Making a Model of a Neuron and Background Reading on Neurotransmission

(from Eric Chudler, Neuroscience for Kids, http://faculty.washington.edu/chudler/chmodel.html)

As shown below, the model consists of two buckets taped together at their open ends to form the cell body. Short ropes protrude from one end to represent dendrites, and a long rope at the other end is the axon. A single bucket at the end of the long rope represents the axon terminal, and a pool float on this rope is used to simulate the electrical impulse (action potential). Colored balls are neurotransmitters. Three different colors should be used: balls of color 1 = Neurotransmitter 1; balls of color 2 = Neurotransmitter 2; balls of color 3 = nicotine.
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How to use the model:
1. Have students hold the following parts of the model: Student 1: Neurotransmitter 1 (plastic balls of one color); Students 2-4: one of the dendrites (thin ropes hanging from cell body); Student 5 cell body (double bucket); Student 6: electrical impulse (crab float); Student 7: axon terminal (end bucket containing Neurotransmitter 2, colored balls of a second color. Make sure student holds bucket on its sides, not its end, and pulls it so the rope is taut); .Students 8-10: ready to catch Neurotransmitter 2 (wear safety glasses).

2. Have the person holding molecules of neurotransmitter 1 TOSS the plastic balls to the people who are dendrites. The "dendrite people" try to catch the plastic balls. This models the release of neurotransmitters and the binding of neurotransmitters to receptors on dendrites.
3. When three plastic balls are caught by dendrites, the person holding the pool float propels it forcefully down the axon. This simulates the conduction of an electrical impulse down the axon.

4. The pool float should speed down the axon toward the axon terminal where it will slam into the container. This should cause the plastic balls to fly out of the bucket. This simulates the release of neurotransmitter from the axon terminals.
5. Have the students at the end of the axon terminal try to catch the balls as they fly out of the bucket. This simulates neurotransmitter binding to the receiving neuron.

CAUTION: The pool float will travel very fast! Make sure that the person holding the axon terminal keeps his or her fingers and hands AWAY from the end where the pool float will hit.

Nicotine, Neurotransmission, and the Reward Pathway
The Reward Pathway

Certain behaviors that are important for survival (e.g. eating, drinking, and sexual activity) are reinforced by the body through the reward pathway (Figure 3.1). These behaviors stimulate a specialized set of nerve cells in the brain to create the sensation of pleasure. Pleasurable feelings encourage repetition of the behavior. Three important areas of the reward pathway are the ventral tegmental area (VTA), located just above the brain stem, the nucleus accumbens (NA), a part of the emotional center of the brain, and the prefrontal cortex, which is important for thinking. To understand how the reward pathway works, we need to discuss the process of neurotransmission.
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Figure 3.1. The reward pathway in the brain

Neurotransmission

There are billions of nerve cells, or neurons, in the brain. As shown in Figure 3.2, each neuron is made up of three parts: the central cell body, which directs the activity of the cell; dendrites, the short fibers extending from the cell body that receive messages from other neurons; and the axon, the single, long fiber that extends from the one side of the cell body and transmits messages to other neurons or other tissues, like muscle.

[image: image3.jpg]impulses carried

_ toward cell body branches
dendrltes? of axon ~_=axon
\ l terminals
nucleus axon
e

impulses carried

cell body away from cell body

(soma)




Figure 3.2. A typical neuron

To send messages, neurons use two types of signals, electrical and chemical. Electrical impulses are used to transmit messages from the cell body down the length of the axon to the axon terminal. Chemical messages are used to communicate with other cells, either neurons or muscle cells.

Neurotransmission is the process of transferring a message from the axon of one nerve cell, across a small space or synapse, to the dendrites of a nearby neuron. Messages between cells are transmitted by a chemical substance called a neurotransmitter. When a neuron is activated, it sends an electrical impulse down the length of its axon to the axon terminal. As shown in Figure 3.3, the axon terminals of one neuron, called the pre-synaptic neuron, lie close to the dendrites of another neuron, the post-synaptic neuron. (There are usually many other neurons, although only one is shown in this figure.) When the electrical impulse reaches the axon terminals, it results in the release of neurotransmitter into the synaptic space. The neurotransmitter molecules bind to receptors on the dendrites of nearby neurons, resulting in stimulation or inhibition of an electrical impulse in that cell.
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Figure 3.3. A neural synapse

A close-up of the synapse is shown in Figure 3.4. Normally, neurotransmitter is stored in membrane-bound sacks called vesicles in the terminals of the axon. When an electrical impulse reaches the axon terminals, the vesicles fuse with the cell membrane, releasing the neurotransmitter into the synapse. The neurotransmitter crosses the synapse and binds to its specific receptor on the dendrites of a nearby nerve cell. The binding of the neurotransmitter results in either stimulation or inhibition of an electrical impulse in the receiving cell. After being released into the synapse, the neurotransmitter is quickly inactivated.  Some neurotransmitters are broken down by enzymes; others are reabsorbed by the axon that released them through special transporter molecules located on the cell membrane. 
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Figure 3.4. Close-up of a neural synapse

Details of the Reward Pathway

The reward pathway consists of a few thousand neurons that have their cell bodies in the VTA and their axon terminals in the NA or prefrontal cortex. These neurons use the neurotransmitter, dopamine so they are called dopaminergic neurons. Stimulation of dopaminergic neurons in the VTA results in the release of dopamine at axon termini in the NA and prefrontal cortex. Some of this dopamine binds to dopamine receptors on the dendrites of neurons on the other side of the synapse. Dopamine binding results in a series of changes in the receiving neuron, including the stimulation or inhibition of an electrical impulse. Dopamine does not remain in the synapse for long—it is quickly reabsorbed by the cell that released it by a dopamine-specific pump called the dopamine transporter.

How Does Nicotine Interact with Neurotransmission and the Reward Pathway? Drugs of addiction have a reinforcing effect because they interact with the reward pathway. When cigarette smoke is inhaled, the nicotine in the smoke is absorbed into blood vessels in the lungs and reaches the brain within 10 seconds of the first puff. Once in the brain, nicotine binds to receptors located on the cell bodies of neurons in the VTA area, as well as the terminals of these neurons, which are in the NA and the prefrontal cortex. Normally, these receptors bind the neurotransmitter acetylcholine. Nicotine is similar in structure to acetylcholine, so it is able to bind to the acetylcholine receptor. To simplify this discussion, these receptors will be called nicotine receptors, but the normal function of these receptors is to bind acetylcholine.

The binding of either nicotine or acetylcholine to the receptor results in the brief opening of a pore in the receptor. This opening allows cations to move into the neuron. This influx of cations triggers an electrical impulse to move down the nerve axon. 

At the terminals of the neuron, dopamine is released into the synapse. It binds to dopamine receptors on nearby nerve cells in the nucleus accumbens and the prefrontal cortex (Figure 3.5). The binding of dopamine to dopamine receptors in these regions of the brain is associated with the rewarding effect of smoking often reported by smokers, such as relaxation or an increased ability to focus. 
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Figure 3.5. Effect of nicotine on neurons in the reward pathway
Metabolism of Nicotine

As discussed earlier, nicotine binds acetylcholine receptors on neurons in the brain. However, unlike acetylcholine, nicotine is not broken down in the brain, but instead is processed in the liver and excreted in the urine.

The liver carries out many important functions, including clearing toxic substances from the blood. It produces a class of enzymes called the cytochrome P450s that help to break down toxins by making them more water soluble so that the body can excrete them in the urine (see Figure 3.6). The cytochrome P450 enzyme CYP2A6 converts nicotine to a substance called cotinine, which is modified by other enzymes and then excreted in the urine. About 70% of the nicotine in a person’s bloodstream is converted to cotinine by CYP2A6. The rest of the nicotine is treated by other enzyme pathways before being excreted. What would happen if a person did not make the enzyme CYP2A6? 










Figure 3.6. Nicotine metabolism
Choosing Candidate Genes

In a candidate gene study like the smoking behavior research study, scientists focus on one or a few genes that are likely to be associated with the particular condition they are investigating. They make their selection based on what is known about the biology of the condition under study and previous research on the same or related conditions. 

Then they need to identify regions of genetic variation in the gene that may affect the protein produced from that gene and thus have an effect on the condition under study. There are several factors that need to be considered in choosing useful alleles:

1. Frequency of the allele. Complex traits like smoking behavior are influenced by several genetic and environmental factors, and the contribution of each factor is usually small. In order to see an effect from a particular polymorphism, scientists choose one that is fairly common, at least 5% in the study population, so that the polymorphism will be detected in a relatively small study group.

2. Distribution of allele in different racial groups. If a study includes subjects from different racial groups, then the alleles being tested should be common in all the populations involved in the study. The allele frequencies sometimes vary among different groups, and this can lead to erroneous results if the races of cases and controls are not well matched.

3. Whether the allele has a biological effect. Scientists are interested in genetic variations that have an effect on the function or amount of the protein made from that gene.

4. The allele may be a marker for another allele that has a biological effect. Some alleles do not have an effect on protein production, but they are co- inherited with another allele, not yet identified, that does affect protein production.

Many of the genes that code for proteins involved in the reward pathway have been studied in connection with addictive behaviors such as smoking, alcoholism, and compulsive gambling, as well as some mental illnesses like schizophrenia. Several candidate genes were considered for the smoking study, including genes for the nicotine receptor, for proteins involved in dopamine synthesis, breakdown, and re-uptake, the dopamine receptor, and the enzyme involved in nicotine breakdown. The genes that were ultimately included in the study are DRD2, which codes for the dopamine receptor 2, and DDC, which codes for dopa decarboxylase, an enzyme involved in dopamine synthesis (shown in Table 3.1).

Two regions of the DRD2 gene are included in this study. The first is the -141C insertion/deletion (-141C Ins/Del), which occurs within the promoter of the gene. The deletion allele results in reduced expression of the DRD2 gene. The -141C Ins/Del is correlated with DRD2 protein density and with addictive behaviors like alcoholism in some populations.

The second locus is called C957T. This is a “silent” or “synonymous” mutation, meaning that the T form of this gene does not affect the amino acid sequence of the receptor.  A series of elegant experiments has shown that the T allele results in lower mRNA stability and decreased translation of the mRNA. Why would a silent mutation have these effects? The single nucleotide change may make the RNA transcribed from this gene more susceptible to RNA degradation. Having less of this mRNA may account for the lower level of translation. The single base change in the mRNA codes for the same amino acid, but it changes one codon, which means that a different tRNA is needed to deliver the correct amino acid. This alternate tRNA may be less plentiful or not bind to the mRNA as well as the usual one, affecting the rate of translation. Studies that measured the effect of dopamine on expression of the DRD2 gene showed that the T allele results in a lower increase in gene expression in response to dopamine than the C allele does, making this is an interesting candidate gene to include in the study.

The DDC allele under study is a G to A change in an intronic (untranslated) region. One possible explanation is that the G allele may be part of an intronic splicing enhancer involved in regulation of splicing. In one study the A allele has been shown to be associated with nicotine addiction in African and European Americans.
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