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Biological ideas do not solely come from biologists. In fact, scientific ideas and concepts can often be applied to more than one discipline. Specifically, a lot of physical concepts are required in the study of animals and plants. For example, our lung can inhale air because of the pressure difference between the interior and the exterior of the lung. Mineral absorption in plants involves diffusion and osmosis. We are able to stand upright because our bones are strong enough to bear our body weight without breaking. All these examples tell us that physical laws are required to understand certain aspects of biological functions; and the study of physical processes in biological systems is called biophysics.

What is “Neurons”?


In this short article, I am going to tell you more about a specific subject biophysicists have been studying --- neurons. You may recall from your biology class that neurons are special kinds of highly elongated cells. (Figure 1 shows a typical neuron.) Interconnection of neurons in our brain enables us to think. In fact, neuron acts like a messenger by transmitting information from one part of the body to the other. For instance, when you walk, your brain somehow sends a message to the neurons connecting your brain and your legs. Upon receiving the message, electrical signals in the form of voltage pulse are then transmitted through these elongated neurons until reaching the legs. The voltage pulse typically ranges from about 0.01V to 0.1V and travels along the neuron at a speed of about 10m/s. In a copper wire, electrical current is the result of the motion of free electrons. Ohm’s law tells us that such an electrical current leads to a potential difference along the copper wire. Of course there is little free electron in a neuron. In contrast, the electrical current and hence potential difference in a neuron is the result of motion of primarily sodium and potassium ions within the neuron as well as across the cell membrane. The flow of sodium and potassium ions across cell membrane is controlled by special structures on the membrane known as ion channels. Before stimulation, the interior of a neuron has a higher concentration of chloride ions and a lower concentration of sodium ions. This makes the neuron slightly negatively charged compared with the extracellular space and hence the voltage of the neuron interior is negative compared with extracellular space (see figure 2). Upon stimulation, a voltage pulse in the neuron will generated as a result of the opening of sodium ion channel. Once the sodium ion channel is fully opened, extracellular sodium ions rapidly flow into the neuron making it slightly positively charged. Thus, the voltage of the neuron increases (see figure 2). At a later time, the sodium ion channel is closed while the potassium ion channel opens. This allows the potassium ions inside the neuron to move out across the cell membrane thereby making the neuron slightly negatively charged again. Consequently, the voltage of the neuron decreases (see figure 2). Finally, potassium ions are pumped in and sodium ions are pumped out of the neuron via protein transport molecules until the original concentrations of sodium and potassium ions are restored. In this way, a voltage pulse is formed; and such pulse travels along a neuron. Once the leg muscles receive the voltage pulse, they contract and hence you are able to walk.
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(Figure 2 Relationship between ion channels and voltage)
Due to the presence of resistance in the interior of a neuron, known as intracellular resistance, current flowing along the interior of a neuron is accompanied by a potential drop. In addition, the electrical resistance across the cell membrane, known as the membrane resistance, is high but not infinite. Therefore, a small but non-zero electrical current will flow across the cell membrane. These two factors limit the distance a voltage pulse can travel and hence the (operational) length of a neuron.

Can Resistor Network be used to investigate Neuron?

To study how the current and voltage pulse travel along a neuron in detail, biophysicists consider a very simple-minded model of resistor network as shown in figure 3. The bottom wire represents the voltage level outside the neuron while the top wire represents the voltage level inside the neuron. The resistors on the top wire represent the intracellular resistance while the resistors connecting the top and the bottom wire represent the membrane resistance. Given the potential differences between the top and the bottom wires in the far left and the far right in figure 3, biophysicists use Ohm’s law to setup a system of equations relating the potential difference between different points on the wires and the current passing through each resistor. Such system of equations is a special case of the so-called cable equation used by physicists and electrical engineers to study of potential difference drop along an electric cable. (To tell you the truth, the actual model as well as the equations used by biophysicists are far more complex, involving batteries and capacitors. The batteries are used to model the pumping action of protein transport molecules while the capacitors are used to model the ion channels. But the simplified version I have introduced here is sufficient to illustrate the physics discussed in this article.)

In spite of its simplicity, this simple-minded resistance network model is already able to explain a few facts. For example, upon eating excessive common salt, extracellular sodium ion concentration will drastically increase. Therefore, more sodium ions will flow into neurons once the sodium ion channel is opened. In this case, the potential difference between the top and the bottom wires in the far left of figure 3 is increased. Thus, the voltage pulse is stronger and can travel a longer distance along a neuron. This is the reason why excessive sodium intake may cause hyperactivity. More strikingly, recent experiments find that membrane resistance in neurons of the brain of an Alzheimer’s disease patient is much lower than that of a normal healthy person. (Alzheimer is a disease usually occurring in middle-aged person. This disease is associated with the degradation of neurons in the brain. Typical syndrome includes gradual loss of memory and the ability to control ones motion.) The resistor network model we have just come across predicts that the voltage pulse cannot travel too far along the neurons of an Alzheimer patient. (Do you know why?) Hence, communication amongst neurons in the brain of an Alzheimer patient is greatly impaired. This may be one of the reasons why Alzheimer patients become forgetful.
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(Figure 3 Model of resistor network) 
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Extensions (from the syllabus):

Bring out ideas: Different branches of science are in fact inter-related. Scientific ideas and principles can be applied to very different situations. Understanding how neuron transmits voltage pulse from a physical point of view.

Warm-up discussion:
· What is a neuron?

 

Neuron is an electrical signal transmitting cell which communicates between the brain and the other parts of the body through an electrochemical process.

· What is diffusion? (Demo: Ink drops in a breaker of water.)

· What kind of electrons (i.e., free or bounded) is responsible for the electrical conduction of a copper wire?

· State Ohm’s law.

· If [image: image4.png]10* Na*



ions pass through the ion channel in 1 ms, what is the amount of current?
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· Consider the conservation of energy, state why the intracellular resistance limits the operational length of neurons?

 

The electrical energy changes to heat and energy loss through the signal transmission path with resistance. When the operational length of neurons increases, the resistance increases too. As a result, the energy loss becomes significant and the electrical signal attenuates gradually along the path.

· Refer to resistance network model in Figure 3, if the membrane resistance is dropped in Alzheimer patient; try to predict the change of the p.d. close the leg? 


The p.d. close the leg is dropped too.

Points for further discussion:
1. Do you think it is possible to have a 40m in height and 35,000 tons in weight ultraman like the one appears in Japanese cartoons in reality? (Note that such an ultraman will have bone fracture unless he is living under water. Moreover, he cannot stand upright because his heart is not strong enough to pump the blood up to his head. Besides, the electrical signal along the neurons of ultraman travels at a speed of only about 10 m/s. So, he must be moving in slow motion. Theory of evolution tells us that ultraman should have been eaten up and extinct long time ago.) 

2. Explain why a flow of sodium ion into the neuron leads to an increase of its p.d. relative to the extracellular space. 

3. Using figure 3 and without doing any calculation, explain why the potential difference drops along the neuron. (Demo: Teacher may set up the circuit in figure 3 and investigate the potential difference drop as a function of distance.) 

4. Explain briefly what will happen to the maximum possible length of a neuron if the membrane resistance is decreased while the potential difference between the two wires in the far left and far right are kept constant. Hence, explain why neurons in an Alzheimer patient communicate less effectively than normal neurons. 

5. Explain briefly what will happen to the maximum possible length of a neuron if the intracellular resistance is decreased while keeping the potential difference between the two wires in the far left and far right constant. 

6. Without doing any calculation, discuss why figure 3 can also be used to study the potential difference drop along an electric cable. 

7. For students with high mathematical ability, one may compare the model in figure 3 with the one that the number of resistors is doubled on the top wire, resistance of each resistor is halved. The number of resistors connecting the top and the bottom wires, resistance of each resistor is doubled. Ask the student which model is better. 

8. Search the web, to find the Nobel Prize winners in neuroscience. (including Years of award, Names, and his/her field of study) 

	Year of Award
	Name(s)
	Field of Study

	1906
	Golgi, Camillo
	Structure of the Nervous System

	
	Ramon y Cajal, Santiago
	Structure of the Nervous System

	1932
	Adrian, Edgar Douglas
	Function of neurons in sending messages

	
	Sherrington, Charles Scott, Sir
	Function of neurons in the brain and spinal cord

	1936
	Dale, Henry Hallett, Sir
	Chemical transmission of nerve impulses

	
	Loewi, Otto
	Chemical transmission of nerve impulses

	1944
	Erlanger, Joseph
	Differentiated functions of single nerve fibers

	
	Gasser, Herbert Spencer
	Differentiated functions of single nerve fibers

	1963
	Eccles, John Carew, Sir
	Ionic mechanisms of nerve cell membrane

	
	Hodgkin, Alan Lloyd, Sir
	Ionic mechanisms of nerve cell membrane

	
	Huxley, Andrew Fielding, Sir
	Ionic mechanisms of nerve cell membrane

	1970
	Axelrod, Julius
	Humoral transmitters in sympathetic nerves

	
	Katz, Bernard, Sir
	Release of neurotransmitters from nerve terminals

	
	von Euler, Ulf Svante
	Humoral transmitters in sympathetic nerves

	1986
	Cohen, Stanley
	Control of nerve cell growth

	
	Levi-Montalcini, Rita
	Control of nerve cell growth

	1991
	Neher, Erwin
	Function of single ion channels in cells

	
	Sakmann, Bert
	Function of single ion channels in cells

	1994
	Gilman, Alfred G.
	Discovery of G-protein coupled receptors and their role in signal transduction

	
	Rodbell, Martin
	Discovery of G-protein coupled receptors and their role in signal transduction

	2000
	Arvid Carlsson
	Signal transduction in the nervous system/dopamine

	
	Paul Greengard
	Signal transduction in the nervous system

	
	Eric R. Kandel
	Signal transduction in the nervous system/learning


Activities:
· Activity 1. An analogy of neuron’s action
Form a line with a group of five students. To hold each other’s hands and form a chain. The student at the beginning of the line sends a signal by pressing his/her adjacent classmate’s hand several times. The number of times to press is decided by the teacher which already written down on a card. The second student then presses the hand of the next one and the signal goes until the end of the line. When the last student receives the signal, he/she should shout out the number of presses. The length of the line and the time for transmission can be measured with a ruler and a stopwatch respectively. The speed for signal transmission can be calculated by distance/time. Compare this value with the speed of neuron transmission provided in this article. 

· Activity 2. To find your reaction time
Reference Link: 
www.hk-phy.org/resources/mak_video/mech02/mech38(high).rm 
Use a half-meter ruler, hold the ruler and hang down vertically. Another student puts his/her hand at the bottom of ruler with the zero mark and prepares to grab the ruler. However, this student is not allowed to touch the ruler. The ruler will be released suddenly. The student has to catch the ruler as fast as possible when it is released. Mark down the length l at which this student catches the ruler. According to equation of motion under gravity, the student’s reaction time t is able to find by t =[image: image9.png]


where g is the acceleration of gravity.
Now, try to estimate the speed of electrical signal in your neurons. Measure the length from your head to your hand first. The speed of signal = length for transmission / reaction. Compare this result with data provided in this article. Are they in the same order? 

Additional information for teachers:
In fact, the resistance of each resistor along the top wire equals to the resistance per unit length along the neuron times the corresponding length each resistor presents. We use a similar idea to fix the resistance of each resistor connecting the top and the bottom wires. In fact, typical values of the specific intracellular resistance and specific membrane resistance are about 20  cm and 20000  cm2 respectively. All the discussions here neglect the capacitive effect and the presence of ion pump across the neuron membrane. In fact, the cable equation is a partial differential equation obtained by (1) taking the limit by sending the corresponding length of each resistor on the top wire to zero; and (2) taking into account the capacitive and ion pump effects of the neuron by adding capacitors and batteries between the top and the bottom wires.

The Nobel Prize for Physiology or Medicine was awarded to A. L. Hodgkin, A. F. Huxley and Sir J. Eccles in 1963 for their study of the ionic transport mechanisms briefly discussed above.

Related Web sites:

	1. 
	BBC News - “Scientists develop 'brain chip'”
http://news.bbc.co.uk/2/hi/health/2843099.stm

	2. 
	New Scientist - “Synapse chip taps into brain chemistry”
http://www.newscientist.com/news/news.jsp?id=ns99993523


1. Further readings:

2. 科學人：中文版，2002年12月號，p.76-85，“隨心而動─以意念操控機器”，簡介將神經細胞活動轉成電子訊號的研究進程。

