
MBG 439- NEUROBIOLOGY

Week 3 

Ion Channels  (Chap 6)

Membrane Potential  (Chap 7)





Simple unmediated diffusion is limited to low 

molecular weight (<150 Da), uncharged species, 

going down their concentration gradient, such as 

gases and small organic chemicals:

O2 

CO2 

Alcohol 

Anaesthetics 

Pesticides 

Water's diffusion across the membrane is 

facilitated by aquaporin pore proteins, which form 

hydrophilic channels through the membrane. 

These are size-selective for water (one of the 

smallest molecules that cells deal with), so other 

metabolites, like alcohol, do not pass through.



Ion channels are a family of proteins, macromolecules that simultaneously constitute and regulate a 

majority of the organic machinery within a cell. 

Ion channels are specialized proteins inserted into the cell membrane, a wall of organic molecules that 

separates a cell's fragile interior from its external environment. 

Normally, this wall prohibits the passage of electrically charged atoms, called ions, into and out of the 

cell. 

But for a variety of reasons, the influx and efflux of ions is vital to the cell's metabolism. Ion channels 

mediate this flux and hence regulate the electrical properties of a cell. 

Charged molecules diffuse at a negligibly small 

rate, and they respond to electrical gradients as 

well as to gradients of concentration. 

Ions diffuse down their electrochemical 

gradient, usually through pores called ion 

channels.



Ion channels have 3 important properties:

1) They conduct ions,

2) They recognize and select specific ions,

3) They open and close in response to specific electrical, mechanical or chemical signals

The channels in  nerve and muscle conduct ions across membranes at extremely rapid rates –

Up to 100 million ions through a single channels per second, allowing large flow of ionic current...

http://georgiapainphysicians.com



Ion channels can be highly selective for the chemical species they let through. 

Sodium's diffusion across the membrane is facilitated by an ion channel. It is selective for Na+ by the size 

of the pore in the channel and the charges on amino acids inside the pore. 

K+ is too big to pass through; Cl− is too negative. 

Li+ slips through though, as it is even smaller than sodium. 

Lithium is used as a treatment for manic depression, which is caused by sodium/potassium channel 

problems.

pore size important ! aa distribution on surface is important !!!



The ion channel permits passage of potassium ions but not 

sodium ions. The oxygen atoms of the ion filter form an 

environment very similar to the water environment outside the 

filter. The cell may also control opening and closing of the 

channel. 

OUTSIDE THE ION FILTER (upper fig.)

Outside the cell membrane the ions are bound to water 

molecules with certain distances to the oxygen atoms of the 

water. 

INSIDE THE ION FILTER (lower fig.)

For the potassium ions the distance to the oxygen atoms 

in the ion filter is the same as in water.

The sodium ions, which are smaller, do not fit in between 

the oxygen atoms in the filter. This prevents them from 

entering the channel.

http://fig.cox.miami.edu/~cmallery/150/memb/ion_channel_lg1.jpg
http://fig.cox.miami.edu/~cmallery/150/memb/ion_channel_lg1.jpg


TYPES OF ION CHANNELS



Voltage-gated ion channels are a class of trans-

membrane ion channels that are activated by the 

surrounding potential difference near the channel.  

(need a voltage sensor domain on the channel !)

They have a crucial role in excitable tissues such as 

nerve and muscle, since they allow a rapid and 

co-ordinated depolarisation in response to a 

triggering voltage change.





They generally are comprised of several subunits arranged in such a way that there is a central pore through 

which ions can travel down their electrochemical gradients. 

The channels tend to be quite ion-specific, although similarly sized and charged ions may also travel through them 

to some extent. 

Examples include the sodium and potassium voltage-gated channels of nerve and muscle, and the voltage-

gated calcium channels that play a role in neurotransmitter release in pre-synaptic endings.

ex. Sodium Channel

Voltage-gated sodium channels play an important role in action potentials. 

If enough channels open when there is a change in the cell's membrane potential, a small but significant number 

of Na+ ions will move into the cell down their electrochemical gradient, further depolarizing the cell. 

Thus, the more Na+ channels localized in a region of a cell's membrane, the faster the action potential will 

propagate, and the more excitable that area of the cell will be. This is an example of a positive feedback loop. 

The ability of these channels to assume a closed-inactivated state causes the refractory period and is critical 

for the propagation of action potentials down an axon.

http://upload.wikimedia.org/wikipedia/en/e/e0/Alphasubunit_sodium_channel.png
http://upload.wikimedia.org/wikipedia/en/e/e0/Alphasubunit_sodium_channel.png


Voltage-gated calcium channels are 

heteromultimers composed of an a1 subunit and 

three auxiliary subunits, a2-d, b and g. 

The a1 subunit forms the ion pore and possesses 

gating functions and, in some cases, 

drug binding sites. 

The a1 subunits each have four homologous 

domains (I-IV) that are composed of six 

transmembrane helices. 

The fourth transmembrane helix of each domain 

contains the voltage-sensing function. 

The b-subunit is localized intracellularly and is 

involved in the membrane trafficking of a1 

subunits. 

The g-subunit is a glycoprotein having four 

transmembrane segments. 

The a2 subunit is a highly glycosylated 

extracellular protein that is attached to the 

membrane-spanning d-subunit by means of 

disulfide bonds. The a2-domain provides 

structural support required for channel 

stimulation, 

while the d domain modulates the voltage-

dependent activation and steady-state 

inactivation of the channel.

Voltage-Gated Calcium Channels



N-type (Neuronal) calcium channels are found primarily at presynaptic terminals and are involved in 

neurotransmitter release. 

Strong depolarization by an action potential causes these channels to open and allow influx of Ca2+,

initiating vesicle fusion and release of stored neurotransmitter. 

http://upload.wikimedia.org/wikipedia/en/b/b2/SynapseIllustration2.png
http://upload.wikimedia.org/wikipedia/en/b/b2/SynapseIllustration2.png


The Ligand-gated ion channels, also referred to as LGICs, or ionotropic receptors, are a group of intrinsic 

transmembrane ion channels that are opened in response to binding of a chemical messenger.

The ion channel is regulated by a neurotransmitter ligand and is usually very selective to one or more ions like 

Na+, K+, Ca2+  or Cl-. 

Such receptors located at synapses convert the chemical signal of presynaptically released neurotransmitter 

directly and very quickly into a postsynaptic electrical signal.



The prototypic ligand-gated ion channel is the 

nicotinic acetylcholine receptor.  

It consists of a pentamer of protein subunits, with 

two binding sites for acetylcholine,  which, 

when bound, alter the receptor's configuration 

and cause an internal pore to open. 

This pore, permeable to Na+, allows Na+ ions to 

flow down their electrochemical gradient  into 

the cell.   

With a sufficient number of channels opening at 

once, the intracellular Na+ concentration 

rises to the point at which the positive charge 

within the cell is enough to depolarize the 

membrane, and an action potential is 

initiated.



Many LGICs are additionally modulated by allosteric ligands, by channel blockers, ions, or the 

membrane potential.

The Ligand-gated ion channels are classified into four superfamilies: 

1) the Cys-loop receptors, 

2) the glutamate receptors, 

3) the TRP (transient receptor potential) channels and 

4) the ATP-gated channels.

Many important ion channels are ligand-gated, including GABA, NMDA, acetylcholine, and glycine 

receptors, and they show a great degree of homology at the genetic level.



The Cys-loop ligand-gated ion channel superfamily is comprised of 

nicotinic acetylcholine, GABAA (Gamma-Amino Butyric Acid ), GABAC, 

glycine and 5-HT3 (serotonin) receptors that are composed of five protein 

subunits and possess a characteristic loop formed by a disulphide bond 

between two cysteine residues.

Glutamate is a neurotransmitter in nerve cells which binds to all 

glutamate receptors located on neuron membranes, which is an 

example of a transmembrane receptor. Glutamate is the most 

prominent neurotransmitter in the body, being present in over 50% of 

nervous tissue. The primary glutamate receptor is specifically sensitive 

to N-Methyl-D-Aspartate (NMDA), which causes direct action of the 

central pore of the receptor, an ion channel, to drive the neuron to 

depolarize. Depolarization will trigger the firing, or action potential of 

the neuron, therefore NMDA is excitatory.

P2X receptors are a family of cation-permeable ligand gated ion 

channels that open in response to extracellular adenosine 5'-

triphosphate (ATP). They belong to a larger family of receptors 

known as the purinergic receptors. 

Transient Receptor Potential (TRP) channels

http://physrev.physiology.org/content/vol82/issue4/images/large/9j0420216010.jpeg
http://physrev.physiology.org/content/vol82/issue4/images/large/9j0420216010.jpeg


Stretch-activated or stretch-gated ion channels, or stress-

activated ion channels are ion channels which open their 

pores in response to mechanical deformation of a neuron's 

plasma membrane. 

Though little is known about these channels, they may be linked 

to molecules in the cytoskeleton, which may open them by 

transmitting physical forces of stretch or pressure to the 

channels, causing them to undergo a conformational change 

(Kandel et al., 2000, p. 113). 

The channels may also be pulled open due to tension on the 

membrane itself (Kandel et al., 2000, p. 114). 

Opening the channels allows ions to which they are permeable 

to flow down their electrochemical gradients into or out of the 

cell, causing a change in membrane potential.

In auditory hair cells : 





















ION PUMPS



The K+ / Na+ Pump: An Example of Active Transport

Cellullar [K+] is low and [Na+] is high - must pump K+ in and pump Na+ out 

K+ and Na+ transport require ATP energy 

Experimental evidence has shown that this pump will only work if [K+] is high on outside and 

[Na+] is high on inside. 

The pump is an integral membrane protein….

Binds 3 Na+ inside cell 

ATP is hydrolyzed and phosphate group 

transferred to protein, its configuration changes 

and it opens up the Na+ to the outside of the 

cell 

The Na+ are released (the altered configuration 

does not favor the binding of Na+) 

Two K+'s from the outside now bind to the 

altered protein 

The binding of the K+ causes the protein to lose 

its phosphate group, the altered protein reverts 

back to its original shape

The original shape does not favor the binding of 

K+, so these are released. Na+ then binds to 

the protein and the process is repeated 



Calcium pumps and Calcium ion homeostasis in the cell

Calcium flux is important in cells, since Ca++ can bind tightly to molecules and change their activities; it can 

trigger signaling events; affect gene expression.

The lower the background concentration of free cytosolic Ca++, the more sensitive is the cell to changes in 

Ca++ ion.  This is achieved through a number of plasma membrane- and ER-bound ATP-driven Ca++ pumps.





TECHNIQUES EMPLOYED



Patch-clamp technique

The patch clamp technique was introduced to biology initially 

by Cole in the late 1930's and was exploited by the Hodgkin & 

Huxley team in the late 1940's. 

The Hodgkin & Huxley conceptual model of the axon 

presented in 1952 was based on data acquired using this 

technique. 

Unfortunately, neither group presented a model of the complete 

neuron that supported their proposals. The technique has been 

applied widely since their time using a variety of modifications. 





Neurological Disorders associated with Ion 

Channel Mutations



Hyperkalemic periodic paralysis (HYPP), also known as Impressive Syndrome, is an inherited 

autosomal dominant disorder which affects sodium channels in muscle cells and the ability to regulate 

potassium levels in the blood. 

K+ levels increase in the serum in response to vigorous exercise;

Point mutation found in the a-subunit of the gene for voltage-gated Na+ channel in skeletal 

muscle...

Prolonged opening of Na+ channels result in the repetitive firing of action potential in the 

muscles – producing muscle stiffness...

Continued K+ elevation also leads to a new resting potential in the muscle, around -40 mV...

At this stage, the Na+ channels become inactivated and the membrane fails to produce any 

further action potentials, leading to paralysis....



Episodic ataxia (EA) is an autosomal dominant disorder characterized by sporadic bouts of ataxia (severe 

discoordination) with or continuous muscle movement. 

Ataxia can be provoked by stress, startle, or heavy exertion such as exercise. Symptoms can first appear 

in infancy. 

There are at least 6 loci for EA, of which 4 are known genes. Some patients with EA also have migraine or 

progressive cerebellar degenerative disorders, symptomatic of either familial hemiplegic migraine or 

spinocerebellar ataxia... 

Type 1 episodic ataxia (EA1) is characterized by mutations of the gene KCNA1, which 

encodes the voltage-gated potassium channel KV1.1.   

KV1.1 is expressed heavily in basket cells and interneurons that form GABAergic 

synapses on Purkinje cells. The channels aid in the repolarization phase of action 

potentials, thus affecting inhibitory input into Purkinje cells and, thereby, all motor 

output from the cerebellum. 

http://en.wikipedia.org/wiki/Image:EA1.png
http://en.wikipedia.org/wiki/Image:EA1.png


Type 2 episodic ataxia (EA2) is characterized by mutations in CACNA1A, which encodes the P/Q-type voltage-gated 

calcium channel CaV2.1, and is also the gene responsible for causing spinocerebellar ataxia type-6 and familial 

hemiplegic migraine type-1. 

Decrease in Ca2+ entry through CaV2.1 channels is expected to result in decreased output from Purkinje cells, even 

though they will fire at an appropriate rate. 

http://upload.wikimedia.org/wikipedia/en/d/df/EA2.png
http://upload.wikimedia.org/wikipedia/en/d/df/EA2.png



