Neuroscience Lecture Notes summary

Neurocytology I - The structure of the neuron
The variation in the dendritic spine length has lead to two general hypothesis about the function of spines:

1) They serve to isolate the spine electrically from the dendrite.  This hypothesis suggests that spines would be capable of acting autonomically from the electrical events that travel up and down a dendritic shaft.  Spines with long, thin neck would be particularly well isolated, whereas those with short, wide necks would act more like the shaft.

2) Spines provide for an isolated chemical environment in the spine head.  This hypothesis is particularly relevant to the buildup of Ca+2 within the cytoplasm, an event associated with long-term changes in the excitability of a neuron’s membrane.  Again, spines with long necks would be able to regulate Ca+2 conc locally where as those with short necks would follow a regulatory plan established for the dendrite as a whole.

The axon hillock is devoid of ribosomes and RER.  As a result, there is no means for synthesizing anything other than mitochondrial proteins along the length of an axon.  

The initial region of a axon is devoid of myelin.  It is characterized by the presence along its membrane of a very high density of voltage-sensitive Na+ channels.  Because of the insetion of these channels in its membrane, the initial segment is the sight for initiation of APs that travel down the axon.


Along the length of axons covered with myelin are regularly spaced gaps in the myelin.  As in the case for the initial segment, these myelin-free regions (nodes of ranvier) have membranes with high density of voltage sensitive Na+ channels.  The nodes are sites at which the actively propogated AP is regenerated.

Protein synthesis: All organelles for transcription, translation, post-translational processing and packing of proteins are present in the soma.  Neuronal nuclei contain large amounts of heterochromatin, most likely a reflection of the fact that past a restricted period in development neuron’s cease mitotic activity and divide never again.  Neuronal somata possess an extreme density of ribosomes, which are found in stacks of RER and are referred to as Nissl bodies.  Ribosomal rosettes are frequently encountered in the cytoplasm of the soma.  They are equally dense in the proximal dendrites, which permits these structures to show up in Nissl stains.   AS the primary site of post translational processing the Golgi complex is well developed in the neuronal soma.  Particularly important is glycosylation of proteins and their packaging into vesicles used for transport and secretion.  
Degredation of worn-out membrane and of material taken in by endocytosis if the function of the lysosome and the peroxisome.  

1) lysosomes are characterized by the presence of acid hydrolases.  Primary lysosomes are a produce of the golgi complex.  They are filled with hydrolytic enxymes that work at low pH.  Fusion of the primary lysosome with a phagosome produces a secondary lysosome.  Material resistant to degradation by the acid hydrolases accumulates in what is referred to as residual bodies.  In the CNS, some residual bodies contain a dark pigment and stacks of undigested membranes.  These are lipofuscin granules, which accumulate throughout life and are particularly abundant in aged brains. 









Primary lysosomes (filled with acid hydrolases) + phagosome ( secondary lysosome (( residual bodies with lipofuscin granules)
2) Peroxisomes are biochemically distinct membrane bound organelles responsible for the degradation of long chain fatty acids, among other membrane products.
Peroxisomes for long chain fatty acid degradation, associated with sphingosine degradation disorders and adrenoleukodystrophy
1) Microtubules are the primary determinant of neuronal morphology.  Composition of microtubules includes:

2) α and β tubulin, which can be modified to fit the conditions of the individual neuron at a particular moment.  Thru these modifications, microtubules can be quickly assembled and disassembled at the tips of dendrites and axons.

3) Microtubule associates proteins (MAPs), which play a prominent role in the stabilization of microtubules.  Juvenile subunits of one MAP permits rapid and easy changes in the cross-linking of microtubules whereas the adult subunits serve to stabilize the structure.  
Neurofilaments are responsible for setting the diameter of an axon.

1) neurofilaments are neuronal intermediate filaments, composed of three proteins.  Because the heavy neurofilament protein has a long side chain-arm that permits crosslinking with microtubules, the neurofilament dictates the spacing of cytoskeletal elements in the axon, and thus the caliber of the axon.

2) Neurofilaments aggregate in bundles, neurofibrils, that stain with silver ions.

Axoplasmic transport moves vesicles and other organelles from the some to the tips of the neuron.  Microtubules are the scaffold upon which all elements are transported.  The individual tubulin molecules form polarized filaments that in axons are arranged with their plus ends toward the axon terminal and their minus ends towards the soma.  


Separate ATPases move vesicles and other elements in anterogrande (kinesin) or retrograde (dynein) directions. 

Actin filaments (microtubules) are a major constituent of the cytoskeleton along the inner surface of the plasma membrane.  Actin are chemically heterogeneous, which permits some parts of the actin filament architecture to respond selectively to changes in its environment.  Actin interacts with a variety of neuronal proteins, including dystrophin that is involved in Duchenne muscular dystrophy.

Unusual means for interneuronal communication:

1) Gap junctions: assembled of connexons, gap junctions are a means for directly transferring the rapid changes in ion concentration across the plasma membrane from one neuron to another.

2) Extrasynaptic receptors: receptor proteins are inserted into membranes outside of anatomically recognizable synapse; these are frequently encountered on the membranes of synaptic terminals and are referred to as autoreceptors.

3) Signalling molecules that are gases rather than liquids can rapids diffuse thru plasma membranes and may directly influence that activity of neuronal targets without the necessity of binding to a membrane-bound receptor.

Presynaptic events: Synaptic vesicles exocytosis

Synaptic vesicles (SVs) are loaded with neurotransmitters (NTs) are docked at the active zone in the presynaptic plasma membrane.  Upon Ca++ influx, docked SVs fuse with the plasma membrane to release their neurotransmitter across the synapse.  SV proteins are then recovered from the cell surface in a process of endocytosis, allowing new SVs to be formed and filled with NTs.  

General functions of synaptic vesicle proteins:

1) Localizing SVs within the nerve terminal (e.g. synapsins – binds actin, rabs – binds GTP)

2) Transport across SV membrane (e.g. proton pump – acidifies interior of the cell to produce a gradient that can be exploited by other transporters to bring other things into the cell, ACh transporter, SV2)

3) Docking and fusion to plasma membrane (VAMP (a.k.a. synaptobrevin) – binds syntaxin, synaptotagmin – binds syntaxin, adaptin, neurexins)

Four proteins were identified that form the 7S complex:

1) synaptotagmin – binds phospholipids in a calcium-dependant manner; a Ca+ sensor – unsure if the sensor acts as a brake or accelerator.  bbb
2) VAMP – vesicle associated membrane protein

3) Syntaxin – a plasma membrane protein

4) SNAP-25 – synaptosomal associated protein of 25 kilodaltons.

Three of these proteins form a core complex: VAMP, SNAP-25 and syntaxin.  The core complex forms extraordinarily tightly.

The notion that the core complex represents a docked synaptic vesicle has gained considerable support because toxins that inhibit neurotransmission cleave VAMP, syntaxin, and SNAP-25.  Tetanus toxin and the light chains of botulinum toxins B, D, F and G selectively cleave VAMP; bot toxins A and E cleave SNAP-25; and bot toxin C1 cleaves syntaxin.

A toxin that depletes synaptic vesicles from nerve terminals (black widow spider venom, α-letrotoxin) acts indirectly thru synaptotagmin.

SNARE hypothesis: proteins on the donor compartment or vesicle (v-SNARES such as VAMP) bind to proteins on the plasma membrane or target (t-SNARES such as syntaxin).  According to the hypothesis, the specificity of vesicle trafficking may be guaranteed by the pairing of cognate SNARES.

N-sec1 (Munc18) is a soluble protein that binds tightly to syntaxin.  The two proteins are released upon phosphorylation of syntaxin by one of several kinases.  N-sec1 has a role in controlling fusion pore expansion on the plasma membrane.

Rab3 is a GTP-binding protein that is peripherally attached to synaptic vesicles.  Members of this family are localized selectively to intracellular membrane compartments where they are thought to direct the vectorial transport of vesicles thru a cycle of GTP binding and hydrolysis.  Rab3a dissociates from SVs upon exocytosis.  A mouse rab3a KO releases NT normally upon stimulation, but shows defects upon repetitive stimulation.  Thus, Rab3a may function in regulating the availability of SVs for NT release.
Neurocytology II – Myelin and Glia

Myelin and myelin-forming cells: oligodendrocytes (CNS) and Schwann cells (PNS).

The myelin sheath has a high electrical resistance and a low capacitance, providing an effective insulator around the axon.  Consequently, myelinated fibers conduct APs in a salutatory manner.  In nonmyelinated fibers, conduction velocity is proportional to the square root of the diameter, whereas in myelinated fibers, conduction velocity is proportional to the diameter of the fiber itself.  This in turn allows greater conduction velocity in a smaller space.

There are many different Schwann cell phenotypes:

· Schwann cells include the satellite cells around the sensory neurons in the dorsal root ganglia, around autonomic neurons and around the massive neuronal complex in the enteric nervous system, where the schwann cells have some distinctive properties and are often termed enteric glia.  In each of these sites, the schwann cells cover nearly the whole surface of the nerve cell body and its processes, and have a basal lamina over their outer surface, isolating the neuron from the surrounding collagenous world.

· Schwann cells of unmyelinated axons (ensheathing Schwann cells): most of the axons in he peripheral nervous system are non-myelinated, but are ensheathed by Schwann cells.  Several axons may be ensheathed by a single Schwann cell, and the junctions between neighboring Schwann cells along a set of axons form a series of interdigitating processes.  In unmyelinated axons, the propagation of impulses is graded, continuous and relatively slow, and ion channels appear to be evenly distributed along the surface of the axon.

· The myelinating Schwann cell: the mulilamellated spiral that comprises the myelin sheath can be thought of as a lengthening and spiraling of the lips of the indentation in which the axon sits.  Early in development Schwann cells typically ensheath communities of axons, rather than individual axons.  With continued Schwann cell proliferation, some axon-Schwann cell units go on to form the normal mature ensheathing Schwann cell arrangements, with several axons ensheathed by individual schwann cells.  In other fibers the Schwann cell all along the axon continue division until they have reached a 1:1 relationship with the axon.  They then initiate the process of myelination.  It is the axon that signals whether the Schwann cell is to make myelin or not.

With the commitment to myelination, the Schwann cell changes in a variety of ways and adopts a series of new biochemical features.  In addition, it undergoes a terminal differentiation: the myelinating Schwann cell never reenters the cell cycle in a normal nerve fiber and continues to support the myelin sheath that it forms throughout the normal life of the organism.

Myelination proceeds by a process of continual lengthening of the inner lip of the Schwann cell.  The Schwann cell nucleus rotates around the axon in the same direction as the inner loop; imagine it pushing the inner loop around.  If the original myelin sheath is damaged or destroyed, or if the myelinated axon degenerates, the Schwann cell promptly reenters the cell cycle, abandons its myelinating biochemical characteristics, and amputates its old sheath, which is ultimately cleared.  

Oligodendrocyes:

Oligos develop from specific glial progenitor cells and myelinate axons in the CNS.  The process of myelin formation is in general similar to that in the PNS, with two important exceptions: 1) the oligo is capable of myelinating many axons (> 50). 2) the biochemical composition of CNS myelin is somewhat different than PNS myelin.  Oligos are capable of proliferation and remyelination after demyelinating injuries, but they are much less effective in this role.

Astrocytes:

Astrocytes outnumber neurons 10:1.

Functions of astrocytes:

1) Astrocyte basal lamina serves to isolate the nervous system from the collagenous world; all of the nervous system is within the basal laminae produced by the glial limitans and the cerebral blood vessels (contrast the isolation of individual nerve fibers by schwann cell basal lamina in the PNS that doesn’t surround the neuron completely, but surrounds the blood vessels).

2) The numerous gap-junctions b/t astrocytes imply that they provide a functional synctium for ions and small molecules.  Astrocytic processes cover CNS nodes of ranvier in a similar fashion to the schwann cell microvilli in the PNS.

3) Nutritive support of neurons because of the capacity for vessel-neuron connection.  Note that this connection might work in the opposite direction, clearing from the perineuronal space into the circulation unwanted substances (detoxification).

4) Astrocytes produce a variety of cytokines, chemokines, and growth factors that modulate the response of the CNS to injury.

5) Astrocytes appear necessary to induce tight junctions between endothelial cells.

6) Astrocytes may provide a supportive role in facilitating extension and guidance of axonal processes during development.

7) They proliferate and elaborate dramatic bundles of glial filaments, gliosis.  Regions of gliosis have interdigitated astrocytic processes laced together by frequent desmosomal junctions, and are usually considered inimical to regeneration.  Their importance may be that they are also inimical to CNS invasion by connective tissue from blood vessels or meninges.  As such, they may function to keep the nervous system “neural.”

Microglia are marrow derived macrophage lineage cells in the CNS.  In early development, cells bearing monocytic markers invade the nervous system from the circulation and assume the distinctive stellate shapes typical of microglia.  In this behavior, they resemble specialized cells of monocytic origin in other tissues.  They then lose many of the markers of their ancestors, and in addition, unlike most circulating macrophages, they retain the capacity to proliferate locally.  Whether the continue to be renewed  from the circulation in the post-development period is uncertain.  In the response to disease, microglia are known to:

1) proliferate locally

2) interact with white blood cells

3) differentiate into macrophages

4) Produce cytokines, substances that influence both immune cells and cells of the nervous system.  

Recently recognized has been the prominence of perivascular cells in both the CNS and PNC that lie just within or just without the basal lamina of the vessels.  The perivascular cells are well suited for antigen presentation to trafficking T cells that enter the CNS.

Conduction of Decremental and Regenerative Signals in Neurons

0.  Fundamental Concepts


1) Resting potential is –70 mV, close to EK due to open K+ channels


2) Ion distribution gives rise to different equilibrium potentials via Nernst eqn



- High Na+ outside (ENa = 64 mV) , high K+ inside (EK = -86 mV)



- Very low Ca2+ inside (ECa = 116 mV), high Cl- outside (ECl = -78 mV)

3) The equilibrium potential for a given ion is the potential at which no net flux of that ion occurs across the membrane.

4) Due to very low capacitance of membrane (5 pF), very few ions most move to achieve equilibrium (Q = CV)

5) Membrance voltage (Vm) change produced by ionic movements is related to the number of charges moved (Q, in coulombs) divided by the membrane capacitance, Cm (in farads)                                   Vm = Q/Cm

6) Current flow through ion channels can be approximated with Ohm’s Law 



Iion = Gion (Vm – Eion) where g is conductance (inverse of resistance)
I.  Passive current flow (aka cable property of dendrites and axons)


A.  Basic observations


- At steady state, a point depolarization (V is graded: it tails off exponentially according to length scale (, a measure of the relative resistance of the membrane and axoplasm


- Due to resistance (ion channel) and capacitor (neuronal membrane) in parallel, upon current pulse voltage asymptotically increases to steady state value according to time constant (, the product of resistance and capacitance of the membrane


B.  Consequences



- Since ( goes as (r, resistance decreases with diameter of dendrite/axon

- Spatio-temporal summation: depolarizations nearer axon hillock are more likely to cause action potential, input signal summation requires appropriate timing

II.  Active current flow (aka action potentials)


- Small depolarizations do not result in action potentials due to outward K flow


- Threshold depolarizations open voltage gated Na channels and initiate action potential


- Na channels inactivate quickly, helping stop rise in membrane potential and give refractory period


- Slower voltage gated K channels help repolarize cell


- Experimental verification by Hodgkin and Huxley, using voltage clamp on squid giant axon, along with expts with selective ion channel blockage


- Due to depolarization of nearby Na channels, action potential is propagated in all-or-none fashion; one-way due to refraction


- Conduction velocity depends on passive current spread; myelination raises conduction velocity by increasing ( (bigger r) and decreasing ( (low membrane capacitance trumps higher resistance)

Main points to take away from this lecture:

1) Conduction of signals in dendrites is graded and decremental.  This allows for the integration of many incoming signals by spatio-temporal summation at the axon hillock and allows different inputs to be assigned different weights based on their point of contact in the dendritic arbor.

2) Conduction of signals in axons is regenerative and all-or-none.  This derives from the presence of voltage-gated channels (particularly Na+) and allows for a high degree of fidelity in conduction of signals, sometimes over long distances.

3) The passive spread of current is a factor in the speed of both dendritic and axonal signal transmission.  The major determinant of this is the caliber of the process.

Synaptic Events: Neurotransmitter Release and Postsynaptic Potentials

I.  Ca++ couples action potential depolarization to neurotransmitter release


- Whereas Na and K help propagate an action potential, Na and K current are not necessary at the presynaptic terminal for nxt release


- Evidence: Depolarization with TTX and TEA blockage of Na and K channels still results in nxt release


- Voltage-gated Ca channels and Ca current are necessary for nxt release



- Evidence: 

1) removal of external Ca or blockade of V-gated Ca channels during depolarization of the terminal inhibits NT release.

2) Ca influx into presynaptic terminals during NT release may be measured, either by recording the current flowing thru the Ca channels using an electrode inserted into the terminal or by loading the terminal with a fluorescent indicator that reports free Ca conc.  

3) intraterminal injection of Ca thru a microelectrode or using Ca-containing liposomes can evoke or augment transmitter release.
4) intraterminal injection of a Ca chelator (e.g. BAPTA) will block transmitter release.




- Ca promotes fusion of synaptic vesicles with presynaptic membrane



- Candidate interactions: Ca may interact directly with structural proteins of the veicle or presynaptic membrane, via an effector such as calmodulin, or via a Ca-sensitive enzyme such as Ca-calmodulin dependant protein kinase or PK-C.  Synaptotagmin, a Ca-binding protein present in the membranes of synaptic and other secretory vesicles, has been of particular interest recently.  Injection into presynaptic terminals of synthetic peptides which interfere with the ability of synaptotagmin to bind Ca and phospholipids has been shown to block synaptic transmission in a manner that does not alter the amount of Ca that flows into the terminal during AP invasion.  This suggests that synaptotagim has a role in vesicular release downstream from Ca entry.

- Since nxt is stored in discrete vesicles of uniform size, nxt release is quantal and not graded.  Synaptic vesicles are of uniform size and the fusion of a signle vesicle always causes the release of its entire contents.
II.  Neurotransmitters that affect ion channels cause predictable excitation or inhibition


- Nxt bind postsynaptic receptors and (1) open/close an ion channel or (2) modulate enzyme activity (focus on the 1st here)


- ACh opens a channel equally permeable to Na and K whose reversal potential is ~ 0 mV (-11mV by Nernst eqn), therefore ACh depolarizes the cell


- Nxt produce excitatory or inhibitory response if reversal potential of ion channel receptor (equil. potential if single ion) is above or below threshold, respectively



- Consequence: opening of Na/Ca channels is excitatory, of K/Cl channels is inhibitory


- Excitation and inhibition aren’t synonymous with de- and hyperpolarization, e.g. if depolarization is still inhibitory if reversal potential is below threshold

III.  Time course of synaptic transmission


Presynaptic action potential ( increased presynaptic Ca permeability; Ca influx ( exocytosis of nxt vesicles ( nxt binds postsynaptic receptors ( activation of postsynaptic ion channels ( postsynaptic action potential

Summary of major points


- Understand the role of Ca in nxt release


- Be able to predict response to depolarization and hyperpolarization: is it excitatory or inhibitory?


- Be able to describe the major events of synaptic transmission

Astrocytes and astroglia

0.  There are three types of glial cells


1) Astrocytes: maintain an appropriate extracellular environment for neuronal activity and provide metabolic support to neurons.  They may also influence or regulate neuronal activity.  

2) Oligodendrocytes: form myelin sheaths around axons (speeds action potential along axon).  Analogous to Schwann cells.

3) Microglial: play an important role in the brain’s response to injury and infection.  Following injury they become highly motile and engulf dead cells and cellular debris.  They may also be the brain’s immune cells.
I. Astrocytes play a supportive role for neurons


- Remove ions and neurotransmitters from extracellular space 


- Some processes ensheath synapses and have Glu transporters to remove Glu from extracellular space (which is toxic to neurons)


- Potassium buffering hypothesis: astroctyes prevent accumulation of K in extracellular space (see physiology below)


- Provide neurons with energy



- Contain glycogen granules, perhaps to provide glucose or lactate to neurons


- Ca waves in astrocytes may stimulate arteriole dilation and control brain microcirculation


- Respond to neuronal activity or directly influence it



- Express ion channels and nxt receptors, activated upon “spillout.”  The functional significance of this neuron-astrocyte signaling is not known, but it may help to maintain the association of astrocytes with synapses.

- Glu stimulates intracellular Ca oscillations, propagated as waves, and may excite nearby neurons via release of ATP and/or Glu.  Recent studies also suggest that astrocyte Ca++ waves may be important for controlling the dilation of blood vessels in the brain, and thus brain microcirculation.  

- Secrete growth factors and guide neuronal migration


- Enhance formation of synapses


- True function of astrocytes hard to gauge because in situ observation is difficult

II. Characteristics of astrocytes


- Outnumber neurons 10:1


- Contact spacing (no overlap between astrocytes)


- Express GFAP (Glial Fibrillary Acidic Protein; intermediate filament).  GFAP-immunoreactive fibers are present in the primary processes of astrocytes, giving them their star shaped appearance.   This protein may be important for providing structural support to brain tissue, as animals that lock this protein have an increased susceptibility to head trauma. Other immunocytochemical markers commonly used to identify astrocytes include S100( (a Ca_ binding protein), Gln synthetase (an enzyme that converts glutamate to glutamine), and GLAST/EAAT1 (a glutamate transporter). 

- The processes of astrocytes extend to make contact with capillaries.  At the surface of the capillary, astrocyte processes expand to form an end feet specialization, which completely cover the capillary wall.

- Astrocytes have conspicuous aggregations of glycogen granules in their cytoplasm suggesting they are a main site for energy storage in the brain.  Glucose is transported into astrocytes from the blood at the endfeet by glucose transporters (GLUT-1) and used, released, or stored as glycogen.  Glucose is provided to neurons either directly or after is has been converted to lactate.

- Complex morphology with highly branching processes (may result in microdomains that are biochemically isolated from the rest of the cell)

- The fine processes of astrocytes abut or ensheath synapses.  These processes have a high density of glutamate transporters, which help to remove glutamate from the extraceullar space after it is released furing excitatory transmission.  Without this astrocyte-dependant uptake, glutamate levels rise, tonic activation of receptors occurs and neurons eventually die as a result of excitotoxicity.  A concern is that the elevation of extracellular K+ and decrease in extracellular Na+ that accompany brain ischemia may cause reversed cycling of glutamate transporters and contribute to neuronal death thru excitotic mechanisms.  However, glutamate transporters are also expressed by neurons and it is not yet clear which transporters contribute to the increases in extracellular glutamate that occur in ischemia.

- Physiology



- Inexcitable – incapable of firing APs.


- They have low membrane resistance due to their high resting K conductance, causing a very negative resting potential (~-90mV).  


- The ion channels responsible for the K+ conductance are enriched at the tips of astrocyte processes, the presumed end feet.  



- These features of the astrocyte membrane have led to the hypothesis that the high expression of K+ channels enables astrocytes to remove K+ that is released from neurons during activity and redistribute it thru the astrocyte network, or dump it into the circulation, preventing its accumulation in the extracellular space.  This has been termed the K+ buffering or K+ siphoning hypothesis.

- Forms syncytium via gap junctions, which are modulated by phosphorylation and often asymmetrical.  The primary gap junction expressed by astrocytes is connexin 43 (Cx43).  The function of this coupling is poorly understoof, but may be involved in ion buffering, metabolic homeostasis, regulation of proliferation, and/or astrocyte-astrocyte signaling. 
III.  Astroglial cells


- Astrocytes are absent in retina and cerebellum; instead astroglial cells do the job


- In retina they are called Muller glial cells, in cerebellum Bergmann glial cells

IV.  Astrocytes in disease
a)  Alexander disease:  a rare disorder of the nervous system that primarily affects children.  Those afflicted exhibit macrocephaly, seizures, and mental retardation; the disease is typically fatal within the first decade of life.  A characteristic feature of this disease is the presence of cytoplasmic inclusions in astrocytes, termed Rosenthal fibers.  Immunocytochemical studies indicate that these inclusions are ubiquitinated protein aggregates composed of GFAP and small stress proteins, such as αβ-crystallin and HSP27.  Analysis of DNA from patients indicate that they have mutations in the coding region of the GFAP gene.  Interestingly, equivalent mutations in other intermediate filaments also produce disease.  Thus, Alexander disease results from gain of function mutations in GFAP.  
b) Vasogenic edema is associated with a gain of water by the brain from the blood, resulting from a breakdown in the integrity of the BBB.  This is often accompanied by cell swelling.  However, cellular edema can occur without breakdown of the BBB and may occur during intense neuronal activity.  Cellular edema often occurs during ischemia, hypoxia, or brain trauma and is associated with the swelling of astrocytes and neuronal dendrites.  Cellular edema of brain: intense neuronal activity ( increase uptake of ions, nxt by astrocytes ( osmotic swelling.  Swelling can induce the release of neuroactive substances (particularly glutamate) as well as ions that can have deleterious effects on neuronal signaling and survival.  
c) In many diseases the expression of glut transporters is decreased, perhaps as a result of alterations in neuron-astrocyte signaling.  
d) Excitotoxicity: extracellular high K and low Na ( reversed Glu transporter ( toxic to neurons

e) Reactive astrocytosis: accompanies brain trauma; characterized by hypertrophy/hyperplasia of astrocytes, and the increased expression of GFAP.  
f) Cancer: astrocytomas (e.g. glioblastoma), multifocal as a result of the high migratory ability of these cells within the CNS.  Astrocytomas are also associated with vascular proliferations perhaps because astrocytes in tumor secretes VEGF to stimulate angiogenesis.
Development and Organization of the Brain – I

Part 1

I) Development of neural tube and spinal cord:

After the three germinal layers of the embryo are formed, some cells in the surface ectoderm migrate anteriorly thru a pore in the ectoderm (Henson’s node) and form the notochord, which lies in the mesodermal layer, immediately beneath the ectoderm.  The ectoderm later forms both the skin and nervous system.

i) Induction of neural plate – Neurulation: the CNS is derived from the surface ectorderm.

Cells in the midline of the ectoderm proliferate and form a longitudinal strip of cells, the neural plate.  These cells are located over the notochord and are induced to form the CNS while the more lateral ectoderm forms non-neural cells of skin.  Due to increased cell proliferation along the midline, the edges of the neural plate become elevated to form bilateral folds, leaving a midline depression between them, the neural groove.  The edges of the groove become elevated and form neural folds.    
The notochord releases trophic factors (e.g. SHH) that induces cell proliferation in the midline of the overlaying ectoderm.  These dividing cell form the neural plate which becomes the CNS.  SHH later induces formation of the floor plate in the ventral midline of the neural tube.  Cells in the floor plate also express and release SHH, which induces differentiation of motor neurons in the ventral part of the neural tube.

II) Cell proliferation and pseudo-stratified epithelium:


Surface ectoderm: the epithelial cells sit on a basal lamina and their apical and basal surfaces differ.  The apical surface of cells has cilia that face dorsaly, toward the amniotic cavity.  The basal surface faces down, resting on the basal lamina and facing the interior of the embryo.  The basal lamina separates surface epithelial cells from mesoderm.


Neural tube: the cells that form the walls of the neural tubes are called neuroectoderm.  As cells proliferate, the ectoderm layer thickens.  The nuclei appear to be at different levels, thus the term pseudo-stratified.  Initially the apical surface of these cells faces the amniotic cavity.  After the neural tube closes, the apical surfaces of the neuroepithelial cells face inward, toward the lumen of the neural tube.  The basal surfaces of these cells face the outer surface of the neural tube and they rest on a basal lamina.  This basal lamina later becomes the pia.

III) Closure of the Neural tube:

Apposition: the edges of the neural fold come together in the midline to form a tube.

Fusion: dorsal margins of the neural folds fuse in the midline.

Neural crest cells arise from the zone between neural tube and surface ectoderm.

Surface ectoderm separates from the neural tube and fuses over the dorsal surface of the embryo (failure to fuse = spina bifida).

IV) Differentiation of the neural tube wall: Initially the neural tube wall is a single layer of undifferentiated, proliferative cells.  Due to proliferation and migration, these cells later form three concentric layers.


Early stage: Neural tube is a single layer; all cells in the wall are neuroepithelial cells.


Dorsal and ventral regions of the neural tube differ in structure and functions:



The walls of neural tube have dorsal and ventral portions:



Alar plate: dorsal, function: sensory, (afferent); dorsal horn of spinal cord.

 


Basal plate: ventral, function: motor (efferent); ventral horn of spinal cord.




The sulcus limitans divides alar and basal plates and this border is the location of autonomic neurons (preganglionic); forms the intermediolateral cell column in adults.



Specialized midline structures:  these zones are a single cell layer; no proliferation



Roof plate: dorsal; roof of the ventricles and at some levels, the brain; also forms the choroid plexus which secretes CSF.




Floor plate: ventral; the site where axons cross the midline from one side of the CNS to the other.  At certain places in the CNS, the floor plate forms the commussures of the brain.

V) Generation of cells in the CNS:

Three concentric zones (ventricular, mantle and marginal) are seen in a cross section of the neural tube wall.

· Ventricular Zone (vz) is a transient proliferative compartment that is innermost, close to lumen.  In the spinal cord, all neuronal cells arise from vz – the germinal layer.  The ventricular zone ultimately disappears leaving a single layer of ependymal cells that line the ventricular surface.

· Mantle Zone (mnz):  In the brain and spinal cord, neurals arise from cells in the vz.  After proliferation, the cells migrate outward to form the mantle zone which contains neuronal cell bodies that form the grey matter of the adult cord.  Mnz cells are differentiated neurons that no longer divide.

· Marginal zone (mrz) contains neuronal processes, but very cell bodies.  In the spinal cord, it forms white matter, which contains myelinated axons.

VI) Neuronal Migration:

· In the spinal cord, the first born neurons travel a short distance from the vz and ener the mnz.  Later formed neurons migrae outward and displace the mnz cells, pushing them further out.  This pattern produces an outside to inside gradient where the oldest neurons are located at the outer mnz.  One result of this pattern is that the white matter is located at the outer border of the spinal cord in the place that was the mrz.
· In cerebral cortex, a different mode of migration produces thickening of the neural tube wall.  Beneath the marginal zone, a wide new zone appears (intermediate zone) which contains migrating neurons that travel a long distance.  Newborn neurons from the vz migrate outward thru the intermediate zone and do not stop until they reach the marginal zone.  These neurons form a dense layer of cell bodies termed the cortical plate situated beneath the mrz.  Deep to the cortical plate is the intermediate zone, which later becones subcortical white matter when myelinated axons grow in.

· In the cortical plate, successive waves of migration occur so that recently born neurons migrate outward past previously arrived neurons producing an inside-to-outside gradient.  In cerebral cortex, the white matter is situated deep in the wall, beneath the cortical gray matter, whereas in spinal cord, the white matter forms the outermost later.

Part 2: Development of brain – formation of brain vesicles (3-5)

Three brain vesicles appear in the early fetus.  Two of the vesicles later subdivide to form a total of five vesicles.  All parts of the adult brain arise from the walls of these vesicles, each vesicle forming a particular brain region.  The caudal neural tube forms the spinal cord.  The rostral vesicles differentiate further and greatly enlarge during fetal life.


The walls of the brain vesicles form the cellular tissue of the CNS.


The lumen forms the ventricular system.

Divisions of the fetal brain:

	Brain Vesicles
	Lumen

	Rhombencephalon – most caudal brain vesicle.  Later in development the walls of the rhombencephalon form two divisions of the brainstem
	

	       Myelencephalon – becomes the medulla and its roof plate forms the this roof of the IVth ventricle.
	IVth ventricle

	       Metencephalon – consists of two brainstem structures: the base forms the pons, while cells in the dorsal portion proliferate to form a transient ridge (rhombic lip) that gives rise to the cerebellum.
	

	Mesencephalon – the dorsal portion forms the tectum which has 4 elevations on its dorsal surface, the superior and inferior colliculi.  They participate in auditory and visual signaling.  The base of the mesencephalon becomes the cerebral peduncles, which carry descending axons from higher to lower levels of the CNS.  The central portion of the midbrain, the tegmentum, contains a network of grey matter and axonal bundles.
	

	       Midbrain
	Cerebral aqueduct

	Prosencephalon- the most rostral vesicle of the embryonic brain; forms a single vesicle in the midline.  It later expands into 3 portions, the diencephalons and two telecephalonic vesicles which grow extensively to become the cerebral hemispheres; the hemispheres give rise to the cerebral cortex and basal ganglia.  The caudal part of the prosencephalon forms a single vesicle, the diencephalons.  Its lumen is the IIIrd ventricle while its lateral walls become the thalamus and hypothalamus. 
	

	       Diencephalon
	IIIrd ventricle

	       Telecephalon – forms as an evagination of the prosencephalon.  Consists of two parts: the dorsal wall is the pallium and forms the cerebral cortex; the ganglionic eminence forms the basal ganglia and produces GABA neurons that migrate to cortex.  The background growth of the telencephalon produces a curve in the lumen that leads to the C-shape of the lateral ventricles.
	Lateral ventricles (2)


Brain flexures:
· Brain stem formation: Cell proliferation in the walls of the neural tube causes the long axis of the CNS to bend and form flexures; the mesencephalic and pontine flexures being most prominent.
· Pontine: a dorsal concavity in the rhombencephalon.  Cells in the floor proliferate causing the ventral surface to expand, but neurons in the roof plate do not proliferate.  Since the floor elongates more than the roof, the rhombencephalon bends, with the concave surface facing up (dorsalward) forming a U-shape.

· Mesencephalic flexure and Isthmus: a ventral concavity.  The dorsal surface of the midbrain elongates more than the ventral surface causing the midbrain to flex.  This bend forms the mesencephalix flexure which is the only flexure present in the adult brain.  Due to this flexure, a right angle is formed between brainstem and cerebral hemispheres.  A constriction at the caudal end of the midbrain is the isthmus, which forms the caudal midbrain and marks the border between mesencephalon and pons (metacephalon).  Rostrally, the midbrain merges with the diencephalons.

Organization of the CNS: segmental and suprasegmental structures:


Segmental structures: Spinal cord and brainstem



Connect to peripheral structures



Input-output functions



Function: mediate reflexes, sensory-motor functions


Suprasegmental structures: cerebral hemispheres + cerebellum



No direct connections to peripheral structures



Connect only to spinal cord and brainstem



Function: modulate segmental parts of the CNS



Integration

Cerebral hemispheres: main functional connections:

· Integration (cortex to cortex)

· Corticocortical (direct)

·  ( basal ganglia

· ( cerebellum

· Hemisphere input via thalamus (sensation)

· Hemisphere outputs 

· Somatic (skeletal muscle): Voluntary movement (direct – corticospinal)

· Autonomic (visceral): indirect via hypothalamus

· Function: heart rate, respiration, blood pressure, temperature regulation, GI tract, endocrine (hormones), food intake (appetite), reproduction

Development II: Molecular Regulation of Neural Development
I.  Neural induction: the notochord plays a key role


A) Quick review

- During gastrulation, dorsal tissue migrates through blastopore lip to become     mesoderm

- Notochord forms from mesoderm, and induces ectodermal neural plate formation


B) Neural induction

- Default fate of ectodermal cells is neuronal; BMP4 induces epidermal fate, blocking neural fate
- Notochord produces noggin, chordin to inhibit BMP4, thereby inducing neural diffn
- However, if you plate out ectoderm, you get neural fate, suggesting an active mechanism.  This is explained by the loss of BMPs during plating… so it is the lack of BMPs that induce neural differentiation/default state.
II.    Dorsal/ventral patterning: In addition to neural plate induction, the notochord is active in dorsal/ventral patterning.  The notochord remains ventral to the spinal cord even after the neural plate has been induced and rolled up into the neural tube.  Notochord produced SHH which in addition to its morphogenic signaling power, also induces the floor plate to produce more SHH.  SHH a ventralizing morphogen that acts in a graded manner by inducing a pattern transcription factors with varying sensitivity to SHH concentration that combine to determine neuronal fate: high Shh (most ventral) induces motor neurons, intermediate induces interneurons, low produces commissural neurons.


SHH signaling pathway: SHH binds to its receptor Patched (Ptc) ( relieves Ptc’s default inhibition of Smoothened (Smo) ( Smo acts of Gli genes (transcription factors) ( Gli goes into nucleus to act as either activator or repressor, depending on processing of Gli.  




Repressor: Gli3 in dorsal spinal cord progenitor – Ptc inhibits Smo ( Gli3 processed to Gli3 repressor ( in nucleus, Gli3R inhibits SHH target genes since there is no SHH in the dorsal spinal cord progenitor, there is no need for the target genes.




Activator: Gli3 in ventral spinal cord progenitor – Shh binds Ptc ( relieves inhibition on Smo ( blockage of Gli3 processing to Gli3 repressor, upregulation of Gli3 processing to Gli3 activator ( relieves inhibition on and induces activation of SHH target genes which can now be expressed and are needed since SHH is present in the ventral side.

Shh/Gli3 double mutants suggests that SHH normally antagonizes Gli3 and that positional information can come from other sources.

Overlaying ectoderm produces BMP 4/7 which induces the roof plate to also produce BMP4, a dorsalizing morphogen.  Roof plate ablation disrupts gene expression (e.g. Math1 and Neurogenin1 normally induced by roof plate; Mash1 normally repressed by roof plate) in the dorsal spinal cord.
General principal: the transcription factors induced/repressed by SHH/BMPs have cross-reactive interactions that help to delineate and clarify boundaries between segments of transcription factor ( gene activation.
Neurons are produced by lateral walls of neural tube, NOT the roof or floor plate
III.  Neurocortical neurogenesis


A) Ventricular zone (site of neurogenesis): expression of Notch1 (receptor) and Delta1 (ligand) in the mammalian telencephalic proliferative zone supports a role in cell fate specification.  Most cells express Notch1, but only some express Delta1.  Notch signaling can cause adjacent cells to acquire different fates through cell-cell interactions.  CBF1 is the primary mediator of the Notch1 pathway.

A cell that receives Notch stimulation is inhibited from differentiating and remains a progenitor stem cell type.  Whereas a cell that expresses high levels of ligand, this cell will not be itself be seeing that much Notch1 signal, and that cell then will not have that repressive gene expression so it can continue on to undergo differentiation.  This is a fundamental mechanism in generating neurons and maintaining progenitor pool for subsequent proliferation.
In addition to maintaining the progenitor pool via inhibiting proliferation/differentiation, expression of a constitutively activated form of Notch in vivo promotes the maintenance of radial glial character.  Radial glia serve as a migratory scaffold during neurogenesis but are also neural progenitors.  Notch/Delta signaling in the developing neocortex maintains the radial glial progenitor scaffold during neurogenesis.


Radial glia and some astrocytes may be lineally related neural stem cells:


B) Molecular regulation that is important for establishing the proper lamination for the cortex: 


Reelin and scrambler: mutation can result in inversion of inside-out laminar organization.


In the normal case, the first neurons formed form the pre-plate.  The pre-plate then split to form the subplate and the Cajal-Retzius cells.  The C-R cells express reelin protein.  Then subsequent layers of neurons migrate inbetween the preplate and C-R cells, producing an inside-out layering with the earliest cells being closest to the preplate.  In the reelin-mutant, the preplate never splits and as a result migrating neurons pile up below the subplate and don’t successfully migrate past their predecessors.  As a result, you end up with inverted lamination with the earlier born neurons in the superficial layers.  It should be noted that the neurons largely still make their correct connections despite their inverted position.


Reelin influences radial neuronal migration thru signaling cascades involving LIS1 and DCX.  These genes have been cloned because of their involvement in causing lissencephaly, improper lamination, gyri and sulci (“smooth brain”).  Females with DCX mutations have a “double cortex,” or two grey matter areas separated by white matter, due to X-inactivation.  Males with DCX mutations have lissencephaly, instead, because DCX is on the X chromosome.

C) Nonradial migration: Non-radial cell migration during forebrain development:


Most neocortical GABAergic interneurons are derived from ventral structure.  Cells from the ganglionic eminences migrate to the neocortex; the homeobox transcription factor Dlx1 and Dlx2 are essential for this process.
Leftover from Raymond’s notes: 

- Asymmetric divisions (parallel to base) give rise to neurons, whereas symmetric   divisions (perpendicular to base) do not



- Neurons are generated early and glial cells are generated later



- Neuroblasts divide only 1-2 times before diffn into neurons


- Glioblasts divide many times before diffn, (fewer glioblasts needed than neuroblasts


- Signal through notch receptor inhibits neural development; this may be a way cells decide to diffn into neurons (cell with delta ligand becomes neuronal; cell with notch receptor remains nonneuronal)


Intermediate zone: postmitotic neurons migrate through this layer

- Neurons that migrate radially along the processes of radial glial cells to the CP to become excitatory neurons

- Neurons that migrate tangentially (e.g. from ganglionic eminences) become inhibitory interneurons


Cortical plate: where postmitotic neurons come to rest



- Cortical plate consists of 6 layers (1st is most superficial)



- Neurons populate each layer sequentially starting with layer 6, ending w/ layer 1



- The laminar fate of a cell is decided between S and M phase

Development III: Axon guidance and Neuronal regeneration

0. Key points

· Long and short range guidance cues direct axons and dendrites to their appropriate targets.

· The dynamic regulation of growth cone cytoskeleton components underlies attractive and repulsive guidance.

· Signal transduction pathways, conserved between neuronal and non-neuronal cells and also across phylogeny are employed to regulate cytoskeleton dynamics and provide clinical entry points for promoting neuronal regeneration.

· Guidance across the CNS midline provides a model for understanding how a guidance cue must both direct guidance events and locally modulate responses in order to facilitate the formation of complex axonal trajectories.

· Regeneration of central and peripheral neuronal projections differs owing to inhibitory cues present in the CNS by not in the PNS.

· CNS inhibitory cues have been identified and they appear to utilize some of the signaling mechanisms which mediate inhibition during neural development.

· Blocking intrinsic and extrinsic repulsive signaling pathways can promote adult neuronal regeneration.

Part 1: Cell biology of axon guidance
I.  Principles of axon guidance


A) Historical perspective: early evidence of axonal guidance cues



- Cajal and Harrison observe dynamic nature of axonal growth cone



- Sperry demonstrates topographic mapping in retina-to-tectum 

- Spinal cord inversion does not affect how motor axons select peripheral pathways


B) Sequence of events: pathfinding, target selection, synapse formation and refinement

II.  Neuronal growth cone organization: The neuronal growth cone contains precise distribution of polarized actin and microtubule polymers.

- Actin: found in growth cone, undergoes treadmilling via myosin and actin polymerization; adhesive molecules and myosin mediate membrane protrusion; present in peripheral or cortical cytoplasm of axons and dendrites.
- Microtubules: Present in axons in uniform ordered arrays (plus end pointing away from the cell body) as long tracks, and in dendrites as randomly oriented polymers; primarily axonal and rare in terminal endings such as growth cones and presynaptic terminals. Fills in voids in growth cone when actin is attached to membrane complexes in response to extracellular cues (this is the method of growth cone advance).  Both actin and microtubule polymers are not static.

- Intermediate Filaments: primarily axonal and rare in terminal endings such as growth cones and presynaptic terminals; function to stabilitze axon and determine process caliber.

III) Growth cone advance proceeds via protrusion, adhesion, locomotion:


- Growth cone has filopodia and lamellipodia


-1) Mechanism of growth cone exploration: Lamellipodia and filopodia protrude and retract, leading to rapid changes in growth cone shape.  Actin fill the lamellipodia and filopodia and are mostly oriented with their faster growing ends toward the membrane.  Most microtubules are found in the growth cone center, but some extend depp into the lamellipodia.  They also change their distribution rapidly.  This redistribution occurs by polymerization, movement and bending.

- 2) Protrusion of lamella by inhibiting retrograde actin flow: a) retrograde flow is likely driven by myosin-type motors, which are hypothesized to bind to the membrane.  Actin-assembly occurs at the membrane, and actin disassembly occurs toward the center of the growth cone.  B) When ligands engage extracellular matric receptors, it is proposed that a protein complex can then bind to actin, retarding retrograde flow relative to substrate.  Continued assembly of actin and the continued action of myosin lead to forward protrusion of membrane.


3) Site selection and site-stabilization in growth cone turning: During site selection, actin accumulates at the point where the growth cone contacts the guidance cue and is depleted in the zone adjacent to it.  The growth cone remains spread in other directions.  Microtubules extend toward the contact site.  At this stage, microtubules may occupy other regions of growth cone as well.  During site stabilization, microtubules have coalesced toward the contact site and form a bundle in the growth cone.  The growth cone membrane has begun to collapse around it.


- Individual filopodia can steer entire growth cone via mechanism above


Experimental evidence for this model:
· cytochalasin B, which inhibits actin polymerization, leads to cessation of filopedial protrusion and retraction of cytoplasmic networks away from leading edge.

· Myosin 1 inhibitors lead to a cessation of retrograde flow, but not filopodial protrusion.

· Vinblastine (blocks MT dynamic instability) blocks directed outgrowth, but not filopodial protrusion.

IV) Conserved signaling pathways regulate actin dynamics:

Know one way to promote actin assembly and one way to promote actin disassembly

V) Rho GTPases are key regulators of neuronal growth cone cytoskeleton:


Rho GTPases: a small Ras-related GTPases, which, like Ras, cycle between a GTP-bound active form and a GDP-bound inactive form.  GDP(GDP modulated by guanine nucleotide exchange factors (GEFs) and GTP(GDP modulated by GTPase-activating proteins (GAPs).

· In fibroblasts, activated forms of three Rho family members, CDC42, RAC, and RHO, have specific effects on cytoskeleton organization with respect to structureal requirements for motility.  They appear to act sequentially: CDC42 induces filopedia, lamellipodia, and stress fibers and local adhesions.  The later structures are dependant on Rac and Rho.  Several kinases are targets of these GTPases, and Rho can regulate phosphoinositide production, which in turn can modulate ABPs, including profiling and gelsolin.

Cdc42       (    Rac                   (   Rho




Filopodia           Lamellipodia           Stress fibers, focal adhesions

· In neurons Rho family members function to regulate neuronal morphology.  Dros Ras effects neurite outgrowth.  In mice, constitutively active Rac in Purkinje cells ( reduction in axon terminals, and reduction of dendritic spine size with a concomitant increase in the number of spines.

· General principals:

	
	Axonal Function
	Dendritic Function

	Rho
	Limits growth or initiation
	Limits growth or initiation

	Rac, Cdc42
	Promotes growth
	Promotes initiation


Part 2: Axon guidance: Cellular and molecular mechanisms:

I) General guidance principals:

· Sequence of events: Pathfinding, target selection, initial synapse formation, synapse refinement.

· The growth cone detects and responds to axon guidance cues.  The lamellipodia contain cross-linked F-actin filaments.  The filopodia extend and retract thru regulation of the rates of actin polymerization and depolymerization at the plus (+) and minus (-) ends of actin filaments, respectively, and of F-actin retrograde flow.  Repulsive and attractive cues influence growth cone morphology by regulating these processes.

II) Guidance as a paradigm dynamic growth cone guidance:

· Spinal commissural axons extend toward the floor plate at the base of the spinal cord, cross the floor plate, then on the contralateral side of the floor plate extend rostrally without any extendion back toward the floor plate.

( Evidence that commissural axons are indeed attracted to the floor plate by a long-range attractant.

Identification of floor plate attractant, Netrin: Is expressed in the floor plate and is similar to a portion of the ECM component Laminin (ECM cues: a form of short range guidance.  Laminin in ECM are permissive to pathfinding (binds integrin receptors)).  It may, therefore, be incorporated in the ECM following secretion.  Netrin-1 mutant mice have severe defects in commissural axons extension toward the floor plate.
( COS cells expressing netrin attract commissural axons.

· Guidence cues are often bi-functional, acting as both attractants and repellents: Trochlear motor axons normally extend away from the CNS midline.  They are repelled, not attracted, by netrin.
· Netrin-1 leads to activation of RhoGTPases to promote axon extension, and utilizes specific receptors for attractive and repulsive guidance.

( The netrins are secreted proteins that bind to transmembrane proteins of the DCC family.  The composition of netrin receptor complexes dictates the growth cone response to netrin.  Binding of netrin to DCC homodimers induces association of DCC cytoplasmic domains, which leads to growth cone attraction.  The adapter protein Nck is involved in facilitating this attractive response.  In contrast, binding of netrin to UNC-5-DCC heterodimers leads to growth cone repulsion.  It is the cytoplasmic domains that encode attraction or repulsion.  cAMP also can regulate netrin attraction: high cAMP promotes netrin attraction, low cAMP turns netrin into a repellant.

· The floor plate is a transitional zone for commissural axon guidance responses: Slit (receptor complex that binds netrin) is a secreted cue expressed at the floor plate, and it signals repulsion thru Robo.  
· Receptor mediated silencing allows for growth cones to block netrin attraction.  In combination with slit-mediated repulsion this gives commissurual axons the ability to not turn back toward the floor plate even though netrin is still to be found here.
( Ligand gated interations between either netrin or slit and a Robo/DCC heteromultimer silences these guidance receptors.  This silenceing is mediated by interactions between the cytosolic domains of these receptors.

· Sensory afferent patterning: Ventral spinal cord secretes semaphorins, a signal inhibitory to NGF-responsive afferents (these terminate in dorsal spinal cord) but not to NT3-responsive afferents (these reach ventral motoneurons)
III) Neuronal Regeneration:

- CNS environment is not permissive to axonal growth/regeneration


- CNS myelin (oligodendrocytes) contains Nogo which suppresses axon growth


- Blocking Nogo could be key in axonal regeneration therapy 

- Peripheral nerve grafts can overcome CNS inhibition) 

- NgR is the Nogo receptor on axons; Nogo and NgR are associated with other proteins


- In addition to Nogo, MAG and OMgp, two inhibitory components of CNS myelin also appear to use the NgR to signal repulsion.  Further, the NGF receptor p75 may be the common signal transducer.  Activation of p75 can lead to activation of Rho and as discussed above the promotion of inhibition.

- MAG inhibition of DRG outgrowth is developmentally regulated: MAG acts as a repellent for older neurons, however until early postnatal time points MAG actually acts as an attractant.  MAG, like several guidance cues, is therefore bifunctional. 


- Conditioning lesions in peripherery promotes central regeneration of DRG axons and neurons isolated from DRG following a peripheral lesion are not inhibited by MAG.  Therefore, intrinsic state of pre-injured neurons somehow overcomes MAG inhibition.


- Many cues are in fact bifunctional, and cyclin nucleotides appear able to modulate attractive and repulsive events – this can be demonstrated at the level of single growth cones in culture.  MAG can be shifted from repulsion to attraction by elevation of cAMP levels or PKA activation.  Remember that high cAMP levels also support netrin-mediated attraction.  While the role of endogenous cyclic nucleotide signaling in mediating normal guidance events remains undetermined, these observations suggest clear strategies for overcoming MAG-mediated repulsion.  These include raising cAMP levels as a way of overcoming CNS inhibition.  In rat this appears to works.  Elevation of camp prior to dorsal column lesion results in enhanced regeneration.

Development IV: Cell Death During Development and Synapse Formation
I.  Function and mode of cell death in nervous system development


- 4 functions of cell death: systems matching (a means to match neuron and target cell populations), error correction, removal of cells to generate sexual dimorphism in nervous system, removal of cells that have transient function. 

- Neuron death generally occurs during the time in which neurons innervate their target tissue due to lack of trophic support from target tissue.

- Neurotrophic hypothesis: competition over limited supply of neurotrophic factor from target tissue leads to death of incorrectly targeted neurons
- Many cells provide trophic support, but the major ones are target-derived


- Glial cells, oligodendrocytes also die during development, perhaps requiring trophic support from axons

II.  Cell biology of apoptosis (general)


- Apoptosis is ATP-dependent and is clean and controlled; necrosis is not


- C. elegans worm is a classis system to study apoptosis; its genes are highly homologous to vertebrate apoptotic genes: Cytochrome C exits from mitochondia (pore activated by BH3/Bax; inactivated by Bcl-2) ( binds to Apaf-1 adaptor ( 2 CytC/Apaf1 complexes bind to homophilic CARD domains ( results in cleavage of procaspase-9 into active caspase 9 ( promotes apoptosis.
III.  Nerve Growth Factor (NGF) is the prototypical neurotrophic growth factor


- There are many families of growth factors that affect neurons; NGF will be our focus


- NGF functions at least in part as a target-derived neurotrophic growth factor for certain populations of peripheral neurons.  Evidence for this comes from:



1) NGF rescues neurons that would otherwise die during development.



2) Transgenic mice overexpressing NGF in skin have an increased number of sympathetic neurons.



3) Administration of anti-NGF antibodies result in almost complete loss of sympathetic neurons and many neural crest-derived sensory neurons.



4) Pure cultures of sympathetic and sensory neurons are completely dependant of NGF for survival.



5) Death of sensory and sympathetic neurons following axotomy can be prevented by systemic administration of NGF.



6) NGF is expressed in target tissues of sympathetic and some sensory neurons.

- The NGF receptor is a receptor tyrosine kinase (TrkA).  
· Signaling via Trk receptors: NGF induces dimerization and transphosphorlyation of TrkA on multiple tyrosine residues.  Autophos on tyrosine residues has two functions: 1) it increases the catalytic activity of the receptor and 2) it provides docking sites for PID-and SH-2 domain containing proteins that interact with the phosphorylated receptor, thereby recruiting signal transducing molecules to inner surface of membrane. 

· NGF signaling (inhibits apoptosis): NGF binds to TrkA ( activates Bcl-2 ( inhibits Apaf-1 ( caspase inactive ( cell survival.  

- Expression of receptor subtypes and responsiveness to growth factors are restricted to particular populations of neuronal and non-neuronal cells

IV.  Synapse formation and elimination


- Presynaptic diffn:  not much is known

- Postsynaptic diffn:  in case of motoneurons, two methods of AChR clustering, translocation and transcriptional regulation of receptors:
1) nerve-induced clustering at synapse, regulated by agrin.  The RTK MUSK mediates agrin signaling within muscle cells.


2) increased AChR txn by subsynaptic nuclei, regulated by neuregulin

      Both agrin and neuregulin are expressed in and released from motoneurons.

- Synapse elimination (not the same as cell death) ensures each myotube is innervated by only one motoneuron



In general, elimination of extra synapses can come about by two different mechanisms: 


1) The number of presynaptic neurons that innervate any given postsynaptic cell will decline if presynaptic neurons die. 



2) The number of target cells innervated by any one presynaptic neuron can decease.  Synaptic elimination is a process that refines the initially diffuse patterns of synaptic connections into the pattern found in the adult system.




Ex.: NMJ: at the time of birth, each myotubule is innervated by multiple motoneurons.  Following synapse elimination over the new few weeks in rats/mice, each myotubule is innervated by one motoneuron.


Synapse elimination appears to be a result of activity dependent signals in the postsynaptic cell.  This synaptic plasticity perhaps underlies memory and learning

Monoamines I:
Focus on ACh and NE
I.  There are three basic criteria for proving a substance is a nxt


1) Sufficient: substance mimics endogenous response


2) Necessary: receptor antagonist block response due to substance


3) Presence: substance is the endogenous agent (e.g. can be isolated/purified)

	
	Acetylcholine
	Norepinephrine

	Autonomic nervous system
	Parasympathetic
	Sympathetic

	Biochemical synthesis
	Acetyl CoA + Choline ( ACh

Catalyzed by choline acetyltransferase 
	Multistep:

Tyr --- (try hydroxylase: rate limiting step; enzyme is selectively expressed in CA neurons and is therefore used as a marker for such neurons) ( DOPA --- (amino acid decarboxylase) ( Dopamine --- (dopamine  β-hydroxylase: located within synaptic vesicles) ( NE 

(NE --- PNMT (  Epi, in adrenal medulla)

	Vesicular entrapment
	• High affinity choline uptake into presyn.

• ACh synthesis in cytoplasm

• Vesicular ACh transporter
	Vesicular dopamine transporter (therefore NE synthesis occurs within vesicle)

	Inactivation
	ACh ( Acetic acid + choline (scavenged for recycling)
Catalyzed by ACh-esterase (AChE)
	High affinity NE uptake into CA neurons.   NE is subject to degredation by monoamine oxidases located intraneuronally, as well as by catechol-o-methyltransferase.

	Pharmacology
	• Muscarine: muscarinic receptor agonist

• Atropine: muscarinic receptor antagonist, reverses bradycardia

• Nerve gas: irreversible inhibitor of AChE

• Curare: nicotinic receptor antagonist, paralyzes diaphragm and skeletal muscles
	• Cocaine: blocks NE uptake, which produces tachycardia.

	Receptors
	• Muscarinic: parasympathetic, 5 subtypes, (e.g. M2 expr by heart), all GPCR’s

• Nicotinic: neuromuscular junctions, ionotropic
	All GPCR!

• (: role in smooth muscle contraction (e.g. vascular ( BP effects)

• (: sympathetic to heart


II.  Some general principles regarding nxt’s


- The 2 major nxt of the autonomic system are ACh and NE


- There is often many different receptors for the same nxt, and further, subtypes of those receptors



( the subtypes are coupled to distinct signaling pathways



( can create selective inhibitors to create a specific, desired effect


- Ionotropic receptors have fast on and off responses, where as GPCR have slow on and off responses (think what molecular events occur to figure out why)


- Many GPCR’s are in close proximity to the ion channel they modulate, thereby mimicking a ionotropic receptor and ensuring a specific effect

The peripheral autonomic nervous system: Morphological and Functional Considerations:

1) The sympathetic nervous system is distributed to more tissues than is the parasympathetic nervous system.
· The parasympathethic NS innervates glands and some thoracic and abdominal viscera.  The parasympathethic NS is noticeably absent from all limb and body wall vasculature, as well as from dilator pupillae, spleen, piloerector muscles and sweat glands.
2) The symp and parasymp systems tend to have opposite effects on dually-innervated effector tissues.

Analogous to muscle agonist/antagonist pairs, symp/parasymp are reciprocally coordinated:
· Example of symp/parasymp effects on cardiac pacemaker cells (pacemaker cells do not have a resting membrane potential.  Instead, the cell’s membrane depolarizes until an AP is generated).

· Parasymp: 

· Preganglionic neurons project axons via the vagus to cardiac parasymp ganglia (ACh acting on nicotinic receptors), whose neurons in turn project primarily to the pacemaker cells (ACh, acting on muscarinic receptors).

· Vagal (parasymp) stimulation immediately ( depol. rate and hyperpol. the cell
· Mediated by ACh: ( Na and Ca influx and ( K outflux

· Symp: Postganglionic fibers project directly to all cardiac tissue, including both the pacemaker cells and the actual force-producing muscle of the heart.

· Symp stimulation causes ( in depol. rate and heart rate after a few seconds.

· Mediated by NE on adrenergic Beta-1 receptors: ( Na and Ca influx only
3) The actions of autonomic transmitters are conferred by the natures and locations of the transmitters receptors.  Ex.: ACh decreases heart rate but increase gastric motility?  In the heart, ACh hyperpolarizes pacemakers by decreasing the movement of Na+ and Ca++ into the pacemakers while opening K+ channels that sharply hyperpolarize the pacemakers.  In the gut, ACh increases the inward flux of Na+ and Ca++ and mobilizes intracellular stores of Ca++ which, in turn, initiates a number of processes that increase motility.  The receptors in both the heart and gut belong to the muscarinic family of cholinergic receptors.  Those in the heart, however, belong to the M2 subtype while those in the gut are of the M3 subtype.

· Cholinergic receptors: There are 5 types of muscarinic receptors, including M1 (ganglia), M2 (heart), M3 (smooth muscle, secretory glands).

· There are nicotinic receptors as well (ganglia, adrenal medulla).

	Cholinergic Receptor
	Tissue/Organ
	Increased acetyl choline

	Nicotinic
	Autonomic ganlia
	Depolarization and firing of postganglionic neuron

	
	Adrenal medulla
	Depolarization of chromafin cells; Increased catecholamine secretion

	M2 – muscarinic
	SA and AV nodes
	Slows pacemaker depolarization; decreases heath rate

	M3 - muscarinic
	Intestinal smooth muscles
	Depolarizes and contracts

	
	Most salivary glands
	Increases secretion

	M1 – muscarinic
	Autonomic ganglia
	Depolarization, causing the “late EPSP”


· Adrenergic receptors: 

· ( receptors cause channels to open via AC pathway.

· (1 is found in heart, (2 in variety of tissues, (3 in adipose tissue
	Adrenergic receptor
	Tissue/organ
	Increased NE

	α-1
	Vascular smooth muscles
	Contraction - via PLC(DAG( release of intracellular Ca++ ( contraction  

	
	Genitourinary smooth muscle
	Contraction

	
	Liver
	Increased glycogenolysis; decreased gluconeogeneisis

	
	Intestinal smooth muscle
	Hypoerpolarization and relaxation

	α-2
	Vascular smooth muscles
	Contraction

	
	Nerve terminals
	Decreased release of NE

	
	Platelets
	Aggregation

	
	Pancreatic β-cells
	Decreased insulin secretion

	β-1
	Cardiac pacemakers 
	Increases rate of depolarization (increased HR)

	
	Myocardium
	Increased myocardial contractility

	
	Intestinal smooth muscle
	Hypopolarization and relaxation

	β-2
	Bronchial smooth muscle
	Hypopolarization and relaxation

	
	Intestinal smooth muscle
	Hypopolarization and relaxation

	
	Liver
	Hyperglycemia; lipolysis

	β-3
	Adipose tissue 
	lipolysis


4) Sympathetic ganglia perform a variety of information processing functions.

· The pre- to post-ganglionic connections involves both convergence and divergence, and this can give rise to subtle patterns of activity.

5) Peripheral and central pathways mediating visceral afferent processing strongly resemble those mediating somatic processing. 
· Afferent processing can be complex: e.g. can be detect rates of change instead of just absolute values.

· Both somatic and visceral afferents end on the same second order neuron, which is the neurological basis of referred pain.

· There is a visceral spinal reflex pathway, but it is never active due to descending inhibition.

6) Normal autonomic regulation requires supraspinal systems.

· The organization of autonomic output takes place at supraspinal levels.  Information from spinal visceral and somatic afferents is transmitted to the brain, where this information converges with visceral and somatic afferent information from the cranial nerves.  Descending output from the brain to the spinal cord excited autonomic preganglionic neurons.  Equally important, however, is the function of the brain in providing a strong descending inhibition of spinal autonomic reflexes.
· Thus, not only are supraspinal systems necessary to provide spinal autonomic systems with drive and inhibition, but they also prevent inappropriate behavior in spinal autonomic systems.  Indeed, it would be correct to say that spinal autonomic dysfunction after spinal injury is just as severe as somatic dysfunction.  Not only does the spinally-injured patient suffer loss of normal, descending control of the ANS, but aberrant, sometimes-life threatening spinal autonomic reflexes are unleashed due to loss of descending inhibition.

· The condition known as autonomic dysreflexia following spinal cord injury is a case in point.  Transabdominal pressure elicits a profound increase in arterial pressure ( increases probability of stroke.

Misc:
 -The morphology of autonomic endings on effectors widely within and between tissues, some of which have functional differences

 -Peptides are often colocalized with conventional autonomic nxt, with differential release of these nxt’s


- There is good evidence that the colocalized peptide is functional


- Peptide release may be triggered by high frequencies of nerve activity

Monoamine Systems II

I.  Dopamine


- Synthesis: Tyr ( DOPA via try hydroxylase ( DA via D(H (see Monoamines I)


- DA is directly transported into vesicles, released onto DA receptors (5 types), and inactivated by reuptake (a target of cocaine)


- Evidence for DA as a nxt: Tyr-H+/D(H- cells, distinct mechanism for DA release/ reuptake/reception, Parkinson’s dz has selective loss of DA neurons

II.  Serotonin


- Synthesis: Trp ( 5-OH-Trp (via tryptophan hydroxylase) ( 5-HT (aka serotonin) via amino acid decarboxylase.

- 5-HT is also an intermediate in the biosynthesis of melatonin, generated by the pineal gland.


- 5-HT is directly transported into vesicles, released onto 5-HT receptors (>14 types), and inactivated by reuptake


- Serotonin is a nxt and also involved in vascular tone


- LSD is a mimic of 5-HT; Prozac is a serotonin-specific reuptake inhibitor (SSRI)

III.  Anatomical distribution of NE, 5-HT, DA: widespread influences throughout brain


- NE cell bodies found in locus ceruleus (a small nuclei located in the dorsal pons just underneath the 4th ventricle) and lateral tegmentum, projects into all parts of forebrain to set general “tone” (e.g. alertness, attention level)


- 5-HT cell bodies found in midbrain raphe, also projects into all parts of forebrain to set general tone.  The dorsal and medial raphe clusters are the major course of 5-HT innervation of the forebrain.

- DA cell bodies found in substantia nigra (ventral midbrain), projects into frontal lobe, striatum, amygdala, and is important in emotional processing.  Loss of DA neurons plays a critical role in Parkinson’s as these cells provide a strong innervation to the basal ganglia, an important motor relay structure.  Another important cluster of DA neurons is located on the midline medial to the substantia nigra.  This area, called the ventral tegmental area (VTA) is the origin of DA fibers that innervate forebrain regions important in emotional and cognitive processing.
IV.   Diverse actions of monoamines on targets:


-Inhibition: monoamines often produce inhibitory effects by opening potassium channels.  These effects can be mediated by direct coupling of G-prot subunits to K+ channels.

- Modulation: One role of monoamines is to have little effect on a resting target neuron when administered by itself.  However, if applied together with an excitatory stimulus, it can greatly amplify this excitatory response.  This modulatory role can be used to amplify certain afferent signals.  



HOW: Normally, an excitatory input triggers a negative feedback response by activating K+ channels.  Monoamines can block these K+ channels, an effective means of accentuating the excitatory response.  Furthermore, since these K+ channels are closed in the absence of an excitatory input, blocking them has no discernable effect under resting conditions.  

V.  The relationship between monoamines and disease is poorly understood


-  The firing activity of locus ceruleus (see NE above) is sensitive to novel stimulation in all sensory modalities.  Therefore, it has been implicated in an “alerting” system that increases vigilance/alertness in response to potentially threatening stimuli (or any new stimuli in the environement).  This view has been extended from alertness to anxiety by studies demonstrating that drugs which induce increased LC firing produce signs of anxiety.  

- Low serotonin associated with aggressive and impulsive behavior (including suicide)

- SSRI drugs are great antidepressants but take a while to take effect


- There is an excellent correlation between anti-psychotic drug potency and binding affinity for target receptor

Amino Acid and Gaseous Neurotransmitters

	Neurotransmitter
	% of synapses in brain

	NE
	1%

	DA
	1%

	5-HT
	1%

	ACh
	4-5%

	GABA – primary inhibitory NT in brain
	20-40%

	Glycine – primary inhibitory NT in spinal cord 
	25% in the spinal cord

	Glutamate – primary excitatory NT
	50% 

	NO and CO
	1%

	D-serine
	<1%


I.  GABA: the principal inhibitory neurotransmitter


- Synthesis: decarboxylation of Glu (nerve terminal by GAD).  The glutamate is probably derived from glu that comes from adjacent glia.  GABA can also be transaminated to succinic semialdehyde (by GABA transaminase; in mito) coupled with α-ketoglutarate conversion to glu.  

- GABA inactivated by reuptake by ensheathing glia

- GABA-A receptor



- Ionotropic Cl channel (hyperpolarizing inhibition)


- Drugs that block GABA receptors are convulsants with some, such as bicuculline, competing directly with GABA for its recognition site and others, such as pircotoxin, acting at the chloride ion channel. 



- The GABA-A receptor possesses a number of drug binding sites that allosterically influence the Cl- channel and GABA synaptic transmission: benzodiapine site (Valium is agonist; increases the efficacy of each GABA molecule in opening chloride channels, allosteric with GABA) and barbituate (target of sedatives, and perhaps alcohol)

- GABA-B receptor: metabotropic autoreceptor with structure that resembles metabotropic glu receptor; inhibitory via opening K channels or ( Ca conductance; inhibits its own release from presynaptic terminal when present there, but also present on the terminal of neurons that do not release GABA; drug target of Baclofen, an agonists at GABA-B and likely inhibits release of glu and GABA which may account for its muscle relaxant actions.

- GABA is found in the cerebral cortex and its action is blocked by bicuculline (which does not affect glycine).
II.  Glycine: another inhibitory neurotransmitter; principal inhibitory NT in spinal cord and lower brain stem.  It is virtually non-existent in the brain.

- Although Gly is found in nerve terminals throughout CNS, Gly receptors are found primarily in spinal cord and are inhibited by strychnine and not bicuculline (see GABA-A)


- Gly is inactivated by reuptake


- Gly found in interneurons that inhibit motoneurons; drug mimics are good muscle relaxants

III.  Glutamate: principal excitatory nxt in the brain


- Synthesis: from Gln or transamination links to the citric acid cycle; the transmitter pool of glu probably arises from glu entering the neuron from adjacent glia, just as in GABA neurons; highly abundant aa

- Glu is released by conventional exocytosis from synaptic vesicles.  Its release is also modulated by autoreceptors.  These are of the class of metabotropic glu receptors and function both presynaptically and postsynaptically, which is also true for metabotropic GABA-B receptor.

- Inactivated by reuptake by glia and neurons


- Non-NMDA receptors



- Ionotropic, lets Na in and K out, depolarizing and excitatory


- NMDA receptors: Seem to be responsible for synaptic plasticity that leads to learning and memory.  The classical way of conceptualizing synaptic plasticity that leads to learning changes is to assume that strong and repeated activation of a synapse will lead to long term facilitation of that synapse.  NMDA receptors may mediate this because under normal conditions the ion channel is blocked by Mg++.  Depolarization of the neuron relieves the Mg blockade.  This depolarization generally takes place by activation on non-NMDA receptors.  Thus, with modest release of glu at synapses, non-NMDA receptors are principally activated.  The NMDA receptors come into play following strong and/or repeated stimulation. 


- Ionotropic, lets Na and Ca in and K out



- Ca activates intracellular signaling, might be important in learning and memory



- Multiple binding sites, e.g. Mg++ and PCP


- Metabotropic receptors: GPCR ( PLC ( PIP2 ( IP3 and DAG 




OR GPCR ( adenylyl cyclase ( decrease cAMP



- A metabotropic receptor can be both presynaptic and postsynaptic, and as a result an agonist at the presynaptic receptor would be expected diminish glu release and an agonist of the postsyn receptor to have the opposite effect. 
- Scaffolding proteins play an important role in signal transduction, particularly PSD95 for NMDA receptors (indirectly linked to NOS)

IV.  D-serine: highly localized in the brain to areas of NMDA receptors, namely in grey matter enriched in synapses.  D-serine occurs exclusively in glia, specifically in a type of astrocyte that ensheaths synapses and so is concentrated in grey matter.

-D-serine is an endogenous ligand for the glycine site of the NMDA receptor.  There exists a “glycine” site on the NMDA receptor so that the receptor requires two NTs to activate it.  D-serine is several times more potent than glycine at the site.  Moreover, destruction of D-serine abolishes NMDA neurotransmission.

- Synthesis: L-serine ( D-serine by serine racemase; requires pyridoxal phosphate.

- D-serine is released by astrocytes in response to Glu nxt.  D-serine containing astrocytes possess a glu receptor of a non-NMDA type.  Activation of this receptor triggers the release of D-serine.  Thus, when glutamate is released from a nerve terminal, some of it directly activates the glu recognition site of NMDA receptors while other glu triggers the release of D-serine from closely adjacent astrocytes so that the NMDA receptor can be coincidently activated by D-serine and glu.

- Why two NTs required? D-serine may be a fail-safe mechanism since without it NMDA receptors can’t function and since glu is so prevalent within the brain.  Excess general metabolic activity triggered by glu binding to NMDA receptors unrelated to synaptic function could otherwise lead to a spillover of glu that could cause toxicity by overactivating NMDA receptors.
V.  Nitric oxide (NO)


- Synthesis: Arg ( NO + citrulline by NO synthase (NOS).  There are three forms of NOS reflecting the three main functions in the body: neuronal (nNOS), endothelial (eNOS) and inducible or macrophage (iNOS).  Since NO cannot be stored, its biosynthetic enzyme must be activated whenever one wishes to make a molecule.  nNOS is activated by calcium-calmodulin conveyed by the NMDA receptor which is linked to nNOS by PSD95.  Glutamate acting on NMDA receptors leads to an almost immediate activation of nNOS which is though to be the principal mode of NO activation in the brain.  Ca++ entering thru the NMDA receptor ion channel binds to calmodulin which has a recognition site of nNOS.  PSD95 binds nNOS which facilitates a close and rapid coupling between the Ca++ ion channel of the NMDA receptor and nNOS.

- NO is a “gaseous” nxt in the brain, also relaxes blood vessels, and in macrophage killing


- NO results in ( cGMP.  NOS inhibitors block activation of cyclic GMP formation in the brain and other sites. cGMP is degraded by PDE.  Thus, PDE inhibitors should provide effects resembling NO.  Viagra is a PDE-5 inhibitor.

- NO might mediate behavioral suppression (NOS knockout mice are hyperaggresive and hypersexual), is an NT in the autonomic NS (e.g. peristalsis, penile erection), and elicits damage during stroke

VI.  Carbon monoxide (CO)


- Synthesis: Heme ( CO + biliverdin by heme oxygenase (2 forms: HO1, HO2)


- HO1: inducible, found in spleen


- HO2: not inducible, found in neurons (particularly gut, with NO), acts through cGMP


- Bilirubin (made from biliverdin) is a potent antioxidant and neuro-protectant against oxidative toxicity.
Synaptic plasticity
I.  Long term potentiation


- LTP is the phenomena that the peak excitatory post-synaptic potential (epsp) to low-frequency input is greater after a high-frequency input (tetanus), and that this effect persists for a long time


- Of presyn, postsyn, or both, most people believe postsyn changes mediate LTP

- LTP can be divided into two phases: induction and expression

- LTP is a bistable switch toggled by NMDA



- AMPA receptors require Glu for to open and do not allow Ca flux



- NMDA receptors require Glu and depolarization to open and allow Ca flux

- Under normal low frequency stimulation, which does not induce LTP, EPSPs are mediated by AMPA type receptors, because the depolarization generated from a single EPSP or AP is not sufficient to open NMDA receptors.  However, during tetanus, which produces a prolonged depolarization, both AMPA and NMDA receptors get activated.

- Mechanism of toggling: tetanus ( prolonged depol. ( AMPA and NMDA opens ( Ca flux due to NMDA ( Ca++ in the postsynaptic dendrite activates several signaling pathways that trigger insertion of more AMPA receptors into the postsynaptic density ( greater postsyn depol in future due to increased number of AMPA receptors that can not be activated by the same amount of NT released from presynaptic terminal.

- “Silent” synapses with no AMPA can still undergo LTP if NMDA receptors are still present at synapse and if surrounding synapses provide depol. for NMDA activation.  Thus, the LTP mechanism can be used to switch a synapse from the silent or “off” position (i.e. no functional AMPA receptors) to the “on” position (i.e. has functional AMPA receptors).

- Two major properties of LTP



- Input specificity: only synapse receiving tetanus gets LTP



- Associativity: (however) a weak input at another synapse at the same time as a strong input at another provides depol. to the former and causes LTP at both.  Since the neurona is depolarized throughout the dendritic arbor, LTP will occur at any synapse that is active during that window of depolarization.  In this way, a weak synapse can be potentiated if it is active at the same time as a strong input that is capable of producing sufficient depol.  

- Associative learning refers to the process in which the subject is ablse to learn to associate a previously neutral stimulus with a particular response (e.g. Pavlovian conditioning).  This associative property of LTP provides a convenient means of understanding how associative learning could occur.  Ex: there are neurons in the circuit that link perception of foot with salivation that also receive input from other stimuli, such as a bell.  Under normal conditions, the bell input to the circuit is weak so that it is unable to trigger the salivation response.  However, pairing the bell with food presentation produces LTP in the bell input pathway, so that it becomes able to activate the circuit on its own in the absence of food presentation.  
II.  Long term depression


- LTD can result in un-learning, and decrease in synaptic efficiency but is not well understood

III.  Other forms of synaptic plasticity


- Dendritic spines: addition or deletion, shape changes


- Genetic defects in NMDA receptor function/regulation are linked to schizophrenia.  Thus, these cognitive deficits may stem from abnormalities in plasticity that occur during development and lead to abnormal wiring of the brain.
Somatosensory System: Peripheral Mechanisms of Tactile Perception

0. Organization of sensory systems: Each of the five sensory systems consist of a receptor zone followed by an alternating series of transmission and synaptic zones.  The receptor zone consists of thousands (olfactory, gustatory and auditory systems) or millions (visual and somatosensory systems) of receptors that convert energy in the stimulus into electrical depolarization that trains of APs in individual afferent fibers.  Transmission zones consist of thousands or millions of axons.  The subcoritical transmission zones in the somatosensory systems are the peripheral nerves, dorsal columns of spinal cord, spinothalamic tracts of spinal cord, the medial lemniscus of the brainstem, and the thalamocortical projections.   

- Neural image – each neuron is analogous to a pixel in a tv, with each AP being a brief illumination of that pixel.  These neural images are neural representations of the external world.  In the first transmission zone of each sensory system, the image is a direct, almost photographic image of the stimulus (isomorphic image).

Synaptic zones consist of two kinds of neurons: relay neurons, whose axons form the next transmission zone, and interneurons, whose axons remain within the synaptic zone.  Each axon entering the synaptic zone gives off branches that affect a few or many relay neurons either directly or thru interneurons (this is called divergence).  Conversely, each relay neuron receives inputs from a few or many of these axons (convergence).  Each synaptic zone transforms the incoming neural image to a new and different kind of neural image.  
Receptive field (vs. projective field): region in which a suprathreshold stimulus may affect a neuron.

Adaptation: decline of impulse rate after the application of a constant stimulus.  Neurons in a sensory system are said to be rapidly adapting when their impulse rates return rapidly to levels prevailing before stimulus application.  They are said to be slowly adapting when the impulse rates decline slowly and the steady rate remains about this baseline level.

Specificity: Two kinds of specificity: 1) the specialization of receptors for different forms of energy and 2) fibers from different, specialized receptor classes have different targets in the CNS and that impulse activity in these fibers have specific effects no matter how the impulses are produced.

Population response: neural image carried by an entire population of neurons of a single type.
Neural coding: two relationships within sensory systems are referred to as coding.  One, encoding (sensation), is the relationship between stimuli and the patterns of neural activity evoked by them.  The other, decoding (perception), is the relationship between these patterns of neural activity and perception.
I. Composition of a peripheral nerve: The efferent (conducting impulses away from spinal cord) types of nerves consist of one extrafusal motor (which controls skeletal muscle), two intrafusual motor (which control muscle length receptors), and five sympathetic fiber types.  The 16 afferents are divided four groups: 1) cutaneous mechanoreceptive afferents, which respond to skin deformations of various kinds 2) proprioceptive afferents, which are sensitive to joint angle and muscle force and length 3) small myelinated and unmyelinated afferents that respond to skin warming and cooling and 4) small myelinated and unmyelinated afferents that respond to noxious and pruritic stimuli

A different subdivision into four groups is based on axon diameter and myelination.

	Name
	Diameter (microns)
	Conduction velocity (m/sec)
	Afferent axon types

	Ia           A-alpha
	12-20
	72-120
	Primary spindle afferents

	Ib           A-alpha
	12-20
	72-120
	Golgi tendon organ afferents

	II           A-beta
	7-12
	42-72
	Cutaneous mechanoreceptive afferents

Secondary spindle afferents

Joint afferents

	III          A-delta
	2-6
	12-36
	Cold thermoreceptive afferents

Nociceptive afferents (pricking pain)

	IV           C
	.3-1.5
	.5-1.2
	Warm thermoreceptive afferents

Nociceptive afferents (burning pain)

Itch receptors


The A fibers are myelinated.  The C fibers are unmyelinated.  Group I fibers have the lowest threshold for electrical stimulation and group IV the highest.  Pressure blocks affect larger fibers first and then successively smaller fibers.  Anesthetics, on the other hand, affect unmyelinated and smaller myelinated fibers first.
II. Afferent Fiber types

	Receptor
	Fiber group
	Receptors respond to 
	Function
	Misc

	Cutaneous, low-threshold mechanoreceptors

	Merkel (SAI)
	Αβ
	Steady deformation and motion (10x greater)
	Form perception (e.g. Braille), texture perperception (roughness, hardness, etc.)
	Have smallest receptive field; end in Merkel cells on the basal epidermis. Merkel receptors lie at the bottom of the sweat gland ridges.  Respond strongly to surface features (edges, corners, points, and curvatures).

	Ruffini (SAII)
	Αβ
	Skin stretch (static and dynamic)
	Perception of skin stretch, hard shape, force acting on an object in the hand; hand shape and lateral force
	Moderately larger receptive field; end in Ruffini corpuscles which are bundles of connective tissues and nerve endings and are located in the dermis and deeper tissues

	Meissner (RAI)
	Αβ
	Skin movement (dynamic only; glabrous skin only)
	Perception of local movement, detection of slip, grip, control; control of grip force
	Small receptive fields; end in Meissner corpuscles located just below epidermis of glabrous skin.  Meissners lie as close to the skin surface as possible within the dermis.

	Pacinian (RAII)
	Αβ
	High freq vibration
	Perception of distant events thru objects help or grasped in the hand
	Large receptive field; end in Pacinian corpuscles; important for tools and probes

	Hair related (HRA)
	Αβ
	Hair movement
	Detection of hair movement
	

	Field
	Αβ
	Skin movement (hairy skin only)
	?
	

	C
	C
	Slow skin movement (hairy skin only)
	?
	

	Proprioceptors

	Muscle spindle (type Ia)
	I
	Muscle length and velocity
	Joint angle
	Primary spindle afferent; slow adapting.  

	Golgi tendon organ (type Ib)
	I
	Muscle force
	Muscle force (?)
	End in the margin between the tendon and the muscle fibers

	Muscle spindle (type II)
	II
	Muscle length
	Joint angle (?)
	Secondary spindle afferent; slow adapting

	Joint receptors
	II
	Joint angle, movement
	?
	

	Thermoreceptors

	Cold
	Αδ
	Drop in skin temp (100x more sensitive to sudden than gradual)
	Thermal sense: temp of object relative to skin temp
	Myelinated fibers with unmyelinated endings just below the epidermis.

	Warm
	C
	Warmth (insensitive to rate or temp change)
	Thermal sense: object warmth
	Unmyelinated fibers that end in the dermis and epidermis.  Stop firing at 45 degrees Celsius (??). 

	Nociceptors

	Small myelineated
	Αδ
	Noxious stimuli
	Sharp, pricking pain
	Myelinated fibers with (bare/free) unmyelinated endings.

	Unmyelinated
	C
	Noxious stimuli
	Dull, burning pain
	Unmyelinated fibers with bare/free nerve endings in the epidermis, the dermis and deeper tissues.

	Itch receptors
	C
	Pruritic stimuli
	Itch
	Unmyelinated fibers that end in or near the epidermis and are highly sensitive to histamine.


Physiology of Pain
I.  Basic properties of nociception


- Pain is like other sensory modalities, but it is unpleasant (affective component) and intense pain as an invariant negative response

	
- Biphasic response to painful stimuli: Acute application of painful heat or mechanical stimuli to skin results in an initial pricking pain followed by a delayed burning pain.  This temporally biphasic response pattern reflects the activation of two distinct classes of primary afferent nociceptors.

Αβ fiber
	Myelinated

Large diameter

Fastest conduction velocity

Involved in proprioception, light touch

Pain only during allodynia

	Aδ
	Lightly myelinated

Medium diameter

Medium conduction velocity

Involved in pain (initial component)

	C fibers
	Unmyelinated

Small diameter

Slowest conduction

Involvec in innocuous temperature; itch

Pain (delayed component)


- There are three types of pain: cutaneous pricking, cutaneous burning, and deep visceral, with differing characteristics
	
	Pain type

	
	Cutaneous pricking
	Cutaneous burning
	Deep and visceral

	Nocicpetor type
	Aδ
	C
	Both

	Character
	Sharp
	Burning
	Wide range

	Localized
	Well
	Poorly
	Local, referred, or both

	Tolerated
	Best 
	Poorly
	Mixed

	Latency
	Short
	Long
	Variable

	Adequate stimulus
	Mechanical, thermal, chemical
	Mechanical, thermal, chemical
	variable


Pressure with ischemia blocks largest axons first and therefore pricking pain disappears before burning pain.

Local anesthetics block small axons first and therefore burning pain disappears before pricking back.

Electrical stimuli recruit large axons first and therefore pricking pain appears before burning pain.

Reaction time for pricking pain is fast and therefore burning pain is slow.
Congenital insensitivity to pain (CIP) – caused by a mutation of the TrkA gene (NGF receptor) which results in a lifelong absence of αδ or C fibers.

Hyperalgesia is a lowering of pain threshold in response to tissue injury



- Primary hyperalgesia is located at site of injury, and is due to A( fibers



- Secondary hyperalgesia is located in tissue around the injury, and includes referred pain
	Type of hyperalgesia
	Primary
	Secondary

	Mechanical threshold
	Lowered
	Lowered

	Pain invoked by noxious mechanical stimuli
	Increased
	Increased

	Thermal threshold
	Lowered
	Unchanged

	Spontaneous pain
	Yes
	No

	Where observed 
	At the site of injury
	Adjacent to the site of injury


Causes of hyperalgesia:


Primary hyperalgesia: (mechanical and thermal) is caused by:



1) peripheral sensitization – increased responsiveness of primary nociceptors to a given stimulus



2) central sensitization – enhanced responsiveness of neurons in spinal cord and higher input from primary nociceptors or responsiveness of central neurons in the nociceptive signaling pathway to input from low-threshold mechanosensory neurons (αβ fibers).


Secondary hyperalgia: (mechanical only) is caused by central sensitization.

Allodynia is pain in response to formerly nonpainful stimuli. 
Spinal Cord:


Lamina I receives nociceptive and innocuous thermoreceptive afferents.


Lamina II (substantia gelatinosa) receives nociceptive input and contain integrative circuits that allow communication with other spinal laminae.


Laminae III and IV receive innocuous mechanoreceptive inputs.


Laminae V and VI receive innocuous mechanoreceptive and nociceptive afferents.

Pain pathways
Two ascending neural pathways for pain

	Somatosensoty cortex, insular cortex
	Anterior cingulated cortex, insural cortex (some to somatosensory).  Insula projects to orbitofrontal cortex (related to affect)

	↑
	↑

	Lateral thalamus (VPL, VPI)
	Medial thalamus (MDvc, VPI, VMpo)

	↑
	↑

	Anterior Spinothalamic tract
	Lateral spinothalamic tract

	↑
	↑

	Spinal cord lamina V
	Spinal cord lamina I

	Localization, temporal discrimination, intensity evaluation
	Emotional content of pain (the insular contex and anterior cingulated cortex are two areas of the brain that get activated by pain and other triggers of emotional responses), homeostasis



- Pain/temp fibers enter spinal cord laterally (Lissauer’s tract)


- Lamina I: site of A(/C synapse with relay fibers; cross midline to spinothalamic tract (STT) in lateral funiculus, ascend to thalamus



- Targets VMpo and MDvc in thalamus



- MDvc projects to anterior cingulate cortex, the center of emotion and cognition



- VM projects to insula, where basic emotions and sensory info converge


- Substantia gelatinosa (aka lamina II): also site of A(/C synapse with interneurons that travel to STT; may be involved in 2° hyperalgesia


- Lamina V: mixed modality relay zone to STT



- Targets VPL and VPI in thalamus, which project to S2 and S1, respectively

Referred pain is the phenomenom whereby inflammation within a visceral structure results in pain in a specific area of skin.  It is believed that referred pain is the result of convergent projection of visceral and cutaneous nociceptors to the same neuron within the spinal cord projection neurons, resulting in mechanical allodynia and even spontaneous pain in the corresponding skin area.  Referred pain is a form of secondary hyperalgesia.
Molecular Basis of Nociceptive Signal Transduction

Basic neuronal processes in pain perception:

Noxious stimulus ( Peripheral terminals ( DRG ( Spinal cord ( Thalamus ( Cortex ( Brain stem ( descending inhibition back on spinal cord 
Chemical Stimuli (algogens): many are produced endogenously and can cause pain.  In particular, prostoglandins are synthesized from membrane phospholipids precursors and do not directly activate nociceptors, but rather make them more sensitive to the mechanical and thermal forces that impinge upon them (sensitizing agents).  Prostoglandin E2 (PGE2) production is increased in injured or inflamed tissue, due to the activation of phospholipases and upregulation of cyclooxygenaase.  The inhibition of COX by drugs such as aspirin and ibuprofen is the main mechanism by which these drugs block.  In the case of aspirin, this inhibition involves the irreversible acetylation of a serine residue at the enzyme’s active site.  

One problem encountered by patients who large amounts of NSAIDs is GI bleeding due to irritation of the GI lining.  The basis of this effect stems from the fact that PGs help protext this lining from acidic damage.  These are 3 diff COX isoforms: COX1 is critical for many housekeeping functions, including GI protection, whereas COX2 appears to be the relevant isoform for inflammation-evoking pain.  The recent development of COX2-selective NSAIDs (Celecoxib, relocoxid) therefore provided the theoretical advantage of analgesia without adverse GI complications, but now appears there are CV side effects.

Ion channels:

Among the LGIC expressed by nociceptors are acid-gated ion channels (ASICs).  The subunits of these channels possess tow transmembrane domains, and four such subunits join to form a functional channel.  ASIC1 is expressed throughout the nervous system, whereas ASIC3 expression is confined to sensory neurons.  ASIC3’s responsiveness to protons can be dramatically enhanced by lactate ions.  For this reason, lactic acid at pH 5 is a much more potent activator of ASIC3 than is acetic acid at pH 5.  Consequently, ASIC3 is an especially sensitive detector of lactic acidosis in skeletal/cardiac muscle when it is receiving insufficient blood flow.
One heat gated ion channel in nociceptive neurons is TRPV1 (vanilloid receptor), which is a nonselective cation channel sensitive to capsaicin and increases in ambient temp to >42.  This threshold for activation of TRPV1 is very close to that of the endogenous heat gated ion channels expressed by many nociceptive neurons, as well as the threshold for heat-evoked pain in humans.

Two additional ion chnnels proteins of TRP family, TRPM8 and AnkTM1 (TRPA1) have been demonstated to be cold-activated cation channels.  While TRPM8 is best activated by mildly cool temperatures, AnkTM1 can allegedly be activated at much colder temperatures, and therefore may be involved in mediating cold-evoked pain.

It should be kept in mind that some aspects of mechanical nociception, may in fact be chemical in nature.  For example, mechanical crushing of cells leads to the release of chemicals such as ATP what can act on neighboring nociceptive neurons to evoke a sensation of pain.

One V-gated Na+ channel subtype is selectively expressed in nociceptors and it is resistant to TTX and possess unique activation and desensitization profiles.  These two features endow nociceptors with the ability to fire repetitively at high rates.

Anesthetics: Lidocaine blocks both nociceptive and nonnociceptive somatosensation by inhbitng TTX-resistant and TTX-sensitive V-gated Na+ channels.  Ziconotide is a selective inhibitor of N-type V-gated Ca++ channels that are important for nociceptor NT release in the spinal cord.

Certain K+ channels expressed in nociceptive neurons play a different role in regulation of AP generation.  These channels serve to regulate baseline membrane potential, and thereby, the relative excitability of the nociceptor terminal.  At least two families of K+ channels fall into this category: the inwardly rectifying K+ channels and the two pore K+ channels.

GPCR: influence nociceptive transduction indirectly, by sensitizing or desensitizing ion channels to their respective chemical, thermal, mechanical or voltage regulators. (For example, prostaglandin activates cAMP (( PKA) pathway, which phosphorylates heat or voltage gated ion channels, and sensitize them by lowering threshold for opening.)

Neurotrophic factors are produced by the cells that neighbor nociceptive neurons, such as epithelial cells in the skin.  They bind to RTK to trigger the activation of multiple downstream signaling pathways that influence nociceptive function.  The two major classes of neurotrophic factors are the NGF family, which acts on Trk receptors, and the GDNF family, which acts on ret-GFR heteromultimeric receptors.

Neurotrophic factors effect on nociception:

1) Promotion of differentiation along particular lines during development.

2) Promoting survival of nociceptive neurons by inhibiting apoptosis

3) Increasing the expression of genes related to nociceptive signaling.
4) Activation of signaling molecules such as PLC and downstream protein kinases that can enzymatically augment the activity of ligand, heat, or VGIC. (Ex. the upregulation of NGF during inflammation contributes to thermal hyperalgesia.)
5) Activation of signaling molecules such as MAP kinases that can regulate the selective trafficking of ion channel proteins to the peripheral nociceptor terminal.

Modulation of pain response

A) Peripheral sensitization:  involves the accentuation of excitatory signal transduction events at the peripheral end of the nociceptor.  Summary of the ways in which signal transduction at the nociceptor terminal can be enhanced in the context of tissue injury:

1) Increases expression of cation channels

2) Increased transport of cation channels to peripheral nociceptor terminals

3) Increased sensitivity of ion channels (phosphorylation, removal of inhibitory membrane phospholipids)

4) Production of chemical “co-agonists” such as protons that synergize with other ligand or physical activators to augment ion channel opening

5) Reduction in inhibitory ion channel activity

B) Central sensitization: involves the strengtheng of synaptic transmission between primary afferent neurons and second order neurons in the dorsal horn.  In the short-term, persistent high-freq input from nociceptive afferents leads to a termporal summation phenomenom known as wind-up, which results from relief of NMDA receptor Mg++ block.  These effects are reversible.  With persistent high-freq nociceptive input, both NMDA-dependant and independent changes in synaptic strength are observed, including: 1) enhancement of NMDA receptor function via GCPR ( PKC ( src kinase ( MAP kinase pathways ( insertion of AMPA receptors in postsynaptic membrane. 2) also, inhibitory GABAergic and glycinergic signaling is suppressed by mechanisms resembling LTD. 3) released glutamate can feedback retrogradely to enhance the release of sub P from primary afferents.  
C) Descending pathway


- Activation of the descending pathway (cortex/hypothalamus/amygdala ( periaqueductal gray area of midbrain( rostovental medulla (RVM) ( dorsal horn via the dorsolateral funiculus).  The RVM contains both neurons that block nociceptive transmission within the spinal cord and neurons that enhance this transmission.  There are, in addition, neurons within the locus ceruleus that project to the spinal cord dorsal horn to regulate nociception.


- Opiate receptors are GPCRs found throughout descending pathway and are analgesics.  Receptor activation leads to both pre and postsynaptic inhibition of nt release within the spinal cord dorsal horn.


- Endogenous opiate peptides(enkephalins, endorphins, dynorphins) begin with tyr-gly-gly-phe and are cleaved from larger precursors



- There are many other nxt’s involved in the descending pathway

Cerebral Cortex and Thalamus:

I.  Cerebral cortex


A) Neuroanatomy of the cortex



- Central sulcus (frontal/patietal & pre/post central gyrus), lateral fissure (temporal/frontal and patietal), parieto-occipital sulcus (parietal/occipital) divide brain into lobes.  



- The cortex buried in the depths of the lateral fissure makes up the insula.


- Don’t forget the insula and gyri


B) Segregation of function: each lobe performs a specific function



- Primary areas receive the earliest sensory inputs from subcortical regions.  Association areas’ input comes from the earlier primary areas.


- Primary visual area is in occipital lobe (banks of calcarine fissure)



- Primary motor area is in frontal lobe (precentral gyrus)



- Primary somatosensory area is in parietal lobe (postcentral gyrus)



- Primary auditory area is in temporal lobe (lower bank of lateral fissure)



- Info from primary areas sent in two directions




1) memory areas in ventral temporal lobe so that ongoing stimuli can be compared to previous stimuli and identified.



2) motor planning areas in caudal parietal lobe.

C) Definition of a cortical area

- Function: this is the primary determinant of an area.  Function can be measured using a) recording responses of neurons with a metal electrode during surgery b) determining what functions are compromised by lesions that damage an area c) fMRI.

- Connections: define an area based on characteristic connections to other areas, e.g. connections that give an area its function


- Structure: has been used to divide cortex by number (e.g. by cell and tissue morphology), but this system has fallen out of favor (except a few numbered regions)


D) Association areas of cerebral cortex



- Prefrontal areas (conscious thought) - Sites of sensory convergence and are often viewed as regions in which the implications for actions taken now on the future events are brought to consciousness (memory of the future). 


- Parietal association areas: relation of self to environment (extrapersonal space)



- Visual association areas (rostral occipital lobe): visual analysis



- Speech areas (both on dominant hemisphere)




- Broca’s area: motor speech (vocalization); found at the inferior precentral gyrus (junction of the precentral gyrus with the lateral fissure).



- Wernicke’s area: sensory speech (understanding speech); found at the parietotemporal junction.

E) Layers of cerebral cortex



- Layer 1: remnant of embryonic marginal zone, just ignore it



- Layer 2,3: receive input from layer 4, process that information and send it out to other cortical areas (cells bigger in layer 3)



- Layer 4: receive input from thalamus, send axons into other layers



- Layer 5: receives inputs from neurons in the superficial layers and sends axons to subcortical targets



- Layer 6: receives inputs from neurons in the superficial layers and sends axons to thalamus


F) Features of cortical circuitry



- All inputs and outputs to and from cortex are excitatory



- Within cortex, 20% of neurons are inhibitory (usually GABA)



- Diffuse inputs to cortex can set overall tone (see Lec 22 – Monoamines



- Cortical column: the fundamental unit required to perform a unique function, small

II.  Thalamus: the largest part of the diencephalons.

- Internal medullary lamina divides the thalamus into anterior group of nuclei, a medial group of nuclei and a lateral mass of nuclei.  The lateral mass is further divided into two groups: a lateral group that is lightly myelinated and a ventral group that is heavily myelinated.

- Nomenclature: first part is group, rest of name indicates location in group



- Except: lateral and medial geniculate nuclei are in ventral group!


- Connections to cortex



- Medial group ( prefrontal cortex



- Anterior group ( cingulate gyrus



- Ventral group ( primary sensory and motor cortex



- Lateral group ( parietal, temporal, occipital cortex
Somatosensory System: Central Mechanism

The sematosensory system serves both sensory and motor functions and provides the cortex with a continuous representation of the body.  The central pathways process (transform) the peripheral afferent information into a form that is suitable for the higher functions of memory and perception.  The central pathways not only transforms information but also integrate information together from different sensory modalities.
Organizational principles of somatosensation:

- Modalities


- For example, proprioception (body position), mechanoreception, pain, itch, temperature, stereognosis (3D form), muscle force


- Information processing: spatial (represented by activity across a population of neurons) vs. temporal processing (represented by the time varying activity within a population of neurons).

- Somatotopy: mapping of body surface to set of neurons. A dermatome is the skin region innervated by the fibers of one dorsal root. Moving in a rostral direction along the spinal cord, fibers from successive dermatomes are added as layers to the dorsal columns which are somatotypically organized.  The skin regions from adjacent dermatomes overlap.

- Cortical magnification: defined as cortex area/body area, highest for face, hand, feet and lowest for back



- Area 3a: proprioception (muscles and joint angle)



- Area 3b: spatial temporal acuity (SA1 form and texture, RA1 grip control)



- Area 1: texture (SA, RA, PC)



- Area 2: stereognosis


- Columnar organization: refers to a functional unit of cortex running perpendicular to the surface of the cortex.  All neurons within each column of cells have related receptive field centers and modality sensitivities.

- Columns in cerebral cortex about 500 (m wide usually have same modality and receptive field (e.g. in 1° visual system, alternating columns)


- Plasticity: means that the responsiveness and connections of cortical neurons are not rigid and fixed at birth but are dynamically maintained throughout life.  Neurons with altered sensory inputs will have altered response properties.


- Plasticity: amputation causes changes in somatotopic map in SI


- Descending control: In all of the sensory systems there are massive descending projections from higher cortical levels to lower cortical levels.  The purpose of these efferent pathways is not understood, but one suggestion is that these feedback projections filter or shape the responses of afferent projections.  One neural mechanism that may act in this way is selective attention.  The higher mechanisms of attention “tune-up” lower signals to enhance perception.


- Attention somehow affects somatosensation



- Feedback can also be local

II.  Two ascending pathways: sensory afferents from both systems enter the spinal cord thru the intervertebral foramina.  The fibers that enter thru one foramen constitute a dorsal root.  The cell bodies for these fibers are generally located inside the foramen and form a DRG.  At entry into the spinal cord modalities begin to segregate with the large fibers entering medially and projecting to the dorsal columns.  And the small fibers entering laterally into Lissauers’ tract (dorsal fasciculus).

A) Spinothalamic system (aka anterolateral system): carries nociceptive and thermoreceptive information.  A small number of mechanoreceptive fibers are also conveyed along the STT so that patients who suffer a lesion of their dorsal columns have a crude sense of touch.

Pain/temp afferent (A(/C) ( enter dorsal horn of spinal cord via Lissauer’s tract ( synapse in lamina I/II/V ( cross midline in spinal cord to STT ( ascend to VPL, MD, or VM of thalamus OR neurons in the brainstem reticular formation( synapse with neurons that project to cortex


Because axons from caudal segments enter the lissauers’ tract first, the STT is somatotypically organized with the leg represented most laterally, followed by the trunk, and the arms most medially.

The three nuclei in the thalamus are: 1) the ventrobasal complex (VB) which is composed of the ventral posterior lateral (VPL) and ventral posterior medial (VPM) nuclei, 2) the medial portion of the posterior nuclei (POm) and 3) the intralaminar (IM) nuclei.  Neurons from these thalamic nuclei project onto various cortical structures.  VB and POm project to somatosensory and parietal cortical areas and IM has a diffuse projection throughout the cortex.


B) Dorsal column-medial lemniscal pathway: carries proprioceptive and mechanoreceptive information .

Mechanoreception and proprioception  (large diameter) afferents ( enter dorsal horn of spinal cord medial to Lissauer’s tract ( ascend in ipsilateral dorsal columns: gracile (below T6) or cuneate (above T6) fasciculus ( Terminate within the dorsal column nuclei (DCN) located in the medulla oblongata ( cross midline via internal arcuate fibers ( ascend through medial lemniscus to VPL of thalamus (some fibers from the medial lemniscus (a portion of the fibers carrying info from mechanoceptive pacinian afferents (PC)) terminate in the ventral posterior inferior nucleus (VPI)).
DGN: composed of the gracile and cuneate nuclei.  The DCN is somatotypically organized with the legs most medially, followed by the trunk, and then the arms most laterally.  The gracile nucleus receives inputs from the sacral, lumbar, and lower thoracic segements, while the cuneate receives inputs form the upper thoracic and cervical segments.  
Thalamus: VPL, VPM, and VPI constitute the VB complex which is the thalamic projection for somatosensory information.  VB shows modality segregation.  The central core of the VB complex contains neurons that respond to cutaneous inputs and the shell region around the core contains neurons that respond to deep or proprioceptive inputs.  Somatotopy is maintained in the VB with the face represented medially in VPM and the arms, trunk, and legs represented laterally in the VPL.  The core and shell regions of VB projects in a somatotopic order to four different areas in SI cortex the feet and legs are represented medially and the trunk, arms, hands and face laterally.  VPI also projects directly to the second somatosensory cortex.

The primary somatosensory cortex is the first cortical processing station for somatic information in the cortex.  It is located in the patietal lobe, in the postcentral gyrus. The four subdivisions of the SI cortex are:


1) Area 3a: critical processing stage for proprioception 


2) Area 3b: main input station for processing cutaneous information and is the site where cutaneous spatial and temporal information is first processed in the cortex.  This area is part of the SA1 and RA systems.  The neurons in area 3b have receptive fields that are larger and more complex than what is observed in peripheral afferents and respond with high spatial and temporal acuity.  Monkeys with lesions of area 3b lose all capacity to perform tactile tacks demonstrating that this area is critical for tractile function.


3) Area 1: may be involved in tactile texture processing since monkeys with lesions in this area show deficits in tactile texture discrimination tasks.  Neurons in area 1 respond to cutaneous stimulation and receive inputs from SA, RA and some PC (pacinian) afferents.  The receptive fields are larger and more complex than 3b.  Besides inputs from the core region of the thalamus, area 1 also receives inputs from 3b.


4) Area 2: thought to be involved in stereognosis.  Neurons in area 2 receive both cutaneous and proprioceptive inputs from the core and shell regions of the thalamus (VB) and receive inputs from areas 3a and 3b.  neurons in this area have large receptive fields and respond to both cutaneous and joint movement.  Neurons here respond well to specific 3D shapes.  Monkeys with area 2 lesions loose their ability to recognize 3D shapes.

Columnar organization: Based on the observation that microelectrode penetration orientated at right angles of pia surface of the cortex encountered neurons that have the same modality and receptive fields centrers and that penetrations parallel to the surface encounter neurons whose responses change in sudden shifts every 500-600 microns.  These columnar modules are thought to be the fundamental functional processing units in the cortex.

Higher somatosensory projections: There are two primary projections from SI cortex.  One stream flows posteriorly toward areas 5 and 7 in the parietal love (“where” perception).  Neurons in these areas have complex responses and discharge when the animal is reaching or grasping for something.  One hypothesis is that these areas are concerned with appreciating joint and limb position or orienting the hand during grasping movements.  The outputs from area 7 project to area SII.  The second stream leads from SI cortex projects directly to SII cortex (“what” perception).  Neurons in SII cortex have larger receptive fields and often respond to both cutaneous and joint position.  Lesions in SII cortex cause severe losses in animals’ capacity to perform a wide variety of tactile functions, similar to what is observed in area 3b of SI cortex suggesting that SII is a critical stage of processing along the pathways leading to memory and perception.  There is a direct projection from VPI to SII cortex.  This pathway receives its inputs from PC afferents and is hypothesized to be involved in processing termporal information like the vibrations that are transmitted to the hand when one is driving a car.  Beyond area SII only a few cortical somatosensory areas have been identified (insula and retroinsular (Ri) areas).
