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Introduction 
 
             Nicotine is a neurological teratogen that has negative effects on the health of an 
individual, from a developing fetus all the way to an adult. It is widely known within the general 
population that smoking cigarettes causes lung cancer; however, the deleterious neurological 
effects of nicotine are less understood. Many individuals have moved away from cigarettes and 
have switched to using other forms of ingesting nicotine, such as Juuls, under the false 
impression that ingesting only nicotine will do less harm (Carbello, 2017). Tobacco smoke 
contains a harmful mixture of thousands of chemicals, whereas the aerosol of electronic 
cigarettes contains much fewer toxic chemicals, but ingesting the aerosol is not safer than the 
traditional cigarette (Gottschalk, 2019). The electronic cigarette is marketed to help adults who 
smoke traditional cigarettes cease smoking. In the United States youth who have never smoked 
before are more likely to use an e-cigarette than habitually smoking adults (CDC 2018). E-
cigarettes are the most commonly used form of nicotine ingestion amongst youth in America 
(CDC, 2018), and 16% of high school adolescent teens in America are using e-cigarettes 
(Surgeon General, 2016).  E-cigarette aerosol not only contains nicotine, but also known harmful 
substances such as diacetyl flavorings linked to lung disease, heavy metals and other cancer- 
causing chemicals (CDC, 2018).  

The nicotine found in e-cigarettes is just as harmful as the nicotine found in tobacco 
products (Gottschalk, 2019). There is considerable evidence that nicotine has neurotoxic effects 
on the developing brain (Dwyer, 2009). In the brain, nicotine affects the nicotinic acetylcholine 
receptors(nAChRs) of neurons within the cholinergic system. The cholinergic system is linked to 
many aspects of cognitive functioning (England, 2015). Acetylcholine receptors are responsible 
for regulating important parts of brain development during prenatal and adolescent periods of 
life, which is when the brain is the most susceptible to change via the action perturbing agents 
(Dwyer 2009). Substantial evidence from previous studies indicates that exposure to nicotine 
during critical brain development leads to many detrimental health effects (England, 2015).  

If the developing brain is perturbed by nicotine, the normal functioning of nAChRs is 
disrupted (Dwyer, 2009). Nicotine is capable of both activating and desensitizing a neuron, and 
exposure to nicotine possibly inhibits the normal functions of acetylcholine through 
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desensitization of the neuron (Dwyer, 2009). The perturbation of nicotine can lead to 
repercussions for adolescent development since the neuronal network is not completed. (Yuan, 
2015), and thus can cause a change in brain architecture (England, 2015). The development of a 
neuronal network includes the growth of axons and the formation of synaptic connections 
(Lodish, 1970).  While an axon is growing, the leading tip of the axon is called a growth cone. 
Growth cones respond to signals within the developing brain and lead an axon down its path 
(Rooij, 2018). The navigation of the growth cone is key to the correct formation of the neuronal 
network (Kahn, 2016). When a neuron is growing, the cell body is stationary, and the highly 
motile growth cone moves outward, which elongates the axon. Within the axon there are 
microtubules to provide stability (Lodish, 1970). Axons are vital the proper formation of a 
neuronal networks and overall brain function (Rooij, 2018).  

There are many studies on how nicotine affects a developing brain in relation to the 
overall brain structure and neuronal pathways, but there is limited research on nicotine's effect to 
a single neuron. In this study, axonal outgrowth in relation to nicotine exposure was measured 
within the dorsal root ganglia (DRGs) of 10- day Gallus gallus embryos. Gallus gallus 
sympathetic neurons are an appropriate model because they have been confirmed to have 
nicotinic receptors (Halverson, 1986), and it is reasonable to assume nicotine will bind to the 
neuronal tissue in culture. In consideration of nicotine exposure affecting the cholinergic 
neuronal pathway, this study sought to expose an axon level shift that leads to the change in 
brain architecture. This research tested the hypothesis if Gallus gallus neurons are exposed to 
nicotine at one day post dissection, then axonal outgrowth in vitro will be impaired when 
compared to neurons not exposed to nicotine. 
 
Materials and Methods 
Coverslip Cleaning  
 

Cover slips were cleaned in accordance with the procedure outlined in “Primary Culture 
of Chick Embryonic Peripheral Neurons 1: DISSECTION” (Morris, 2019). Cover slips were 
prepared in a large quantity weeks before the dissection.  
  
Coverslip Treatment for Cell Culture  
 

Coverslips were treated during tissue dissection so that they would be ready for neuronal 
tissue to be placed directly onto them as soon as the dissection was completed.  The treatment 
was performed in accordance with “Primary Culture of Chick Embryonic Peripheral Neurons 1: 
DISSECTION”.  Previously cleaned coverslips were placed over one drop of poly-lysine, (one 
coverslip per droplet) and allowed to sit for at least 20 minutes. After 20 mins, the coverslips 
were rinsed with sterile water and placed at an angle to dry. Once dry, the coverslips were placed 
poly-lysine side down on a droplet of laminin and allowed to sit for 20 mins. After 20 minutes, 
the coverslips were rinsed with Hanks balanced salt solution (HBSS) and immediately placed in 
a 35mm petri dish with 2 ml of F+ growth medium, laminin side up (Morris, 2019).  
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Tissue Dissection 
 
            Dissection of 10-day old Gallus gallus embryos was performed by Dr. Bob Morris per 
the procedure outlined in “Primary Culture of Chick Embryonic Peripheral Neurons 1: 
DISSECTION”.  The harvested neuronal tissue (dense ganglion) was plated on the treated 
coverslips and incubated at 37 degrees Celsius (Morris, 2019). The experimental conditions were 
applied after 24 hours of incubation and growth.  
 
Preparation of (-)-nicotine solution 
 

A 5 ml bottle of (-)-nicotine (6.23M) was obtained from Sigma Aldrich. A stock solution 
at the concentration of 294mM was created using 500 µl of 200%proof ethanol and 24.5 µl of    
(-)- nicotine. This stock solution was stored in a refrigerator within secondary containment for 
the remainder of the study. Working solutions of varying concentrations (0.25 mM and 1.0mM) 
were prepared from the (-)-nicotine stock solution diluted in F+ growth medium. Working 
solutions were determined from the methods of Chen et al, (2014). The 0.25mM working 
solution was created by transferring 1.7 µl of stock solution into a 1.5 ml Eppendorf tube 
containing 0.5 mL of F+ growth medium. The 1.0mM working solution was created by 
transferring 6.8 µl of stock solution into a 1.5 ml Eppendorf tube containing 0.5 mL of F+ 
growth medium. When the 0.5mL nicotine-growth medium solution was added to a cell culture 
containing 1.5 mL of growth medium, the desired concentration was achieved. Working 
solutions were created with fresh F + growth medium on the day of data collection. This was 
done in collaboration with Sam Crocker, Caylee Hapworth, and Dr. Robert Morris.  
 
Experimental set up for imaging  
 

A cell culture plate, with 1.5 mL of F+ growth medium, was placed on the microscope 
stage of a Nikon TS100 inverted microscope atop two parallel microscope slides secured to the 
stage by tape. The microscope slides were used to support the petri dish within the focal length 
of the 40x objective lens. To ensure the cells remained active or the duration of the experiment, a 
portable space heater and temperature probe taped to the microscope stage were used to keep the 
stage at approximately 37 degrees Celsius.  

After placement of the dish on the microscope stage a region of interest was located 
containing at least two visible axons and their growth cones. Once a region of interest was 
identified, the microscope was transitioned to the 40x objective to clearly view the tip of the 
axon. Using a Pasteur pipette, the 0.5 mL nicotine working solution was carefully added to the 
culture. In the case of the control condition, the solution added contained 6.8µl of ethanol in 0.5 
mL of growth medium. This was done to ensure any effects seen were not attributable to the 
carrier.  
  
 Image Acquisition 
 

Images were acquired on a SPOT idea camera (0.50 diagnostic imaging) and associated 
SPOT software connecting the camera and Nikon Eclipse TS100 microscope to a desktop 
Macintosh Computer (MAC OS X version 10.5.8). The region of interest was manually imaged 
in 5-minute intervals for a total of 30 minutes. The first image was taken at time 0, immediately 
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following the introduction of the working solution. The complete set of 7 images per culture 
allowed for a time-lapse video of the movement of an axon to be seen. The set of images for each 
experiment were saved to google drive, and the culture plates were disposed of. Images were 
acquired in collaboration with Sam Crocker.  
  
Image Analysis  
 

Image analysis was performed on an Apple MacBook using Fiji (version 2.0). Image 
sequences were imported into Fiji in chronological order and organized into image stacks. Once 
the images were in a stack, they were converted to 8-bit photos to eliminate color. Brightness/ 
contrast of the stacks were adjusted via the “auto” function of Fiji to better visualize the axons 
and growth cones. The auto contrast function changed the displayed brightness but did not alter 
the raw data (This was determined by analyzing the histogram and intensity profile of the raw vs. 
adjusted images). Axons were visualized as having a stark contrast of brightness as compared to 
the background and were determined to be an average of 135% darker than the adjacent 
background. This was determined by using the area tool in Fiji to measure grey values of 
background and axons in three images of every data set. A mean grey value was determined for 
the background and the axons and the relative percent difference was calculated using the 
formula “Percentage Difference=(|Δ𝑉|/[Σ𝑉2]) ×100”. Axonal growth was measured using the 
change in centroid location of filopodia and lamellipodia protrusions of a growth cone. A growth 
cone was defined as the terminal end of an axon containing both filopodial and lamellipodial 
protrusions. Measurements were taken of filopodia and lamellipodia protruding from the phase 
dark growth cone at the tip of an axon; the measurements began where there was a visible 
change in contrast between the very phase dark axon and the much lighter filopodia. The dark 
cytoplasmic region of a growth cone was excluded from the measurements. The phase dark 
cytoplasmic region of the growth cone was an average of 117% darker than the filapodial 
protrusions and the filopodial protrusions were an average of 28% darker than the adjacent 
background. These values were determined using the same methodology as determining the 
relative difference between background and axons. All growth cones within the imaged regions 
that fit the aforementioned criteria were analyzed. Growth cones not in the image field for the 
whole time period or that had no filopodial protrusions were not included in analysis. 
  The polygon tool of Fiji was used to trace the filopodia and lamellipodia protrusions of 
each growth cone fitting the criteria in each image of an image sequence for the control and 
experimental conditions. The polygon tool allowed for the centroid measurement of the 
protrusions to be recorded in (X, Y) pixel coordinates over the imaged time period. Once these 
values were obtained, the distance formula “Distance =sqrt[(𝑥2−𝑥1)2+(𝑦2−𝑦1)2]” was used to 
determine the growth of each axon every five minutes, as well as net growth over the 30 -minute 
time period. Positive growth was considered growth that lengthened the axon and was recorded 
as a positive number; negative growth was growth that shortened the axon and was recorded as a 
negative number. The resulting distances were in pixels and were converted to micrometers 
using a value determined by a stage micrometer. The stage micrometer (0.1mm to 0.01mm) was 
imaged on the Nikon TS100 inverted microscope at 40x magnification and was analyzed in Fiji 
to determine the number of pixels in a known distance of 200 micrometers (6.78 pixels/µm). 
This value was used to convert the distance pixel values to micrometers. The distances of each 
measured growth cone were averaged for each condition for net growth and growth per five 
minutes. Image analysis was performed in collaboration with Sam Crocker. 
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Results  
The movement of filopodia and lamellipodia protruding from growth cones was 

measured for each group. Data for the control group were derived from the filopodia and 
lamellipodia protrusions of 2 growth cones of 2 axons in one trial. Data for the experimental 
condition of 0.25mM nicotine concertation were derived from the filopodia and lamellipodia 
protrusions of 3 growth cones of 3 axons in one trial. Data for the experimental condition of 1.0 
mM nicotine concertation were derived from the filopodia and lamellipodia protrusions of 5 
growth cones of 5 axons in one trial. By tracking the centroid movement of filopodia and 
lamellipodia protrusions, micrometers of growth (positive or negative) was determined for each 
axon in the imaged region. The control group (Figure 1) displayed normal growth. Normal 
growth being defined as positive growth lengthening the axon for the entire 30 -minute time 
period as seen in Figure 1. When cell cultures were exposed to (-)-nicotine, very dynamic 
filopodia and lamellipodia activity was observed, with both positive and negative growth seen 
for each axon (figures 4). It is interesting to note that axons within the experimental condition of 
a lower dose of nicotine displayed a larger average net growth when compared to the higher dose 
of nicotine; however, both the experimental conditions showed less average net growth than the 
control condition, as seen is figure 5. 
 
 
 
 

 
Figure 1: Axons growing in Carrier Control unexposed to nicotine. In this 
brightness/contrast adjusted image, two axons can be seen with clear growth cones and filopodia 
and lamellipodia protrusions. Notice the forward advancement of the growth cone starting at 0 
minutes (A) to 30 minutes (B). The vertical bars indicate the maximum length of the filopodial 
protrusions at 0 minutes. The arrowheads in image B indicate the growth of the filopodial 
extensions after 30 minutes of observation. Images shown are 157µm wide. 
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Figure 2: Axons growing exposed to 0.25mM nicotine. In these brightness/contrast adjusted 
images, axons exposed to 0.25mM nicotine can be seen at time 0 min (A) and 30 mins (B). The 
vertical bars indicate the maximum length of the filopodial protrusions at 0 minutes. The 
arrowheads in image B indicate the position of the filopodial protrusions after 30 minutes of 
nicotine exposure. Images shown are 157µm wide. 
                          
 
 
 
 

 
Figure 3: Axons growing exposed to 1.0 mM nicotine. In these brightness/contrast adjusted 
images, axons exposed to 1.0mM nicotine can be seen at time 0 min (A) and 30 mins (B). The 
vertical bars indicate the maximum length of the filopodial protrusions at 0 minutes. The 
arrowheads in image B indicate the position of the filopodial protrusions after 30 minutes of 
nicotine exposure. Images shown are 157µm wide. 
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Figure 4: Average growth of axons in the control and experimental cultures over 30 
minutes. This graph depicts the average growth every five minutes for 30 minutes for the axons 
in the carrier control, 0.25mM and 1.0mM nicotine cultures. For the carrier control, notice the 
positive growth over the entire 30- minute observation window, with the largest amount of 
growth occurring within the first five minutes of imaging. Within the 0.25mM nicotine exposed 
axons, notice the positive growth from 0 mins to 15 mins, and the negative growth (retraction) 
during minutes 15-30, with the largest distance of retraction occurring between 20 and 25 
minutes. For the axons in the 1.0mM experimental culture, notice the dynamic positive and 
negative growth occurring within the first 15 minutes of exposure, and the retraction during 
minutes 15-30, with the largest distances of negative growth occurring between 15 to 20 minutes 
and 25 to 30 minutes. It is important to note that the average growth within this condition is 
much smaller than the growth within the 0.25mM experimental condition.  
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Figure 5: Average net growth rate exhibited by neurons exposed to differing concentrations 
of (-)-Nicotine. This bar graph depicts the average net growth of the axons in the control and 
nicotine exposed cell cultures. The negative growth within the nicotine exposed cell cultures is 
indicative of neurite retraction. Notice the greatest average amount of negative growth within the 
neurons exposed to 0.25mM of nicotine.  
 

Discussion 
This research tested the hypothesis that Gallus gallus neurons exposed to nicotine will 

have impaired axonal outgrowth. The results of this preliminary study support the hypothesis that 
exposure to (-)-Nicotine impairs axonal outgrowth by inducing neurite retraction in Gallus gallus 
sympathetic ganglion plated on poly-lysine. Neurons exposed to nicotine displayed negative net 
growth and very dynamic growth cone behavior as compared to neurons with no nicotine 
exposure. In comparing Figures 4, it can be seen that neurons exposed to 0.25mM of nicotine 
experienced much more dynamic growth, be it positive or negative, than the neurons exposed to 
1.0mM of nicotine. Nicotine is capable of both activating and desensitizing a neuron (Dwyer, 
2009) and is known to quickly desensitize neurons in vitro (Small, 1995). When a neuron is 
desensitized, it means that it has lost the ability to functionally respond to an agonist due to 
continuous and repeated exposure to the agonist (Quick, 2002). It is possible that the exposure to 
1.0mM of nicotine may have further desensitized the neurons than 0.25mM of nicotine, thus not 
allowing for as much growth activity.  

It is believed that the actin cytoskeleton of an axon determines the growth patterns of 
filopodia extension and retraction (Mallavarapu, 1999). The cytoskeleton within a neuron is 
composed of microtubules, actin and other neurofilaments (Kevenaar, 2015). The proper 
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assembly of the actin and microtubules within the cytoskeleton of an axon are imperative to not 
only its structure, but also growth and other specialized neuronal functions such as axonal 
transport (Kevenaar, 2015). Many neurological diseases and developmental disorders have been 
associated with damaged axonal cytoskeletons because when the cytoskeleton is damaged, there 
are deficiencies in axonal outgrowth, axonal transport, and synapse functioning (Kevenaar, 
2015). Previous studies have shown that the growth of a neurite is dependent on localized 
increases in actin dynamics and microtubule stability (Flynn et al, 2009). A possible explanation 
of why nicotine effects filopodia and lamellipodia growth is a disruption of the underlying 
actin/microtubule cytoskeleton. There is very limited published research about nicotine’s effect 
on actin; however, a study performed by Cucina et. al in 2002 revealed that nicotine boosts the 
release of platelet derived growth facts in epithelial cells, leading to disassembly and 
reorganization of the epithelial cell’s cytoskeleton (Cucina et. al, 2002). It may be possible that 
nicotine is having similar effects in neuronal tissue leading to the disassembly of the actin 
cytoskeleton.  

The decreased distance of filopodia within nicotine exposed neurons in this study shows 
that nicotine may decrease the actin dynamics and microtubule stability within a growth cone. 
The decrease in actin dynamics leads to disassembly of the actin cytoskeleton, causing retraction 
of the axon (Mallavarapu, 1999). Peak neurite retraction occurred after 20 minutes of nicotine 
exposure, which suggests that nicotine only slows growth at first, and perhaps causes actin 
disassembly later in exposure. Similar experiments were performed in 1995 by Small et. al, and 
it was determined that nicotine has a weak inhibitory effect on neurite outgrowth of 12-day old 
sympathetic neurons in culture (Small, 1995). It is unknown the effect nicotine would have on 
axons within the neuronal network adolescent brain, and what may be considered statistically 
insignificant within in vitro chick neurons may be significant within the human brain. Statistical 
analysis was not performed on the data collected in this research because it was beyond the scope 
of this current study. 
 Statistical analysis performed on many more trials of this experiment would be needed to 
determine if the negative growth (retraction) caused by nicotine is significant when compared to 
normal growth of unexposed neurons. Limitations of this study should not be ignored when 
examining the results. While this research did its best to ensure stable conditions for each cell 
culture, it is possible that decreased growth rates may be attributed to cell cultures drying out or 
being too cold to support growth. To refine this study, longer observation times and the 
observation of chronic exposure and larger dose curve could be used to test the threshold for 
nicotine desensitization. A much larger sample size for each condition and a more detailed 
analysis of filopodia and lamellipodia behavior would lend itself to more reliable results. Future 
experiments would need to delve further into the mechanisms underlying the neurite retraction, 
such as ion influx through nicotinic acetylcholine receptors (Small, 1995). It would be 
particularly interesting it study nicotine’s effect on calcium permeability in neurons and how that 
affects overall growth (Torrao, 2003). Future experiments can also evaluate nicotine’s role in 
formation of neuronal networks by measuring synaptogenesis. The preliminary findings or this 
study are relevant due to the current nicotine epidemic effecting the youth in America. This topic 
should be researched further in order to be able to claim substantial evidence of how nicotine 
effects the neuronal network within the human brain. 
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