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Introduction 
 
One survival strategy that bacteria have evolved is the formation of biofilms, a means of 
protection that does not change when bacteria are introduced into the body. When planktonic 
bacteria  create biofilms, they do so by forming colonies, attaching themselves to an interface 
and secreting a protective extracellular polymeric matrix (Costerton, Montanaro, & Arciola, 
2005). Under the protection of this biofilm, bacteria experience enhanced cell-to-cell 
communication and gene transfer, resulting in an increased rate of adaptation and the spread of 
antibiotic resistance (Bryers, 2009; Donlan, 2001; Flemming et al., 2016). As a result, chronic 
infections may occur and persist in spite of antibiotic therapy and the host immune response 
(Høiby et al., 2011; Wu, Moser, Wang, Høiby, & Song, 2015). This is a problem now more than 
ever because, with the advance of medical technology, increasing numbers of medical devices 
and artificial organs are being implemented and introduction of foreign objects into the human 
body increases risk of infection. So, it is important to learn more about biofilms, how they affect 
the cells around them, and how they can be combatted. 

A number of bacteria can form biofilms, including Pseudomonas aeruginosa (P.aeruginosa), a 
gram negative bacteria found in many different environments, including hospitals, where it is 
one of the leading causes of nosocomial infections. Due in part to its ability to form biofilms and 
in part to its large genome, P.aeruginosa is resistant to a wide range of antibiotics and can cause 
life-threatening acute and chronic infections, especially in patients with compromised immune 
systems (Moradali, Ghods, & Rehm, 2017; Sharma et al., 2014). As a result, it is emerging as a 
worldwide public health threat and was chosen to represent biofilms in the current study 
(Moradali et al., 2017). When bacteria are in a host, their death can cause the release of 
endotoxins that are prone to do more damage. So, when biofilms cause chronic infections, this is 
one concern that should be addressed. For gram negative bacteria such as P.aeruginosa, 
lipopolysaccharides (LPS) such as lipid A, make up the outer membrane and are known 
endotoxins (Raetz et al., 1991). Therefore, LPS is a logical choice of endotoxin to use when 
studying P.aeruginosa pathogenesis.  



 2

Cellular and systemic effects induced by LPS may be attributed to the Toll-like receptor 4 
(TLR4) signaling cascade and several members of the Transient Receptor Potential (TRP) family 
of cation channels (Boonen, Alpizar, Meseguer, & Talavera, 2018). TRP channels are of 
particular interest because their proteins play critical roles in sensory physiology, including 
contributions to vision, olfaction, hearing, and thermo- and osmosensation. In particular, TRP 
proteins with their highest expression in neurons or in regions of the body with high quantities of 
neurons (such as the brain or spinal cord), oftentimes have roles relating to exocytosis 
(Venkatachalam & Montell, 2014). So, LPS from a P.aeruginosa infection, transmitted via a 
contaminated medical device, may trigger TRP cation channels which, in neurons, oftentimes 
have roles in exocytosis. This points to a potential relationship between LPS and exocytosis, 
however, this relationship has not yet been evaluated on the cellular level in neurons.  

In this study, I investigated how biofilms affect neurons by focusing on the role of P.aeruginosa 
endotoxins on rate of exocytosis. Since exocytosis is difficult to evaluate directly, endocytosis 
was monitored under the assumption that neurons exocytose and endocytose at similar rates 
(Liang, Wei, & Chen, 2017). It was hypothesized that, upon exposure to LPS, the rate of 
endocytosis would increase. This rate was analyzed using dextran to assess endosomal 
fluorescence by measuring fluorescence brightness and average number of fluorescent pixels. In 
addition, axonal width was measured to compare these results to the fluorescence results.  

 

Materials and Methods 
Dissection 
Chick (Gallus gallus) embryos that were 10 days old were harvested and dissected according to 
the IACUC-approved procedure in the protocol “Primary Culture of Chick Embryonic Peripheral 
Neurons 1: Dissection”. Both dorsal root ganglia and sympathetic chains were collected during 
the dissection and plated on coverslips that had been treated according to the procedure outlined 
by “Primary Culture of Chick Embryonic Peripheral Neurons 1: Dissection” (Morris, 2017). 
Plated cells were then incubated at 37°C overnight before further experimentation.  

Fluorescein Isothiocyanate-Dextran Preparation 
Concentrations and exposure times used were based on a procedure published in the Journal of 
Cellular Biology (Berlin & Oliver, 1980). A stock solution of 20mg/mL fluorescein 
isothiocyanate-dextran (dextran) was prepared using 12.2mg of dextran and adding 610μL of 
HBSS. These two solutions were measured and mixed using sterile technique in an Eppendorf 
tube that was wrapped in tinfoil to protect dextran from light while it was on the bench. Then, the 
stock solution was kept in a light-protecting box in the 4°C freezer for later use. Anytime the 
dextran stock solution had to be made again, this same procedure was followed. This portion of 
the study was conducted in conjunction with Sydney Littlejohn.  

Lipopolysaccharide Preparation 
A stock solution of 1mg/mL of lipopolysaccharides from Pseudomonas aeruginosa (LPS), 
produced by Sigma-Aldrich (L9143), was prepared from 13.3mg of LPS and 13mL of HBSS. 
This solution was prepared using sterile technique in a falcon tube and stored in the 4°C freezer 
for later use. This portion of the experiment was conducted in conjunction with Joey Batson, 
Harmony Ring, and Kennelly Allerton.  
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Control Preparation 
One day old chick neurons were exposed to 1mL of 10mg/mL fluorescein isothiocyanate-dextran 
at 37°C for 4 minutes. During this time, cells were protected from light using tin foil. Then, cells 
were washed 4 times with HBSS.   

Experimental Preparation 
Concentrations and exposure times used were based on a procedure from a study published in 
Animal Nutrition (Shi et al., 2016). The 2µg/mL experimental concentration of 
Lipopolysaccharides from Pseudomonas aeruginosa (LPS) was prepared from the stock solution 
of 1mg/mL by mixing it with F+ medium. Once this solution had been prepared, 1mL of it was 
added to 1mL of growth medium to make a final working concentration of 1µg/mL and cells 
were incubated at 37°C for 6 hours with this concentration. After 6 hours, the working 
concentration of dextran was added to cells, which were then incubated for 4 minutes at 37°C. 
From this point forward, cells were protected from light. Then, LPS and dextran were removed 
and four washes were conducted using HBSS. 

Imaging Protocol 
Control and experimental cells were prepared and put on slides following the procedure for 
making chip chambers found in the protocol “Primary Culture of Chick Embryonic Peripheral 
Neurons 1: Dissection” (Morris, 2017). A Nikon Eclipse E200 Epi Fluorescent microscope was 
used on the 40X, phase 1 magnification to take images of the cells. The camera used to take 
these images was a SPOT Insight FireWire 2 mega sample that was connected to an Apple iMac 
computer. Photos were visualized on the computer using the SPOT Software 5.2. For every 
region of the slide that was imaged, both a transmitted light image and a green fluorescent image 
were taken. The exposure time of the fluorescence image was 4000ms.  

Fluorescence Intensity Data Analysis 
Image analysis was conducted using ImageJ version 1.52a. Both the transmitted light image and 
the corresponding fluorescence image were opened in ImageJ, and the fluorescence image was 
converted to an RGB stack, then only the green version was used for analysis. A region of 
background located within 2µm of a region of fluorescence was outlined using polygon tool and 
the histogram tool was used to determine the mean brightness value. Three such values were 
averaged and minimum brightness for the image was adjusted to equal the mean background 
value. The transmitted light image was overlaid on the fluorescent image at a transparency of 
10% so that both images were visible. Then, the polygon tool was used to outline the axon or cell 
soma of interest. An axon was defined as a network of branching uniform caliber phase dark 
lines connected to a cell body that possessed a distinct phase halo, and which was 5% darker than 
the surrounding background region. Once an area had been outlined, a histogram was taken and 
the list of brightness values greater than 10 with their corresponding pixel counts were collected. 
In addition, the areas of cell bodies were measured and recorded along with the lengths of axons, 
or axon regions. Pixels were then converted to micrometers. Axons or cell bodies that appeared 
obscured were disregarded and not used for analysis. A region with many interconnected and 
indistinguishable axons was analyzed together instead of as individual axons.  

Axon Width Data Analysis 
Image analysis was conducted using ImageJ version 1.52a. Transmitted light images were 
opened in ImageJ and converted to 8-bit images. To each image, a grid with a 1000 pixel2 area 
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point was added. Axons closest to the following coordinates were analyzed: (338, 222), (1142, 
332), (538, 836), (1146, 814). If there was no axon in those coordinates, the cursor was moved 
along the y-axis to find the nearest axon. In the case that there was still no axon, then the axon 
closest to the column formed by this y-axis was analyzed. An axon was defined as a network of 
branching uniform caliber phase dark lines connected to a cell body that possessed a distinct 
phase halo, and which was 5% darker than the surrounding background region. Once an axon 
was found that fit these specifications, the point where the cursor met the axon was magnified to 
400%. If either end of the axon was visible within the view field at this magnification, it was 
moved to the edge of the view field. Then, the boxes of the graph where the axon passed through 
were numbered from top to bottom, then left to right. If a junction in the axon was visible, 
counting was conducted separately for the branches. Regions of axon that were in boxes 
numbered with multiples of three were quantified by placing the cursor in the center of the 
portion of the axon within that box, moving it to one edge and drawing a line to the far edge of 
the axon, following the shortest path possible. The number of pixels that fell along this line were 
quantified and converted to micrometers. 
 

Results 
Fluorescence Intensity 
Upon initial observations of fluorescent images like those shown in figures 1b and 1d, there 
appeared to be more fluorescence in LPS-treated somas than in control-untreated cell somas, but 
LPS-treated axons seemed to possess less fluorescence than control-untreated axons (figure 1). 
As a result, cell somas were analyzed separately from axons. Consistent with initial observations, 
results show that control-untreated cell had fewer fluorescent pixels than the somas exposed to 
LPS (Figures 2 and 3). Since fluorescent pixels represent a region of an endosome, this indicates 
that there are more endosomal regions in the somas exposed to LPS. Results concerning the 
fluorescence of axons treated with LPS compared to control-untreated axons were also consistent 
with the observation that control-untreated axons had more fluorescent pixels than axons 
exposed to LPS (Figures 4 and 5). Similarly, this suggests that control-untreated axons had more 
endosomal regions than LPS-treated axons.  
 
Interestingly, there was also a statistically significant difference (p≤0.001) in the average 
brightness values of fluorescent pixels in cells exposed to LPS compared to control-untreated 
cells, both when evaluating fluorescence in cell somas and when evaluating fluorescence in 
axons. Pixel counts at different fluorescent brightness values in cell somas (figure 3) were 
analyzed and a mean brightness value of 12±10 was found in control-untreated neurons while a 
mean brightness value of 25±29 was found in LPS-treated neurons. In axons, pixel counts at 
different fluorescent brightness values (figure 4) were analyzed and a mean brightness value of 
19±22 was found in control-untreated neurons while a mean brightness of 51±62 was found in 
LPS-treated neurons. So, LPS-treated cells have brighter fluorescence in cell somas and axons 
than the control-untreated cells have. In addition, as seen in figure 4, LPS-treated axons had, by 
far, the brightest fluorescent pixels. Since endosomes exposed to dextran become brighter upon 
exposure to the contents of lysosomes, it is likely that the brightest pixels within each soma or 
axon belonged to endosomes that had fused with lysosomes.  
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Figure 1: Transmitted light images and their corresponding fluorescence images for control-
untreated and LPS-treated data sets. In these images, locations of cells relative to background in 
transmitted light images can be compared to the corresponding fluorescence images to determine which 
points of fluorescence belong to a particular soma or axon. Notice that control-untreated cells appear to 
have less cell soma fluorescence and more axonal fluorescence compared to LPS-treated cells. a) 
Transmitted light image of a control-untreated neuron. b) The fluorescence image of the region in image 
1a. c) Transmitted light image of a region of LPS-treated cells. d) The fluorescence image of the region in 
image 1c. Scale bar, 50μm.  

 
 
 
 
 
 
 

a b 

c d 



 6

Figure 2: Fluorescence of endosomes in cell soma per unit area of soma. The average number of 
fluorescent pixels per unit area (µm2) of cell soma were quantified for both the control-untreated and 
LPS-treated cells and their standard deviation calculated. Average number of fluorescent pixels is shown 
by the x in the center of each bar and the standard deviation is shown by the edges of the bars. LPS-
treated cells, on average, had a greater number of fluorescent pixels above threshold per µm2 though they 
also had a greater standard deviation. Data for the untreated control are derived from 23,547 pixels of 2 
cell somas and two images. Data for LPS-treated cells are derived from 19,138 pixels of four cell somas 
and one image. p-value ≤0.001. 
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Figure 3: Fluorescence brightness values of cell somas for control untreated and LPS-treated 
neurons. Graphs indicate the number of pixels that possessed different fluorescent brightness 
values, grouped by the cell soma in which they were located. Notice the greater levels and values 
of the fluorescence brightness in LPS-treated neurons. a) Shows the brightness values for the cell 
somas that were part of the control-untreated sample. Data for untreated control are derived from 23,547 
pixels of two cell somas and two images. b) Shows brightness values for cell somas that were exposed to 
lipopolysaccharides from Pseudomonas aeruginosa. Data for LPS-treated cells are derived from 19,138 
pixels of four cell somas and one image. 
 

b 

a 
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Figure 4: Fluorescence brightness values of axons for control-untreated and LPS-treated neurons. 
Graphs indicate the number of pixels that possessed different fluorescent brightness values, grouped by 
the cell axon in which they are located. Notice the greater level of fluorescence in control-untreated axons 
and the greater brightness values in LPS-treated axons. a) Shows the brightness values for the control-
untreated axons, derived from 2,815 pixels of five axons, or axonal regions, in two images. One axon did 
not have any fluorescence and is therefore not shown on the graph. b) Displays the brightness values for 
the LPS-treated axons, derived from 1,765 pixels in three axons or axonal regions in one image. Two 
axons analyzed did not have any fluorescence and therefore are not shown on the graph.  

a 

b 
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Figure 5: Fluorescence of axonal endosomes per unit length of axon. The average number of 
fluorescent pixels per unit length (µm) of axon were quantified for both the control-untreated and LPS-
treated cells and their standard deviation calculated. Average number of fluorescent pixels is shown by 
the x in the center of each bar and the standard deviation is shown by the edges of the bars. Control-
untreated cells, on average had a greater number of pixels per μm, though they also had a greater standard 
deviation. Data for control-untreated axons were derived from 2,815 pixels of five axons, or axonal 
regions in two images. Data for LPS-treated axons were derived from derived from 1,765 pixels in three 
axons or axonal regions in one image. p≤0.001.  
 
Axon Width 
Observations of initial transmitted light images indicated a potential correlation between LPS 
exposure and a reduction in axon width (figure 6), so axon width data was collected and 
analyzed. It was found that neurons treated with LPS have significantly narrower axons 
compared to control-untreated neurons (figure 7).   
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Figure 6: Transmitted light images of the control and experimental data sets used for analysis of 
axon width. In these two transmitted light images, axons are visible that were used to compare the widths 
of control-untreated axons to the widths of LPS-treated axons. Based upon these images, the widths of 
LPS-treated axons appear to be narrower than those of control-untreated axons, as pointed out by the 
black arrows. a) An example of a transmitted light image used to determine axon widths for the control-
untreated group of neurons. b) A transmitted light image taken of LPS-treated neurons, used to help 
determine the widths of their axons. Scale bar, 50μm. 
 
 

Figure 7: A comparison of mean axon widths for control-untreated neurons compared to LPS-
treated neurons. Average width is shown by the x in the center of each bar and the standard deviation is 
shown by the edges of the bars. These data show that control-untreated neurons, on average, had wider 
axons than did the LPS-treated axons. Data for control-untreated axons are derived from 36 axonal 
measurements across four different images. Data for LPS-treated axons are derived from 50 axonal 
measurements across five different images.  
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Discussion and Conclusion 
In this study I have shown that LPS may play a role in increasing endocytosis within a neuronal 
cell body and decreasing this rate in the axon. Therefore, my data does not fully support or refute 
my hypothesis that upon exposure to LPS, the rate of endocytosis would increase, because my 
data suggests that this may be true for the cell bodies but may not be true for axons. Either way, 
given the likely link between endocytosis and exocytosis, the data suggest that in the instance of 
a biofilm infection, the release of LPS endotoxins may have an effect on rate of exocytosis in 
surrounding neurons.  

Data showing that LPS-treated cell somas had, on average, more fluorescence per unit area 
(µm2) than control-untreated cell somas, suggests that there are more endosomal regions in LPS-
treated cell somas. Since control-untreated and LPS-treated cells were both imaged after the 
same amount of time, a larger endosomal presence in LPS-treated cell bodies may point to an 
increase in rate of endocytosis within the cell body. In contrast, since control-untreated axons 
had more fluorescent pixels per unit length (µm) than did the LPS-treated axons, this suggests 
that there may have been more endosomes in the axons of control-untreated neurons than in 
LPS-treated axons. This data suggests that there may have been a decrease in rate of endocytosis 
within the axons of LPS-treated cells. Given the relationship between endocytosis and 
exocytosis, these data may also suggest that LPS-treated cell bodies could experience an increase 
in rate of exocytosis and LPS-treated axons could experience a decrease in rate of exocytosis. 

The wide range in brightness values between control-untreated and LPS-treated neurons may 
indicate a wide range in lysosomal processing. When lysosomes fuse to endosomes, this causes 
an increase in fluorescent brightness, so the brightest fluorescent values may indicate regions of 
digestion by a lysosome. So, if the average brightness values of a cell are greater, this suggests 
that more of the endosomes may have fused to lysosomes. For this reason, it is possible that a 
greater number of endosomes in LPS-treated cells may be fused with lysosomes, compared to 
control-untreated cells. More lysosomal fusion may, in turn indicate that LPS-treated cells may 
have been later in the endosomal processing stages.  

Data suggested that axon widths of neurons exposed to LPS decreased, potentially indicating that 
the contents within the axons may have been drawn out of them. Therefore, one possible 
explanation for this result involves kinesin and dynein. Kinesin is a regulated anterograde motor 
protein while dynein is a retrograde transport molecule that is constitutively active (Morris & 
Hollenbeck, 1993). So, it is possible to account for the decrease in axon width by suggesting that 
the kinesin may be downregulated by LPS. If LPS downregulates kinesin but dynein is 
unaffected, retrograde transport continues to occur but anterograde transport slows or stops, 
resulting in net retrograde movement and transportation of the contents of the axon back into the 
LPS-treated cell soma. This could help explain a decrease in exocytosis within LPS-treated 
axons because if there is not a lot of cytoplasm, or other organelles within the axon, then there is 
not a lot for the cells to exocytose. This is consistent with axonal fluorescence results. The 
increased brightness within the LPS-treated cell somas may also be explained by the contents of 
the axon being transported back to the cell soma, because it is possible that an increase in 
contents of the cell soma, would activate more lysosomes to break down the excess material.  

Another possible explanation for the decrease in axon width could be that axonal rate of 
exocytosis decreased, resulting in a net reduction in the size of the plasma membrane, causing a 
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reduction in the width of the axon. This supports fluorescence intensity data that suggested LPS-
treated axons had decreased numbers of fluorescent pixels that could be explained by a decrease 
in rate of exocytosis.   

In the future, scanning electron microscope images should be collected to analyze the axons of 
LPS-treated neurons. It is possible that the reduction in axon width could be caused by wrinkling 
of the axon’s plasma membrane instead of an actual reduction in the amount of plasma 
membrane. If the amount of membrane was not reduced, this could make the conclusion about 
the reduction of exocytosis in the axon less likely. In addition, my data analyzed the amount of 
fluorescence but not the number of endosomes, so while it is likely that the number of 
endosomes is related to amount of fluorescence, this conclusion would be better supported if the 
number of endosomes were counted as well, because it is also possible that the endosomes were 
just bigger. Therefore, a future direction for analysis could be the quantification of endosomes in 
LPS-treated neurons compared to control-untreated neurons. 
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