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My background, briefly 









Neurons 











Structural elements of a typical neuron 



Figure 1.2  Some nerve cell morphologies found in the human nervous system 



Figure 1.2  Some nerve cell morphologies found in the human nervous system (Part 1) 



Figure 1.2  Some nerve cell morphologies found in the human nervous system (Part 2) 



Figure 1.2  Some nerve cell morphologies found in the human nervous system (Part 3) 



Figure 1.5  Glial cell types 



Figure 1.3  The major features of neurons visualized with microscopy 



Figure 1.3  The major features of neurons visualized with microscopy (Part 1) 



Figure 1.3  The major features of neurons visualized with microscopy (Part 2) 



Figure 1.3  The major features of neurons visualized with microscopy (Part 3) 



Figure 1.3  The major features of neurons visualized with microscopy (Part 4) 



Figure 1.3  The major features of neurons visualized with microscopy (Part 5) 



Figure 1.3  The major features of neurons visualized with microscopy (Part 6) 



Figure 1.3  The major features of neurons visualized with microscopy (Part 7) 



A prelude to neuronal excitability 



    

Membrane potentials, ion channels, and 

               pores 
 • Excitation, inhibition, the generation of action potentials, synaptic potentials, 

(sensory) receptor potentials etc: all involve movement of ions through 
channels. The ions involved are principally four: Na+, K+, Ca2+, and Cl-. Less 
commonly, channels may also allow for permeation of Mg2+, and H+. Either 
alone or in combination, these ions flowing through channels are 
responsible for changes in membrane potentials. 
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electrical signaling involves the movement of ions through ionic channels, 
with one exception: the transmembrane movement of ions through “pumps” 
(transporters) and some carriers.  

• This view may eventually need to be revised.  The hard-and-fast distinction 
between transporters and ion channels is now known to be an 
oversimplification. Under some conditions, some transporters can behave 
like channels! 

• Channels are not limited to “nerve” cells. All cells, including those of 
prokaryotes, protists, and plants have ion channels. Many can be voltage-
dependent. Several plants (e.g. the algae Nitella and Chara) can produce 
action potentials! Their durations can be many mins. 

 



2.1  Types of neuronal electrical signals. (Part 1) 



2.1  Types of neuronal electrical signals. (Part 2) 



2.2  Recording passive and active electrical signals in a nerve cell. (Part 1) 



2.2  Recording passive and active electrical signals in a nerve cell. (Part 2) 



What makes neurons electrically 

excitable?  









































• Neat animation explaining membrane 

potential: 

http://www.sumanasinc.com/webcontent/a

nimations/content/electricalsignaling.html 

http://www.sumanasinc.com/webcontent/animations/content/electricalsignaling.html
http://www.sumanasinc.com/webcontent/animations/content/electricalsignaling.html


And now for the book’s way of 

explaining this… 

(supplementary slides; may not be 

discussed in lecture) 





Figure 2.3  Passive and active current flow in an axon 



Figure 2.3  Passive and active current flow in an axon (Part 1) 



Figure 2.3  Passive and active current flow in an axon (Part 2) 







2.3  Ion transporters and channels are responsible for ionic movements across membranes. Channels vs. Transporters/Carriers 

 

• Electrical potentials are generated across the membranes of neurons (actually, all cells) 
because: 

– There are differences in the concentrations of specific ions across neuronal membranes. 

– The membranes are selectively permeable to some of these ions. 

 

• The two preceding facts depend upon two different kinds of proteins in the cell membrane 
– Active transporters (“pumps”)  

– Channels 



2.3  Ion transporters and channels are responsible for ionic movements across membranes. Channels vs. Transporters/Carriers 

• Most active carriers/transporters require energy (e.g., ATP-hydrolysis) to operate. Channels do not. This 
is because transporters move selected ions against their concentration gradient. In the case of channels, 
ions typically diffuse down their concentration gradient. 

 

• Flux rates are usually different by a few orders of magnitude for transporters and channels. Ions move 
through channels at a rate approaching free-diffusion in water (> 107 per sec). In contrast, the rate of 
diffusion of the carrier-ion complex limits the rate of carrier-mediated transport to ~ 105 ions per sec. 

 

• Both can be quite selective. 

 

• Carriers/transporters may move ions in both directions (e.g., the Na+/K+-ATPase, aka “sodium pump”). 
The movements are used to create ion concentration gradients.      



Ohm’s Law and Elementary Electricity 
 

• All matter is made up of charged particles (protons and 
electrons). Normally, these particles are present in equal 
numbers so that most bodies are electrically neutral. A mole 
of hydrogen atoms (or any atom) contains Avogadro’s 
number (N = 6.02 x 1023) of protons and electrons. 

 

• Quantity of charge is measured in coulombs (C), where the 
charge of a single proton is e = 1.6 x 10-19 C. Avogadro’s 
number of elementary charges is called the Faraday 
constant (F): F = Ne =~ 105 C/mole. 

 

• Electrical phenomena arise whenever charges of opposite 
sign are separated or can move independently of each other. 
Any net flow of charges is called a current. Current is 
measured in the units of amperes (A). One ampere 
corresponds to the steady flow of one coulomb per sec. By 
convention, positive current flows in the direction of 
movement of positive charge. 

 

          Ohm’s Law and Elementary Electricity 



• If positive and negative electrodes are placed in a salt solution 
containing Na+, K+, Ca2+, and Cl- ions, the positively-charged 
ions will move toward the negative electrode and negatively-
charged ions will move towards the positive electrode (see 
above figure). 

 

• In the figure above, the size of the current will be determined 
by two factors: the potential difference between the two 
electrodes and the electrical conductance of the solution 
between them. Potential difference is measured in volts (V) 
and is defined as the work needed to move a single  charge a 
standard distance. 



• Electrical conductance is a measure of the 

ease of flow of current between two points. 

The conductance between two electrodes in 

salt water can be increased by adding more 

salt, or by bringing the electrodes closer 

together. 

 

• Conductance is measured in units called 

siemens (abbreviated S, and formerly called 

“mhos”) and is defined by Ohm’s law in 

simple conductors: 

              I = g E  

 

 

 

 



     

      I = g E  

 

This equation says that current (I, in amps) equals 
the product of conductance (g, in siemens) and 
the voltage (V, in volts) difference across the 
conductor. The reciprocal of conductance (1/g) 
is termed resistance (R) and is measured in 
ohms. 

 

Ohm’s law can thus be re-written as: 

    

     E = I R 
 

    

 



Summary: Ohm’s Law 

 

• When 1 V (or E) is applied across a 1-ohm resistor (or a 1 S 
conductor), a current of 1 A flows. Every sec, 1/F moles of 
charge move. 

 

• Ohm’s law plays a central role in membrane biophysics 
because each ion channel is an elementary conductor 
spanning the membrane of the cell. The total electrical 
conductance of a membrane is the sum of all these 
elementary conductances in parallel. 

 

• The amplitude of currents flowing through single voltage-
dependent Na+, K+, and Ca2+ channels and through 
“leakage” K+ channels are typically in the range of 5-50 pA (p 
= pico = 10 -12). The total “macroscopic” current flowing 
across an average-sized neuronal cell’s membrane during 
an action potential can be hundreds of nA (nano = 10-9). This 
implies that the number of voltage-dependent channels in a 
neuron can number in the tens-hundreds of thousands (at 
least). In reality, there are many more.     

  



2.4  Electrochemical equilibrium. (Part 1) 



Electrochemical equilibrium potential: Why do cells have negative resting membrane potentials? 

• In (A), the membrane separating compartments 1 and 2 is permeable only to 
K+ (yellow spheres). Note equal concentrations of K+. No net flux occurs, and 
potential difference between the two compartments is 0. 

 

• In (B), with a higher concentration of K+ in compartment 1, K+ flows down its 
concentration gradient, leaving behind unpaired Cl- anions. A potential 
difference between compartments 1 and 2 arises. K+ flux continues until the 
electrochemical force balances the concentration gradient. Net flux eventually 
becomes 0, though individual K+ ions will continue to drift across.  



The Nernst equation predicts the relationship between the transmembrane concentration gradient ([K+]2/[K
+]1) and the membrane potential 

• As predicted by the Nernst equation, this relationship is 

linear when plotted on semi-logarithmic coordinates, with 

a slope of 58 mV (at 20 C) per tenfold difference in the 

concentration gradient. 





The Nernst equation for the potassium equilibrium potential over the cell membrane is  

 

EK =   

 

RT 

 ln  

[K+]out 

zF [K+]in 

where 

 

EK 

 

The electric potential across the membrane due to the potassium concentration gradient (V) 

R Universal gas constant (8.314472 J · K-1) 

T Absolute temperature (Kelvin = 273.15 + ºC = 293.15) at 20ºC 

[K+]out potassium concentration outside membrane 

[K+]in     potassium concentration inside membrane 

zF Number of electric charges carried by a mole of K+ 

z Number of electrons (one for K+) 

F Faraday constant, equal to 9.6485309×104 C mol-1 

Putting values in the equation gives this result.   

 

EK = -84.2 mV =  103 × 

8.314472 · 293.15  
 ln  

5 
; where T = 293.15 Kelvin,  [K+]out = 5 mM,  [K+]in = 140 mM   

1 · 96485.309 140 

The 103 term converts from Volts to milliVolts.  The computed number is a little higher than the quantity 

 measured in experiments (~ -70 mV) but all the factors in this complex physical process have been accounted for.  

298.15140



2.5  Membrane potential influences ion fluxes. (Part 1) 



Membrane potential influences ion fluxes 

• (A). Connecting a battery across the K+-permeable barrier membrane allows 
direct control of membrane potential. When battery is off (left), K+ ions 
(yellow) flow according to their concentration gradient.  

• Turning the battery on so that the initial membrane potential (V1-V2) equals 
the membrane potential (center), yields no net flux of K+. 

• Making the membrane potential more negative than the K+equilibrium 
potential (right) causes K+ to flow against its concentration gradient. 

• (B) Relationship between membrane potential and direction of K+ flux. 



2.5  Membrane potential influences ion fluxes. (Part 2) 



Goldman-Hodgkin-Katz (GHK) 
In the presence of several different ions, the equilibrium of the cell 

depends on the relative permeability of the ions. For this, we use the 

Goldman-Hodgkin-Katz equation:    

Permeability of an ion is dependent on a number of factors 

such as the size of the ion, its mobility, etc. During rest in the 

squid giant axon, the permeabilities have the ratio PK:PNa:PCl 

= 1:0.03:0.1 so that  

      Since PK dominates, this is close to EK. 

(2) 





     During an action potential the ratio is PK:PNa:PCl =1:15:.1 so that  

Later on we will approximate the GHK equations by a linearized version:  



2.6  Resting and action potentials entail permeabilities to different ions. 



2.7  Evidence that the resting potential is determined by K+ concentration gradient. (Part 1) 



2.7  Evidence that the resting potential is determined by K+ concentration gradient. (Part 2) 



2.8  The role of sodium in the generation of an action potential. (Part 1) 



2.8  The role of sodium in the generation of an action potential. (Part 2) 



Box B  Action Potential Form and Nomenclature 



• Next class: Software, take-home materials 

 

• Notes will be posted on Oncourse 

 

• Next topic: Action potential in more detail 


