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Abstract
Nerve cells, or neurons, exist to transmit signals through extensions of their nuclei-containing

main cell body known as neurites. Neurons transmit signals through propagation of action

potentials which are initiated in response to changes in the electrochemical gradient and potential

of the neuronal plasma membrane. Action potentials open specific ion channels which will

change the potential of neighboring membranes, thus sending the signal down a chain of neurons

until the target organ is reached and the desired response produced. This study examined how

changes in the extracellular Na+ concentration over periods of time affected the length and width

of the neurites. The neurites were produced from NGF differentiated PC12 cells and it was

concluded that as the concentration and time of NaCl exposure increase, the length and width of

neurites decrease. This is likely caused by the hypertonic environment created by the excess Na+

ions, which induces the cells to maintain osmotic equilibrium through releasing water into the

extracellular fluid, thereby decreasing the surface area of the plasma membranes that have

contact with the outside environment.
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Introduction
Within eukaryotic organisms it is the responsibility of nerve cells, or neurons, to receive and

transmit signals from sensory organs (i.e. eyes, ears) to the central nervous system which

contains the brain and spinal cord1. A nerve cell consists of a cell body that contains the nucleus

and many neurites, or protrusions, that extend from the main cell body1. These projections can

differentiate into axons, one long extension that conducts electrical signals away from the cell

body, and dendrites, smaller branches that provide an increase in surface area to receive signals1.

Figure 1: Basic diagram of a neuron (Figure created with Biorender.com)

In order to perform their required intracellular and intercellular signaling, nerve cells utilize their

membrane potential, which when certain thresholds are exceeded, can trigger action potentials5.

Action potentials are brief large periods of depolarization and repolarization of neuronal

membranes, which travel along a sequence of neuronal membranes until they reach the intended

target5. The changes that cause action potentials are a direct result of ionic transport across the

plasma membrane7. As the lipid bilayer that makes up the plasma membrane is an large energy

barrier for charged particles, specialized transmembrane proteins, known as ion channels, are

responsible for the passage of ions5,7.
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Figure 2: Diagram of ligand-gated ion channels in both an active and inactive state (Figure

created with Biorender.com)

Ion channels are highly selective due to the function of their selectivity filters, a sequence of

amino acids found in the channel that will stabilize only one specific ion7. There are two main

types of ion channels which function in nerve cells - ligand-gated and voltage-gated5.

Ligand-gated channels open when a specific neurotransmitter, such as acetylcholine or glutamate

binds to an appropriate receptor allowing the movement of select ions across the plasma

membrane1. In contrast, voltage-gated ion channels open in response to changes in the membrane

potential5. The membrane potential can be changed depending on the differences in ion

concentration between the extracellular and intracellular fluid,7.

Figure 3: Diagram of voltage-gated ion channels at rest, in an active and an inactive state

(Figure created with Biorender.com)

During an action potential, the binding of neurotransmitters to specific receptors causes the Na+

channels to open, allowing Na+ ions to spontaneously flow across the membrane into the cell7.
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This causes a change in membrane potential and allows the voltage-gated Na+ channels to open,

causing a local depolarization in the membrane7. This subsequently induces the voltage-gated K+

channels to open which results in a K+ ion efflux7. Before the Na+ and K+ ions can reach

equilibrium, the channels spontaneously close, causing depolarization of the membrane7.

However, this depolarization induces the voltage-gated Na+ channels on a neighboring neuron to

open, repeating the process and transmitting the signal in one direction along a sequence of nerve

cells7.

Figure 4: Diagram of the steps of an action potential on ion channels as well as a graph of how

membrane potential changes over the course of the milliseconds it takes for an action potential to

propagate (Figure created with Biorender.com)

As a consequence of the action potential, the ionic gradients of nerve cells are partially dissipated

and are restored by the action of the Na+-K+ ATPase pump4. The movement of Na+ ions, in

particular, is interesting as it can be coupled to the movement of Ca2+ and K+ ions3. Additionally

the activity of the Na+-K+ pump is also responsible for the electrical excitability of the neuronal

7



membranes, emphasizing the importance of the Na+ ion electrochemical gradient in the signaling

mechanisms of neurons7.

The purpose of this study was to observe the effects of the addition of extracellular NaCl of

various concentrations at various times of exposure on the membranes of neurons as well as their

connections to each other. It has previously been determined that the Na+ ion channels of neurons

are more susceptible to changes in the extracellular concentration of Na+ ions than other ion

channels such as potassium2. Therefore, changes in extracellular Na+ was the focus of this study.

To do this, a stock of PC12 cells were maintained and differentiated with nerve growth factor

(NGF) for 48 hours before exposure to NaCl.

8



Methodology

PC12 Cell Maintenance and Differentiation

A stock of PC12 cells were maintained in 10 cm culture plates with 10mL of complete media.

The complete media contains 500mL DMEM, 10% horse serum HI, 5% FBS and 1% pen strep.

The cells were split as needed around 65% confluency to prevent overgrowth. Additionally,

when needed, cells were split into 2 cm glass bottom imaging dishes and allowed to grow in

complete media for 24 hours prior to differentiation. After this time, 2mL of the differentiation

media containing 500mL DMEM, 1% horse serum HI and 1% pen strep that had been mixed

with 10µL of nerve growth factor (NGF) was added to each glass bottom dish.

NaCl Stress and Fixation

After the cells were allowed to differentiate for 48 hours, each glass bottom was exposed to a

solution of NaCl ranging in concentration from 300mM to 600mM for a time frame ranging from

1 minute to 10 minutes. After the stress, each dish was washed three times with PBS before

incubation in a 3.7% PFA solution for 10 minutes to affix the cells to their plates. Once fixation

was complete, the cells were stored in 1mL PBS in the cold room until staining and imaging.

Laurdan Staining and Imaging

Prior to imaging, the cells were incubated with 20µL of Laurdan and 1mL of non sterile PBS for

15 minutes. As Laurdan is light sensitive the dishes were covered with aluminum foil during this

time. After 15 minutes, the cells were washed three times with PBS before a new 1mL of PBS

was placed in the dish. The cells were then imaged using the Zeiss LSM microscope with the

Argon/2 and the HeNe1 lasers and the Plan-Apochromat 63x/1.4 Oil DIC objective. The

resulting images were collected and analyzed using ImageJ software.
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Results
Differentiated PC12 cells were exposed to NaCl in various concentrations and for different

periods of time over the course of this experiment. The differences in neurite length and width

were then compared to the control dishes that contained PC12 cells that were differentiated with

NGF but not exposed to NaCl.

Figure 5: Images of cells from control dishes that had no exposure to NaCl

In comparison to the controls, the following figures illustrate the effects of the different stress

conditions on differentiated PC12 cells, increasing in intensity.
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Figure 6: Image of differentiated PC12 cells exposed to 300mM NaCl for 1 minute

After stress for 1 minute at a concentration of 300mM, the time of exposure was increased to 3

minutes.

Figure 7: Images of differentiated PC12 cells exposed to 300mM NaCl for 3 minutes
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As seen in Figures 6 and 7, the neurites of the PC12 cells were in various stages of retraction

after NaCl exposure. Some completely retracted while others were only partially retracted. In

subsequent tests, the concentration of NaCl was doubled as the time of exposure continued to

increase.

Figure 8: Images of differentiated PC12 cells exposed to 600mM NaCl for 5 minutes

Figure 9: Images of differentiated PC12 cells exposed to 600mM NaCl for 10 minutes
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After images were acquired for each condition, a graph comparing average neurite length and

width for each condition were generated.

Figure 10: Graph of average neurite length and width for each condition including the control

and error bars

Figure 10 illustrates that as the stress conditions increased in intensity, the average neurite length

and width generally decreased.
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Discussion
As demonstrated in Figure 10, as the time of NaCl exposure increased, on average the length and

width of neurites decreased. This could be due to the neurons releasing water as the extracellular

Na+ ion concentration increases. To reestablish osmotic equilibrium with their surroundings, the

cells will release water from their cytoplasm into the extracellular space, causing their

membranes to shrink and their neurites to retract thereby decreasing the overall surface area

maintaining contact with the hypertonic solution. When the neurites retract far enough, the cells

are no longer connected to each other and action potentials cannot be propagated across them.

However in Figures 6 and 7, after a 300mM NaCl stress some of the neurites partially retracted

while others completely retracted. These two populations could have been the result of higher

concentrations of Na+ ions building up in certain areas of the plate. As demonstrated in Figure 9,

all the neurites had retracted after a 10 minute exposure of a NaCl concentration of 600mM -

suggesting that the more Na+ present, the more likely it is that neurites will retract. This build up

could have been caused by some of the cells uptaking Na+ in an attempt to reestablish the

necessary electrochemical gradient and then subsequently releasing them back into the

extracellular fluid. This release would possibly be triggered by the cells attempting to

communicate with each other or pairing the release of Na+ with an energetically unfavorable

transport of ions or proteins across the neuronal membrane. Then, as the Na+ ions build up in

certain areas of the extracellular fluid, the cells closest will experience more pressure to

reestablish osmotic equilibrium and will therefore retract their neurites completely.

Additionally, when the extracellular Na+ concentration increases it can cause depolarization of

the neuronal membranes. Since neurons maintain a strict concentration gradient of sodium ions,

only allowing them into the cell under specific circumstances through specific channels, this

depolarization can make action potentials easier to induce. If the right conditions are met, the

voltage-gated sodium channels can be induced to open, which would allow additional influx of

Na+ ions.  If the action potential continues, an efflux of K+ ions would follow as well though

without the neurite connections, the chain won’t be able to continue to a subsequent neuron.
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Furthermore, to prevent too much sodium from accumulating inside of the cells, the

Na+/K+-ATPase pump is most likely activated. This will help maintain the ionic equilibrium of

the membrane electrochemical gradient through reimporting the K+ ions while removing the Na+

ions back into the extracellular fluid. The Na+/K+ pump can also help maintain the excitability of

the plasma membrane, either increasing the likelihood of an action potential or regenerating the

resting membrane potential in the aftermath.

This study examined several different conditions but further experimentation and more

conditions would need to be tested to make any definitive conclusions about neuron activity and

how increasing the extracellular concentration of sodium ions affects intercellular signaling.

Next steps would include examining neurite recovery after NaCl stress as well as introducing

neurotransmitters to be able to visualize the process of action potentials under these stress

conditions.
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Conclusion

The protrusions of nerve cells, generally known as neurites, help propagate electrochemical

signals between cells. These signals, known as action potentials, generate a specific response in a

target organ and are reliant upon the careful maintenance of ionic gradients by ion channels,

which only allow passage of specific ions. In particular, the Na+ gradient is necessary to generate

action potentials as the influx of these ions depolarizes the plasma membrane, thereby initiating

the cascade that results in a targeted response in cells outside of the central nervous system. This

study examined the neurites of NGF differentiated PC12 cells and was able to observe that as the

time of exposure and concentration of the extracellular NaCl increased, the average neurite

length decreased. This is most likely caused by the cell’s decreased surface area as water is

released into the extracellular fluid in order to maintain osmotic equilibrium. However, while this

study examined multiple different conditions, more tests including exploring neurite recovery

and the introduction of neurotransmitters would need to be run to make any definitive

conclusions about neuron activity.
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