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CHAPTER 4: THE STRUCTURE AND ELECTRICAL ACTIVITY OF NEURONS

Dendritic Spines – branches and small protrusions that increase a dendrite’s surface area
Axon Hillock – a single axon that extends out of the cell body
Axon Collaterals – branches of an axon, which, usually emerge from at right angles 
Teleodendria – smaller branches that are divided by the ends of axon collaterals
Terminal Button (End Foot) – knobs that are found on the ends of each teleodendrion 
Synapse – the space between one axon’s end foot and the neighboring dendritic spine
Neurotransmitter – chemicals that carry a message across the synapse and increase electrical activity of the target 
Proteins – complex organic compounds, including enzymes hormones and antibodies that form the principle components of a cell
Nucleus – an organelle that stores and copies a cell’s proteins (genes and chromosomes)
Endoplasmic Reticulum (ER) – folded layers of membrane where proteins are assembled 
Golgi Bodies – membranous structure that packages protein molecules for transport
Tubules – tiny tubes that transport molecules and help give the cell its shape
Microfilaments – threadlike fibers that make up much of the cell’s “skeleton”
Mitochondria – structure that gathers, stores and releases energy
Lysosomes – sacs that contain enzymes designed to break down waste products
Extracellular Fluid – fluid that separates and cushions cells
Intracellular Fluid – fluid in which a cell’s internal structures are suspended
Phospholipid Bilayer – a membrane composed of a hydrophilic (polar) head and two hydrophobic tails
Ions – Charged particles with each end containing a positive or negative charge 
Chromosomes – molecular complexes within the nucleus that house a cell’s genetic information
Gene – segment of DNA that encodes the synthesis for a particular type of protein molecule
Amino Acids – the building blocks of proteins
Transcribe – the process of copying a complementary strand of DNA/RNA
Ribosomes – complexes of enzymes and RNA that play a critical role in protein building
Translation – the reading of particular nucleotide bases into specific amino acid chains
Messenger RNA (mRNA) – the strand of DNA created from the template strand
Polypeptide Chain – a chain of amino acids
Exocytosis – a method used to excrete proteins from the cell
Oscilloscope – an instrument that turns electrical fluctuations into visible signals
Diffusion – the movement of molecules from an area of high concentration to an area of low concentration 
Concentration Gradient – difference in the amount of a substance at different locations in a container
Voltage Gradient – the difference in charge between two connected regions that allow a flow of current 
Cations – positively charged ions
Anions – negatively charged ions
Resting Potential – the electrical charge across a membrane that is maintained by differences in ion concentration
Graded Potential – slight, sudden changes in the voltage of an axon’s membrane
Hyperpolarization – stimulation that increases the relative membrane voltage 
Depolarization – stimulation that decreases the relative membrane voltage
Action Potential – a brief but extremely large flip in the polarity of an axon’s membrane; lasting about 1 ms
Threshold Potential – the rapid change in polarity that occurs when electrical stimulation produces a large graded potential that causes depolarization in the cell’s membrane
Absolutely Refractory – the stimulation during the depolarizing or repolarizing phase of an action potential that limits the release of a new action potential
Relatively Refractory – when the action potential following another has a higher intensity 
Nerve Impulse – the propagation of an action potential on the axon membrane
Myelin Sheath – insulation of axons produced by Schwann cells in the peripheral nervous system
Nodes of Ranvier – ends of an axon that are un-myelinated 
Saltatory Conduction – the method in which action potentials jump from node to node

Portrait – Single-Cell Recording:
· Patients who suffer from epilepsy – a disease which discharges abnormal electrical brain activity to interfere with normal movement, thought and consciousness were tested using wires inserted in the temporal lobes to determine the location of epileptic discharges. 
· Once the source of epilepsy was recorded, surgeons were able to remove the abnormal brain tissues that produced each epileptic discharge. The wires used to record these activities contained eight smaller un-insulated tips that recorded the electrical impulses. This procedure is known as single-cell-recording.
· Through similar experiments that recorded electrical discharges it was determined that particular neurons respond to well known objects, people, or even images of these things and the response properties are known as grandmother cells – to indicate that particular neurons represent each particular object.

Overview of a Neuron:
· Neurons are the information-conducting units of the nervous system that have special characteristics that allow it to send electrical impulses by using changes in chemical charges on its cell membrane. 
· The most prominent feature of a neuron is its dendrites – whose presence increases the cell’s surface area. Further increases in the surface area can also be attributed to many small protrusions called dendritic spines – which cover each dendrite branch.
· Each neuron may have 1-20 dendrites, each may have one or many branches and the spine on each branch may number in the thousands. 
· The size of the surface area determines how much information a neuron can gather
· Each neuron has a single axon that extends out of the cell body known as the axon hillock – “little hill.”
· Axons may also have branches – axon collaterals – which emerge from right angles.
· Towards the end of an axon are a number of smaller branches called teleodendria and at the end of each teleodendria is a terminal button or end foot. 
· Dendritic Spine  Dendrite  Axon (Axon Hillock)  Axon Collateral  Teleodendria  Terminal Button 
· The terminal button is very proximal to the dendritic spine on another neuron – this “almost connection” is known as the synapse – and allows for a single output channel for all information gathered per neuron. 
· Information is gathered from other neurons, passed to the dendrite, processed in the cell body, passed on to an axon and then to the terminal button, which passes the information to its target in the form of a chemical message.
· A neuron is both an information-collecting and an information-processing device – it receives a great deal of information but has only one axon; so messages sent must be a summarized version of all the incoming signals. 
· A neuron can be thought of as a dam located at the axon hillock – information can be controlled so the flow is increased or decreased. 
· When an impulse reaches the terminal button, chemicals known as neurotransmitters are released – these chemicals carry the message across the synapse to influence the activity of the receiving cell or target to excite it or inhibit it – and pass the message along. 

The Cell As A Factory:
· The cell is a mini factory that works to export proteins – complex organic compounds.
· Much like the gates in a factory, the outer cell membrane isolates the cell from its surroundings and regulates the materials that enter and exit its domain, using the proteins embedded within its walls to assist the transport of these materials.
· The nucleus can be thought of as the executive office – where the blueprints (genes are chromosomes) are stored. When copies of these blueprints are needed they are sent to the factory floor – or endoplasmic reticulum. 
· The finished products in a factory are then packed by the Golgi bodies and sent using tubules – or conveyor belts to their final destination. 
· The mitochondria, in addition, works as a power plant to supply energy. Lysosomes are also needed to remove and store unwanted wastes, much like a garbage disposal. 

The Cell Membrane – Barrier and Gatekeeper:
· The cell membrane contains fluids that work to separate and cushion cells. This fluid is composed mainly of water in which salts and many other chemical substances are dissolved. The concentration of these substances vary between the fluids inside (intracellular fluid) and outside the cell (extracellular fluid)

Membrane Structure: 
· The special double layer of a cell membrane allows for the separation of the intracellular fluid and extracellular fluid. 
· This membrane is called a phospholipid bilayer and consists of a phosphorus hydrophobic head (with a polar charge) and two non-polar lipid hydrophilic tails. This set up ensures that the proper amount of water is maintained within the cell and allows a connection to be made from the intracellular and extracellular fluid for ion exchange. 

How The Cell Membrane Functions: 
· The cell membrane allows phospholipid heads to repel the charges carried by other molecules in the extracellular fluid and intracellular fluid so they cannot cross the membrane – in fact very few non-polar molecules such as O2 can pass freely. 
· The polar heads also help regulate salt concentrations within the cell. Salts – separate into two parts when dissolved in water, with one part carrying a positive charge, and the other, a negative (known collectively as ions)
· The tightly packed polar surface of the membrane prevents ions from passing either by repelling them, binding to them, or blocking their passage if they are too large.
· In order to allow the passage of wanted ions, particular proteins embedded in the cell aid in the transport of these ions. 

The Nucleus – Blueprints for Proteins:
· The blueprints for proteins are stored in the chemical structure of giant molecular complexes in the nucleus known as chromosomes. 
· Chromosomes consist chiefly of DNA, which in turn consists of four nucleotide bases that are the constituent molecules of the ‘genetic code’: Adenine (A), Thymine (T), Guanine (G) and Cytosine (C). 
· A gene, is the segment of a DNA strand responsible for the synthesis of a particular type of protein molecule. The sequence of bases “spells out” the order in which amino acids should be assembled to construct the particular protein. Genes are functional units that control the transmission and expression of traits from one generation to the next.
· The chromosomes are like a set of books that contain all the parts necessary to create a complex structure, and the genes are the pages in the book that describe a particular part.

Protein Synthesis – The Genetic Code: 
· DNA is transcribed (copied) into RNA when the double helix unwinds and exposes the sequence of nucleotide bases on its ‘template strand’. This strand attracts free-floating nucleotides to form mRNA.
· The mRNA is then passed through a ribosome in the endoplasmic reticulum and is translated into a sequence of three consecutive nucleotide bases known as codons. Each codon is representative of one of the 20 amino acids. 
· The long chain of consecutive amino acids is known as a polypeptide chain – and can be folded in numerous functional shapes to create particular proteins.
· Long polypeptide chains have the tendency to curl into helixes or form pleated sheets (secondary structure) and then fold together to create a globular structure (tertiary structure). The greater the number of proteins combined together – the more complex the protein (quaternary structure)
· The Genetic Code: DNA  (Transcription)  mRNA (Translation)  Protein

Golgi Bodies and Microtubules – Protein Packaging and Shipment:
· Many proteins are required for all the different functions within a cell – some are incorporated into the various structures of the cell, while others act as enzymes, hormones or even neurotransmitters. 
· The method in which these proteins are labeled and sent to their correct destination is determined by the Golgi body.
· Proteins formed in the E.R enter the Golgi bodies where they are wrapped in a membrane and given a ‘shipping address.’ Each protein package is attached to a motor molecule that moves the protein along the microtubule to its destination. 
· Proteins destined to be excreted from the cell, undergo exocytosis and are released into the extracellular fluid.

What Do Membrane Proteins Do?:
· Membrane proteins exist in three categories: channels, gates and pumps.
1. Channels – membrane proteins that are shaped in such a way to create channels or holes through which substances can pass. Different sized ‘holes’ allow different substances to enter or leave the cell
2. Gates – protein molecules with the ability to change shape. A gated channel for example, opens and closes to allow particular ions to enter at some points, and not others. This change in shape may be a result of a chemical binding to the gate or to changes in the environment (i.e. electrical charge or temperature change etc.)
3. Pumps – a transporter molecule that requires energy to move substances across the membrane – the most common pump is the Sodium-Potassium pump.

The Neuron’s Electrical Activity: 
· The neurons of most animals and humans are very tiny (approximately 1-20 micrometers (m) in diameter) making them difficult to study
· British Zoologist J.Z. Young dissected the North Atlantic Squid Loligo and noticed the large size of its axons (1 m in diameter), made them easier to study. 
· Alan Hodgkin and Andrew Huxley were able to remove the axon from a live squid and study the way neurons send information. They discovered that differences in the concentration of ions on the two sides of a cell membrane create an electrical charge across the membrane and that this charge can travel on the surface of the membrane.

Recording from an Axon:
· Hodgkin and Huxley’s experiments with the giant squid were made possible by using an oscilloscope – an instrument that turns electrical fluctuations into visible signals. 
· The oscilloscope is connected by wires to the squid nerve axon to record its electrical charge. Sensitivity is important because the duration and size of the electrical charges are small on the order of milliseconds and millivolts. 
· Recordings of the axon are done using microelectrodes – insulated wires with very tiny un-insulated tips. If one microelectrode is placed on the axon, and another is inserted into the axon, the voltage or strength of the charged electrical current across the membrane can be measured. This technique ensured that nerve impulses could be understood. 
· The basis of electrical activity is the movement of extracellular and intracellular ions, which carry positive and negative charges. 


How the Movement of Ions Creates Electrical Charges:
· Three factors influence the movement of ions into and out of cells: (1) a concentration gradient, (2) a voltage gradient, and (3) the structure of the membrane.

Concentration Gradient:
· All molecules have an intrinsic kinetic energy known as thermal energy or heat.
· Thermal motion results in the spontaneous spread of molecules from where they are more concentrated to where they are less concentrated; also known as diffusion.
· When a substance is placed in a container, molecules rapidly move to expand the ions across the liquid until the concentration is uniform, or has reached equilibrium. The spreading down this gradient from areas of high concentration to areas of low concentration is known as a concentration gradient. 

Voltage Gradient:
· Ions carry an electrical charge that follows a voltage gradient – difference in charge between two regions that allow a flow of current, when the regions are connected. 
· The voltage gradient enables the measure of the relative concentrations of positive and negative electrical charges in the current across the cell membrane.
· The intracellular and extracellular fluids of a neuron are filled with both cations and anions. These ions move down a voltage gradient from an area of higher charge to an area of lower charge 

Cell-Membrane Structure: 
· The cell membrane acts as a partial barrier to the movement of ions between a cell’s interior and exterior. 
· The phospholipid bilayer is impermeable to salty solutions since the salt ions, which are encased by water molecules cannot pass through the hydrophobic tails. 
· An imaginary experiment shows a container of water divided in half by a partition that represents the cell membrane. If one half of the container has NaCl, the salt dissolves into its separate Na+ and Cl- ions until that side of the container is in equilibrium both in concentration and voltage. (Impermeable Membrane)
· If the “membrane” has a hole through which Cl- ions can pass and not Na+ ions (Semi-permeable Membrane) Cl- ions will diffuse from the area of high concentration to the area of low concentration. 
· However, since Cl- cannot be equally distributed on the two sides and still maintain a voltage at equilibrium, the Cl- ions will be pulled back towards the positively charged Na+ ions. 
· When equilibrium is reached, one half of the container will be positively charged, and the other will be negatively charged. This means that the greatest voltage difference will exist closest to the “membrane” 

Electrical Activity in the Cell:
· Ion Channels, gates and pumps play a role in five aspects of the cell membrane’s electrical activity: (1) The Resting Potential, (2) Graded Potentials, (3) The Action Potential, (4) The Nerve Impulse and (5) Saltatory conduction.

The Resting Potential:
· The resting potential is the sum of charges of the unequally distributed ions inside the membrane compared to the outside. 
· When the amount of potassium ions in a cell becomes higher than the concentration outside the cell, K+ ions move down a concentration gradient. The equilibrium of the potassium voltage gradient and the potassium concentration gradient results in some K+ ions remaining outside the membrane; enough to maintain the relatively negative charge on the inside of the membrane. 
· If there were no limit to how many K+ ions were within a cell, there would be no charge across the membrane.
· Using Sodium-Potassium Pumps, 3 Na+ ions can be excreted and 2 K+ ions can be brought into the cell. This maintains a charge of approximately – 70mV.
· Three aspects of the semi-permeable cell membrane therefore contribute to its resting potential:
1. Large, negatively charged protein molecules remain inside the cell.
2. Gates keep out positively charged Na+ ions, and channels K+ and Cl- ions to pass more freely. 
3. Na+-K+ pumps extrude Na+ from the intracellular fluid 

Graded Potentials:
· Graded potentials are slight sudden changes in the voltage of an axon’s membrane; lasting no longer than the current that produces this change, graded potentials can be induced using a microelectrode.
· If a negative current is applied – the membrane becomes hyperpolarized and therefore, increases its polarity (accomplished by an increase in K+ or Cl- ions) to become less positive.
· If a positive current is applied – the membrane becomes depolarized and therefore, decreases its polarity (accomplished by an increase in Na+ ions) to become less negative. 

The Action Potential:
· An action potential is a brief, but extremely large flip in the polarity of an axon’s membrane, lasting about 1 ms. 
· In an action potential the voltage across a membrane suddenly reverses, making the inside positive relative the outside, and then reverses, after which the resting potential is restored.
· This rapid change in polarity of the membrane occurs when electrical stimulation produces a large graded potential; causing membrane potential to depolarize to threshold potential –50mV 
· When threshold potential is reached, the resting voltage of the membrane drops to 0mV and continues to become more positive until it reaches + 30mV (a total change of 100mV); almost as quickly it reverses again, becoming hyperpolarized and resulting in a change of a little more than 100mv followed by the return to its resting potential.  

The Role of Voltage-Sensitive Ion Channels:
· Voltage sensitive channels are closed when an axon’s membrane is at resting potential so ions cannot pass through them. 
· When the membrane reaches the threshold voltage however, the configuration of these channels change – opening, to allow ions to pass through. 
· In other words, these channels are sensitive to the threshold voltage of -50mV 
· In the case of sodium-potassium pumps, sodium channels open more rapidly than potassium channels, so the depolarizing phase of the action potential is attributed to the Na+ influx, where as the hyperpolarizing phase is due to an influx of K+ ions. Therefore, Na+ rushes in and then K+ rushes out. 

Phases of the Action Potential and Refractory Periods:
· The frequency of an action potential is limited, rather than the number of action potentials
· The absolutely refractory period is described as the phase between the depolarizing or repolarizing state in which a new action potential cannot be fired. 
· If however, the axon membrane is stimulated during the hyperpolarization phase, and the intensity of the stimulation is higher than that which initiated the first action potential, a new one may be fired – this stage is described as the relatively refractory.
· The refractory periods place a limit on the frequency in which action potentials can occur and are caused by the way in which the gates of the voltage-sensitive sodium and potassium channels open and close.  (Refer to Figure 4.19 on Pg. 102)
· It is beneficial to picture the flusher on a toilet, when thinking about action potentials – pushing the lever slightly produces a slight flow of water that stops when the lever is released (graded potential). A harder press of the lever brings the toilet to threshold and initiates flushing (action potential). During the flush the toilet is in absolutely refractory – and another flush cannot be initiated. During the refilling of the bowl, the toilet is in relatively refractory, and flushing is possible but harder to bring about. Only after the cycle is complete, or “resting” can a new flush or action potential be generated. 

Poisoning the Action Potential:
· One piece of evidence suggests that, voltage-sensitive K+ and Na+ channels underlie action potentials and that, when they’re blocked, normal action potentials are prevented.
· A chemical called tetraethylammonium (TEA) blocks potassium channels; blocking hyperpolarization. 
· A chemical kwon as tetrodotoxin blocks sodium channels; blocking depolarization. 
· The introduction of these chemicals into the body may therefore affect the release of action potentials and thereby interfere with the electrical and chemical activity of neurons 

The Nerve Impulse:
· The nerve impulse is the propagation of an action potential on the axon membrane
· Each successive action potential gives birth to another down the length of the axon; because a membrane is refractory for a brief period of time during an action potential, it cannot reverse direction and move back to where it came from, thus continuing in said direction. 
· Consider dominoes as an example – once the beginning domino is knocked, all other dominoes fall in the same direction and cannot return to their starting position until all the dominoes are set back up.
· It must also be noted, that there is no size decrease in the event – the last domino falls exactly the same distance, and just as heavily as the first one. 

Saltatory Conduction and Myelin Sheaths:
· Large axons convey nerve impulses quickly; smaller axons convey nerve impulses slowly. 
· Because humans have so many complex behaviours, the size of our axons must be small enough to allow for a greater number in types of behaviour. 
· The explanation for why our complex processes occur so quickly is due Schwann cells in the peripheral nervous system and oligodendroglia in the central nervous system.  
· These cells wrap around each axon (except for a small region that separates glial cells from one another) and speeds up the transmission of nerve impulses.
· This insulation is referred to as myelin or a myelin sheath and the un-insulated regions are known as the Nodes of Ranvier. 
· Larger Mammalian axons are more heavily myelinated than smaller axons, and tend to have nodes that are further apart. 
· Action potentials cannot be produced where there is myelin – blocks the flow of electrical current
· The Nodes of Ranvier however, are un-myelinated, and contain a network of voltage-sensitive ion channels. These tiny gaps are close enough together, that action potentials at one node can trigger the opening of another voltage-sensitive channel of an adjacent node. This flow of energy is called saltatory conduction.
· Jumping from node to node increases the rate in which action potentials can travel along an axon.
· [bookmark: _GoBack]Consider when fans do ‘the wave’ at a sports event. If the wave effect went from the fan at one end, to a fan at another end, that would be much faster than going through all the people in between.
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