MBG 640 Advanced Neurobiology

Week 1
Introduction to neurons at the cellular and molecular level

Human behavior
Sensing of events
BRAIN = nerve cells (~1011) and connections
Storage of information
Generation of output

BASIC FEATURES OF THE NERVOUS SYSTEM THAT WE WILL LEARN:
1)
2)
3)
4)

Mechanisms by which neurons produce signals;
Patterns of connections between cells;
Relationships of connection pattern to patterns of behavior;
Means by which neurons and connections are modified through experience

Nervous System

GLIAL CELLS

NERVE CELLS
GLIAL CELLS

-Are the main support cells, far outnumbering neurons (up to 10- to 50-fold)
-Can also separate and isolate neuronal groups from each other
-OLIGODENDROCYTES and SCHWANN CELLS produce myelin for isolation of electrical conductance
along axons

-Some are scavangers, removing debris upon neuronal injury or death
-Have housekeeping duties, such as picking up surplus transmitters etc
-Can act as guidance cues for migration of neuronal precursors during development
-Canregulate properties of presynaptic terminal
-May help form lining of capillaries (astrocytes), as in blood-brain barrier
-May secrete growth factors for nourishment and development

a) RADIAL GLIAL CELLS
Essential in the developing CNS
Stretch through the spinal cord, retina, cerebellum or
cerebral cortex to the surface
Form elongated filaments that act as migration routes

b) EPENDYMAL CELLS
Line the inner surface of the brain or the spinal cord
Produce cerebrospinal fluid (CSF/ BOS)

c) Microglia
Small, phagocytic
Derived from monocytes
engulf bacteria
clear away debris from dead cells
may migrate to areas of injured nerve tissue
Arise from macrophages outside the NS
Physiologically and embryonically unrelated to NS cells
Activated during infection, injury and seizures
Expresses antigens (similar to Antigen Presenting Cells?)

Astrocytes and microglia act as phagocytic cells to pick
up cellular debris following nerve cell damage.

d) MACROGLIA
1.

OLIGODENDROCYTES (predominantly in the white matter)
SCHWANN CELLS
Few processes; insulation for axons
Produces myelin

d1. Oligodendrocytes
Most numerous glial cell
Support neurons by twining around them
and producing a lipid protein wrap called a
myelin sheath
Each oliodendrocyte wraps myelin around
several axons

Oligodendrocytes wrap around neurons in the CNS
and form the myelin sheaths that are typical of
"myelinated neurons." Recall that myelination helps
nerves transmit faster.
Each oligodendrocyte may reach out and form
myelin sheaths on several surrounding neurons.

http://nave.em.mpg.de/proteolipid ; H.Werner

d1. Schwann cells
produce myelin sheaths around PNS
neuron axons
each cell produces part of the myelin
sheath around a single axon of a PNS
neuron
In the peripheral nervous system (PNS) Schwann cells perform the same role as
oligodendrocytes, although each Schwann cell forms myelin sheaths on only a single cell
axon in the PNS. Schwann cells also appear to be capable of assisting with repair
processes when limited nerve axon damage occurs in the PNS.

Myelin Sheath isolates axons electrically. These
are obtained by continued wrapping of glial cell
around axon length creating a spiral layering of
bilipid membrane.

d2. Astrocytes
• "nursing neurons“

• Many processes
• Maintain proper balance of K+ for generation of
nerve impulse
• Participate in neurotransmitter metabolism
• Participate in brain development by assisting
migration or neurons
• Provides link between neurons and blood vessel
• form blood-brain barrier (BBB)
• regulate entry of substances into brain

e. Satellite cells

support neurons in ganglia clusters of the PNS
surround ganglion neuron cell bodies providing nutrients

Nerve fiber is a complex structure....

Santiago Ramón y Cajal – FATHER OF NEUROSCIENCE

Santiago Ramón y Cajal was born on 1 May 1852 in 'Petilla de
Aragón', a small village in the North of Spain, and he died on 17
October 1934 in Madrid, having become one of the most
outstanding neuroscientists of all time.
Cajal received numerous prizes, honorary degrees and distinctions,
but undoubtedly the most important was the Nobel Prize for
Physiology or Medicine he received in 1906.

The detailed study of the nervous system began in the middle of the nineteenth century. Before Cajal’s
discoveries, very little was known about the individual elements of the nervous system, and the
connections between its different parts were purely speculative.
The origin of nerve fibers was a mystery, and it was speculated that they arose from the gray matter
independently of the nerve cells (neurons).
This lack of knowledge was mainly due to the fact that appropriate methods for visualizing neurons were
not available. The early methods of staining only permitted the visualization of neuronal cell bodies, a
small portion of their proximal processes, and some isolated and rather poorly stained fibers.
However, in 1873 the method of Camillo Golgi (1843-1926) was developed, and for the first time it was
possible to observe neurons in their entirety in histological preparations: soma, dendrites and axon.

Camillo Golgi
Indeed, Golgi-stained neurons displayed the most exquisite morphological details, which
ultimately led to their characterization and classification, as well as to the study of their
possible connections.
In 1906 Golgi was awarded the Nobel Prize for Physiology or Medicine for discovering
this technique, and Cajal shared this Nobel Prize for his masterful interpretations of the
Golgi preparations he had prepared.
On 16 February 1873, Golgi hurriedly wrote the following words to his friend
Nicolò Manfredi (part of this letter was published in Mazzarello, 1999):
“I spend long hours at the microscope. I am delighted that I have found a new
reaction to demonstrate, even to the blind, the structure of the interstitial
stroma of the cerebral cortex. I let the silver nitrate react with pieces of brain
hardened in potassium dichromate. I have obtained magnificent results and
hope to do even better in the future.”

Microphotograph from an original
preparation of the cerebellum from
Golgi's lab.

This is the first record of the invention of the black reaction (but it is also a
discovery of a chemical-biological phenomenon) known nowadays as 'Golgi
staining' or 'Golgi impregnation', which was a breakthrough for brain structure
research.

Golgi found that by treating brain tissue with a silver chromate solution, a relatively small number of neurons
in the brain were darkly stained. This allowed Golgi to resolve in detail the structure of individual neurons and
led him to conclude that nervous tissue was a continuous reticulum (or web) of interconnected cells
much like those in the circulatory system.

Some of Cajal’s drawings were considered as artistic interpretations rather than accurate copies of his preparations

Using Golgi's method, Ramón y Cajal reached a very different
conclusion.
He postulated that the nervous system is made up of billions of separate
neurons and that these cells are polarized.
Rather than forming a continuous web, Cajal thus suggested that
neurons communicate with each other via specialized junctions called
"synapses", a term that was coined by Sherrington in 1897.
This hypothesis became the basis of the neuron doctrine, which states
that the individual unit of the nervous system is a single neuron.

Ramón y Cajal also proposed that the way axons grow is via a growth
cone at their ends.
He further understood that neural cells could sense chemical signals that
indicated a direction for growth, a process called chemotaxis.

© Herederos de Santiago Ramón y Cajal
Schematic drawing of Cajal showing “the flow of currents in a mutilated pyramidal cell (A) furnished with hypertrophic recurrent
collaterals”, published in 1914 (Estudios sobre la degeneración y regeneración del sistema nervioso, Vol. 2. Madrid: Moya).
Housed in the Museo Cajal (Cajal Museum).

Two major principles proposed by Cajal were:

1- Principle of dynamic polarization, which states that electrical signals within a
nerve cell flow in one direction, from the receiving sites of the neuron (dendrites and
the cell body) to the trigger region of the axon;
and,
2- Principle of connectional specificity, which states that nerve cells do not connect
indiscriminately to form random networks, but instead make specific connections with
particular post-synaptic targets……

The first published intracellular recording of an action potential – the giant squid
In 1939, Hudgkin and Huxley published the first recording of an
action potential.
Using glass capillary electrodes filled with sea water, and the squid
giant axo, they assumed the sea water outside as zero potential and
measured the change in the potential of the internal eletrode in
millivolts.

NEURONS CAN BE GROUPED ACCORDING TO THEIR POSITION RELATIVE TO EACH OTHER

NEURONS CAN BE CLASSIFIED ACCORDING TO THE NUMBER OF
PROCESSES THAT ORIGINATE FROM THE CELL BODY

UNIPOLAR
PSEUDOUNIPOLAR

BIPOLAR

Single process, with different
segments serving as dendrites or
axons……

Two processes fuse during development;
then resplits back into two processes
BOTH of which function as axons…
(one to the SC, one to skin or muscle)

Have two processes – dendrite
carries info to the cell;
Axon carries information from
soma to other cells

Ex. invertebrate nervous system;
Autonomous nervous system of
vertebrates

Ex. Sensory neurons of touch or stretch in
the spinal cord –
Such as the Dorsal Root Ganglion, DRG

Ex. Bipolar cells of the retina;
Olfactory epithelium of the nose

MULTIPOLAR NEURONS

Motoneuron of the spinal cord
~10,000 contacts;
2000 on cell body, 8000 on dendrites

Pyramidal cell of hippocampus
Purkinje cell of cerebellum
~150,000 contacts received !!!!

Multipolar cells have one axon and many dendrites… They are the most common type of neuron in the mammalian Nervous
System.
They vary greatly in shape, and the number and intricacy of dendrite branching.
Usually the number and extent of their dendrites correlate with the number of synaptic contacts on themselves…

NEURONS CAN BE CLASSIFIED ACCORDING TO THEIR FUNCTION

SENSORY NEURONS

Carry information from the body’s
periphery to the nervous system –
with the purpose of perception as
well as motor coordination

(AFFERENT – or towards – is a
term that applies to all information
reaching the central nervous
system from the periphery….some
primary sensory neurons are also
referred to as afferent neurons)

MOTOR NEURONS

INTERNEURONS

1. RELAY or PROJECTION INTERNEURONS

Carry information from the brain or
spinal cord to muscles and glands

(EFFERENT – or from – is a term
that applies to all information going
from the central nervous system to
the periphery to generate an
effect)

Have long axons and carry signals
over large distances, such as from
one brain region to another

2. LOCAL INTERNEURONS

Have short axons and process
information within local circuits

A SIMPLE LOCAL CIRCUIT – THE KNEE JERK REFLEX

Spinal reflexes are mediated by neural circuits entirely confined to the spinal cord…
This relieves the brain from micromanaging elementary actions.
Stretch reflexes are usually generated by MONOSYNAPTIC circuits, where the sensory neuron and the
motoneuron are directly connected, with no interneuron.
Most other spinal reflexes involve POLYSYNAPTIC circuits, which include one or more sets of interneurons,
and which are more amenable to modification by the brain’s higher processing centers.

Neurocytoskeleton
Cytoskeleton is the major intrinsic determinant of the shape of a
neuron.
It is also responsible for the asymmetric distribution of organelles
throughout the neuron.

There are 3 main filamentous structures:
1- microtubules
2- neurofilaments (intermediate filaments)
3- actin microfilaments

These cytoskeletal proteins and the associated proteins make up
about 25 % of the total neuronal protein !

1- MICROTUBULES

Form long scaffolds that extend the full length of the neuron
Play a key role in developing and maintaining the neuron’s processes (axons
and dendrties)
A single microtubule can be as long as 0.1 mm – constructed of 13
protofilaments in a tubular array, with a diameter of ~25 nm.

Each protofilament consists of a- and b-tubulin subunits, arranged linearly – with a polar structure that gives minus
and plus ends.

Linear polymers of alpha/beta anr joined together to forms shees and then circular tubules that serve as a nucleation
site. Polymerization then continues by addition of dimers to each end

Drugs that disrupt microtubules
Colchicine, colcemid, and nocadazol inhibit polymerization by binding to tubulin and preventing its
addition to the plus ends.

Vinblastine and vincristine aggregate tubulin and lead to microtubule depolymerization.
Taxol stabilizes microtubules by binding to a polymer.

+ paclitaxel

MAPs in axons are different than MAPs in dendrites….
MAP-2 present in dendrites (not axons), whereas tau and MAP-3 is present in the axon (not dendrites)
Microtubule associated proteins (MAPs) are tissue and cell type specific.
They are high molecular weight proteins (200-300 K) or the tau (20-60 k) proteins. One domain binds to tubulin
polymers or unpolymerized tubulin.
This speeds up polymerization, facilitates assembly and stabilizes the microtubules. The other end will bind to
vesicles or granules.
MAPs vary with the cell type. The best examples are found in neurons.

The regulation of the tau molecule is acheived through expression, localization, and phosphorylation.
Tau is primarily expressed in neurons, although other non-neuronal cells can have trace amounts of
tau. Within neurons, tau can be found in all compartments of the cell, but in different phosphorylation
states in different compartments. This is important since tau's ability to stabilize microtubules can also
be controlled by site-specific phosphorylation.
It is thought that phosphorylation of specific residues, especially in the microtubule binding repeats
can modify tau's binding to microtubules and therefore prevent it from stabilizing the
microtubule. Another level of control can be acheived by the developmental regulation of the
expression of tau isoforms and kinases.
Throughout development, the ratios of different tau isoforms to kinases and phosphatases can
change, leading to different states of tau regulation.

The MAPs include motor proteins such as kinesins and dynein which "walk" along the microtubules
in opposite directions.
The kinesins move the vesicle along towards the plus end and dynein walks towards the minus end. In
neurons, as the microtubules grow from the cell body through the processes, the plus end is more
peripheral. These proteins have head regions that bind to microtubules and also bind ATP. The head
domains are thus ATPase motors. The tail domain binds to the organelle to be moved.

https://www.youtube.com/watch?v=y-uuk4Pr2i8

Kinesin and dynein protein families serve
as motors that travel along microtubules.

These motors attach to vesicles and carry
them in specific directions.
Each type has specific cargo to carry…..

2- NEUROFILAMENTS

Neurofilaments are the type IV family of intermediate
filaments that is found in high concentrations along the
axons of vertebrate neurons.

The three types of neurofilament proteins coassemble
in vivo, forming a heteropolymer that contain NF-L plus
one of the others.
The NF-H and NF-M proteins have lengthy C-terminal
tail domains that bind to neighboring filaments,
generating aligned arrays with a uniform interfilament
spacing.
During axonal growth, new neurofilament subunits are
incorporated all along the axon in a dynamic process
that involves the addition of subunits along the filament
length, as well as the addition of subunits at the
filament ends.
After an axon has grown and connected with its target
cell, the diameter of the axon may increase as much as
fivefold.
The level of neurofilament gene expression seems to
directly control axonal diameter, which in turn controls
how fast electrical signals travel down the axon.

Unlike microtubules, neurofilaments are stable and almost totally polymerized….

Unlike microfilaments and microtubules, intermediate filaments (IFs) assemble from a large
number of different IF proteins.

There are six general types of IF proteins

Intermediate Filament Associated Proteins (IFAPs, green) connect
Intermediate Filaments (blue) to microcubules (red).

Neurofilaments are related to the intermediate filaments of other cell types, all of which
belong to a family of proteins called cytokeratins.
Other cytokeratins include vimentin, glial fibrillary acidic protein, desmin, and keratin…

Rat Neurons stained with Chicken antibody to neurofilament
NF-H (green) and Rabbit antibody to GFAP (red). The NF-H
antibody was used at a dilution of 1:100,000 and the GFAP at a
dilution of 1:2,000 using our standard fixation and staining
procedure.
Picture taken with a Zeiss 20X objective and documented with
a Digital SPOT camera
©EnCor Biotechnology Inc. 2003.

Rat glial cells in mixed culture stained with affinity purified
Chicken antibody to GFAP

Neurofilaments function in radial growth of axons during maturation of neurons.

http://jcb.rupress.org/content/163/5/1021

Neurofilament accumulations are seen in many neurological disorders such as Alzheimer's disease,
Amyotrophic Lateral Sclerosis (Lou Gehrig's disease), giant axon neuropathies and many others.
It has long been thought that some of these disease states are actually caused by aberrant transport,
processing or expression of neurofilaments.
Recently point mutations in some of the neurofilament proteins have been shown to be causative of
certain neurological disorders, the best example being certain types of Charcot-Marie-Tooth disease, a
rather nasty and fortunately rather group of neurological diseases.

3- ACTIN MICROFILAMENTS

3-5 nm in diameter, they are the thinnest of all cytoskeletal
elements… They, too, are polar molecules of actin
monomers, each bearing ATP or ADP…
Actin is the most abundant animal protein in nature, present
in all cells. Skeletal muscle actin is a-actin, while neural
actin is a mixture of b- and g- isoforms.
Actin polymers are relatively short, concentrated at the cell’s
periphery, on the cortical cytoplasm, forming a dense network
along with many actin-binding proteins such as ankyrin, talin,
and actinin.

This matrix plays a key role on the dynamic events on the
cell’s periphery, such as growth cones during development or
pre-and post-synaptic specializations…

(a) Structure of actin. (b) Actin filaments. (c) Stacking of actin
monomers in the F-actin showing polarity of filament.

(a) Bundled actin filaments (short crosslinker). (b) Network of actin filaments (long, flexible crosslinker).

Actin is organized into bundles and networks through the binding of crosslinking proteins

Human erythrocyte showing the
hubs and linking spectrin
network

All cytoskeletal proteins work coordinately ...

SYNTHESIS AND TRAFFICKING OF
NEURONAL PROTEINS

…it is possible that synthesis of specific proteins is the essential
physical phenomenon paralleling memory, fantasy, and intuition.
This hypothesis is supported by the fact that protein synthesis
occurs in strongly stimulated neurons and that cells are able to
‘learn’ to synthesize new specific proteins…. (Monné, 1948).

Short reminder of protein synthesis in the cell :

The brain expresses more of the total genetic information than does any other organ
in the body –
About 200,000 distinct mRNA sequences are present, 10- to 20-times more than
those in liver or kidney…

Because cell division has stopped, the chromosomes are no longer duplicating themselves …..
They are therefore supposed to function mainly in gene expression, which would explain the
high ratio of expressed genes in the brain….
The synthesis of many proteins start in the cytosol – the mRNA assembles with
free ribosomes; final destination being encoded in the amino acid sequence…..
Cytosolic proteins include the most abundant neural protein groups :
(i) neurocytoskeletal elements and (ii) metabolic enzymes…..
Proteins destined to become secretory products or constituents of the cellís
major membrane system are formed on ribosomes that attach to the
endoplasmic reticulum.
ex. ion channels, receptors, various pumps

Proteins are transported in the anterograde direction at different speeds.

1. The rapid transport component moves at a rate of 410 mm/day (1.7cm/hr) in the sciatic nerve.
The speed of rapid transport may be slower in other nerves, but it is never less than lOOmm/day.
Rapid transport carries mainly membrane bound materials such as plasma membrane proteins
and synaptic vesicles.
2. In contrast, slow transport in the anterograde direction moves at a rate of only 1-3mm/day. Slow
transport carries soluble enzymes and structural proteins such as the microtubule protein,
tubulin.
Unfortunately, it is the slow transport rate which determines the rate of recovery following
injury to a peripheral nerve

mediated by kinesin

Anterograde: going from the cell body towards the nerve terminal

Retrograde: backwards from the nerve terminal to the cell body
1. The rate of retrograde transport is about half that of anterograde transport. The function of
retrograde transport is not well understood but it is thought that it is important in regulating
metabolism of the cell. For example, when an axon is cut, the signal which induces the cell
body to undergo chromatolysis is probably carried by retrograde transport.
2. Also, some neurotropic viruses such as poliomyelitis, herpes, and rabies and neurotoxins
enter peripheral nerve endings and ascend to infect the cell body via retrograde
transport.

In response to the injury, the cell body alters its
metabolism to produce the materials needed to
regenerate a new axon.
The parallel arrays of rough endoplasmic reticulum
known as Nissl bodies become dispersed into
smaller ribosomal groupings.
This dispersal of the chromatophilic Nissl substance is
called chromatolysis.

mediated by dynein

Some functions of motor proteins in the nervous system…..

• During neuronal development, KIFs (kinesins) take significant roles in the regulation
of axon-collateral branch extension, which is essential for brain wiring.

• Cytoplasmic dynein together with LIS1 takes pivotal roles in neocortical layer
formation.
• In axons, anterograde transport is mediated by KIFs, whereas retrograde transport
is mediated mainly by cytoplasmic dynein, and dysfunction of motors results in
neurodegenerative diseases.

• In dendrites, the transport of NMDA and AMPA receptors is mediated by KIFs, and
the motor has been shown to play a significant part in establishing learning and
memory

ION CHANNELS

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.

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 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.

Ion channels have 3 important properties:
1)
2)
3)

They conduct ions,
They recognize and select specific ions,
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.

TYPES OF ION CHANNELS

Voltage-gated ion channels are a class of transmembrane 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 voltagegated 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.

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 voltagedependent 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.

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.

In auditory hair cells :

Stretch-activated or stretch-gated ion channels, or stressactivated 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.

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.

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.

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.

MEMBRANE POTENTIAL

At rest – excess positive charge on the outside / excess negative on the inside.....
Vm = Vin - Vout
By convention, the potential outside the cell is defined as 0

Vrm = Vin = -60 mV to 70 mV

An increase in the membrane potential, leading to a less negative value, is called
DEPOLARIZATION

An decrease in the membrane potential, leading to a more negative value, is called
HYPERPOLARIZATION

When depolarization reaches a critical value, called the THRESHOLD, the cell responds actively by
opening voltage-gated ion channels, otherwise known as the all-or-none ACTION POTENTIAL.....

Measuring Membrane Potential

Ion Distribution and Resting Ion Channels

Ion Species

Cytoplasmic
Conc.(mM)

Extracellular
Conc. (mM)

Equilibrium
Potential (mV)

K+

400

20

-75

Na+

50

440

+55

Cl-

52

560

-60

A- (organic
anions)

385

-

-

(distribution along the axon of giant squid axon)

The actual value of the resting membrane potential in animal glial cells is mainly a reflection of the K+ concentration gradient,
since at rest the membrane is chiefly permeable to K+, and since K+ is the main positive ion in the cell.

The actual value of the resting membrane potential in animal nerve cells is due to permeability
towards three ion species: K+, Na+ and Cl- concentration gradients.

Membrane Potential in Glial Cells
K+ is the major player – two factors affecting the ion flow:
1)
2)

Chemical driving force – depends on the concentration gradient;
Electrical driving force – depends on the potential difference

Na+
Cl-

ClCl-

Na+

A-

K+

Na+

AK+

K+

Cl-

Na+
K+ ClK+
ClNa+
Na+

A-

A-

K+
A-

A-

In a glial cell permeable to only K+,
the resting potential is generated by
the efflux of K+ down its concentration
gradient

Outside accumulates a slight +ve
charge,
While the inside accumulates a slight
–ve charge;
This creates a potential difference
across a membrane, which drives K+
to the cell, and prevents further efflux
of K+...

Membrane Potential in Nerve Cells
K+, Na+ and Cl- can move across the membrane –
only large organic anions (A-) are impermeable
Electrical gradient

Concentration gradient

Na+
Cl-

ClCl-

Na+

A-

K+

Na+

A-

K+
K+

A-

In a resting nerve cell, if only
K+ channels were present,
K+ ions would be in
equilibrium...

Na+
Cl-

ClNa+

Cl-

AK+
K+
Na+ A-

AK+

If Na+ channels are now added
to the resting membrane, Na+
ions will diffuse and this influx
will depolarize the membrane...

Na+/K+ pump will balance the
passive flux of sodium and
potassium ions and redistribute
the ions across the
membrane...

The contribution of Cl- channels to the resting potential
has been ignored –
Nerve cells do not have a mechanism for active transport
of Cl- against an electrochemical gradient....
In these cells, resting potential is ultimately defined by K+
and Na+ fluxes, due to the presence of Na+/K+ pump to
restore the ion distribution....

Chloride transporter in neurons – uses secondary
active transport......
ie. no active hydrolysis of ATP is required,

Chloride transporter (CFTR)

But co-transport of K+ out of the cell is required to
transport Cl- out of the cell,
using the energy stored int he concentration
gradient of K+ across the membrane...

ACTION POTENTIAL

Action potential is a temporary change in the membrane potential that is
transmitted along the axon
1- Usually initiated in the cell body
2- Travels in one direction normally
(Axon can potentially conduct in both directions, but connections usually prevent this)
3-Membrane potential depolarizes (becomes more positive) producing a spike
4-After the peak of the spike the membrane repolarizes (becomes more negative)
(The potential becomes more negative than the resting potential (negative
afterpotential) and then returns to normal )

5-The action potentials of most nerves last 5-10 milliseconds (action potentials of cardiac muscle
are much longer)

Action Potentials are Initiated by Many Different Types of Stimuli
Sensory nerves respond to stimuli of many types: chemical, light, electricity, pressure, touch, stretch, etc.
In the central nervous system (brain & spinal cord) most nerves are stimulated by chemical activity at synapses

Very weak stimuli cause a small local electrical
disturbance, but do not necessarily produce a
transmitted action potential

The Membrane Recovers by Closing the
Na Channels and Opening K Channels
The Spike of the Action Potential
is Caused by Opening of Na
Channels
The Na+ pump produces gradients
of both Na+ and K+ ions- both are
used to produce the action potential
Na+ is high outside the cell and low
inside

Excitable cells have special Na+
and K+ channels with gates that
open and close in response to the
membrane voltage (voltage-gated
channels)
Opening gates of Na+ channels
allows Na+ to rush into the cell,
carrying + charge. This makes the
membrane potential positive
(depolarization), producing the spike

The Na+ spike does not last long
Two things bring the voltage back to
negative values (repolarization):
The Na+ channels close
(They have a second slow
gate that closes when the
voltage becomes positive )
K+ channels open when the voltage
becomes positive
(The K gradient is in the
opposite direction, so K
flows outward making the
membrane potential more
negative)
These K+ channels are
slower than the Na+
channels, so Na+ has the
initial advantage, but later
K+ kicks in to bring things
back to normal
Because K+ permeability is higher than in
the resting state the membrane has a
negative afterpotential

Propagation of action potentials

Action Potential Propagation in Dendrites
Different parts of the neuron perform
specific signaling tasks –
Axon generally carries signals over long
distances... hence simple relay mechanism
Dendrites act as sites of integration...

Dendrites have voltage-gated ion channels
such as Ca++ and K+, which conduct
synaptic transmission...
In some neurons action potential may be
propagated from site of initiation back to
the dendrite for synaptic integration...

Neurons receive both excitatory and inhibitory signals

In neuroscience, an excitatory postsynaptic potential (EPSP) is a temporary
increase in postsynaptic membrane potential caused by the flow of positively
charged ions into the postsynaptic cell.
A postsynaptic potential is defined as excitatory if it makes it easier for the neuron
to fire an action potential. (glutamine or acetylcholine etc)
EPSPs (like IPSPs-see below) are graded, i.e. they have an additive effect.
When multiple EPSPs occur on a single patch of postsynaptic membrane, their
combined effect is the sum of the individual EPSPs. Larger EPSPs result in
greater membrane depolarization and thus increase the likelihood that the
postsynaptic cell reaches the threshold for firing an action potential.

Only one EPSP does not
sufficiently depolarize the
membrane to generate an action
potential.

An Inhibitory Postsynaptic Potential (commonly abbreviated as IPSP) is the
change in membrane voltage of a postsynaptic neuron which results from
synaptic activation of inhibitory neurotransmitter receptors.

IPSPs usually result from the flow of negative ions into the cell.
The most common inhibitory neurotransmitters in the nervous system are GABA
and glycine.
A postsynaptic potential is considered inhibitory when the resulting change in
membrane voltage makes it more difficult for the cell to fire an action potential,
lowering the firing rate of the neuron.

A summation of three EPSPs
generates an action potential.

