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Biological Context Lecture 1 Electricity in the Body The conduction of electricity in the human body is an important mechanism of life. The human body is a good conductor and there are specific cells in the body whose function is to carry electricity. These cells are called nerve cells or neurons. The body's nervous system consists of these neurons and are responsible for communication in the body, muscle motion and allows us to be aware of our surroundings. Neurons act in three capacities in the body: • • •



Sensory Neurons: Carry messages from the eyes, ears, tongue, etc to the Central Nervous System CNS (Brain and Spinal Cord). Motor Neurons: Carry messages from the CNS to particular muscles to enable them to contract. Interneurons: Permit the transmission of signals between neurons. These neurons are positioned in very complex arrays and are located in the CNS.



Anatomy of the Neuron



Figure 1: The neuron The figure above depicts a typical myelinated neuron. It consists of a cell body (soma) with a nucleus. The dendrites are a sensors that detect a particular types of stimulus and allow propagation of electric signals from one neuron to another. The long tail of the cell is called an axon and there are regions which are insulted by a sheath called myelin. At the end of the cell is the presynaptic terminal which emits a signal used to stimulate the dendrites of another neuron or a muscle cell. The space between a presynaptic terminal and a dendrite is know as the synapse and is shown in the figure below:
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Figure 2: The Synapse



Potential Difference in Nerves A neuron sits in a resting state prior to transmitting an electrical signal. Neurons, like nearly all living cells have a net positive charge on the outer surface of the cell membrane, and a net negative charge on the inner cell surface. This will create a potential difference across the cell membrane. When a neuron is not transmitting a signal then the resting potential of the cell is given by Vrest = Vinside − Voutside This resting potential is typically in the order of -60mV to -90mV which depends on the organism. The net charge in and outside of the cell is due to the presence of ions, the most common of which are K+, Na+ and Cl- which occur inside and outside the cell in large differences in concentration as given in the table below: Concentrations of ions inside and outside a typical axon



K+ Na+ Cl-



Concentration inside axon (mol/m3) 140 15 9



Concentration outside axon (mol/m3) 5 140 125



Other ions are also present so that the fluids both inside and outside the axon are electrically neutral. As a result of differences in concentration of the ions, they tend to Page 2 of 9
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diffuse across the cell membrane, however in the resting state, the membrane prevents the net flow of Na+ ions. It does allow the diffusion of Cl- ions and K+ ions and these two ions produce a dipole charge layer on the membrane. As a result of there being a greater concentration of K+ ions within the cell than outside the cell, these ions tend to diffuse outward through the membrane, than diffuse inwards. A K+ ion that passes through the membrane becomes attached to the outer surface of the membrane, and leaves behind an equal negative charge that lies on the inner surface of the membrane as shown in the figure below:



Na + Extracellular Fluid



+



+



-



-



Cl-



K+



Axon



Figure 3: Ion Diffusion in an Axon



The fluids inside and outside the cells remain neutral and the ions are held on the membrane due to their attraction for each other across the cell membrane, hence only the axon walls are charged. A similar process occurs for Cl- ions except that they diffuse into the axon leaving a positive charge and the diffused ions sticks to the inner wall of the axon's membrane. These two diffusion processes leave the outer surface of the membrane positively charged while the inner membrane surface is net negatively charged. The diffusion processes continue until the electrostatic repulsion prevents further diffusion, for example a K+ ion can not diffuse to a region where there is already a positive charge since it will be electrostatically repelled. Equilibrium is achieved when the tendency for diffusion due to concentration difference is balanced by the potential difference across the cell membrane. Hence, the magnitude of the potential difference depends on the concentration difference, the greater the concentration difference the larger the potential. Action Potential The important aspect of a neuron is not its resting state but rather how it responds to a stimulus and how it conducts an electrical signal along its length. Stimulation of the neuron can be thermal (touching hot or cold surfaces), chemical (taste), pressure (eg: sound detection in the ear, light (eye) or it could be electrical such as the signal from another neuron. If the simulation exceeds a particular threshold then a voltage pulse will travel down the axon. This voltage pulse is called an action potential the general shape of which is shown in the figure below:
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Figure 4: The Action Potential



The potential across the membrane changes from the resting potential of -70mV to approximately +30mV to +40mV and has a duration of ~ 1ms. The pulse travels down the axon with a speed of between 30m/s to 150m/s. The action potential is a result of a remarkable feature of the cell membrane that can change its permeability properties. At the point of stimulation, the membrane at that position suddenly become more permeable to Na+ ions rather than to K+ or Cl- ions. Thus the Na+ ions rush into the cell and the inner surface of the cell becomes positively charged, and the potential difference quickly becomes ~+30mV. The cell membrane then suddenly changes it properties and stops this diffusion and pumps out the Na+ ions and diffusion of K+ and Cl- continues as before so that the resting potential difference is reached. Propagation of the Action Potential (unmyelinated axons) The propagation of the action potential is shown in the figure 5. The action potential first occurs at the point of stimulation. The membrane at that point is momentarily positive on the inside and negative on the outside. Nearby charges that are oppositely charged are attracted to this point and hence the potential will drop where the attacted charges have moved which induces an action potential there. At the original stimulation point the cell returns to normal and hence the action potential has propagated down the cell. The electrical signal is propagated when the process repeats itself down the axon.
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Figure 5: Propagation of the Action Potential The propagation of the voltage pulse described here applies to unmyelinated axons. Meylinated axons are insulated from the extracellular fluid by the meyline sheaths except at points called the nodes of Ranvier. Hence an action potential can not be regenerated at the regions where there is a sheath. When a neuron such is this is stimulated, the pulse will travel along the membrane where it encounters resistance which slowly reduces the magnitude of the voltage pulse. This reduced pulse can still stimulate an action potential at the nodes of Ranvier and hence the signal is amplified at each of these points. This naturally requires less energy for the pulse to propagate and makes pulse propagation faster.



The Electrocardiogram ECG or EKG Every time a heart beats a change in potential occurs across its surface much like a stimulated neuron. The change on the potential can be detected by a sensors (electrodes) placed on the body. It is possible to detect voltage pulses on the skin's surface as we are reasonably good conductors! The voltages pulses detected are typically small in the mV region but can be easily amplified and displayed on a CRO or a chart recorder. A record of the changes in the potential detected as a function of time is called and ECG. A typical ECG is shown in figure 6.
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One Heart Beat Figure 6: A Typical ECG Signal The Heart Beat Muscle cells like nerve cells have a dipole charge layer across the cell membrane with the interior of the cell membrane being negatively charged and the exterior is positively charged. Prior to contraction of the heart, the cell wall changes it permeability such that positive ions flow into the cell which induces an action potential which is known as depolarisation. This action continues until the entire muscle is depolarised and the heart muscle contracts in various locations during this period. This is shown in figure 7 below:



+ + + + + - - + + - - Heart + - + -+ + + +- +- - -+ + + Resting State



+ - - + - ++ - ++ - +- +



+ + - - + - + -+ - - + + +



Progression of Depolarisation



Figure 7: Depolarisation of Heart Muscle
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Relation between Potential changes in an ECG Signal to Heart Activity It is standard to divide the potential changes observed in one heart beat in an ECG. The regions of different potentials are known as waves and are depicted in figure 8.



Figure 8: The different waves of one heart beat • • •



P wave: Contraction of the atria QRS wave: Contractions of the ventricles. (This group is complex since the depolarisation follows a complex path from left to right, toward the front, then downward to the left and to the rear. ) T wave: This corresponds to recovery (repolarisation of the cell membrane) ready for the next cycle.



ECG's make use of at least three basic electrodes, usually located on both hands and one on the left foot. Since depolarisation occurs in three dimensions additional electrodes can be used to obtain further information, some of which is redundant. A 12 electrode ECG is shown in figure 9.
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Figure 9 ECG of the Author's Mother In-law



The ECG as a Diagnostic Tool The ECG is a powerful tool that can identify heart defects by observation of the changes in the wave patterns in a heart beat. For example, the right side of the heart increases in size if the right ventricle must push against an abnormally large load (this can happen due to the hardening of the blood vessels or blockage). On a ECG this will show up as large negative S wave. Infarcts (dead regions of the heart also show up readily since depolarisation does not properly occur. The interpretation of the ECG greatly depends on experience.



The ECG in Veterinary Science ECG are not only routinely used for humans they are also used as diagnostic tool for animals. Figure 10 and 11 show ECGs from an German Shepherd and a Chihuahua respectively. It is interesting to observe that the general shape of a heart pulse is similar to that of a human. The chihuahua's heart rate is much faster that that of the German shepherd due to its faster metabolism. It is also interesting to note that this is a slow heart rate for a chihuahua!
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Figure 10: ECG from a German Shepherd



Figure 11: ECG from a Chihuahua



In summary, electricity is an important phenomena not only in physics and engineering but also in biological sciences, for without it, life would not exist. Many of the diagnostic tools used in biology are the result of applied physics research such as the ECG, NMR X-rays, Gel Electrophoresis, Centrifuge and hence it is important to have a basic understanding of physics to be able to comprehend how devices such as the ECG or even or own bodies mechanism used to conduct electricity work.
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Biological Context Lecture 2 Electrophoresis Electrophoresis is the migration of ions under the influence of an applied electric field. It is a very useful technique in the separation of large molecules since many large molecules have an associated charge. The electrophoresis takes place in a medium (solid or liquid phase), which acts as a sieve. This is a result of a frictional force of the atoms that constitute the medium interacting with the migrating ions. The rate of progression of the ions depends on their molecular mass, shape and of course the charge. Consider and arbitrary medium with two electrodes placed in the medium separated by a distance d with a potential difference (V) applied between the two electrodes as shown in figure 1:



-q



Ff



Fe +V



-



As a result of the potential difference between the electrodes, an electric field exists, the magnitude of which is given by E=



V d



[V/m]



Since there is an electric field between the electrodes a charged particle will experience an electrostatic force: F e = qE



[N]



The ions will also experience a frictional force due to the medium given by Ff = v



[N]



where µ is the coefficient of friction. The ions will be accelerated by the electrostatic force until it is balanced by the frictional force, after which the ion's velocity will be constant. This velocity dependence as a function of time is shown in figure 2.
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v



constant v



acceleration



t Figure 2: The velocity of the ion as function of time. The first region shows the acceleration of the ions due to the electric field. The second regions shows the velocity being constant as a result of the frictional force balancing the electrostatic force This is an approximation only as the acceleration does not stop instaneously. In the condition that the electrostatic force equals the frictional force we can then equate the two forces: qE = v If we represent the ion as a spherical particle of radius r then the coefficient of friction is given by =6



r



where is the viscosity of the particle in the medium. The viscosity of a fluid is a measure of the resistance to flow due to diffusion. Substituting this expression for the viscosity above yields ⇒ qE = 6 ⇒v=



rv



qE 6 r



We now define the electrophoretic mobility Um as the velocity per unit electric field: Um =



v q = E 6 r



[m 2V -1s-1]



From these equation we can deduce the properties of ionic movement in medium with a potential difference across it: • • •



Proportional to the charge Inversely proportional to the size of the ion Inversely proportional to the viscosity



Note that this is a very simplified expression as it assumes that the ion has a spherical geometry which is generally not true as well as neglects the electrostatic interaction between ions in the medium.
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This technique is very useful for molar mass determination of proteins as the proteins can be treated with a reagent with a well defined pH that induces the same charge on the proteins. The charge induced on the protein is dependent on the pH of the medium as such the electrophoretic mobility is also a function of the pH (since it depends on the charge) which is demonstrated in figure 3.



Figure 3: The general functional form of the Electrophoretic mobility Ub Vs pH for a protein.



The isoelectric point is the where the pH of the medium induces a zero charge on the protein. A pH above this induces a net negative charge to the protein while below this point the protein gains a net positive charge. Since the mass of a protein is proportional to is size, the ions can be sorted as a function of time. Example: In a solution which has a pH of 6.5 normal carboxyhemoglobin has an electrophoretic mobility of Umn = 2.23x10-5 cm2V-1s-1 and that of sickle cell carboxyhemoglobin is U msc = 2.63x10 -5 cm2V-1s-1. Calculate how long it will take them to separate these proteins by 1cm if E = 5.0 Vcm-1. Carboxyhemoglobin is a protein found in human blood. We will assume equilibrium conditions, as such, for normal carboxyhemoglobin the electrophoretic mobility is Um n =



vn E



where the subscript refers to the normal carboxyhemoglobin. The velocity is related to the distance travelled by vn =



dn t



dn Et ⇒ dn = Um n Et ⇒ Umn =
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Following the identical procedure for the sickle cell carboxyhemoglobin we find that the distance travelled by this protein is d sc Et ⇒ dsc = Umsc Et ⇒ Umsc =



(2)



Subtracting equation (1) from equation (2) yields the difference in distance travelled by the two proteins: dn − dsc = U mn Et − Umsc Et



[



]



⇒ ∆d = U m n −U m sc Et where ∆d = dn − dsc Hence the time taken to separate the proteins by a distance ∆d is ⇒t =



[U



mn



∆d



]



−Umsc E



Inserting the relevant numbers for our problem yields: t=



[U



mn



∆d 1 = = 5 × 10 4 s −5 −5 − Umsc E (2.23 × 10 − 2.63 ×10 ) × 5



]



=13.88 Hours



Gel Electrophoresis Gel electrophoresis is one of the staple tools used in molecular biology. It applications are quite varied but some of the important ones are as follows: • • • • •



Identification of sections of DNA molecules (Mapping of the human genome) Genetic engineering Genetic manipulation Determination of the difference of evolutionary relationships between plants and animals DNA finder printing



Gel electrophoresis is essentially based on the electrophoresis process, except in this case the medium in which the ions travel is a gel. The gels have good sieving properties for large macromolecules. Quite often in the application of the identification of DNA molecules, this gel is agarose which is derived from seaweed. A simple type of flat bed gel apparatus is shown in figure 4. Several small samples are Page 4 of 6
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placed into different slots, usually one or more of those slots is calibrated with a known sample which allows for interpretation of the results.



Figure 4



Gel Electrophoresis and DNA Identification The characteristics of humans and all living creatures are determined by information carried by DNA (deoxyribonucleic acid) molecules in our cells. This information is a set of instructions that enables the production of the approximately 100,000 proteins in our body. The structure of the DNA molecule on its basic level is a double helix and can be can be viewed as a zipper with each tooth of the zipper one of four different molecules. These four different molecules are the building blocks of DNA and are usually represented by four letters A - Adenine C - Cytosine G - Guanine T - Thymine The opposing teeth in the zipper are formed by pairs of these molecules and come in either A-T or G-C pairs. This specific pairing is a result of the double helix structure with the size of the A-T or G-C pairs being approximately the same size. The information in DNA is determined by the sequence of these four letters. For example the word "STOP" can be constructed from four letters which has a different meaning to the word "POST" or "POTS" which also can be formed by the same four letters. There are surprisingly few differences in the DNA code of individuals. If you compared it to words on a page the typical individuals vary by 1 in 500 words! DNA finger printing is used for a number of purposes from the diagnosis of inherited disorders to personal identification. An individuals DNA is much like a finger print, since it is different for different individuals and can be used for identification purposes. DNA is a large molecule which is also charged so sorting of DNA can be accomplished using gel electrophoresis. The process of identification has six steps as follows:
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•



Isolation of DNA



DNA is recovered from cells or tissues in the body. Only a very small amount of tissue is required such as a single human hair. •



Cutting, sizing and sorting



The DNA can be cut in specific places by placing it in a solution of specially prepared enzymes. For example the enzyme RcolR1, which is found in bacteria, will cut the DNA only when the sequence GAATTC occurs. This sequence will occur along different places of the DNA molecules for different individuals hence the size of the resulting DNA pieces will be different for different individuals. The DNA pieces can then be sorted according to size using gel electrophoresis. •



Transfer of DNA to nylon



Following the gel electrophoresis process, the DNA pieces are transferred to a nylon sheet by placing the nylon sheet onto the gel. •



Probing



The addition of radioactive or dye molecules to the nylon sheet allows them to adhere to the sorted DNA pieces. When exposed under a UV light, the dyes radiate and hence enable the position of the DNA pieces on the nylon sheet to be determined. •



DNA Finger Printing



A DNA finger print is created when several probes are used by having several slots on the gel pad where the electrophoresis takes place (see figure 4). The result look like something like a bar code used by scanners when exposed by UV light as shown in figure 5. Naturally, if this was to be used in identification processes, such as a crime scene, then one of these probes would be from the suspect while another would be from biological evidence found at the crime scene. A match would occur for probes that have moved the same distance under the electrophoresis process.



Figure 5
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