
the different concentrations and controls were the average degree of cell dynamics, because the 
measurement of the longest filopodium allowed for the observation of growth cone dynamics. 
Considering the difference was taken from an image and its successor, outward growth would 
then be a negative value. To accurately represent outward protrusion and contraction of 
filopodia, these values had their signs reversed so that outward extension would be represented 
by a positive value, and inward retraction would be represented by a negative value. 
 
Results 
 
 All data was collected from embryonic chick sympathetic neurons in culture and 
measured using transmitted light microscopy image sequencing. Images taken from the second 
trial of the control culture and the 20mM LiCl culture are shown in Figure 1. The growth was 
measured from where the axon meets the edge of the picture to the end of the longest filopodia. 
The average of all differences of lengths between a captured image and its successor, averaged 
over all trials and sets of image sequences taken per trial, are shown in Figure 2. The overall 
axon growth was determined by the slope of the trend lines in Figures 3 and 4.  It was observed 
that the highest concentration of LiCl showed the lowest amount of overall axon growth, as well 
as the lowest degree of cell dynamics. When comparing the trend lines in Figures 3 and 4, there 
is a notable decrease in slope for the 20mM LiCl concentration. These trend lines represent the 
average change in length from growth cone extension and retraction over the time period of 20 
minutes.  
 
 

  
Figure 1: A: A transmitted light microscopy image of the axon bundle measured for the control 
culture. Notice the larger area of the growth cone. B: A trasmitted light microscopy image of the 
axon bundle measured from the 20mM LiCl culture.  Notice the much smaller area of the growth 
cone in comparison to the control.  
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Figure 2: The average degree of cell dynamics, calculated from the difference in microns 
between each image captured and its successor. These values were determined by measuring 61 
total measurements between two trials for the control, 40 total measurements between two trials 
for the concentration of 20mM NaCl, 98 total measurements between two trails for the 
concentration of 20mM LiCl, 86 total measurements between both trails for the concentration of 
10mM LiCl, and 102 total measurements between two trials for the concentration of 5mM LiCl. 
Notice the large negative value for 20mM LiCl, whereas nearly all other cultures had positive 
degrees of cell dynamics. 
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Figure 3: The lengths of the axons incubated in regular growth medium for 24 hours, measured 
from where the axon begins at edge of image to the end of the longest filopodium, in microns, in 
images taken every 30 seconds. The slope of the trend line is 0.3684. The lengths from trial 2 
were from a total of 39 measurements of one cell over the period of 20 minutes.   
 

 
Figure 4: The lengths of the axons incubated in growth medium with a concentration of 20mM 
LiCl for 24 hours, measured from where the axon begins at edge of image to the end of the 
longest filopodium, in microns, in images taken every 30 seconds. The slope of the trend line is 
0.0227.The lengths from trial 2 were from a total of 39 measurements of one cell over the period 
of 20 minutes. Notice the decrease in slope compared to that of the control.  
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Discussion 
 
 In this study, the hypothesis that lithium chloride will negatively affect axonal growth 
and cell dynamics was supported. From the data collected, lithium chloride was shown to reduce 
the growth of axons as well as the average degree of cell dynamics. If the experiment was shown 
to be statistically significant, then the conclusion could be made that lithium does have a 
negative effect on the growth of axons and cell dynamics. In chick embryonic sympathetic nerve 
cells, under the experimental conditions explained above, it may be suggested that lithium bound 
to the cationic binding site of GSK3β, which inhibited GSK3 β’s enzymatic activation (Jope, 
2003). This inhibition of enzymatic activation may have reduced the phosphorylation of tau in 
serine, threonine, and tyrosine phosphorylation sites by GSK3β (Wang et al., 2012). This 
suggested decrease of phosphorylated tau may have then decreased the amount of tau assisting in 
the assembly of  microtubules (Liu et al., 1999). Reducing assembly of  microtubules may have 
then decreased the rate of axon extension. Based on evidence from Xenopus embryos, it is 
reasonable to speculate that the inhibition of phosphorylation of tau also caused the decrease in 
cell dynamics in the current study, because tau is directly correlated to microtubule assembly and 
stability in vivo (Liu et al., 1999). Growth cone motility occurs in steps, one of which being 
engorgement of microtubules into the central domain of the growth cone, followed by the 
consolidation of microtubules to extend the neuron (Dent, Gupton, & Gertler, 2011). The 
reduced rate of microtubule assembly suggested would then contribute to a much slower rate of 
growth cone extension and retraction (Dent et al., 2011)  
 During imaging of cells after exposure to lithium, it became increasingly difficult to keep 
the temperature of the microscope stage constant, and thus this ongoing change in temperature as 
images were taken may be a source of error. Another source of error can be attributed to the lack 
of consistency in the number of images taken in each trial. For the first trial, cells were only 
observed for a total of ten minutes, whereas the second trial was double the time. The time 
interval of ten minutes may have led to inaccurate data because the cells may not have had 
enough time in the correct temperature to have grown during the ten minutes. If this experiment 
was to be repeated, a consistent number of images in each of the time lapse sequences would be 
taken, so that all cells imaged would have been allowed enough time to reach the desired 
temperature of 37 degrees Celsius and grow during the image sequencing.  

Future experiments to test for other comparable inhibitors of GSK3β would be beneficial 
in searching for an effective treatment for AD.  If this treatment were established with multiple 
inhibitors of GSK3β, some inhibitors may work for a certain person’s neurons better than 
another, and thus having multiple inhibitors would be extremely beneficial. Treating AD by 
inhibiting GSK3β would reduce the hyperphosphorylation of tau causing tau tangles, and 
reducing the amount of tangles in an AD patient’s brain may alleviate some of the 
neurodegeneration that is caused by these tangles (Binder et al., 2005).  
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