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Introduction
Cells readily internalize proteins and other materials found in the cell surface or
extracellular fluid to recycle and re-add lost materials to the plasma membrane. The
membranous structure that encloses cells is approximately 6-8nm thick (Kandel et al.,
2013), composed of phospholipids and proteins that allow the cell to engage in selecting
molecules that enter and exit the cell (Sherwood, 2014). The membranes of cells are
highly specialized and adapted for invagination of materials; they prime, coat and
scission materials into the cytoplasm (Pypaert et al., 1991). The plasma membrane must
remain balanced with respect to important proteins, ligands, and carbohydrates, in order
to maintain cell-to-cell adhesion, cell adhesion molecule formation and neurotransmitter
release and re-uptake. Cell communication relies heavily on the plasma membrane to
supply vesicles to transport neurotransmitters into the synaptic cleft. Vesicles are actively
transported to the membrane and then clustered and bound to microtubules that are
anchored to the plasma membrane (De-Miguel et al., 2015). The complete cycle of
neurotransmitter release, vesicle recycling, then neurotransmitter release, takes about 1
minute for the cell to perform (Betz & Bewick, 1992). However, this time frame can be
variable because electrical stimulation can affect vesicle transport in to the cell (DeMiguel et al., 2015). The re-uptake of neurotransmitters of the pre-synaptic cell promotes
energy conservation and is related to cell signaling. Re-uptake can be useful for a
neurotransmitter after it binds to the post-synaptic receptor and has added to the
membrane potential of the post-synaptic cell, and is then able to retreat back inside a
vesicle into the post-synaptic cell.
Endocytic recycling and endocytic uptake are mechanisms that keep the cell
membrane in balance (Grant & Donaldson, 2009), and specifically, our study focuses on

the endocytic recycling pathway in glial cells, where endocytic traffic from the plasma
membrane to internal organelles is balance by the vesicular traffic moving towards the
cell surface (Kandel et al., 2013). This mechanism is essential for maintaining the correct
surface area of the plasma membrane, activity of cell surface molecules, and the
degradation process of damaged or unwanted molecules (Kandel et al., 2013). This
process of endocytic recycling, if altered, could cause a negative effect on the
concentration of neurotransmitters in the synaptic cleft, which impacts the formation of
synapses and in response, learning and memory (Kandel et al., 2013).
Glial cells in particular, are critically important to the body’s nervous system;
providing neuronal support, insulation between cells, supplying nutrients to neurons and
aid in synaptic signaling (Kandel et al., 2013). They are found abundantly through the
central nervous system; major types of glia include Schwann cells, oligodendrocytes, and
astrocytes, (Kandel et al., 2013). Glia are responsible for neurotransmitter concentrations,
and the function and formation of synapses (Kandel et al., 2013). Glia play a critical role
in the early development of the nervous system, by supporting axonal growth. Neuronal
growth can be directly affected by neurotoxins in the ecosystem.
Toxic metals are a large environmental concern due to their numerous and
detrimental effects they can potentially cause to human health (Choi et al., 2011).
Methylmercury (MeHg) is an organic form of mercury that readily bioaccumulates in
shellfish and fish tissue (Castoldi et al., 2003). It’s now found throughout many open
ocean ecosystems (Chen et al., 2008). The consumption of fish and shellfish is a major
route of human exposure to methylmercury (Chen et al., 2008). The human nervous
system is especially susceptible to methymercury exposure during fetus development and
early childhood development (Chen et al., 2008). During prenatal exposure,
methylmercury disrupts the migration and division of neuronal cells and therefore
destabilizes the arrangement of neurons and neuronal circuitry (Clarkson et al., 2003).
Exploring the effects of methylmercury on primary culture chick glial cells
demonstrates the importance that glia cells play in the human nervous system and how
important processes, like endocytic recycling, are vital to nervous system function and
signaling. Our experiment uses embryonic peripheral neurons from chicken embryos as
our animal model. Dorsal root ganglia and sympathetic nerve chains from the vertebrate
of developing domestic chicken (Gallus gallus) embryos were selected as our model
organism to accurately and closely replicate the affects that methylmercury (MeHg)
would have on developing human neurons.
Neurotoxins have a more negative impact during the early stages of embryonic
development (Choi et al., 2011). Research on the impact of methylmercury on the
developing nervous system is still needed in order to create treatments for prolonging or
reversing its effects (Falluel-Morel et al., 2012). We are studying the impact of low and
high concentrations of 4uM MeHg stock on plasma membrane turnover in single glia.
MeHg was the intended form of perturbation on this nervous system cell because it has
highly toxic properties and can be detrimental to human health (Choi et al., 2011). It is

also specified that metals, such as mercury, become endocytosed into the cell to achieve
assimilation into the tissues of marine organisms, adding to bioaccumulation (Neff, 2002).
This experiment will test the rate at which the plasma membranes of single glial
cells undergo endocytic recycling in the presence of 4nM and 40nM methylmercury. We
hypothesize that the rate of plasma membrane turnover in single glial cells will be
negatively affected and reduced, when exposed to a high concentration of methylmercury
(40nM). FM 1-43 dye was used to label the plasma membrane of glia and neurons in
culture. Fluorescent microscopy was used to view single glia cell membranes that had
undergone endocytic recycling.

Materials/Methods:
Cell Culture Preparation:
The primary cell tissue culture procedure was done as per Peter J. Hollenbeck’s
Protocol, adapted by Doctor Robert Morris (Morris, 2015a). Experimental
methylmercury solutions were made the follow way. Low concentration solution (4nM
methylmercury) was created by pipetting 4 ul of 4uM methylmercury (MeHg) stock in
dilute HCl into 4ml of HBSS. Then inverting the test tube to mix. The high concentration
solution (40nM methylmercury) was created by pipetting 40 ul of 4uM methylmercury
(MeHg) stock (in dilute HCl) into 4ml of HBSS. Then inverting the test tube to mix.
Then inverting test tube to mix. The control solution was made by adding 40 ul of dilute
HCl acid to 4 ml of HBSS. Adding 40ul of dilute HCl controlled for the vehicle in this
experiment. Solution concentrations were chosen based off previous evidence suggesting
10nM as a low concentration would cause disruption of DNA synthesis in glia but would
allow cells to recover (Toimela & Tähti, 1995).
Five hours after the neuronal cells were plated, we viewed 6 dishes of plated cells
using inverted microscope. We selected 6 dishes with neuronal and glial growth. Two
control dishes were perturbed first. Nerve Growth Factor (NGF) was extracted slowly
using an autoclaved pasteur pipette and then expelled into a test tube. Using a new
pasteur pipette, we immediately added approximately 1ml of the control solution or
enough to submerge the coverslip completely by adding droplets around the coverslip.
Then incubated for 15 min at 37.3oC. Control dishes were removed after 15 min, then
using a new pasteur pipette we extracted the diluted HCL and discarded it in the proper
waste bin. A series of three washes was done using by adding single droplets of HBSS
around the coverslip and then extracted after to remove as much MeHg from the cells.
HBSS is used because mercury is 2.35 times more soluble in HBSS than in water (Clever,
2013). On the last wash a clean pasteur pipette was used. NGF was reintroduced into the
control dishes by slowly pipetting single droplets around the cover slip. Dishes were put
into the incubator to incubate at 37oC for 18 hours.

This procedure was repeated for the MeHg perturbations to experience acute
exposure. Two dishes were perturbed with approximately 1ml of low concentration
solution and two dishes were perturbed with approximately 1ml of high concentration
solution. These dishes were also incubated for 18 hours at 37oC to study the long-term
effects of MeHg exposure on cells.
Staining of Cultures:
The staining method was FM 1-43, a lipophilic styryl dye was used to stain the
plasma membranes of glia. The solution was diluted to 5 ug/ml and was kept on ice and
wrapped in aluminum foil to protect from light. NGF was extracted from the petri dishes
and put into a test tube. The FM1-43 stain was then added immediately to the cultures by
generously pipetting FM 1-43 around the coverslip. The culture was immediately covered
with a sheet of aluminum foil and left at room temperature for 25 minutes. This staining
process was repeated for each culture.
Preparation of Chip Chamber:
Following staining, cultures were uncovered and FM 1-43 dye was pipetted out of
each petri dish, leaving the coverslips with a thin amount of liquid left. Chip chamber
procedure was done as per Doctor Robert Morris’ Protocol (Morris, 2015b).
Observation of Cultures Using Fluorescent Microscopy:
The observation chambers were viewed in the Imaging Center for Undergraduate
Collaboration (ICUC) at Wheaton College using an upright Nikon Eclipse E400
Microscope. The camera used was Insight Spot Fireware 2, which was connected to the
down tube with a Diagnostics 1.0x magnification C-mount. Imaging was run on an iMac
with OS X Yosemite, Version 10.10.4, on SPOT software program 5.2. Observation
Chambers were placed on the microscope stage and aligned for Koehler Illumination.
Images were taken at 40x magnification on phase 2-condenser lens setting. We were
cautious to not let the VALAP on the slide to touch the microscope lens. A small
thermometer set to Celsius was taped to the stage to get the temperature from the Lasko
air heater that was placed 2 feet away from the stage. This was done to maintain an air
temperature of about 35oC.
For the control observation chambers, I took 40x brightfield images and then a set
of fluorescent images using SPOT software. To take a brightfield image of single glia, I
looked through the lens under 40x and scanned the slide for single glia. Once I found a
single glia, I covered the light coming through the iris diaphragm with a black cap and
shifted the frame to 4. The shutter was then open and closed quickly, to avoid bleaching.
If the glia fluoresced red then I went ahead and took a brightfield image and then a set of
4 fluorescent images, 15s apart (using the computer timer and my partner to signal to
open the shutter for the picture). Pictures were taken with an exposure time of 1500ms.
The shutter was closed in between pictures to avoid bleaching. This procedure was
repeated to get a couple sets of good images from the control glial cells.

The procedure used for imaging and taking pictures of the control dishes was then
replicated and modified slightly on the low and high MeHg samples. Due to the
sensitivity of the FM 1-43 stain, the low and high MeHg samples were exposed for
8000ms and three images were taken at 30sec intervals.
Data Analysis
I chose three pictures of single glia for each sample, and with each image there
was a time-lapse sequence. In this case n=9 for the study. I chose single glia that were
easily distinguishable and separated from other glia, so I could draw a distinct area guide
around them without coming into contact with other glia. We picked images that were
high quality with bright fluorescence. In order to account for bleaching of the glial cells
we took each set of images, one set at a time, and opened in ImageJ (file>open>image).
These next steps were critical in accounting for photobleaching of the glia stained with
FM 1-43 dye and eliminating bias against our hypothesis. We measured fluorescent
image pixel brightness for each image in the form of mean grey value (analyze>measure).
We multiplied the brightness of each image on ImageJ (process>math>multiply) to equal
the image in the set that had the highest mean grey value, except the brightfield images.
This value that we multiplied each image by was specific to that image and found by
dividing the largest mean grey value by the smaller mean grey values of each of the other
images in the set. This process was repeated for each set. Each set of images were then
combined (stacks menu>combine>okay) in a row of images starting with brightfield and
then ending with the last image taken, to create a time lapse sequence. Once all images
were the same brightness we then found the mean grey value of each of the single glia.
The “lasso” tool was used to free draw an area around the single glia on the bright field
image. This area was then dragged onto the following images in order of capture time.
This was done so the area of each glia under question stayed consistent for each image.
Mean Grey Value was found by clicking Analyze, and then Measure on ImageJ. This was
repeated for each of the images in the data sets.
We took the mean grey value of each image and divided by the change in time
(sec) to find the rate (mean grey value/sec). This data was then averaged together to get
the net rate of each image set and then we took the absolute of this to get our final rate in
Mean Grey Value/seconds. Standard deviation was found using Excel formula STDEV
for each sample. Stacked images were then edited in Adobe Photoshop CC. Each
individual glia cell was circled using the pencil tool colored yellow for easy identification
of the glia under question.

Results
We observed brighter fluorescent pixels in images from the low and high samples
that experienced longer exposure to fluorescent light (Fig. 2-3). Figures 1-3 show a time
lapse of 3 different single glia undergoing endocytosis, engulfing the plasma membrane,
which is labeled with FM 1-43 to make it appear as red fluorescent spots in each image.

The remaining sets of images look similar to Figures 1-3. Figure 4., shows the
compilation of rates from a single glia in each sample. Control sample exhibited the
highest rate of endocytosis in glia, followed by the low concentration sample and then the
high concentration sample. Standard deviations above and below the high concentration
rate show the smallest variation among the data samples (Fig. 4).

Figure 1. Glia exposed to control conditions. Viewed with 40x magnification phase 2.
From left to right, brightfield image of single glial cell encircled in yellow. Remaining 4
images labeled with FM 1-43 stain and images taken with fluorescent microscopy at
1500ms intervals with SPOT software. Images taken in collaboration with Jeremy Zak.

Figure 2. Glia exposed to low concentration (4nM) of methymercury. Viewed with 40x
magnification phase 2. From left to right, brightfield image of single glial cell encircled
in yellow. Remaining 3 images labeled with FM 1-43 stain and images taken with
fluorescent microscopy at 8000ms intervals with SPOT software. Images taken in
collaboration with Jeremy Zak.

Figure 3. Glia exposed to high concentration (40nM) of methymercury. Viewed with 40x
magnification phase 2. From left to right, brightfield image of single glial cell encircled
in yellow. Remaining 3 images labeled with FM 1-43 stain and images taken with
fluorescent microscopy at 8000ms intervals with SPOT software. Images taken in
collaboration with Jeremy Zak.
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Figure 4. Average Rates of Endocytosis in Single Glia Exposed to Varying
Concentrations of Methylmercury (MeHg). This shows the rates (mean grey
value/seconds) of endocytosis in single glia (n=9) exposed to control solution, low MeHg,
and high MeHg. Error bars indicate the standard deviations above and below means.

Discussion
My hypothesis was supported by the data collected in this experiment. We can
conclude that the average rate (mean grey value/ seconds) of endocytic recycling
decreased as concentrations of MeHg increased (Fig. 4). The data is significant due to the
decreasing standard deviations in the 4nM and 40nM samples, however this could be due

to the fewer amount of images, and the higher quality of those images in low and high
doses. It should be noted that these data are preliminary and this was a limitation in this
experiment, but would be addressed in future studies. The data avoids bias because we
applied an experimental procedure to account for bleaching. In this experiment it was
important to eliminate possible sources of error by quantifying the data without
photobleaching having a significant effect on the fluorescent proteins, even though
almost all fluorophores bleach when exposed to excitation light in a microscope and they
do this at different rates (Waters, 2009).
If the experiment were repeated with all statistically significant results repeatedly,
we could say our data reflects a decreased rate of membrane turnover in single glia when
exposed to high concentrations of MeHg. The rate of endocytic recycling in the control
sample could have experienced a higher rate due to the lack of exposure to MeHg. Dilute
HCL may have only had a slight effect on the mechanisms employed by the plasma
membrane during endocytosis. In this case, the metabolic processes of the membrane
were activated and properly functioning. Membrane potential can undergo rapid changes
due to the heterogeneity and specificity of ion channels that span the plasma membrane.
Ion channels respond to chemical, electrical or mechanical signals to selectively move
other ions across the membrane. Ion channels are key components in chemical signaling
pathways in nerve cells, and are therefore often the site of action of toxins (Kandel et al.,
2013). The low and high samples that experienced acute exposures of methylmercury
showed a significant decrease in average rate of endocytosis when compared to the
control. This result, we hypothesize, could indicate a change in ion channel mechanism,
specifically a reduction or loss of function because ion channels are the gates that span
the membrane and allow ions in and out (Kandel, et al., 2013). In bioaccumulation,
metals may move across a cell membrane via diffusion though hydrated ion channels, ion
exchange pumps, endocytosis or carrier-mediated transport (Neff, 2002).
During this study, interactions between the glia membrane and MeHg could have
resulted in the decreased rate of endocytosis because of the alteration of MeHg blocking
certain ion channels from being active. Atkinson & Hare (1994) reveals that induced
methylmercury neurotoxicity has a strong effect on neuron mechanisms. There is strong
evidence presented that suggests that MeHg can reduce the internal concentration of Ca2+
inside a cell by blocking the voltage-dependent Ca2+ channels, thereby decreasing
neurotransmitter release (Atkinson & Hare, 1994).
Membrane function that experience tension can regulate endocytosis (Raucher &
Sheetz, 1999), therefore endocytosis is correlated to membrane tension. Ceccatelli et al.,
(2010) indicates methylmercury exposure can affect calcium homeostasis, reduction of
antidoxidative defenses, and interactions with sulfhydryl groups. MeHg specifically
targets these mechanisms. Calcium channels in the plasma membrane could have
constituted as a transmembrane protein that suffered from the toxicity of MeHg.
Disruption of this channel, especially in the high dose of mercury, could have resulted in
the lowest of the rates seen (Fig. 4). The activation of this channel and mechanism of
endocytosis is critical to the survival of the cell and with even an acute exposure to
methylmercury, the data shows the rate of endocytosis was approaching zero with

increasing MeHg concentration. Glia cells that are chronically exposed (24 h) to MeHg
have been shown to perform protein phosphorylation at a decreased rate (Atkinson &
Hare, 1994). This
Possible sources of variability lie in the data analysis in ImageJ, where cell area
guides could have been placed more accurately around each glia cell. This variation
works away from my hypothesis, however it could have accounted for only a small
amount of variation because we kept the same area for each guide. This method could
have been completely modified to make sure the guide for encircling glia would have
been placed around the image perfectly every time a new image needed to be measured.
Also, the FM 1-43 staining could have been improved to highlight cells more vibrantly to
provide more accurate mean grey values for images. Altering the FM 1-43 protocol may
also produce a more effective stain that can allow us to get more pictures without
bleaching so quickly. To better account for bleaching, the reversal photobleaching
methods, FRAP and FRET, would be applied to data in future studies.
Future work would involve modifying this study to include a larger range of
concentrations of MeHg to perturb glial cells with. Addition of chronic MeHg exposure
trials would also add to the study. Not only would this provide more data but it would
also give better insights into the limits of the cell (when apoptosis would occur) and to
what point neurotoxicity damages the cell beyond repair. Methylmercury induced
damage on cells seems to be a reversible or even prolonged event. In a study done by
Falluel-Morel et al., (2010) N-acetyl cysteine (NAC) was used to prevent the reduction of
DNA synthesis after injections of MeHg in the rat hippocampus. NAC was found to
almost virtually completely protect against MeHg exposure (Falluel-Morel et al., 2010).
Continuing our study in another direction would involve also including potential
antioxidants or drugs that could protect glia membranes against the harmful effects of
MeHg. This future work would be important to finding new clinical treatments for
humans that have been exposed to methylmercury.
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