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Introduction 

Carbon 14, Potassium 40, Radium 226, and Radon 222 are all elements that are 
found in nature and produce various levels of radiation (Idaho State University, n.d.). 
People are consistently exposed to levels of radiation, as it is ever present in the natural 
environment. However, the man-made devices which a large number of the population 
uses today expose us to an increased level of radiation on a daily basis, which can be a 
considered problematic with regards to the potential health risks they pose (National 
Cancer Institute, 2013). As of 2010, the use of cell phones in the United States has 
reached over 303 million users and continues to increase (Ghanbari & Mortazavi et al, 
2013). Some research has shown that even low radiofrequency energy, the radiation 
emitted from cell phones, can cause breaks in DNA strands, which can lead to cancer. 
However, this research has been contested and is said to be inconclusive (Mihai & 
Rotinberg et al, 2014). Other research has shown the negative effects of radiation on 
sperm viability and motility (Ghanbari & Mortazavi et al, 2013) as well as the heating 
effects that cell phone radiation has on brain tissue (National Cancer Institute, 2013).  
The potentially damaging effects from cell phone usage on neurons is a significant issue 
worthy of examination as cell phones are most often used in close proximity to the head.  

  Neurons communicate via an action potential down the axon and releasing 
neurotransmitters into the synapse where they interact with the dendrites of a post-
synaptic cell. Growth cones are crucial for neurons to form circuits (Gordon-Weeks, 
2003). During the time of neuronal development (Sanes & Reh et. al, 2006), neurons 
utilize the growth cones, which are located at the end of the axon, in order to find other 
specific cells with which to form a synapse (Mongui & Weitzke, 2007). Growth cones 
consist of filopodia, which maintain its structure and support from bundles of actin 
filaments (Gallo & Letourneau, 2004). The membrane surrounding the actin filaments 
contains and interacts with intracellular protein receptors that respond to small soluble 
molecules in the extracellular environment. These small molecules provide attracting or 
repulsing signals to the filopodia to proceed (anterograde movement), reverse (retrograde 
movement), or change directions (Challacombe & Snow et. al, 1996).  

Research specific to the effects of radiation on neurons has shown an increase in 
expression of apoptosis genes in primary cultures after exposure to radiation (Mongiu, et 
al, 2007). As growth cone motility rate has shown to be heavily influenced by exposure 
to toxins (Yen, 2006), this study tested the effects of cell phone radiation on the motility 
rate of embryonic chick neuronal growth cones. As past research has shown up-
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regulation of apoptosis genes in neurons exposed to radiation (Mongiu, et al, 2007), we 
presumed that these damaging effects could influence the growth cones’ ability to 
function and would therefore lower motility rate. Based on the previously mentioned 
observations from the literature, we hypothesized that: If embryonic chick neurons are 
exposed to a higher dosage of cell phone radiation, they will show lower growth cone 
motility rates than that of embryonic chick neurons exposed to a lesser dosage of 
radiation. In this study, embryonic chick ganglia were treated with radiation from an 
iPhone 5C, and the distance traveled by individual growth cones was measured using 
time-lapse images. We used Gallus gallus chick embryos as primary cultures because 
they provide sufficient models for studying human cells due to their similarity to the 
human nervous system (Mongui & Weitzke, 2007). To administer the radiation, we used 
iPhone 5C cell phones to treat our embryonic chick ganglion because they are popular 
among American citizens. According to RF Safe, the FCC measured IPhone 5 emissions 
with Bluetooth and Wi-Fi turned on, to be at 1.58 W/kg, which is just under the FCC's 
safety limit of 1.6 W/kg (RF (Radio Frequency) Safe, 2015). 
 

 
Materials and Methods 
 
Cell Culture Preparation 

Dorsal root ganglia (DRG’s) and sensory neurons were collected from day 10 
chick embryos, plated onto coverslips and incubated at 37°C to be used as primary 
cultures. This process followed Dr. Morris’ procedure (Morris, 2015a).  
 
 
Preparation for Experimental Treatment  

One day after the embryonic chick DRG’s were dissected and plated, three 
primary cultures were chosen and labeled high dose radiation, medium dose radiation and 
low dose radiation. Each culture had ganglia distributed in an asymmetric pattern on the 
cover slip for the purpose of being able to recognize them and take measurements on 
axons from the same ganglion over time. To view the cultures a Nikon Eclipse TS1000 
inverted microscope set to 10x magnification and phase 1 with proper phase illumination 
was used. The camera attached to the microscope was a Spot idea model 27.2-
327.1mpcolor. The corresponding software that we used was called Spot version 4.6.1.26 
with iMac version 10.5.8 with 2Ghz inter core 2 duo and 2 GB 667 MHz DDR2 SDRAM 
which was also connected to the microscope. These materials were used for all of the 
images taken during the experiment. Before radiation exposure, images were taken of 
each culture. The pattern of the ganglia was sketched and labeled for future identification 
of specific ganglion. One or two ganglia from each culture were discerned with 
promising amounts of glia cells and growing axons to be measured after the radiation 
exposure.  
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Experimental Treatment: Radiation Exposure 
The cultures were set in an incubator at 37°C with high dose radiation directly 

exposed to the radiation. An iPhone 5C, able to receive phone calls and text messages at 
any time, with Blue-tooth and Wi-Fi mode on, was set on top of the culture dish 1cm 
above the DRG’s with the lid still covering the dish. As radiation emits in all directions 
(RF (Radio Frequency) Safe, 2015), it is impossible to test a control group in the same 
incubator without it having some exposure to radiation. Thus, each culture served as an 
experimental group with different dosages of radiation. If we had access to a second 
incubator with the same brand and make, it would be possible and necessary for the 
reliability of the experiment to test a control group. According to RF Safe, IPhone 5c 
with Blue-tooth and Wi-Fi mode on, emits 1.58W/kg making high dose radiation directly 
exposed to 1.58W/kg of radiation. Medium dose radiation was placed 25cm away from 
high dose radiation. Professor Jason Goodman (Wheaton College, Norton MA) 
explained, using variable D to denote distance, that the equation (D1/D2)2 equals the ratio 
of radiation exposure experienced by the object at D2. As D1 equals 1cm and D2 equals 
25cm, medium dose radiation experienced 0.0016 times less radiation than high dose 
radiation. Low dose radiation was placed 48cm away from high dose radiation. As D1 
equals 1cm and D2 equals 48cm, low dose radiation experienced 0.00043 times less 
radiation than high dose radiation. Previous studies exposed cells to cell phone radiation 
for two hours (Mongiu, et al, 2007), however, as they were tested over twelve years ago 
and cell phone use has drastically increased since then (National Cancer Institute, 2013), 
it was decided to use three hours of radiation exposure for the experiment. The cultures 
were left in the incubator at 37°C under radiation exposure for 3 hours after which the cell 
phone was removed and the dishes left in the incubator. The same radiation exposure 
procedure was used for Experiment 2.  
 
Imaging/Data Collection 

For each primary culture, the previously specified ganglia were photographed 
using the materials specified above. A small heater, LASKO Ceramic Air Heater, model: 
754200, was placed next to the inverted microscope with a small thermometer attached to 
the microscope stand. This allowed for the temperature to be maintained at 37°C while 
collecting images. First an image of the entire ganglion was taken and then a series of ten 
images were taken. One image every ten seconds focusing on either glia cells or growth 
cones on axons protruding from the specified ganglion. Every twelve hours we returned 
to capture more time sequenced images of the growth cones and glia cells. In total, six 
sets of data were collected for Experiment 1 and 3 sets of data were collected for 
Experiment 2. After the third set of data it was realized that we had more images than 
was realistic to analyze within one week. Instead of ten images, four images were taken 
one every ten seconds. An image of a ruler showing 1mm was captured using the 
microscope and Spot software under the same imaging conditions as specified above. The 
image of the ruler produced a scale to convert the distance measurements from pixels 
(pix) to micrometers (um).  
 
 
 
 



Simmons, L.C. (2015) Growth cones exposed to radiation. Wheaton Journal of Neurobiology Research.  

Data Analysis 
To analyze the data the segmented line option in Image J version 1.49 was used to 

measure the growth rate of growth cones. An axon was chosen from each ganglion 
photograph and using the segmented line option the axon was traced from the cell body 
to the furthest reaching filopodia at the end of the growth cone (Yen, 2006). Using the 
analyze options and measure button, the distance traced by the segmented lines was given 
in pixels and recorded in a lab notebook. To analyze the length measurements, the 
distance traveled by the growth cones moving anterograde between each photograph was 
calculated over the first four images taken in each sequence. For each axon these 
distances were averaged and divided by 10, as each picture was taken 10 seconds apart. 
This showed an average distance traveled in pix/sec. Using the conversion factor 
1618.95pix/mm calculated from the ruler measured under 10x magnification, each 
average was divided by 1618.95pix/mm, multiplied by 1000um/1mm and multiplied by 
60sec/min, to give a final average of growth cone anterograde velocity in um/min. In 
cases where retrograde movement was exhibited by the growth cone, this distance was 
subtracted from the total anterograde movement over four images before calculating the 
average between them.  
 
Results 

After radiation exposure, 6 datasets were collected from the three experimental 
cultures. The first dataset was collected directly after radiation exposure and the 
following five were collected, one every twelve hours. Datasets contained one picture of 
a specially chosen ganglion and then a time sequence of images focused on a growth 
cone. The first three dataset image series consisted of one image taken every ten seconds 
for 110 seconds however, the data quickly became too numerous for analysis in time for 
our deadline. For the following trials we took one picture every ten seconds for 30 
seconds. Due to time constraints, three datasets were collected from each culture in 
Experiment 2 and included the same time sequence images.   

Images of a high dose radiation axon at time zero and after ten seconds are shown 
to compare with images of a low dose radiation axon at time zero and after ten seconds.  
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Figure 1A. Experiment 1, low dose radiation growth cone at time zero. Magnification 
10x. Arrow (a) shows a fixed point on the coverslip. Arrow (b) shows the tip of the 
growth cone.  
 
 

 
Figure 1B. Experiment 1, low dose radiation growth cone after ten seconds. 
Magnification 10x. Arrow (a) shows a fixed point on the coverslip. Arrow (b) shows the 
tip of the growth cone.  
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Figure 2A. Experiment 1, high dose radiation growth cone at time zero. Magnification 
10x. Arrow (a) shows a fixed point on the coverslip. Arrow (b) shows the tip of the 
growth cone. 
 
 

  
Figure 2A. Experiment 1, high dose radiation growth cone after ten seconds. 
Magnification 10x. Arrow (a) shows a fixed point on the coverslip. Arrow (b) shows the 
tip of the growth cone. 
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For initial analysis of the data, the growth cone motility rate for each experimental group 
was averaged into one clump and shown in a bar graph (Figure 3).  
 

 
Figure 3. Average velocities of growth cones for high, medium and low doses of 
radiation. High dose radiation shows the lowest average growth cone velocity and low 
dose radiation shows the highest average growth cone velocity. Analysis of distance 
traveled by growth cone was determined using 4 length measurements of two axons on 
each of three days for each dose of radiation.  
 
For further analysis of the data, the averages from the results in Experiment 1 and 
Experiment 2 were clumped and plotted over time.  
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Figure 4. Average velocities of growth cones for high, medium and low doses of 
radiation over 24 hours. High dose radiation initially shows the highest growth cone 
velocity and than significantly decreases compared to the growth cone velocities of 
medium and low dose radiation. The average growth cone velocity of medium dose 
radiation decreases slowly over time. The average growth cone velocity of low dose 
radiation increases and then decreases. Analysis of distance traveled by growth cone was 
determined using 4 length measurements of two axons on each of three days for each 
radiation dose.  
 
 
Discussion 

The hypothesis that if embryonic chick neurons are exposed to a higher dosage of 
cell phone radiation, they will show lower growth cone motility rates than that of 
embryonic chick neurons exposed to a lesser dosage of radiation was not supported the 
collected data. Initial analysis of the data (Figure 3) does show supporting evidence to the 
hypothesis. High dose radiation shows the lowest average growth cone velocity. Low 
dose radiation shows the highest average growth cone velocity. However, this data 
encompasses the growth rate of each growth cone measured over a period of 24 hours 
and does not show time as a variable. Further analysis of the data (Figure 5) shows a 
different effect of radiation on average growth cone velocities. As can be seen in Figures 
4, at time zero, high dose radiation shows the highest rate of growth cone velocity and 
then significantly decreases after 12 and 24 hours. Medium and low dose radiation start 
with the same average growth cone velocities. Medium dose radiation decreases over 24 
hours at a slower rate than high dose radiation, while low dose radiation increases after 
12 hours and then decreases after 24 hours. These trends suggest that radiation does in 
fact have an effect on the motility rate of growth cones in a different manner than the 
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hypothesis stated. If this experiment was repeated numerous times and produced the same 
results, it could be concluded that radiation exposure of about 1.58W/kg to sensory 
neurons, decreases the average velocity of growth cones over time. This result can only 
be postulated at this time as the experiment did not have an adequate number of 
experimental groups to support the data or a control group for comparison with the 
experimental groups.  

One potential reason that exposure to radiation could cause growth cone motility 
rates to decrease after several hours is the fact that DNA mutations are shown to occur 
from radiation exposure (Kobayashi & Ichizo, 2014). Once mutations occur in exon 
regions of the DNA, the transcribed protein sequence changes and thus, the proteins 
function will change. For example, when mutations are present in the actin and 
microtubule proteins, the proteins could become destabilized, resulting in loss of 
structure and thus, the loss of function of the filopodia. Once the filopodia loses function, 
the growth cones will become immobile (Gordon-Weeks, 2003) 

Possible sources of error in our experiment could have occurred when exposing 
the cultures to radiation. The precise exposure time between each trial could have 
differed between two to three minutes. The amount of radiation exposure between 
Experiment 1 and Experiment 2 could also have differed because the cell phone may 
have received more text messages or phone calls during one experiment compared to the 
other.  

Future studies to investigate the effects of radiation on the slowing motility rates 
of growth cones should be done with an increased “n” value, measuring multiple growth 
cones per ganglion to determine if the data are reliable.  In addition, to ensure more 
reliable data, the study should be done with a second incubator of the exact same brand 
and make so that a control group with no radiation exposure can be measured for 
comparison to the experimental groups. Further studies should also include collection of 
measurements over a longer period of time to see if the growth cone rates continue to 
decrease. To mirror the intermittent cell phone use of many American people, studies 
should test how short intervals of radiation exposure would affect neurons. If these 
studies also produced data showing lower growth rates in axon growth cones, it would 
demonstrate that people’s cell phone usage habits are diminishing the function of 
neuronal communication.  
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