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Multiple sclerosis (MS), a disease that damages the neuroimmune system, is caused by the
degeneration of myelin sheath, an insulating fiber located on a neuron's axon, which leads to the
reduction of axonal action potential conduction; the reduction of axonal action potential conduction is
caused by dysfunctional sodium and potassium channels where ions are blocked. Neurotoxins,
chemicals that are destructive to tissues in the nervous system, inhibit the conductances of ions across
the membranes of neurons, leading to the development of symptoms associated with MS. However,
neurotoxins, such as tetrodotoxin and tetraethylammonium, are used for cancer pain therapies as they
block channels to prohibit the transmission of pain signals. An experimentation was conducted that
investigated the inhibitory effects of those two potent neurotoxins to inevitably determine the toxins’
effects on voltage-gated channels using a set of calculus-based equations called the Hodgkin-Huxley
differential model. The hypothesis was that of all possible neurotoxin concentrations, increasing
concentrations of tetrodotoxin in a mammalian neuron would result in fewer displayed spikes with
smaller amplitudes in one sinusoidal period on a voltage-clamp amplifier. The results of the
experimentation showed that since there was a defined reduction in the neuronal membrane’s current,
the blockages that were developed in the channels due to the induction of the neurotoxins led to the
development of symptoms associated with MS. The derived conclusion also showed that the usage of
Pronase as a therapeutic option to treat multiple sclerosis is effective as the proteolytic enzymes
served as antagonists to the neurotoxins’ impacts.
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Problem / Question
Using Hodgkin-huxley differential equations to
determine the inhibitory effects of potent neurotoxins
that lead to the damaging of voltage-gated channels in
mammalian neuron cells leading to Multiple Sclerosis

Hypothesis
Increasing concentrations of tetrodotoxin, an alkaloid
neurotoxin that blocks the voltage-sensitive sodium
channels, in a mammalian neuron will result in fewer
displayed spikes with smaller amplitudes in one sinusoidal
period on a voltage-clamp amplifier. This would indicate
that the usage of tetrodotoxin for the treatment of cancer
pain can potentially result in the development of symptoms
associated with multiple sclerosis.

Materials

Computational-based data table 1 displayed the values of each membrane potential for each ion
given the intracellular and extracellular ionic concentrations, which were calculated using the
Goldman-Katz equation. The computed values represented the typical membrane potential,
measured in millivolts, for a mammalian neuronal cell. Data tables 2-7 displayed the distinct
currents for each ion as well as the derivative of the membrane potential, which were both used
to calculate the ionic membrane current. The ionic membrane current for the action potential
state with 0% neurotoxin induction after 1 ms was -7.995 mV, which suggests that there was an
outward current or an influx of outwardly flowing potassium ions. The ionic membrane current
for the action potential state with 50% neurotoxin induction after 1 ms was -7.996 mV; since the
value was greater than the ionic membrane current for the 0% neurotoxin induced neuron, the
50% tetrodotoxin induced neuron had a reduction in sodium ions and an increase in potassium
ions. The ionic membrane current for the action potential state with 100% tetrodotoxin induction
after 1 ms was -8.995 mV, which suggests that the usage of this concentration results in the
greatest reduction of sodium flow or a significant blockage in the sodium channel. The ionic
membrane current for the action potential state with 50% tetraethylammonium induction after 1
ms was -3.997 mV, which suggests that although it is negative, it has a greater influx of sodium
ions in comparison to the other data values because the value is more positive. The ionic
membrane current for the action potential state with 100% tetraethylammonium induction after 1
ms was 2.995, which suggests that the usage of this concentration results in the greatest
reduction of potassium flow or a significant blockage in the potassium channel. The ionic
membrane current for the action potential state with 100% tetrodotoxin, 100%
tetraethylammonium, and 100% pronase induction after 1 ms was -1 mV, which suggests that the
usage of this concentration results in the controlled or neutral flow of sodium and potassium
ions. Computational-based data table 8 elicited the spike frequency and amplitude for each
neurotoxin concentration, in which the action potential with 0% toxin induction had the greatest
amplitude and frequency, while the action potential with 100% tetrodotoxin induction had the
smallest amplitude and frequency. The variation in the amplitude and frequency was based on
the intensity of each concentration, which means that the greater the concentration impact, the
lower the value. The experimental-based data tables displayed the change in the voltage for each
manipulated neuron after every 0.10 ms and the ionic conductances for the leak ions, sodium
ions, and potassium ions. The values for the first data table showed that the membrane potential
of a resting neuron remained constant throughout the entirety of the time interval, which
delineated the fact that the neuron was not excited by any external stimulus; this means that that
no ions entered or exited the semipermeable membrane of the neuron. The values for the second
data table showed that the membrane potential of an active neuron with 0% neurotoxin induction
decreases (becomes more negative) as time progresses and based on the maximum or peak
values, the spike amplitude is 150 mV with a spike frequency of 3 over a 4π/3ø sinusoidal
interval. The third data table displayed a decrease (becomes more negative) in the voltage for the
action potential with a 50% tetrodotoxin induction and a spike amplitude of 133 mV with a spike
frequency of 2 over a 4π/3ø sinusoidal interval. The fourth data table showed a decrease in the
voltage for the action potential with a 100% tetrodotoxin induction and a spike amplitude of 4
mV with a spike frequency of 1 over a 4π/3ø sinusoidal interval. The fifth data table showed a
decrease in the voltage for the action potential with a 50% tetraethylammonium induction and a
spike amplitude of 144 mV with a spike frequency of 3 over a 4π/3ø sinusoidal interval. The
sixth data table showed an increase in the voltage for the action potential with a 100%
tetraethylammonium induction and a spike amplitude of
18 mV with a spike frequency of 2 over a 4π/3ø sinusoidal interval. The seventh data table
showed a slight decrease in the voltage for the action potential with a 100% tetrodotoxin, 100%
tetraethylammonium, and 100% pronase induction and a spike amplitude of 46 mV with a spike
frequency of 4 over a 4π/3ø sinusoidal interval.

Virtual Lab Simulation Software (Amrita Labs) that uses the
following:
●
●
●
●
●
●

Recording Computer
Patch Clamp Amplifier
Voltage Clamp Amplifier
Oscilloscope
Microscope
Mammalian Brain Slice

Procedure
Part 1: Setup
1.
2.

Placed Mammalian brain slice in saline solution under microscope to keep cell
membranes preserved
Placed two voltage clamps on the brain slice and applied suction to effectively record
conductance of cell membrane
1. One of the voltage clamp electrodes was the stimulating electrode and the other
was the measuring electrode
2. Clamp current was measured using a voltage-clamp amplifier

Part 2: Simulated Conductance for Resting Potential (Controlled neuron)
1.

Variables
Independent Variable: Neuron with an action potential stimulated by a
manipulated stimulus charge and induced by varying neurotoxin
concentrations:
Using Hodgkin-huxley differential equations to determine the
● 50% Tetrodotoxin
inhibitory
effects of potent neurotoxins that lead to the
● 50% Tetraethylammonium
damaging
of voltage-gated channels in mammalian neuron
● 100% Tetrodotoxin
cells
leading
to Multiple Sclerosis
● 100%
Tetraethylammonium
● 100% Tetrodotoxin, 100% Tetraethylammonium, 100% Proteolytic
Agent (Pronase)
Dependent Variable: Voltage/current of neuron’s membrane potential (mV)
Control Group: Neuron with an action potential stimulated by a
manipulated stimulus and no toxin induction

2.

2.
3.

All neuronal cells have a plasma membrane wherein action potentials, or the
crossing of varying ions across the membrane, occur. The stimulation of
action potentials allows for the transmission of electrical signals throughout
the entirety of the nervous system, which in turn, allows for a living
organism to function. These ionic channels play significant roles in the rate
by which electrical impulses travel along a neuronal axon, the prevention of
neurological disorders and diseases, and the maintenance of immune
functionality in the nervous system, specifically the central nervous system.
One autoimmune disease that is associated with the deterioration or
destruction of such ionic channels and other neurological structures is
Multiple Sclerosis. The progressive neurological deterioration of nerve cells
and the alteration of sodium and potassium ionic channel expression have
been considered the two major pathophysiological causes of the evolution of
the disease. Action potential propagation is necessary for neuronal
excitation in order to effectively establish adequate connection and
communication between diverse structures in the nervous system.
Therefore, the differentiation and dysregulation of voltage-gated sodium
channels and potassium channels can trigger aberrations in the excitability
of neuronal membranes. The expansion of research regarding this disease is
imperative to both the scientific and medical society as insight can be
provided that describes the aftermath effect of cancer pain therapies and
how the attempt to eliminate one disease can lead to the development of
symptoms associated with another disease. The most effective way to
investigate the applications of this research is to use the hodgkin-huxley
model; The Hodgkin-Huxley is a calculus-based model that consists of
analytic formulas that describe the underlying mechanism for the firing of
action potentials through which information is propagated in the nervous
system. The model implements theoretical physics, the path integral, and is
dependent on the functionality of ionic channels. The mathematical model
investigates the synergistic action of ionic channels, which are inclusive of
sodium and potassium ions, and provides an asymptotic analysis of ionic
conductances in neuronal cells which allows for the inevitable
comprehension of ionic channels’ functions as molecular targets.

Using the same intracellular concentrations and extracellular concentrations of Sodium,
Potassium, and Chloride as the concentrations from the resting potential of the
controlled neuron, a current that derived the action potential was stimulated
Created a stimulus that generated a current and excited the axon of the neuron to
successfully activate or polarize the neuron
Calculated the ionic membrane current of the neuron using equation from
Hodgkin-Huxley model after 1 ms.

Part 4: Induced 50% tetrodotoxin concentration on the neuron in its active potential
stage (neuron affected by stimulus 1 current)
1.

2.

Background Research

Set the intracellular and extracellular ionic concentrations for Sodium (Na+), Potassium
(K+), and Chloride (Cl-) based on generalizations of the Nernst equilibrium in a
temperature of 37 degrees Celsius
Calculated the membrane potential of each ion (Na+, K+, and Cl-) using the
Goldman-Katz equation

Part 3: Simulated Conductance for Action Potential (Controlled neuron)
1.

Results

Data/Observations

Using the same intracellular concentrations and extracellular concentrations of Sodium,
Potassium, and Chloride as the concentrations from the resting potential of the
controlled neuron, a current was stimulated to derive the action potential with 50%
tetrodotoxin
Calculated the ionic membrane current of the neuron using equation from
Hodgkin-Huxley model after 1 ms.

Part 5: Induced 100% tetrodotoxin concentration on the neuron in its active potential
stage (neuron affected by stimulus 1 current)
1.

2.

Using the same intracellular concentrations and extracellular concentrations of Sodium,
Potassium, and Chloride as the concentrations from the resting potential of the
controlled neuron, a current was stimulated to derive the action potential with 100%
tetrodotoxin
Calculated the ionic membrane current of the neuron using equation from
Hodgkin-Huxley model after 1 ms.

Part 6: Induced 50% tetraethylammonium concentration on the neuron in its active
potential stage (neuron affected by stimulus 1 current)
1.

2.

Using the same intracellular concentrations and extracellular concentrations of Sodium,
Potassium, and Chloride as the concentrations from the resting potential of the
controlled neuron, a current was stimulated to derive the action potential with 50%
tetraethylammonium
Calculated the ionic membrane current of the neuron using equation from
Hodgkin-Huxley model after 1 ms.

Part 7: Induced 100% tetraethylammonium concentration on the neuron in its active
potential stage (neuron affected by stimulus 1 current)
1.

2.

Using the same intracellular concentrations and extracellular concentrations of Sodium,
Potassium, and Chloride as the concentrations from the resting potential of the
controlled neuron, a current was stimulated to derive the action potential with 100%
tetraethylammonium
Calculated the ionic membrane current of the neuron using equation from
Hodgkin-Huxley model after 1 ms.

Conclusion
Graphs

As per the data tables and graphs, the induction of tetrodotoxin concentrations on an active
neuron resulted in a distinct decrease in membrane current values, delineating the fact that there
was a significant reduction in sodium current flow. The decrease in the membrane current and
the blockage of the sodium channel suggests the gradual occurence of demyelination, which is a
process where the axons of a neuron start to lose their ability to transmit signals, a key aspect in
multiple sclerosis. The induction of tetraethylammonium concentrations on an active neuron
resulted in a profound increase in membrane current values, which shows an extensive reduction
of potassium flow or a sizable blockage in the potassium channels. The analysis of each
neurotoxin led to the conclusion that the usage of tetrodotoxin and tetraethylammonium to
inhibit the transmission of pain signals in cancer pain relief therapies leads to the gradual
development of symptoms associated with multiple sclerosis, thus proving my hypothesis to be
correct. This is because the induction of the neurotoxin concentrations blocked the passage of
ions across the ionic membrane of neurons, which in turn, slows down the transmission of
electrochemical signals through the neuronal axons. Furthermore, the injection of 100% Pronase
drug concentration, which consists of proteolytic enzymes, reverses the effects of the
tetraethylammonium and tetrodotoxin, modifying the sodium and potassium channels; this in
turn, prohibits the development of symptoms associated with multiple sclerosis. The results of
this experiment showed that there is a correlation between chemicals used in cancer pain relief
therapies and chemicals that lead to the derivation of multiple sclerosis symptoms; the research
conducted for this project to investigate the impacts of Pronase allows for scientists and other
professionals to develop more efficient therapeutic modes to essentially treat multiple sclerosis.

Part 8: Determined the top two percent concentrations of either tetrodotoxin or
tetraethylammonium that result in the most impactful effects of multiple sclerosis
1.

Part 9: Using results from part 8, induced a 100% concentration of the drug pronase on
the active neuron (neuron affected by stimulus 1 current) with a combined
concentration of the determined toxin concentrations
1.
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Computational-Based Data Table 1: Intracellular and Extracellular Ionic Concentrations
Derived Using Goldman-Katz Equation

Computational-Based Data Table 8: Spike Frequency and Spike Amplitude for Each Neurotoxin
Concentration

Computational-Based Data Table 2: Ionic Membrane Current of Neuron in Action Potential
State after 1 ms of stimulation
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Conductance Simulation for 50%
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Tetraethylammonium
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Computational-Based Data Table 3: Ionic Membrane Current of Neuron in Action Potential
State with 50% Tetrodotoxin Concentration after 1 ms of stimulation

https://vlab.amrita.edu

Nernst Equilibrium Equation
Computational-Based Data Table 4: Ionic Membrane Current of Neuron in Action Potential
State with 100% Tetrodotoxin Concentration after 1 ms of stimulation

Computational-Based Data Table 5: Ionic Membrane Current of Neuron in Action Potential
State with 50% Tetraethylammonium Concentration after 1 ms of stimulation

Computational-Based Data Table 6: Ionic Membrane Current of Neuron in Action Potential
State with 100% Tetraethylammonium Concentration after 1 ms of stimulation

http://microbiology.ucdavis.edu/privalsky
/hemocytometer

Goldman-Katz Equation

Hodgkin-Huxley Model

Conductance Simulation for 100%
Tetrodotoxin
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Computational-Based Data Table 7: Ionic Membrane Current of Neuron in Action Potential
State with 100% TEA, 100% TTX, and 100% Pronase Concentration after 1 ms of
stimulation
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