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Effects of Post Synaptic Potentials On A Neuron Modeled By the Hodgkin Huxley Equations

Neural networks and neurons are fundamental to life. Neurons are part of the brain, spinal cord and the nervous system. Their ability to carry electric potentials allows them to communicate with other neurons using electrical and chemical synapses. This allows the brain and other areas in the body to communicate. Neurons are predominantly used by the body for quick communication to transfer information about stimuli of surroundings and internal processes. Thanks to Hodgkin and Huxley there is a model that demonstrates the behavior of neurons and action potentials. The model developed by Hodgkin and Huxley can also be used to observe the characteristics of the mammalian motor neuron. The model shows how excitatory and inhibitory responses affect the neuron. It correctly demonstrates behavior that is fundamental to the function of the neuron and why it is successful. 

The success of the neuron can be attributed to many properties. The neuron is composed of a soma, dendrite tree and an axon. The soma is the cell body, the dendrites receive input from presynaptic cells and the axon receives information from the soma and carries it to other neurons. The axons carry information in the form of an action potential.  An action potential is a brief pulse of electric current that travels down the axon and causes the release of neurotransmitter at the axon terminal. 

The composition of the axon membrane allows and propagates the action potential. The membrane of a motor neuron axon has a resting potential of -70 mV, which is caused by the sodium potassium pump. The sodium potassium pump uses ATP to pump 3 Na+ ions into the cell and 2 K+ out of the cell, which is against the ions’ electrochemical gradients. Because there are more positive ions outside the cell, there is a net negative potential inside the cell. The membrane also contains voltage gated sodium and potassium channels, which are activated during an action potential. The axon also contains leak channels which allow Cl- and K+ to diffuse passively across the membrane. 


In order for an action potential to occur, the membrane potential of the axon must depolarize and become positive enough to open the voltage gated sodium channels, which is called the threshold potential. The threshold potential for a motor neuron is about -60mV.  If the potential does not exceed the threshold potential the membrane potential will go back to its resting potential, its equilibrium. When the membrane potential exceeds its threshold potential, the voltage gated sodium channels open and cause an influx of sodium ions into the cell. As the membrane potential continues to become more positive, the voltage gated potassium channels eventually open. Potassium ions leave the cell and cause the membrane potential to become more negative. The sodium channels also begin to close. When the voltage gated channels are opened, the ions enter or exit the cell in order to reach the electrochemical equilibrium. Since the potassium equilibrium is -75 mV, K+ will continue to exit the cell past the resting potential. This causes the refractory period, where it is harder to achieve an action potential. The course of an action potential is shown in Figure one. 
 
Neuron action potentials can elicit excitatory or inhibitory post synaptic potentials on other neurons. The type of post synaptic potential is determined by the type of neurotransmitter released from the presynaptic neuron. When an action potential reaches the axon terminal, Ca2+ is released into the axon terminal. This causes vesicles filled with neurotransmitters to cross the synapse towards the post synaptic neuron. Excitatory neurotransmitters, such as Acetylcholine or glutamate, cause an excitatory post synaptic (EPSP) when released. Inhibitory neurotransmitters, such as GABA or glycine, cause an inhibitory post synaptic potential (IPSP). Neurotransmitters activate receptors on the post synaptic neuron that cause the designated response. 

EPSPs depolarize the membrane by increasing the flow of positive ions, such as calcium, into the axon. The membrane is now more permeable to sodium ions, which increases the likelihood of an action potential.  IPSPs create a more negative membrane potential. The neurotransmitters cause an increase in membrane permeability to K+ ions. K+ ions leave the cell while Cl- ions enter the cell. This decreases the chances of an action potential occurring. 

The neuron’s ability to use temporal and spatial summation also contributes to its success. Temporal summation occurs when one neuron repeatedly propagates potentials to another neuron. The presynaptic neuron sends potentials at a time interval that causes a potential to be sent before the previous one has ended. Two potentials summate to create a larger one as shown in figure 2. In spatial summation multiple neurons send propagations to a neuron simultaneously. Although the input is received in different areas, it is summated at the axon hillocks and then carried down the axon (Fig. 2). Temporal and Spatial summation can combine excitatory and inhibitory post synaptic potentials in a variety of ways to achieve different results. 
The Hodgkin Huxley model of a neuron demonstrates these properties and how they affect the motor neuron. The Hodgkin-Huxley Simulator found at http://www.cs.cmu.edu/~dst/HHsim/,  illustrates the characteristics of the threshold potential, repeated stimulations and temporal and spatial summation. The model created by Hodgkin and Huxley is: 
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Parameters:

αm=0.1(25-v)/ (e(25-v)/10 -1)

αh= 0.07e-v/20

αn= 0.01(10-v)/(e(10-v)/10 -1)

βm= 4e-v/18

βh=1/(e(30-v)/10 +1)

βn=0.125e-v/80

gNa=120        

gK=36

gL=0.3

VNa=115

VK=-12

VL=10.6

In this model dv/dt represents the rate of change of the voltage of the membrane. Dm/dt is the rate at which the sodium channels activate, dh/dt is the rate at which sodium channels become inactive and dh/dt is the rate at which potassium channels activate. The Hodgkin and Huxley equations contain parameters that incorporated the specific characteristics of the neuron. GNa, gK and gL represent the resistance to ionic flow across the membrane. VNa, VK and VL are the equilibrium potentials for each ion. α and β are empirical functions that fit the data from the axon. model the conductance of the ion channels. Iapp is a Dirac delta function and models the current that is applied to the membrane. It can be modeled by a Heaviside Step function: Iapp(t)= A/ε for 0<t<ε and Iapp(t)= 0 for all other values of t. A is the intensity of the stimulus and E is the length of the stimulus.

The Hodgkin Huxley Simulator can be used to determine the threshold potential of the motor neuron as well as the course of the action potential. It correctly models the flow of ions and the change in voltage of the membrane. In the Hodgkin Huxley Simulator the current , which is applied in μA, represents the potential that would be applied to the neuron. A positive applied current represents an EPSP while a negative applied current represents an IPSP. For example, when a current of 9μA is applied in the simulation, an action potential occurs. The graph shows that the action potential starts just after the current is applied. The sodium channels (m) also activate right after the current is applied and the number open increases. The potassium activation (n) and the sodium inactivation (h) graphs start increasing during the negative slope of the action potential. This correlates to the logical progression of the action potential. This process holds true through stimulations of 3.7μA as seen in Figure 3. Once a current of 3.6 μA is applied no action potential occurs. Therefore the current is insufficient to reach threshold. The threshold potential is between 3.6 and 3.7 μA and is about -60mV. 

The Hodgkin Huxley Simulator can illustrate the results of repetitive and distinct potentials. Applying a current of 6μA every ten milliseconds causes an action potential every time a current is applied. This is because the membrane has enough time to recover between action potentials.   However, when the current is applied every 5 ms, the second current does not cause an action potential. The current is applied during the refractory period, when the membrane potential is more negative. Therefore it is more difficult to cause an action potential because a higher potential must be reached.  The second current is unable to reach the enhanced threshold. These trials can be seen in Figure 4. 

The results of temporal and spatial summations that involve excitatory and inhibitory potentials can be modeled by the Hodgkin Huxley Simulator. The effects of temporal summation are clearly shown when two currents of 2.5 μA are applied half a millisecond apart. The currents overlap because each current lasts a millisecond. Each individual current is not large enough to cause an action potential. When summated, an action potential occurs. However, temporal summations do not always reach the threshold potential. For example, when two currents of 2 μA are applied half a millisecond apart, no action potential occurs. The same characteristics apply to inhibitory potentials. Temporal summations graphs are shown in figure 5.

Spatial summations allow excitatory and inhibitory potentials from different neurons to be combined. They can merge to cause or inhibit a potential depending on the size of the individual potentials involved. For example when currents of 8 μA and -3 μA are applied simultaneously the summation of the two causes an action potential. The action potential progresses in a normal fashion. On the other hand, when currents of 5μA and -4μA are applied the summation does not reach threshold potential and cannot cause an action potential. These results can be seen in figure 6.

The Hodgkin Huxley simulator accurately models the behavior of a neuron and its action potential. It also shows the special processes that affect the action potential. The Hodgkin Huxley simulation demonstrates the “all or none response” of the neuron because a specific threshold must be achieved to cause an action potential. Increasing the intensity or amplitude of a potential does not increase the size of the action potential. Its peak is always around 40 mV because of the properties of the ions and where their electrochemical equilibrium is.  It also shows that potentials can be temporally or spatially summated to create a complex variety of combinations that result in an action potential. 

Hodgkin and Huxley’s model of the behavior of an action potential was a breakthrough for science. It not only combines biological phenomena and processes to show how an action potential occurs, it shows the complexity of the system. There are many ways to elicit or inhibit an action potential. Temporal and spatial summation allow for greater complexity of the neural network. Since neurons can communicate with multiple others, this leads to greater efficiency. Neurons can receive increased amounts of sensory input and feedback from sources. Since neurons have developed these complex characteristics, it has helped lead to greater complexity in organisms through evolution. The Hodgkin Huxley equations model a very influential aspect, the neuron, of  the development of diversity and complexity. 
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*Top is Spatial Summation, bottom graphs are temporal summation.
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