Lecture 1:  Neurocytology
· Neurons are very active in protein synthesis and packaging.  They also have complex shapes and dynamic polarization (where different parts of the neuron perform different functions).  

· Primary receptive surfaces are the cell body (soma) and dendrites.  The soma is where transcription/translation occur, and has Nissl bodies (rough ER) and lots of Golgi.  The soma may receive synapses.  
· Dendritic fields of different neurons can vary dramatically, though they’re usually pretty small, less than 100 microns.  Their patterns results from genetic and environmental input, and varies with what they need to sample.  

· Dendritic spines have a head and neck, and they receive excitatory input.  They are dynamic structures, coated with actin and myosin to help this.  Big spines are most stable.  All neurons have spines in development.  Their purpose is to provide specificity for the kinds of synapses formed.  Spine density changes, decreasing with age for example.  

· Spines are somewhat isolated from the parent dendrite, both electrically and chemically.  They can “remember” or reflect what they were like a few seconds ago, and play a role in memory and learning.  

· At the base of a spine is a ribosomal rosette, which makes proteins unique to the spine.  

· The axon hillock and initial segment of the axon (which is never myelinated) integrate passive signals and can produce an AP due to a high density of VG Na channels.  Most axons in the CNS send signals to 1000s of other cells via collateral branches.  
· Each neuron gives off 1 axon.  

· Variability in synaptic NT and NT receptors allows for the complexity of the brain.  Glycoprotein in the cleft help guide NTs to receptors.  The post-synaptic cell has a high density of transmembrane proteins.  Many are ionotropic (ion channel; short and fast) or metabotropic (GPCR; long and slow) NT receptors. 

· VG Ca channels and Ca influx lead to fusion of synaptic vesicles.  The closer a synapse is to the axon hillock, the bigger its effect.  Generally, excitatory stimuli are on dendrites and inhibitory stimuli are on the cell body.  Axo-axonic synapses are very powerful and also rare; they are often inhibitory.  Most synapses are axo-dendritic or axo-spinous, though many are axo-somatic.

· Inhibitory axo-somatic synapses tend to occur at the cell body because the driving force for Cl into the cell is near zero at -70 mV.  So, it must be nearer to the axon hillock to be effective.

· Dendro-dendritic synapses occur between dendrites, with one having NT vesicles, etc.  It does not require an AP to get synaptic transmission.  

· Electrical synapses also occur at gap junctions.  Connexin proteins form connexons (pores).  These are too simple to be used too much.  

· All transcription, translation, packing and processing occurs in the soma.  Most neurons won’t divide, so have lots of heterochromatin.  They are extremely ribosome dense for lots of protein production.  Free ribosomes are also in the dendrites, and cluster at the base of spines to make proteins concentrated there.  Rough ER forms Nissl bodies.  Robust Golgi and mitochondria are also present.  

· The axon hillock has some kind of gate (mechanism unknown) that prohibits ribosomes from entering the axon.  Protein for the axon is made in the cell body and delivered by axoplasmic transport.  
· The neuronal cytoskeleton contributes to neuronal shape and transport in axons/dendrites.  Microtubules (α,β tubulin, MAPs) primarily determine morphology.  Neurofilaments (intermediate filaments, especially the heavy variety due to charged side bridges) determine the diameter of the axon (more of them makes it bigger, cuz they’re constantly spaced).  

· Axoplasmic transport:  microtubules form with their + ends at the axon terminal.  Thus, + end directed motors like kinesins act for anterograde transport.  And, - end directed motors like dyneins act for retrograde transport.  

· Ion distributions (esp. via the Na/K pump) help maintain the resting potential.  Signaling is mediated by changes in ion permeability.  Kout, Nain, Clin, Cain < Kin, Naout, Clout, Caout              Na channels are excitatory, K or Cl channels are inhibitory

· Eion = voltage at which there is no net flow of the ion across the membrane.
· Driving force = Electrical gradient + Chemical gradient

· Channels are selective for charge, but can be variable in ion specificity (most cation channels exclude Ca though).  
· Myelination increases the membrane resistance, which increases the length constant.  Greater diameter decreases internal resistance, which also increases the length constant.  

· The length constant (distance before a depolarization will decrease in magnitude by a factor of e – or decrease by 2/3) is influenced by membrane resistance and internal resistance.

· The time constant (the time it takes to get to reach a level of 63% Vmax for the influx of a given number of ions) is a function of resistance and capacitance.  τ = RC, where R = internal resistance.  Membranes are very thin, so neurons have very high capacitance.  C = Q/V.  Na ions that flow in must first discharge the capacitance (negatives on the inside of the axon) before than can build up voltage, and that takes time.  Decreasing the capacitance, by myelination for example, will decrease the time constant and make you turn those charges into voltage faster.  

· So myelination both increases the length constant (by increasing membrane resistance) and decreases the time constant (by decreasing capacitance) to speed up conduction.  
· Synaptic potentials are integrated to decide if an action potential should be fired.  

Lecture 2:  Membrane Potential

· Nain = 15 mM, Naout = 150 mM, ENa = +64

· Kin = 155 mM, Kout = 5 mM, EK = -86

· Cain = .0001 mM, Caout = 1 mM, ECa = +116

· Clin = 5 mM, Clou = 110 mM, ECl = -78

· Nernst Equation:  Eion = 60 log ([ion]out/[ion]in)

· Current flow through ion channels:  Iion = gion (Vm – Eion)

· Electrical signals may be conducted passively/decrementally, or actively/regeneratively.  Active propagation only happens when voltage gated channels are present.  
· Passive spread:  A depolarization of ∆V0 falls off at a distance x as:  ∆Vx = ∆V0 (e-x/λ).  λ is the length constant, and is defined as:  λ = √(rm/ri).  

· ri is internal resistance of a dendrite.  Ri is the specific resistance of dendroplasm.                  ri = Ri/(πr2).  

· rm is the membrane resistance for a dendrite, with Rm being the specific resistance of membrane in general.  rm = Rm/(2πr).

· As the radius goes up, the internal resistance shrinks faster than the membrane resistance.  So bigger axons have relatively less internal resistance, and will have a longer length constant and conduct farther.  
· Capacitance is directly proportional to area, and it is inversely proportional to thickness.  Think of it as how many charges it’ll take to produce a certain voltage, but more charges will go to the membrane (and not count) if it is broad or thin.  

· Membranes act like capacitors in addition to resistors.  Once you first open a channel, the ions go to charge the membrane like a capacitor as well as run along the membrane.  When the capacitor is fully charged, then they just proceed through the membrane or dendroplasm.  

· For a resistor and capacitor in parallel (like a membrane), the voltage change produced by a constant current at time t is given by:  Vt = Vmax(1 – e-t/τ).  τ is the time constant, a measure of how long it takes to charge the membrane up to 63% of it’s maximum potential.  It is measured as:  τ = rmcm, where cm is the capacitance per unit length.  It affects how long it takes voltages to be propagated along a dendrite. 
· All of this basically has consequences for the temporal and spatial summation that must occur at the axon hillock.  Signals must be strong enough at that distance to meet the threshold, which is influenced by the diameter of their dendrites, and they must arrive at the same time to sum appropriately.  

· The axon hillock must be depolarized to ~ -55 mV to open VG Na channels and trigger an AP.  This represents the point at which enough VG Na channels open to make the net current (Na vs. K) inward and initiate a positive feedback loop of Na influx.  

· VG Na channels start as deactivated, they activate (open), inactivate (close and can’t open yet), then return to a deactivated state.  The maximum rate for this is about 1 millisecond, so you max out at around 1000 firings per second for a neuron.  

· Inactivation and VG K channels return the cell to resting potential.  These channels remain open and are responsible for the After Hyperpolarization stage.  

· Hodgkin and Huxley figured out lots of what was going on with channels by doing experiments with squid giant axons.  They used voltage clamps, which set a neuron at a constant voltage, and can measure the currents necessary to maintain that.  Depolarization first caused negative current (Na+ in), then positive current (K+ out).  

· Removing Na from the medium eliminated the negative current of Na influx.  Looking at the difference of:  complete curve – (complete curve w/out Na) = curve for effects of Na.

· Finally, they added TEA to block K, and saw just the negative current of Na influx.  They thus showed that Na and K were causing these changes.  

· With axons of higher caliber, the resulting increased length constant allows the wave of depolarization to spread farther ahead and conduct the AP faster.  Myelin decreases capacitance and increases rm to decrease the time constant and allow the axon to charge faster.  
Lecture 3:  Synaptic Transmission

· Katz knew APs are associated with Na influx and K efflux, so wanted to know if they were responsible for NT release.  They placed pre and post-synaptic electrodes, using signals from the post as a measure of NT release.  Depolarize pre cell, and even if you block Na with TTX and K with TEA, still get post-synaptic potential.  So Na and K not responsible for NT release, though it is apparently voltage dependent. 
· More Katz experiments:  Block all Na and K channels.  Removing external Ca or blocking VG Ca channels during depolarization inhibits NT release.  Monitoring extent of Ca influx with varying levels of depolarization showed it to coincide with levels of NT release.  And, injection of Ca can evoke or augment NT release.  Ca chelators blocked NT release.  Overall, this basically proved that Ca was responsible.  

· After influx, calcium may interact directly with synaptic or vesicular proteins, or indirectly via Ca-calmodulin dependent protein kinase, or PKC.  Synaptotagmin appears to play an important role.  Synaptotagmin is bound to synaptic vesicles. 
· Katz also noted that NT release is quantal.  Spontaneous mini-synaptic potential occur while recording, and post-synaptic potentials were found to be approximately integer multiples of these spontaneous ones.  This results from NT being stored in vesicles of uniform size, and that fusion releases a rather consistent quantity of NT molecules.  

· In the post-synaptic cell, ACh opens a channel permeable to Na and K.  To determine the reversal potential for a channel permeable to two ions, you use a weighted avg. of the Nernst equation:  Erev = [gNa/(gNa + gK)]*ENa + [gK/(gNa + gK)]*EK
· If Na and K were equally permeable, it would just be the average of their individual equilibrium potentials (-11mV), but it’s actually closer to 0 mV, meaning Na is a little more permeable than K.  

· Something is excitatory if it increases the chance of firing an AP, so it must have a reversal or equilibrium potential above the threshold.  A channel is inhibitory if its rev/eq’m potential is below the threshold.  So, excitatory ones have to be permeable to Na or Ca, whereas inhibitory ones must be permeable to K or Cl.  

· 1 NT can have multiple effects due to the existence of multiple receptors.  So there’s divergence of signaling even at just 1 synapse.  

· GABA binds to: GABAA Receptor, permeable to Cl

GABAB Receptor, permeable to K

· Glutamate binds to:  AMPA Receptor, permeable to Na/K

NMDA Receptor, permeable to Na/K/Ca

mGluR, a GPCR

· NT actions can also change w/ development or hormonal changes.  For example, neonates have much higher [Cl] inside cells than adults.  This causes is ECl to be about -5 mV, so it’s not inhibitory like the ECl of -65 in adults.  This may contribute to the frequency of seizures in neonates.  Their levels become normal within about a week.

Lecture 4:  Myelination
· Most knowledge of myelination comes from studies of the PNS.  
· Glial cells include: myelin forming cells (Schwann cells in PNS and Oligodendrocytes in CNS), astrocytes (CNS) and microglia (CNS).  Schwann cells do jobs of all three cell types in the PNS.  

· Glial cell features:  Neurons can’t function without them; they serve for support and maintenance.  They have distinct shapes, functions, and markers.  Glial cells are also very specialized in terms of organelles and structure for their specialized functions.  Some glial cells can re-enter the cell cycle, which is important for de-myelinating diseases.  Their special roles provide distinct targets for disease.
· Schwann cells are the universal glial cells of the PNS.  Individual cells about a millimeter apart along the axon.  Osmium stains lipids dark and is good for seeing myelin.  Between myelinated axons on this type of view are unmyelinated axons.

· Myelinating Schwann cells wrap around a myelinated axon.  Non-myelinating Schwann cells still ensheath unmyelinated fibers, may also act as “satellite cells” that wrap around sensory neruons’ bodies at DRG, or may surround the neurons of the enteric nervous system.  Satellite cells cover the whole nerve cell body and processes.  Their job is basically to separate the axon/myelin from the outside world by means of the basal lamina (outermost layer in both myelinating and non-myelinating Schwann cells, but ONLY in the PNS).  This is much like astrocytes in the CNS.  They have regular, low level renewal and proliferation.
· A myelinating Schwann cell has a 1:1 ratio with its axon (disease may upset this), and induces its axon to grow bigger.  The axon signals to the Schwann cell that it should be myelinated.  These Schwann cells only demyelinate and proliferate in disease.  Myelin has unique proteins and glycolipids, and forms up to 150 layers around the nerve.

· In the compact myelin layers, cytoplasmic faces of the Schwann cell membrane fuse to form major dense lines, and extracellular faces form intraperiod lines.  These alternate.

· With disease or damage, the Schwann cell re-enters the cell cycle.  Daughter cells then compete to remyelinate the original axon (see Guillain-Barre).  If the axon had been damaged, they significantly aid axon regeneration.  

· A non-myelinating Schwann cell (aka ensheathing Schwann cell) wraps around (not a bunch of times) and supports multiple axons.  The distribution of myelin around nerves is homogeneous, not nodes/internodes.  There’s a low level of proliferation going on there.  They also have other specialized functions and membrane components.  In the axons with these Schwann cells, propagation is pretty slow and ion channels are evenly distributed.
· Nodes of Ranvier are between Schwann cells, densely packed with Na and K channels that renew the AP.  Where the myelin is, it is the internode.  In between closer to the node is paranodal, and closer to the internode is a juxtaparanodal region.  Schwann cell membrane attaches at paranodal regions, near the junction of nodes and internodes.  Microvilli of the Schwann cell cover the nodes of Ranvier.  Axon communicates with the Schwann cell nucleus via the Schmidt Lanterman incisures.  
· Compact myelin is held around axon by protein-protein interactions.  Tight junctions and gap junctions occur in regions of non-compact myelin.  Axoglial contacts (where axon and Schwann cell interface) occur at nodes, internodes (abaxonal membrane), and paranodal junctions.  Axonal and Schwann cell proteins important for these interactions are known for each region (node, paranode, juxtaparanode, and internode).

· In normal development, Schwann cells wrap around multiple axons.  As they proliferate, they develop a 1:1 relationship with axons destined to become myelinated.  They have reciprocal interactions.  Axon instructs Schwann cell to myelinate, and Schwann cell instructs axon to get bigger.  Unmyelinating Schwann cells will remain associated with multiple axons.  
· Myelinating Schwann cell development:  Transcription factor SOX-10 helps convert neural crest cells into Schwann cell precursors.  This is turned into immature Schwann cells by NRG1 (neuregulin 1, released by axons).  Later, NRG1 dictates myelination patterns.  A myelinating Schwann cell normally remains myelinating for the rest of adult life, it can revert in disease states.  

· The membrane that is in contact with axon wraps around it and forms the multi-layered myelin.  A mesaxon also forms, suspending the axon from the myelin.
· Having basal lamina in PNS allows damaged nerves to degenerate, but then regrow into the myelin and basal lamina that remain.  This is absent in the CNS, which makes it harder to repair nerve damage there.  

· Demyelinating diseases:  

· Guillain-Barre Syndrome – very common.  Acute autoimmune attack on myelinated peripheral nerves.  You get weakness, loss of reflex, high spinal fluid production.  Can be paralytic or fatal, mostly due to immune attack on myelination, and demyelination due to similarity of myelin to a pathogen.  This can repair on its own once attack subsides.  Treat w/ Ig or other techniques to slow autoimmune attack. 

· Charcot-Marie-Tooth disease:  distal wasting of limbs, high arches and hammer toes (because extensors are in leg, whereas flexors are in foot…and the longer nerve path to the flexors makes them more susceptible to damage), claw hand, etc.  Genetic disease leads to demyelination, in which Schwann cell divides and both daughters try to myelinate at the same time.  Looks like onion bulbs and produces nerve hypertrophy.
· Oligodendrocytes:  myelin forming cells of the CNS.  When one of these demyelinates, they don’t survive.  They can act as satellite cells around neurons.  There are lots of oligo precursors around the CNS.  The myelin in CNS is different from PNS, and they have different diseases associated with them.  

· 1 oligodendrocyte can myelinate multiple axons, requiring tremendous surface area.  A consequence is that they’re susceptible to injury.  

· Some oligodendrocytes may act as satellite cells around neurons.  

· Oligodendrocytes are much less effective at proliferation and de/remyelination after demyelinating injuries than Schwann cells.

· Multiple sclerosis:  autoimmune attacks where you repeatedly demyelinate different portions of the CNS, but then seem to get better.  

· Neurons depend on neurotropic factors from supporting cells.  Axons will degenerate if periods of demyelination are prolonged or severe.  

Lecture 5:  Astrocytes

· Virchow recognized the existence of neuroglia as something like glue.  Dieters saw that it consisted of cells.  Golgi suspected that processes were continuous and they played a role in nutrition.  Cajal coined the term astrocyte, distinguished between protoplasmic (grey matter) ones and fibrous (white matter) ones, and came up with the idea that they insulate/ensheath nerves.  Rio Hortega distinguished microglia and oligodendrocytes.
· Astrocytes are the most numerous of the glial cells.  In development they secrete growth factors, guide neuronal migration and enhance synapse formation.  They also provide neurons with energy, remove accumulating ions and NTs, and support neuronal activity.  Astrocytes also detect the activity of surrounding neurons with VG ion channels and NT receptors. 
· Cultured astrocytes are quite different from ones in situ.  

· Astrocytes are distributed throughout the gray matter with contact spacing and little overlap in their domains.  They express Glial Fibrillary Acidic Protein (GFAP), an intermediate filament, in fibers of their primary processes; it is a marker for cell injury and is upregulated in that situation.  These give it the star-like appearance.  GFAP seems to be important for structural support of the brain.  Astrocytes can also be identified with S100β, glutamine synthetase, a glutamate transporter, and aquaporin 4.  
· Alexander disease is a fatal disorder of macrocephaly, seizures and retardation.  With this disease, Rosenthal fibers are present.  They are inclusions, within astrocytes, of GFAP and stress proteins.  This disease is a gain of function mutation in GFAP.  

· Where processes of astrocytes contact capillaries, they expand and form “end feet” that completely cover the capillary wall.  They have GLUT-1 channels and take up glucose from the blood and store it as glycogen, before delivering it to neurons as lactate.  

· Vasogenic edema is caused by a breakdown of the blood brain barrier.  Cellular edema may occur during ischemia, hypoxia or brain trauma, and is associated with swollen astrocytes.  The cells take up extra ions and NTs, then because they have aquaporin 4 highly enriched at their end feet, they take up water.  Astrocytes are key for brain water homestasis.  

· GFAP is only in the main processes of the astrocyte, which actually has a very complex morphology.  They have lots of processes which may be very thin and form isolated microdomains.  Protoplasmic astrocytes fill up a lot of the space in the neuropil (gray matter)
· Astrocyte processes ensheath synapses and have lots of glutamate transporters to remove the NT from the extracellular space.  Without this, neurons would have tonic activation and would die of excitotoxicity.  These glutamate transporters may run in reverse during ischemia due to high extracellular K and low extracellular Na.  This could lead to neuronal death via excitotoxicity, but it’s not clear if astrocytes are the culprit. 

· Decreased expression of glutamate transporters in astrocytes is associated with ALS.  It may accelerate the death of motor neurons by allowing excitotoxic damage to occur.  

· Astrocytes can’t fire APs.  They have high conductance K channels that give it a very negative resting potential (-90mV), as well as a low membrane resistance.  These channels are concentrated at the astrocyte processes (end feet).  This may allow the bodies of astrocytes to pick up K released from active neurons and dump it out of the end feet to redistribute, return it to circulation or otherwise prevent its accumulation.  This is the K siphoning or buffering hypothesis.
· Astrocytes form a syncytium, and injection of markers shows them to diffuse throughout populations of these cells.  They are connected by gap junctions formed by connexin 43.  This provides a path for ions and metabolites to move between cells, though the ultimate function is not understood.  May be involved in ion buffering, metabolic homeostasis, regulating proliferation, or astrocyte-astrocyte signaling (signal transfer or response amplification).  The gap junctions can be modified by phosphorylating connexins.  Often, 2 different connexins form the two sides of a gap junction and provide directed movement of components. 
· Astrocytes have ion channels and NT receptors similar to neurons.  It allows for neuron to astrocyte signaling, which may help attract or maintain astrocytes around synapses.  The presence of glutamate causes oscillations in levels of intracellular calcium.  Calcium waves can spread among astrocytes over long distances via ATP mediated ATP release (with the help of PLC).  ATP acts as a NT in the brain, so contributes to the spread of Ca waves as well as activate neurons.  This calcium activity in neurons can increase the excitability of surrounding neurons by releasing ATP or glutamate.  

· This calcium signaling may play a role in synchronizing groups of neurons by releasing glutamate.  Calcium may also help control the dilation of brain microcirculation by controlling release of lipid metabolites (Ca may activate PLA2, and form arachidonic acid which induces smooth muscle constriction).  
· Astrocytes are throughout the CNS, but are absent from the retina and cerebellum.  There, astroglial cells with similar properties take their place.  In the cerebellum, these are Bergmann glial cells, in the retina they are Muller glial cells.  

· Brain disease or trauma often results in reactive astrocytosis, in which astrocytes undergo hypertrophy and hyperplasia and increased GFAP expression.  This can lead to astroglial scars.  

· Astrocytomas are diffuse cancers.  Because the cells migrate so much, they tend to produce multifocal tumors, so can rarely be surgically resected.  Glioblastoma is most common, and results in increased intracranial pressure.  These cancers secrete angiogenic factors like VEGF and are associated with vascular proliferation.

Lecture 6:  Development 1

· Each neuron undergoes:  proliferation, migration and aggregation (neurons of 1 type aggregate and segregate themselves, forming nuclei and layers), differentiation (chemical and morphological), axon growth, synapse formation and regressive events.  

· Proliferation:  In gastrulation, the mesoderm and endoderm invaginate at the blastopore lip (aka Henson’s node); this is the tissue that leads to production of a nervous system.  Transplanting that tissue right after gastrulation gives a brain, a little later and it gives a spinal cord.  

· Ectodermal cells individually will form neurons and glia as a default program.  BMP-4 is produced by lateral mesoderm and endoderm and induces cells to become epithelial.  The notochord secretes noggin, chordin and follistatin to counteract BMP-4 and push cells toward a neural fate.  These secretions from the notochord also promote proliferation, leading to neurulation.  Neural plate forms, then the neural folds and groove, followed by neural tube and neural crest.  

· Neural crest will produce PNS cells, while neural tube will produce CNS cells (except microglia which migrate into the CNS from the blood).  

· If neural crest cells migrate dorsally, they become melanocytes.  If they go ventrally, different pathways lead to production of DRG/sympathetic/enteric/etc neurons, supporting cells, or adrenal chromaffin cells.  

· Neuroblasts in the neural tube attach to both lumenal and outer surfaces of the tube.  Their nuclei wander up and down during S and G phases, but detach from the outer surface and remain at the lumenal surface for mitosis.  Divisions may be symmetric (both re-enter cell cycle early in development, or both exit late in development) of asymmetric (one re-enters, the other migrates away).  Asymmetric division is common as initial elements of neural structure are laid down.

· Progenitors tend to produce neurons first and then glia later, with exceptions such as radial glial cells that play a supporting role, then can differentiate into neurons or glia much later.  Glioblasts quickly become either precursor cells for oligodendrocytes (OPCs) or astrocytes (APCs).  Astroctyes produce trophic factors (PDGF and NT-3) that allow OPCs to continue to divide.  
· Most neurons cease to proliferate at around 25 weeks, with a couple exceptions like the hippocampal formation (for spatial and declarative memory).  

· Proliferation occurs in the ventricular zone, adjacent to the lumen.  Outside of this is an intermediate/mantle zone with post-mitotic cells, and the outer-most layer is the marginal zone, with processes of cells from the ventricular zone.  

· Migration:  Radial glial cells are attached to the lumenal and outer surface of the neural tube throughout development.  Post-mitotic cells migrate away from proliferative zones along radial glial cells.  
· The spinal cord has an outside-in pattern of cell layering in the intermediate/mantle zone, in which the oldest cells are on the outside.  Cells cluster dorsally into the alar plate and ventrally into the basal plate.  Between the two plates is a groove called the sulcus limitans (division between dorsal, somatosensory horn and the ventral, motor horn).  

· Neurons in the spinal cord may become motor neurons or various types of interneurons.  Ventral cells become motor neurons or interneurons that coordinate movement.  Dorsal cells become interneurons associated with sensory information.  This is determined by Sonic Hedgehog, secreted from the notochord and floorplate.

· SHH has various receptors that turn gene clusters on or off, and respond with varying sensitivity to [SHH].  These genes generally produce transcription factors.  As [SHH] varies from dorsal to ventral, so do its effects on developing neurons.  

· The marginal zone of the spinal cord is outside the intermediate/mantle zone (cell bodies).  Axons to and from the brain project through the marginal zone, so the white matter develops outside the grey matter in the spinal cord.  Each part of the marginal zone is invaded by specific types of axons.  Likewise, each part of the grey matter contains specific types of cell bodies.

· The ventral horn, for example, has motor neurons and interneurons.  Motor neurons to the arms or legs form separate clusters than those of the trunk.  This type of aggregation of similar types of neurons is likely due to expression of cadherins, CAMs that display homotypic binding (the timing of this expression is important).

· In the cerebral cortex, the original site of proliferation is the ventricular zone.  Later the subventricular zone (just superficial to the ventricular zone) begins to generate cells.  These make excitatory and supporting cells, which migrate radially to their final destinations.  Inhibitory neurons arise from the lateral and medial ganglionic eminences, which also give rise to the basal ganglia.  These follow a tangential migratory path.  

· Excitatory neurons express glutamate, inhibitory neurons GABA.  The neurons of the basal ganglia are also GABAergic.  

· The first neurons in the cerebral cortex form the “preplate” in the intermediate zone.  These preplate cells include the outer Cajal-Retzius cells and inner subplate neurons.  Neurons born later will migrate into the space between these two populations of cells, and they will populate the space termed the “cortical plate.”  

· Neurons of the cerebral cortex attach themselves to a nearby radial glia cell, and will follow it to a specified place in the cortical plate.  As cells are produced, the oldest layers remain deeper and closer to the lumen, while younger cells migrate beyond them.  This forms an inside-out pattern of migration, with layer 6 closest to the lumen (produced first) on to layer 2, outside of which is layer 1 of Cajal-Retzius cells.  These CR cells in layer 1 soon die.  

· Neurons along a radial line are also products of the same progenitor, made by asymmetric division.  This is also the case in the retina, so cells along a particular information path are daughters of the same mother.  The retina is an outgrowth of the diencephalon, with ectoderm forming the lens and cornea.  
· Axons that enter and exit the cerebral cortex will be found below layer 6, not in the marginal zone.  So, unlike the spinal cord, grey matter is on the outside with white matter on the inside.  

· Cajal-Retzius cells secrete reelin, which interacts with ECM and allows later neurons to migrate past earlier ones.  Without this protein, the layers of the cortex will be produced with the wrong layering pattern, or lissencephaly (smooth brain surface) may be produced.  Other defects can lead to ectopias, or neurons present in the white matter – can be caused by a DISC1 mutation, which underlies some forms of schizophrenia.  

· The brain itself is regionalized into the:  Prosencephalon (tel- and di-), Mesencephalon, and Rhombencephalon (met- and myel-).  The rhombencephalon is broken down into segments called rhombomeres.  Alternating expression of repulsive ephrins and ephrin receptors produces this.  
Lecture 7:  Development 2

· Notochord stimulates neural induction in the ectoderm cells overlying it.  The anterior end of the resulting neural tube forms the forebrain and midbrain, while the posterior part forms the hindbrain and spinal cord. 
· At different dorsal/ventral levels you get motor neurons (ventral), commissural neurons for pain and temperature (middle), etc.  Dorsal/ventral patterning is mediated by diffusible signals from the notochord and roofplate.  

· The notochord produces SHH, which induces ventral (motor) fates at high concentration and interneuron fates at medium concentrations.  It is not the only cue for the ventral spinal cord though, as SHH-/- and Gli3-/- should revert it to a wild-type state, but do so incompletely.  

· SHH acts as a morphgen, a diffusible factor that forms a gradient.  Neurons have different receptors that affect transcription factors, all with varying sensitivities.  By having some inducing and some repressing ones, you get a variety or responses to different concentrations.  By having some of them repress each other, you can produce sharp boundaries.  

· SHH signaling absent:  Patched inhibits Smoothened.  Gli3 is free to cleave itself into the Gli3 Repressor and turn off genes.

· SHH signaling present:  SHH inhibits the inhibitory molecule Patched, effectively freeing Smoothened to act at the cell membrane.  Active Smoothened prevents Gli3 cleavage.  With no Gli3 Repressor around, target genes are on.  

· Dorsal fates are regulated by BMPs, Wnt, etc. produced in the roofplate and overlying ectoderm.  They may be involved in ventral patterning as well.  Just as with SHH, Math1, Ngn1 and Mash1 affect transcription factors and each other to produce different dorsal fates
· Cells acquire a fate before leaving the cell cycle.  

· In cerebral cortex development, there is an intermediate zone in between the cortical and ventricular zones.  It is simply the zone through which migrating cells move en route to the cortical zone.  While all of this stuff is happening, the anterior part of the neural tube is regionalized into its major subdivisions.  Recall that glial cells are generated after neurons.  
· We said that proliferating cells move up and down in the ventricular zone before dividing.  They actually are farthest from the ventricle when they undergo S phase, then migrate down during G2 to undergo M phase at the ventricular surface.  

· In symmetric divisions, cells divide along a vertical cleavage plane; in asymmetric divisions they go along a horizontal cleavage plane.  

· Experiments show that about 80% of progenitor cells only give rise to neurons, and 2% only give rise to glia.  The rest can produce both types of cells.  About 8% of progenitors retain some capacity to divide and act as stem cells.  

· Radial glial cells not only act as a scaffold, but also as progenitors.  They can divide to produce 1 neuron and another radial glia cell.  In that case, the radial glia cell likely expresses Notch, and the progenitor that migrates away probably expresses Delta.  The radial glia cell eventually seems to transform into an astrocyte precursor.  Radial glia cells can become oligodendrocytes, neurons, astrocytes, or astrocytes with some stem cell properties.
· Notch/Delta signaling plays a role in determining whether or not a cell will remain a progenitor or differentiate.  Notch is a receptor that, when activated by ligands like Delta, suppresses bHLH transcription factors that normally promote neuronal, differentiated fates.  So activated Notch keeps a cells as a progenitor.  Cells with lots of Delta differentiate.  

· Notch activates CBF1 (or RBP-J), which activate HES genes, which encode bHLH proteins that inhibit the proneuronal bHLH factors.  A constitutively active Notch maintains radial glia cells.  
· For the laminar fates in the cerebral cortex, it appears as though environmental cues can influence what a cell differentiates into.  If you take a cell from an animal when it is generating layer 6 and put transplant it into an animal generating layers 2/3, the cell adopts the 2/3 fate.  If cell has undergone its final division before transplantation, it remains type 6.  Specification appears to occur during the final cell division cycle.  

· Radial glial cells act as guides and progenitors, but they are only present during development.  Excitatory cells migrate radially along these.  Inhibitory cells migrate tangentially from ventral ganglionic eminences.  The genes Dlx1 and Dlx2 are necessary for this process of tangential migration.  
· Reelin mutants have a failure of proper radial migration.  They produce a cortex with an outside-in pattern, though neurons still somehow establish decent connectivity.  

· Lis1 is mutated in lissencephaly, a condition where the brain is smooth and without gyri or sulci.  Male patients with a DCX mutation have lissencephaly also, whereas females show a condition called “double cortex,” because DCX is on the X-chromosome and women are mosaics in which some cells migrate properly while some do not.  

· Lis1 and DCX are downstream in the Reelin signaling cascade.  

Lecture 8:  Development 3

· The retinotectal system produces an inverted topographic map of the visual field on the tectum.  Anterior retinal axons go to the posterior tectum and vice versa.  A chemoaffinity model (molecular identification of axon targets) was suggested by rotating frogs’ eyes and seeing that they re-innervated the original targets in the tectum, rather than compensating for the orientation.  This suggested a gradient of markers and fixed cues guiding the axons.  
· Extending axons are selective in choosing their pathways.  They join, or fasciculate with, certain existing neuronal pathways.  Ablating the pathways prevents neurons from extending properly, and they don’t just join other axons.  They stall where they should’ve found a path to follow.

· Commissural axons extend from the dorsal to ventral spinal cord then cross the floor plate and run anteriorly.  Multiple repulsive/attractive cues guide them.  They may mediate chemoattraction/repulsion or contact attraction/repulsion.  These are critical to axon (and dendrite) guidance.  
· Netrins (secreted) bind UNC-5s or DCCs.  Semaphorins (secreted or TM) bind plexins, neuropilins or complexes of both.  Slits (secreted) bind Robos.  Ephrins A or B (membrane bound) bind EphAs/Bs. 

· Netrin-1 is concentrated ventrally in the spinal cord and guides commissural neurons to the midline.  It acts as an attractive cue in vitro as well.  The response to Netrin-1 depends on the receptors and intracellular signaling.  With just DCC, it’s attractive.  With DCC and UNC-5 present it’s repulsive.  With just DCC and also PKA inhibited, it’s repulsive.   

· Slit and Robo allow commissural axons to cross the CNS midline.  Axons are drawn ventrally to the midline by Netrin-1 and DCC.  Robo3 is expressed, which prevents Robo1 and Robo2 from repelling it away from the midline.  They cross the midline and downregulate Robo3.  Then the Robo1/2-slit interaction repels them from the midline to keep them on the other side; this complex also inhibits the attractive forces of Netrin-1 – DCC.  
· Patients with horizontal gaze palsy and progressive scoliosis (HGPPS) have Robo3 mutations and can’t look left and right since neuronal connections can’t cross the hindbrain midline.  

· Morphogens (BMPs, Wnt) and growth factors can also play roles as neuronal guidance cues.  Contributing to ventral movement of commissural axons before crossing, dorsal BMP repels them and SHH attracts them.  After crossing the midline, high rostral concentrations of attractive Wnt interact with the Fz3 receptor to draw the axon rostrally.  Repulsive Wnts that are concentrated rostraly repel cortical spinal tract axons caudally.  
· Sema3A binds neuropilin-1 and constrains axon growth in peripheral neuron projections.  Semaphorins are potent repulsive signals, acting via neuropilins or plexins. 

· CAMs play a role in pathfinding as contact mediated cues.  Many important ones contain Ig domains, and may be repulsive or attractive.  The FasII protein is one such CAM that causes neurons expressing it to fasciculate together and form bundles.  Other Ig superfamily members can cause repulsive cues upon homotypic binding, Dscam for example.  This can be important for preventing dendritic branches of 1 neuron from fasciculating with each other, allowing the cells to form diffuse dendritic arborizations.  Alternative splicing creates lots of different Dscams in different neurons so separate neurons don’t interact this way.
· Attractive and repulsive cues from CAMs and Semaphorins may counter each other to maintain an appropriate balance of attraction/repulsion.  When you lose the repulsion of Semas or gain function of adhesive CAMs, axons tend not to branch out of nerve tracts enough to innervate everything they should.  If you lose both, you restore the balance of attraction and repulsion and get more appropriate motor innervation, for example.  

· Axonal growth cones have filopodia projecting from lamellipodia.  The growth cone is constantly in flux and samples the environment to respond to directional cues.  It has complex cytoskeletal dynamics.
· Actin monomers are added to the barbed ends of filaments, which are present at the leading edge of the growth cone.  Larger MT filaments are bundled in the axon, but individual MTs may expand into growth cones with elongation occurring at their + ends.  Intermediate filaments are in the axon, but rare in growth cones.  

· Filopodia extend and retract by regulating actin polymerization/depolymerization and actin retrograde flow (via myosin).  Repulsive/attractive cues mediate this.  Elongation of actin filaments is associated with monomers binding ATP and delayed ATP hydrolysis.  Regulation occurs via lots of different actin binding proteins. 

· Redistribution of MTs occurs by polymerization as well as movement and bending.  

· Actin can anchor to ECM stuff and prevent retrograde flow, thus facilitating protrusion of lamellae.  

· Site selection:  Actin accumulates at sites where a guidance cue is contacted, and is depleted elsewhere.  MTs extend toward the contact site, though the growth cone remains spread in other directions.

· Site stabilization:  MTs stabilize and form a bundle into the growth cone, and the rest of the growth cone kind of collapses around that area of contact w/ the guidance cue.  

· Inhibit actin polymerization via cytochalasin B, and you prevent filopodial protrusions.  Inhibit myosin, and you block retrograde flow (protrusion continues).  Block MT dynamic instability via vinblastine and you block directed outgrowth, but not filopodial protrusions.

· Actin dynamics are regulated by Rho family GTPases (Rho, Rac, and CDC42).  These are modulated by Rho GAPs and GEFs.  Through various effector proteins, Rho limits axon growth and Rac/CDC42 promote axon growth and extension.  Ex:  Rho activates ROCK, which activates non-muscle myosin to retract actin fibers.  Rho can also use phosphoinositide production to enhance actin depolymerization via actin binding proteins like gelsolin.  And, CDC42 activates N-WASP that promotes actin polymerization and axon extension.  

· CDC42 appears to act earlier than Rho and Rac.  All three of these respond to attractive/repulsive guidance cues to help guide the extending axon.  Ex:  Slit repels via a CDC42 GAP.  Sema4A repels via a Rho GEF.  Ephrin repels via a Rho GEF and Rac GAP.

· Slit signaling inactivates CLASP, which stabilizes MTs and prevents growth cone extension.  NGF signaling prevents APC degradation, and APC promotes MT assembly and neuronal expansion.

· In the periphery, neurons can regenerate via Wallerian degeneration.  Schwann cells provide permissive factors and macrophages remove myelin and debris.  Not the case in the CNS, where myelin debris remains and inhibitory factors disrupt axon extension.  

· Shown that you can sever the optic nerve, add a sciatic nerve graft, and in this permissive path axons will regrow.  

· Myelin is a poor substrate for axon extension, and failure of CNS regeneration correlates with myelin production.  Add antibodies to myelin (the IN-1 protein) and axons can extend some.  If you do that you also see lots of collateral sprouting of axons in the brainstem and spinal cord.  So, IN-1 seems to be a major inhibitor following injury.  Collateral sprouting may also be a therapeutic strategy.  

· NOGO mimics inhibitory effects of CNS myelin.  Some evidence that NOGO KOs show neuronal expansion after lesion.  NOGO Receptor (NgR) triggers signaling cascades, so antagonizing the NOGO/NgR interaction is a potential way of promoting neuronal regeneration.  

· MAG and OMgp (components of myelin) also bind to NgR, and use p75 as a signal transducer.  This activates Rho and promotes inhibition.  

· MAG is a repellant in adults, but early on it acts as an attractant.  It is observed that peripheral lesions promote central regeneration of DRG axons, so these somehow must overcome MAG inhibition.  High cAMP seems to make it attractive.

· Approaches to promoting neuronal regeneration:  Block multiple myelin inhibitors and repulsive cues.  Overcome repulsive components of glial scars (CSPGs, semaphorins).  Add neuronal growth factors.

Lecture 9:  Development 4

· Cell death is common in the development of the nervous system.  It appears to be strategy to match neurons with the appropriate targets, correct errors in connectivity, create sexually dimorphic regions, and remove cells of transient functions.

· Neurons seem to die most often when they innervate their target tissues.  The size of the target tissue determines how many neurons survive.  

· The neurotrophic hypothesis:  neuronal survival depends on acquisition of target derived neurotrophic factors released from targets in limiting quantities.  Neurons then compete for these, and those that get them survive.  Other sources of trophic support include ECM, glia, cells in the pathway around a neuron, afferent nerves, hormones, etc.  

· Non-neuronal (glial) cells also die during nervous development, presumably to match the number of glial cells to the number of axons.  Glial cells and neurons seem to provide reciprocal neurotrophic support for each other.  

· In apoptosis, cells condense chromatin, shrink, form apoptotic bodies.  Necrosis involves mitochondrial dysfunction, lysis, etc.  

· Apoptosis:  Bcl-2 family members include cell death promoters (Bak, Bax) and inhibitors (Bcl-2)  that either promote or inhibit the release of cytochrome c and smac/DIABLO from the mitochondria.  If released, cyt. c forms a complex with Apaf-1, which cleaves procaspase 9 and activates a caspase cascade.  
· There are lots of families of neuronal growth factors, including neurotrophins (NGF), FGF, IGF, EGF, PDGF, TGF and cytokines.  NGF is a prototypical neurotrophic growth factor.  It functions as a target-derived factor for peripheral neurons.  This was shown by NGF rescuing neurons that otherwise die, more NGF leading to more sympathetic neurons, anti-NGF ab depletes peripheral neurons, neuronal cultures require NGF, death can be prevented by NGF even after axotomoy, NGF is expressed in nerve target tissues. 
· NGF and neurotrophins are about 120 AAs and function as homodimers.  They are expressed in target tissues, glia and neurons.  

· Receptors for NGF is TrkA, receptor for BDNF and NT-4/5 is TrkB, and receptor for NT-3 is TrkC.  TrkB and TrkC are widely expressed in the brain, but Trk A is only in a few types of neurons.  Truncated versions of TrkB and TrkC are present on astrocytes.  

· Neurotrophin binding to a Trk receptor triggers autophosphorylation of tyrosine resides to increase catalytic activity and create docking sites.  NGF eventually activates Bcl-2 that prevents apoptosis.  Many other growth factors act via RTKs, and many downstream signal molecules are aberrantly expressed in cellular transformation.  Since NGF is target derived, it must undergo retrograde transport to the cell body.  

· Synaptogenesis involves presynaptic differentiation, postsynaptic differentiation, and synapse elimination.  NMJs are used as the model system to study this.  Don’t worry about presynaptic stuff.

· In synaptogenesis, the growth cone extends and contacts the muscle.  Before the axon arrives, the post-synaptic cell has a diffuse distribution of ACh receptors.  The motor neuron releases Agrin, which causes clustering of receptors.  Additionally, extrasynaptic nuclei have AChR expression repressed, and subsynaptic nuclei increase AChR expression.  

· The signaling involved with this includes the motor neuron releasing Agrin for receptor clustering.  The Agrin binds an RTK called MUSK, which triggers Rapsyn signaling to affect AChR distributions.  

· The motor neuron reaches the myotube and results in poly-innervation which is eventually cut back to provide mono-innervation by synapse elimination.  This refines the diffuse pattern of synaptic connections in the brain.  This may be the most efficient way to get the vast, specific connections required.  

· Synapse elimination is thought to occur by active synapses sending signals that not only protect themselves, but promote the elimination of adjacent synapses.  If one axon is active and another isn’t, the active one persists.  If both have equal activity, both persist.  

Lecture 10:  Monoamine Systems I

· Many drugs target ACh and Nepi.  In early studies of nerve transmission, people thought it might be an electrical signal, but this didn’t account for both excitation and inhibition.  

· People observed that drugs could mimic autonomic stimulation.  Muscarine mimics vagal slowing of the heart.  Atropine blocks effects of both vagal stimulation and muscarine, suggesting that muscarine shares a common mechanism with endogenous vagal signals.  

· Loewi collected perfusate from a heart under vagal stimulation and applied it to a normal heart to produce vagal effects, confirming the existence of a transmitter.  He then biochemically isolated it and identified it as ACh.  

· The minimal criteria to show something’s a NT include:  It should mimic nerve stimulation, needs to be present endogenously, and its antagonists must block nerve transmission.  Basically, it must be present, necessary and sufficient. 

· Biosynthesis:  Acetyl-CoA + Choline → Acetylcholine, via enzyme Choline Acetyltransferase.  
· ACh is released into synapses, acts on receptors, then is degraded by acetylcholinesterase (into acetic acid and choline).  High affinity choline uptake channels on the pre-synaptic nerve sequester the choline, then it converts it to ACh, use an ion gradient to concentrate it in vesicles so it’s ready for subsequent release.  

· AChE inhibitors block degradation to potentiate cholinergic transmission.  This can be used to treat myasthenia gravis, where you have Ab to the ACh receptors and don’t respond well to ACh stimulation.  Potent, irreversible AChEs like Sarin are used as nerve gasses.  This can be fatal by interfering with diaphragm respiratory function.  
· Drugs can also specifically target certain receptor subtypes.  Nicotinic receptors act on skeletal muscle.  Muscarinic receptors act on heart and smooth muscle.  Curare is a selective antagonist of nicotinic receptors, paralyzing the diaphragm and skeletal muscle.  Atropine blocks only muscarinic receptors, which can reverse bradycardia.  

· Types of receptors.  Nicotinic receptors are ligand-gated Na+/Ca++ channels that depolarize skeletal muscle.  Muscarinic receptors come in at least 5 subtypes, and developing subtype selective drugs is important in pharmacology.  Muscarinic receptors all respond to ACh, but they are coupled to different G proteins and signal cascades.  M2 receptors in the heart activate G-proteins that are directly attached to K+ channels and open them to slow the heart rate.  
· ACh mediates parasympathetic actions, and NEpi was discovered to be the transmitter of the sympathetic nervous system.  The closely related Epi is released from the adrenal medulla. 

· Biosynthesis:  Tyrosine hydroxylase is the rate limiting step, and is selectively expressed in catecholamine neurons.  Aromatic AA Decaryboxylase is widely expressed.  Vesicular Monoamine Transporters (VMAT) sequester dopamine in vesicles, these are blocked by reserpine to decrease NEpi secretion and treat hypertension.  Dopamine β-hydroxylase is in synaptic vesicles, where the final product of NEpi is made.  In the adrenal medulla, corticosteroids regulate the transcription of PNMT to control Epi levels.
· Tyrosine (Tyrosine Hydroxylase)→ L-DOPA (Aromatic AA Decarboxylase)→ Dopamine (Dopamine β-hydroxylase)→ NEpi (PNMT)→ Epi.

· Inactivation of NEpi occurs by reuptake into nerve terminals by high affinity uptake channels.  Cocaine blocks this process.  Degradation isn’t the primary mechanism of inactivation, but once in the nerve NEpi can be degraded by Monoamine oxidase or catechol-O-methyltransferase.
· All NEpi effects are mediated by GPCRs.  The receptors are divided into α and β subtypes.  α receptors inhibit adenylyl cyclase and contribute to smooth muscle contraction, so alpha antagonists can be anti-hypertensive.  β adrenergic receptors stimulate adenylyl cyclase and increase heart rate, as well as bronchodilate.  There are subtypes of both types of receptors.  Selective agents for beta receptors treat tachycardia and bronchoconstriction.  

Lecture 11:  Periepheral Autonmic Nervous System

· The sympathetic nervous system innervates all tissues except the constrictor pupillae.  The parasympathetic nervous system only innervates glands and thoracic/abdominal viscera.  These two systems usually have opposite effects on dually-innervated tissues, such as symp increasing mucous secretion and psymp increasing serous (enzymatic) secretion from salivary glands.  There may be some basal activity of each, but to alter the balance you generally excite one and inhibit the other.  Reciprocal coordinate accomplished by CNS.

· The heart is a good example.  Psymp innervates the pacemaker cells via the vagus (ACh on muscarinic receptors).  They have a rapid hyperpolarizing effect, mediated by a G-protein coupled to a K+ channel.  The ACh also decreases Na+/CA++ permeability.  Symp innervates both the pacemaker and myocardium (NEpi on adrenergic β1 receptors).  Symp nerves go through the inferior cervical ganglion, but its NEpi acts slower because it acts via GPCR signaling cascades to increase Na+/Ca++ conductance.  

· Postganglionic nerves in both systems receive ACh from preganglionic nerves at nicotinic receptors.  Postganglionic nerves in symp then release NEpi, and psymp ACh.  

· Cholinergic receptors:  How can ACh slow the heart muscle and increase gastric motility?  In the gut, M3 muscarinic receptors lead to ACh increasing Na+/Ca++ conductance to increase muscle contraction.  In the heart, M2 muscarinic receptors increase K+ conductance and decrease Na+/Ca++ conduction.  Nicotinic receptors at the autonomic ganglia cause depolarization and firing of postganglionic neurons (as well as stimulating the adrenal medulla cells to secrete catecholamines…adrenal medulla basically acts like a post-ganglionic sympathetic neuron).

· Adrenergic receptors:  Alpha receptors act via PLC, DAG/IP3, and Ca++.  They cause vascular smooth muscle to contract, as well as playing a role in negative feedback on nerve terminals secreting NEpi.  The beta receptors (β1) on the heart’s pacemaker speed it up through adenyl cyclase to open Ca++ and Na+ channels; they also increase myocardial contractility.  Beta receptors also relax bronchial, vascular and intestinal smooth muscle.  

· Sympathetic ganglia area site of lots of processing.  Each preganglionic neuron may synapse on hundreds of postganglionic ones (divergence), since a limited number of preganglionic neurons in the spinal cord have to affect almost every tissue in the body.  Parasympathetic nerves show much less divergence.  

· Each postganglionic nerve may receive input from up to ten preganglionic neurons.  This convergence may provide the multiple inputs necessary to excite a postganglionic neuron.  This may play a role in the patterning of sympathetic responses.  
· Experiements suggest that the organization of synapses in ganglia may be changed over a period of days, and may be considerably remodeled over time (ex: metabolic changes through different seasons). 

· Visceral afferents (non-somatic sensory info from tissues to the brain) are largely stretch receptors or chemoreceptors.  Baroreceptors in the carotid sinus, for example, have very little smooth muscle and stretch with changes in pressure.  The receptor nerves accurately represent the arterial pulse pressure, and convey the info via the glossopharyngeal nerve to the nucleus solitarius of the medulla.  

· Spinal and ganglionic systems are important for autonomic regulation, but organization of autonomic output really takes place in the brain.  Visceral and somatic sensory info from the spine and cranial nerves converge on the brain.  The brain plays an important role in stimulating autonomic preganglionic neurons, but also strongly inhibits spinal autonomic reflexes from stimulating these preganglionic neurons.  Through this inhibition, supraspinal systems prevent inappropriate behavior in spinal autonomic systems.  
· Spinal cord injury not only removes the normal descending control of autonomics, but also can remove the inhibition of spinal autonomic reflexes that can be life-threatening.  This is known as “autonomic dysreflexia.”  With no supraspinal inhibition, sensory input like transabdominal pressure (from bladder fullness or even just cloth on the skin) can elicit a huge increase in arterial pressure.  This can put you in danger of stroke.  

Lecture 12:  Monoamine Systems II

· In addition to ACh and NEpi that act peripherally, monoamines are critical to CNS function.  These are affected in many neuropsych disorders and by many drugs.  

· Dopamine (DA) was known to be an intermediate in the NEpi biosynthetic pathway:  Tyrosine (Tyrosine Hydroxylase)→ L-DOPA (Aromatic AA Decarboxylase)→ Dopamine

· Vesicles in the neuron have an H+ ATPase to build a gradient, which is used a Vesicular Monoamine Transporter (VMAT) to exchange for DA.  The drug reserpine inhibits the VMAT. 

· They saw that DA levels were decreased in Parkinson’s and present at higher concentrations than NEpi in some places, suggesting that it’s a NT.  There are separate DA uptake channels, as well as DA GPCRs which made it clear.  A minor set of neurons also appear to use Epi as a NT.  DA, Epi, and NEpi = catecholamines, all appear to act as NTs.  
· Serotonin was first discovered in the serum as something regulating vascular tone.  They found that LSD blocked serotonin’s vascular actions, and since LSD also caused hallucinations, it was suggested that:  serotonin might be a NT in the brain, LSD elicits its psychoactive properties by affecting serotonin there, and since LSD mimics psychotic disorders serotonin may play a role in the pathophysiology of such disorders.  
· Serotonin (aka 5-hydroxytryptamine, or 5-HT) is also an intermediate in the biosynthetic pathway of melatonin, generated in the pineal gland.  Like DA and NEpi, it’s mostly inactivated by reuptake.  SSRIs are the mostly commonly prescribed antidepressants, and increase 5-HT tone.  
· Serotonin biosynthesis:  Tryptophan (Tryptophan Hydroxylase)→ 5-Hydroxytryptophan (Aromatic AA Decarboxylase)→ Serotonin.  Serotonin is also sequestered into vesicles by VMAT, and VMAT inhibitors for treating hypertension were found to decrease serotonin and increase the incidence of depression.  
· There are 14 different serotonin receptors, and rather than simply using SSRIs to increase [serotonin], altering these could have more specific effects.  

· Histochemical staining allows the detection of central monoamine systems and their architecture:

· NEpi cell bodies are located in the locus coeruleus, in the dorsal pons under the 4th ventricle.  Axons go from here to emanate throughout the forebrain.

· 5-HT cell bodies are in clusters along either side of the raphe of the brainstem, especially in dorsal and median raphe clusters.  These also project throughout the forebrain.  

· DA cell bodes are located in the ventral midbrain in the substantia nigra.  Loss of neurons here is associated with Parkinson’s, since they innervate the basal ganglia, a motor relay.  DA neurons are also located on the midline medial to the substantia nigra in the ventral tegmental area (VTA).  These VTA DA neurons innervate the forebrain and limbic system (regions of emotional and cognitive processing).  It’s not as widespread as serotonin or NEpi.  

· For NEpi, serotonin, and DA, this organization allows a few neurons to exert widespread influence.  

· Monoamines have such diverse actions because each NT has multiple receptor types, and each receptor can be coupled to different downstream signaling systems in different ecll types.  Monoamines often produce inhibitory effects by opening K+ channels, to which their receptors are directly coupled via a G-protein.  

· Monoamines can also act by modulation.  Often monoamines alone have little effect on a resting target neuron, but will greatly amplify any excitatory stimulus that comes in.  Normally, excitatory inputs trigger negative feedback mechanisms that open K+ channels.  Monoamines can block these to accentuate an excitatory signal when it occurs.

· The locus coerulues (NEpi) is very sensitive to stimulation of any sensory modality.  It supposedly alerts you to increase vigilance in response to potentially threatening stimuli.  Drugs that induce LC firing produce anxiety (this is seen in opiate withdrawal).  
· The demonstration that potency of drugs for anti-psychotic purposes parallels their affinity for DA receptors has linked DA to psychotic disorders.  These drugs (haldol) block DA receptors and produce Parkinson’s-like side effects due to actions in the substantia nigra pathway, but blocking DA in the VTA may produce their anti-psychotic effects.  

Lecture 13/14:  Amino Acid and Gaseous NTs

· The amines (NEpi, Epi, DA, 5-HT, and ACh) are only active at about 1% of synapses each, and maybe 5% for ACh.  GABA acts at 20-40%, glycine at 25%, and glutamate at 50% of brain synapses.  GABA and glycine are the primary inhibitory NTs, and glutamate is the primary excitatory NT.  NO and CO are only made at about 1% of neurons, but may impact most neurons.

· GABA occurs only in the brain, and it an essential inhibitory NT.  GABA is synthesized from glutamate by cytosolic Glutamate Decarboxylase (GAD).  The glutamate comes from adjacent glia.  There is also a transaminase (in the mitochondria) that can convert glutamate to α-ketoglutarate or convert GABA to succinic semialdehyde.  Inhibiting this elevates GABA levels, which is the mechanism of some anticonvulsive drugs.  

· Like most NTs, GABA acts on the nerve terminal that released it (as well as post-synaptically) on a GABA- B “autoreceptor,” to inhibit further release.  These GABA-B receptors are also on many neurons that don’t use GABA as a NT.  GABA-B receptors act metabotropically by opening K+ or closing Ca++ channels.  The drug Baclofen is a GABA-B agonist, inhibiting the release of GABA and also the release of glutamate at many non-GABAergic neurons.  

· Postsynaptic GABA-A receptors mediate ionotropic hyperpolarization by opening Cl- channels.  Inhibitors of these channels (bicuculline, picrotoxin) are convulsants.  GABA-A receptors have lots of drug binding sites.  Benzodiazepines like Valium (diazepam) allosterically facilitate channel opening upon GABA binding.  Barbiturates also bind GABA-A, and ethanol may mediate some of its effects there.  Thus, Valium is a good substitute for alcohol in patients with the delirium tremens of alcohol withdrawa.

· GABA is inactivated by reuptake into the presynaptic neuron or surrounding glia.  

· Glycine is the other main inhibitory NT, primarily in the spinal cord.  It also acts by opening Cl- channels. Glycine is inhibited in the spinal cord by the convulsant strychnine, whereas GABA is blocked by bicuculline in the cerebral cortex.  This was verified by seeing a high concentration of the inactivating high-affinity glycine reuptake transporters in the spinal cord, and a very low concentration of them in the cortex.  
· Adding labeled strychnine allows you to visualize the glycine neurons.  They are small interneurons that inhibit motor neurons.  Blocking their uptake is the mechanism of some muscle relaxants.  

· Glutamate is the most abundant AA in the body, with lots in the brain.  As in GABA neurons, glia have glutamine synthase to make glutamine, which enters the neuron and gets converted by glutaminase to glutamate.  About half is made this way, and half by transamination of α-ketoglutarate from Kreb’s cycle.  
· There are glutamate metabotropic autoreceptors pre and postsynaptically.  Glutamate is inactivated by reuptake into glia and neurons via Excitatory Amino Acid Transporters (EAATs).  

· There are two main types of ionotropic glutamate receptors, AMPA and NMDA, as well as a third less important group (kainite).  AMPA receptors conduct Na+ when glutamate binds, much like nicotinic ACh receptors.  

· NMDA receptors are normally blocked by a Mg++ ion.  In addition to glutamate binding, depolarization due to other receptors is required to relieve the Mg block and allow Ca++ entry.  With moderate stimulation, non-NMDA receptors are stimulated.  Only with strong and/or repeated stimulation do NMDA receptors open and let Ca++ in.  

· NMDA receptors play a role in plasticity.  The Ca++ influx alters gene expression that mediates long term processes associated with learning and memory.

· PCP mimics schizophrenia a lot, and it acts on the NMDA receptor.  Lots of the infarct damage from stroke comes from release of glutamate and excitotoxicity.  Blocking NMDA receptors is a good approach, but like PCP many of these drugs are psychomimetic.  A drug for Alzheimer’s, memantine, is an NMDA antagonist.  

· There are also several classes of metabotropic glutamate receptors linked to G-proteins.  Group I stimulates PLC and IP3, while groups II and III inhibit adenylyl cyclase.  These receptors can be found both pre and post synaptically, with group I being predominantly presynaptic to decrease glutamate release.  
· Scaffold proteins like the receptors to intracellular signaling systems.  For AMPA receptors, GRIP and PICK1 facilitate the removal and reinsertion of receptors to/from the membrance.  For NMDA receptors, the scaffold is PSD95, linking NMDA transmission to Nitric Oxide Synthase activation.  Metabotropic receptors bind the scaffold HOMER, linking group I receptors to IP3 receptors.  

· D-Serine is present in the brain, highly localized to areas with NMDA receptors.  It occurs predominantly in astrocytes that surround synapses.  D-serine is the endogenous ligand for a site on NMDA receptors that was discovered when glutamate alone failed to open the channels.  It was first found that glycine bound there, but D-serine was much more potent.  
· D-serine is a 2nd NT required for NMDA transmission.  It is degraded by D-amino acid oxidase.  It is formed from L-serine by serine racemase.  Glutamate binds to a receptor on astrocytes with D-serine, causing them to release D-serine.  

· Excess glutamate stimulation is dangerous.  In stroke you can get glutamate release and excitotoxicity, leading to neuronal death.  Excess metabolic activity could lead to lots of glutamate unrelated to synaptic function, and potentially excitotoxicity.  D-serine provides a fail-safe against overactivation.  
· NO was discovered as an endothelial derived relaxing factor for blood vessels, and it acts as a NT peripherally and centrally.  NO is also made by macrophages to kill things.  
· NO biosynthesis:  Arginine (NOS)→ NO + Citrulline.  

There are three forms of NOS:  neuronal, endothelial and inducible/macrophage.  NO can’t be stored so you have to make it when you want to use it.  NOS is heavily regulated by electron donors, phosphorylation, etc.  nNOS is activated by Ca/Calmodulin, which comes in through the NMDA receptors linked to nNOS by PSD95.  The scaffold PSD95 keeps the nNOS near the Ca++ influx to facilitate this.  
· nNOS neurons are only about 1% of neurons, but they spread extensively.  nNOS KO mice are very aggressive, sexually and otherwise, so NO may play a role in behavioral suppression.  nNOS is also localized in the myenteric plexus in the intestines and NO may mediate the relaxation phase of peristalsis.  nNOS in other nerves mediates penile erection.  

· NO is the most potent physiological activator of guanylyl cyclase.  cGMP is degraded by PDE, so PDE inhibitors basically have the same effect as NO.  PDE-5 inhibitors like Viagra (sildenafil) works this way.  NO can also mediate effects by S-nitrosylating targets like NMDA and AMPA receptors, as well as Na+ pumps.  

· Stroke causes massive release of glutamate and NMDA receptor activation.  These are coupled to nNOS, so excess NO is also released.  NO combines with superoxide from hypoxic mitochondria and forms radicals.  So, NOS inhibitors can prevent stroke damage as much as NMDA antagonists.  

· CO biosynthesis:  Heme (Heme oxygenase - HO)→ CO + Biliverdin (Biliverdin reductase)→ Bilirubin.
· Biliverdin is rapidly reduced to bilirubin.  Heme is quite toxic, so must be metabolized quickly when present.  It’s made by erythrocyte or mitochondrial protein degradation, triggered by lots of stimuli.  HO1 is concentrated in the brain and designated HSP-32.  

· Another form of HO, HO2, is concentrated in the brain and isn’t inducible.  It shares a similar distribution with guanylyl cyclase, and the CO it produces plays a role in regulating cGMP formation.

· HO2 is also in the myenteric plexus, colocalizing with nNOS.  NonAdrenergic, NonCholinergic (NANC) nerve transmission, is reduced 50% in both HO2 and nNOS knockouts.  Double KOs have almost no NANC transmission.  So, NO and CO appear to be co-NTs in the gut.

· Bilirubin is an antioxidant, but toxic at high concentrations.  Bilirubin oxidizes to bilirubin, which rapidly gets converted back by biliverdin reductase.  Bilirubin is a major cytoprotectant, and mutating biliverdin reductase prevents you from regenerating it and produces lots of oxidative damage and apoptosis.  HO2 knockouts also have augmented neurotoxicity.
· Bilirubin is hydrophobic and protects membranes from lipid peroxidation, whereas another prevalent antioxidant glutathione is hydrophilic and protects water soluble proteins.  

Lecture 15:  Somatosensory I

· Somatic sensation includes touch, pain, temp, itch, proprioception, stereognosis (recognizing 3D forms), etc.  They provide sensation, and also important input for motor functions.  

· Receptor zones respond to stimuli with electrical changes in the neurons.  Transmission zones include lots of axons conducting the signals.  For the somatosensory system, transmission zones include peripheral nerves, dorsal columns of the spinal cord, spinothalamic tracts, the medial lemniscus of the brainstem and thalamocortical projections.  In the transmission zones, neural images are representations of the external world in neuronal firing patterns.  In the first transmission zone, you get an isomorphic image, which directly reflects the stimulus itself.  Synaptic zones have relay neurons and interneurons with convergence and divergence.  This transforms the signal before it goes on to the next transmission zone.  

· A receptive field is the region in which a stimulus may affect a neuron.  Adaptation is the decline in impulse rate over time with a prolonged stimulus.  Neurons may be rapid or slow adapting.  Receptors are specific for a certain modality, and also specific for their targets in the CNS.  A neural image is carried by the population response of a group of neurons.  

· Peripheral nerves have 24 types of fibers.  8 efferents (3 motor and 5 sympathetic) and 16 afferents.  The afferents are broken down into:  1. mechanoreceptors, four on hairless (glaborous) and three on hairy skin.  2. proprioceptors, four kinds.  3. thermoreceptors, two kinds.  4. nociceptors, two kinds.  5. itch, one kind.  

· You can also classify afferent fibers by diameter and myelination (or simply conduction velocity, which corresponds with threshold for excitation):  A = myelinated, C = unmyelinated.

Ia/b.  A-alpha:  myelinated, largest, fastest.  Most easily excited.  Primary muscle spindle (Ia), Golgi tendon (Ib).

II.  A-beta:  myelinated, medium size/speed.  Cutaneous mechanoreceptors, joint afferents, secondary muscle spindle.

III.  A-delta:  myelinated, small/slow.  Cold thermoreceptors and nociceptors (pricking).  

IV.  C fibers:  unmyelinated, smallest/slowest.  Least easily excited.  Warm thermoreceptors, itch, nociceptors (burning). 

· Pressure blocking of nerves affects large fibers first.  Anesthetics affect small fibers first.  

· Cutaneous mechanoreceptors (all A-beta fibers, except 1 type of C fibers):  
· Slow Adapting type I (SAI):  Superficial, small receptive field.  Sensitive to skin deformation.  Located in Merkel cells.  Sense form and texture.
· Rapid Adapting type I (RAI):  Superficial, small receptive field.  Respond to changes in skin deformation.  Located in Meissner corpuscles.  Control grip force by detecting small slips.
· Slowly Adapting type II (SAII):  Deeper, larger receptive field.  Sensitive to static and dynamic skin stretch.  Located in Ruffini corpuscles.  Senses hand shape and forces parallel to the skin.  
· Rapidly adapting type II (RAII, or PC):  Deep, very large receptive field.  Sensitive to vibrations.  They end in Pacinian corpuscles.  Useful for feedback from use of tools.
· Hair related afferents:  basically RAI, but end in hair follicles.  

· Field afferents:  end in hairy skin between hairs; function unknown.

· Low threshold C-afferents:  C fibers that end in hairy skin.  Respond to slow skin motion.

· Proprioceptors:

· Joint afferents:  group II and III afferents, endings range from free nerve endings to corpuscles.  Adapt slowly or quickly, and act over varying ranges of joint movement.

· Primary spindle afferents:  group Ia.  Slowly adapting and sensitive to muscle length and velocity.  
· Secondary spindle afferents:  group II.  Slowly adapting, sensitive only to muscle length.

· Golgi tendon organ afferents:  group Ib.  End between tendon and muscle fibers.  Sensitive to muscle force, not muscle length.  

· Thermoreceptors:  

· Cold:  group III.  Unmyelinated bare nerve endings just below epidermis.  Very sensitive to sudden changes in temp.

· Warm:  group IV (c-fibers).  Bare nerve endings end in the dermis and epidermis.  Signal warmth, with relative insensitivity to the rate of change.  

· Nociceptors:  
· A-delta:  unmyelinated bare nerve endings.  Varied properties.

· C:  bare nerve endings terminate in dermis, epidermis, and deep tissues.  Varied response properties (noxious heat, mechanical stimuli, etc). 

· Itch (C-fibers):  end in or near epidermis and are sensitive to histamine.  

Lecture 16:  Plasticity

· Chemical NTs are beneficial in that they provide mechanisms of versatility and plasticity.  With lots of receptors coupled to different things, you can have 1 NT mediate many effects in different target tissues.  Regarding plasticity, you can modulate them efficiently and reversibly.  
· Long Term Potentiation was discovered in the 70s.  Following a brief period of intense stimulation they found neurons to show a persistent increase in excitability and depolarization.  Low frequency stimulation provides a baseline EPSP, after LTP you see a larger EPSP.  LTP can last from hours to weeks.  

· LTP is mostly an increased response to a comparable release of NT, though there is a minor increase in the amount of NT released.  
· The induction and expression of LTP are mediated by AMPA and NMDA receptors in glutamatergic synapses.  Recall that NMDA receptors require depolarization in addition to glutamate to open, and they increase Ca++ conductance.  AMPA receptors only flux Na+ and are activated by glutamate alone. 

· At low frequency stimulation, only AMPA receptors open their channels because the depolarization is insufficient to open NMDA receptors.  But, during tetanus a prolonged depolarization permits NMDA receptors to open.  NMDA receptors let Ca++ in, which eventually increases the number of AMPA receptors at the synapse.  So, after tetanus, more AMPA receptors allow a greater depolarization to be exerted from the same amount of NT.

· A “silent synapse” is one without AMPA receptors.  With no AMPA receptors to depolarize, the NMDA receptors present won’t open.  This can be activated by depolarization and LTP from neighboring synapses, which will help open NMDA receptors and trigger exocytosis of AMPA receptors.  So LTP mechanisms can also turn on otherwise silent synapses.

· Since LTP induction requires both glutamate and depolarization, it only occurs at a synapse that is receiving excitatory stimulation.  So, LTP occurs definitely at the synapse getting the intense stimulation, but it can also happen at a synapse getting low levels of excitation at the same time as the big depolarization.  This is called associativity, and is quite common since depolarization spreads effectively through the dendritic arbor.  
· Associativity potentiates a weak stimulus that occurs in temporal association with the strong stimulus, and it provides a link between the two for associative learning.  Associative learning is like classical conditioning, associating a neutral stimulus with some response.  Eventually the neutral stimulus could trigger the same pathway as the original stimulus, without the original. 

· If this happens, you must have a way to uncouple or unlearn stuff.  This may occur through LTP reversal (de-potentiation).  
· LTD also occurs with low frequency stimulation, which is associated with motor learning.  
· Activity dependent plasticity not only occurs through strengthening or weakening existing synaptic contacts, but also adding and eliminating synapses.  This is still not well understood, but Rho signaling pathways seem to play a role in regulating dendritic spine shape and number (which may play a role in some mental retardation syndromes).  

· Schizophrenics have trouble with reasoning and drawing reasonable inferences.  Defects in NMDA receptors or their regulation may be a risk factor and play a role in this process.  Basically, cognitive deficits may come from abnormalities in plasticity.  

Lecture 17:  Pain I

· Nociception is the detection of noxious stimuli, whereas pain is the subjective perception of them.  When nociceptors are stimulated, they go through the DRG and into the dorsal horn where they synapse with secondary projection neurons.  These cross the midline and ascend to the brainstem or thalamus.  From there, tertiary neurons carry information to other brain structures.  
· Pain can be acute (days or less) or chronic (weeks or more).  It can also be superficial or deep, have different qualities or different temporal properties.  Pain may originate from inflammation, peripheral nerve injury (neuropathic) or central brain damage.  

· Mild/moderate pain varies a lot with the context (attention, mood, perceived meaning), whereas severe pain is powerful and invariant.  

· There is a biphasic response to pain.  Initially it is a pricking, followed by a delayed burning.  These represent the two classes of primary nociceptors.  A-delta fibers are bigger and myelinated, so conduct the pricking pain more quickly.  C fibers of smaller and unmyelinated, so conduct the burning pain more slowly.  A-beta fibers are bigger and faster, and may paly a role in pain associated with tissue injury (allodynia).  

· Cutaneously, the pricking pain is well localized and tolerated quite well, whereas the burning pain is more diffuse and more bothersome.  These may be mechanically, thermally or chemically stimulated.  Deep, visceral pain involves both A and C fibers, and is variable in its manifestations.  

· Pressure ischemia blocks large axons first, whereas anesthesia blocks small ones first.  

· Pain is different from other stimuli in that it can be caused by thermal, mechanical, or chemical modalities.  Nociceptors vary in how many they can respond to.  
· Thresholds for pain:  any tissue injury.  Temperature below 15 or above 45 degrees (very constant).  Above 45 degrees, pain becomes more intense.  Mechanical threshold vary among parts of body and individuals.  Chemicals can directly activate nociceptors or lower thresholds of other nociceptors.  

· Congenital Insensitivity to Pain is a hereditary disorder.  May be due to absence of A-delta or C fibers because of a lack of the NGF receptor TrkA.  Or it may be due to mutation in the nociceptor itself.  They lack protective responses from chronic and acute pain.  Pain is also important for helping us protect injured regions.  

· Inflammation may be responsible for delayed onset of pain.  Lots of molecules are released and activated, some causing pain directly on nociceptors others sensitizing mechanical and thermal nociceptors.  

· Hyperalgesia is the increased sensitivity to noxious stimuli, often following injury.  Primary hyperalgesia makes you sensitive to mechanical and thermal stimuli, occurs at the site of injury, and can produce pain without an extra stimulus.  It is caused by peripheral sensitization, where you increase the nociceptors’ response to a stimulus, as well as central sensitization that makes central neurons more responsive to nociceptor input.  

· Secondary hyperalgesia is more sensitive to mechanical, but not to thermal, stimuli.  It is adjacent to the site of injury, and produces no spontaneous pain.  Secondary hyperalgesia occurs only through central sensitization.  
· Allodynia is pain in response to formerly nonpainful stimuli.  Ex:  light touch is painful in areas of secondary hyperalgesia, or normal body temp may become painful at the site of injury. 

· A-delta fibers are responsible for peripheral sensitization in hyperalgesia on the palm of the hand, whereas both A-delta and C fibers mediate it on the dorsal hand.  Central sensitization occurs when the many nociceptive APs strengthen future synaptic responses in dorsal horn neurons (so following injury input from low-threshold mechanoreceptors may be perceived as painful).  
· The spinal cord is divided into lamina, and different sensory info goes to different places.  
· Lamina I:  nociceptive and innocuous thermoreception

· Lamina II (substantia gelatinosa):  nociceptive and nonnociceptive afferents.  Contains integrative circuits.

· Laminae III, IV:  innocuous mechanoreception

· Lamina V:  innocuous mechanoreception and nociceptive inputs.  

· Neurons that project from the spinal cord to the brain primarily come from laminae I and V:
· Lamina I projection neurons:  Cold, itch, nociceptor and sensual touch (all have neurons w/ different morphology) tracts project along the Lateral Spinothalamic Tract → Medial thalamus → Anterior cingulated cortex, Insular cortex, somatosensory cortex → emotional content of pain; homeostasis

· Lamina V projection neurons:  Wide Dynamic Range (WDR) neurons get input from nociceptors and low-threshold mechanoreceptors and project along the Anterior Spinothalamic Tract → Lateral thalamus → Insular cortex, somatosensory cortex → localization, temporal discrimination, and intensity evaluation.

· Referred pain occurs when visceral and cutaneous nociceptors converge on the same neurons in the dorsal horn of the spinal cord.  Excessive visceral input sensitizes the spinal cord projecting neurons (central sensitization) resulting in mechanical allodynia and spontaneous pain in the corresponding skin area.

· Emotions, visceral sensation and pain involve many of the same areas of the brain, so stimuli may evoke the appropriate combination of these responses.  Ex:  insular cortex and anterior cingulated cortex
· Many stimuli that reflect the general well-being of the body project to the insular cortex, including pain afferents.  

· The anterior cingulate cortex seems to be involved with the subjective experience of pain.  Based on how much people expected and perceived pain, they saw varying levels of bloodflow there.  
· Descending pathways regulate the incoming nociceptive signals to the brain.  Cortex, hypothalamus, amygdala → periaqueductal gray area (PAG) of midbrain → rostroventral medulla (RVM) → dorsolateral funiculus → spinal cord dorsal horn.  
· Some cells in the RVM block and others enhance nociceptive afferent pathways.  Opioid analgesics act here.  

· Neurons in the locus ceruleus also project to the dorsal horn and regulate nociception.  

Lecture 18:  Pain II

· The perception of pain in the brain requires lots of steps to get from the noxious stimulus to the cortex.  Pain is unique in that several modalities can activate it.  

· Tissue deformation from mechanical force may be detected by nociceptors, or it may induce release of chemicals (regulated release or by cell lysis) that can be detected by nociceptors.  These receptors must distinguish between weak/innocuous and strong/painful mechanical stimuli.  

· Algogens are chemical stimuli that produce pain, and may be produced endogenously in response to injury, infection, or ischemia.  They include, H+, ATP, histamine, glutamate, neurotrophins, cytokines, prostaglandins, leukotrienes, endocannabinoids, bradykinins, opioid peptides, etc. 

· Prostaglandins are particularly important pain stimulators.  They are lipids that sensitize nociceptors to mechanical and thermal stimuli.  PGE2 is increased with injury or inflammation by:  phospholipid (phospholipase)→ arachidonic acid (cyclooxygenase)→ prostaglandins and thromboxanes.  NSAIDs (aspirin, ibuprofen) block the first of COX’s two enzymatic steps, and thus PGE2 production and pain.  Aspirin does so by covalently and irreversibly acetylating the enzyme.  COX is also important in platelet function, so doing this reduces clotting, since anucleate platelets can’t make more COX.  
· But, general COX inhibitors also inhibit important housekeeping functions of COX1 like gastroprotection.  COX2 is the one responsible for inflammatory pain, but COX2 selective NSAIDs have cardiovascular side effects.  Acetaminophen blocks COX3 in the CNS for fever and general hyperalgesia, but isn’t good for anti-inflammatory effects.  
· Several exogenous algogens are commonly used in lab to produce pain, including capsaicin which directly activates nociceptors, and Formalin or mustard oil that trigger inflammation.

· Nociceptors may be ion channels, GPCRs, or neurotrophin receptors.  Cation channels directly depolarize, and may be ligand-gated by ATP, protons, serotonin or capsaicin.  Additionally, those permeable to Ca++ may cause changes in gene expression or release of NT or pro-inflammatory molecules from vesicles within the neuron into the periphery.  

· There are also acid gated ion channels (ASIC), with different subtypes (ASIC1 vs ASIC3) expressed in different places (often one subtype is more common in nociceptors).  They have different sensitivities and responses, and ASIC3 is more common in sensory neurons.  ASIC3 is really enhanced by the presence of lactate, for detecting lactic acidosis in muscles.  It may be responsible for angina, and generally shows that multiple stimuli can converge on nociceptors to augment responses. 
· Heated gated ion channels show a current in response to changes in temperature.  The current through them greatly increases over 40-45 degrees C.  Nociceptors in the DRGs show this behavior.  One such channel is TRPV1, and is activated by both heat and capsaicin in chili peppers.  Mice without this channel show delayed responses to noxious heat.  Different TRP channels are activated at different temperatures.  
· Nociceptors can be triggered by mechanically gated ion channels.  These may be ASIC or TRP family ion channels, it’s unclear which.  Some “mechanical” nociception may be due to chemicals released by crushed adjacent cells.  
· Voltage gated ion channels (Na, K, Ca) are expressed in nociceptors for AP generation, AP propagation, and NT release.  One unique type of VG Na channel in nociceptors is a tetrodotoxin (TTX) resistant channel.  Their activation and desensitization properties are unique, allowing for maintenance of high levels of firing.  Local anesthetics and tricyclic antidepressants block both TTX sensitive and resistant VG Na channels (blocking pain and all somatic sensation).  Both resistant and sensitive VG Na channels important in pain.  The TTX sensitive channels are dysfunctional in congenital pain insensitivity, and have gain of function in primary erythemalgia and paroxysmal extreme pain disorder.    

· The drug ziconotide blocks N-type VG Ca channels and blocks NT release from primary afferent nociceptors.  Gabapentin blocks L-type VG Ca channels (NMDA receptors) and also blocks pain pathways.  

· K+ channels also play a role in nociception, and can be gated by inflammatory mediators to alter nociceptor excitability.

· In addition to ion channels, nociceptors use GPCRs.  Ligands for these include bradykinins, prostaglandins, leukotrienes, serotonin, and ATP.  GPCRs activate downstream effectors like PKA, PKC, PLC or ion channels.  They generally influence nociception indirectly, by sensitizing or desensitizing ion channels to their stimuli.  It may make normal body temperatures or membrane potential enough to trigger pain.  PGE2 can activate PKA via a GPCR to phosphorylate heat and voltage gated channels to sensitize a nociceptive neuron.  

· Some analgesics also act at GPCRs that inhibit neuronal excitability or NT release.  These may be endogenous opioids (enkephalins, endorphins, etc), exogenous opioids, somatostatin, endocannabinoids.  
· Neurotrophic factors produced by cells neighboring nociceptive neurons can bind RTKs and influence nociceptor function.  NGF family neurotrophins act on Trk receptors, while GDNF family neurotrophins act on GFR receptors.  These may activate PI3 Kinase, PLC, Ras signaling, etc.  

· Neurotrophic factors function to promote nociceptor differentiation and survival, alter gene expression, activate signaling cascades to sensitize channels, or activate signaling to regulate trafficking of ion channels to the nociceptor nerve terminal.  

· Summary of peripheral sensitization mechanisms:  increase cation channel expression, transport to nerve terminals, or sensitization, produce synergistic co-agonists, or reduce inhibitory ion channels.  

· Primary afferent neurons synapse in the superficial spinal cord’s dorsal horn at glutamatergic synapses.  Some release substance P in addition to glutamate.  Transmission to central synapses is dictated by AP frequency, synapse sensitization state, interneurons, descending modulatory neurons, and factors released by glial cells.  
· Central sensitization involves strengthening synaptic transmission.  Temporal summation of high-frequency nociceptive APs leads to wind-up, in which the Mg blocking NMDA receptors is removed.  This is reversible.  

· In addition to wind-up, more persistent changes also occur with high frequency nociceptive input.  As in LTP, NMDA activation causes insertion of more AMPA receptors, and GPCR mediated signaling from glutamate and substance P can enhance NMDA receptor function via PKC and src kinase.  GABAergic and glycinergic signaling is also suppressed.  Gabapentin acts at NMDA receptors and treat neuropathic pain via this pathway.

· Descending pathways modulate nociceptive input.  Pathway:  Cortex, hypothalamus, amygdala → periaqueductal gray (PAG) in midbrain → rosrtoventral medulla (RVM) → dorsolateral funiculus → spinal cord dorsal horn.
· The RVM has neurons that block and neurons that enhance transmission of nociceptive neurons.  Neurons within the locus ceruleus also go to the spinal cord and regulate nociceptive input.

· Opiates act at GPCRs throughout the descending modulatory pain pathway.  They lead to pre and post synaptic inhibition of transmission at the dorsal horn.  There are mu, kappa, and delta receptors, with mu being the targets or opiate analgesics.  Side effects of these drugs are sedation, respiratory depression, tolerance and addiction.  Opiate analgesia and/or overdose can be blocked by an antagonist drug, naloxone.  
· The endogenous opioids peptides are enkephalins, endorphins and dynorphin.  They all share an N-terminal Try-Gly-Gly-Phe, and are made by proteolysis from large precursors.  These act in the descending modulatory pain pathway and on terminals of primary afferent nociceptors.  Often when precursors to these endogenous opioids are cleaved, other bioactive peptides are also generated (like ACTH and melanocyte stimulating hormone).  Some opioids can be proalgesic.  

· Processing of opioid peptides includes:  proteolysis, C-terminal cleavage, oxidation, acetylation, glycosylation, sulfation, phosphorylation.  

Lab 1

· The spinal cord:  gray matter (interior) is composed of cell bodies and neuropil (region of synaptic contacts), including prominent motor neuron bodies.  

· Outside the spinal cord, peripheral neurons form the DRGs.  DRG neurons have a single process, which divides into peripheral and central processes.  In a monosynaptic reflex arc, the DRG sensory cell ends in a muscle spindle, which is sensitive to stretch.  When stretched, the DRG cell’s central process stimulates the alpha motor neuron that innervates the stretched muscle.  This results in the stretch reflex.  Also, the afferent neuron synapses with an inhibitory interneuron to relax the antagonist muscle.  

· Cerebral cortex cells:

· Pyramidal neurons:  triangular cell bodies with several long, branched dendrites coming from the base and one prominent dendrite extending from the apex toward the cortical surface.  

· Stellate neurons:  smaller, round soma with dendrites radiating in all directions
· Cerebellar cortex cells:

· Purkinje cells:  prominent.  A single dendrite immediately breaks up into a very dense, planar tree.  They possess many dendritic spines at high magnification.

· Granule cells:  much smaller, with short, very sparse dendrites. 

· Each soma has 1 axon, coming from the axon hillock.  It has a high density of VG Na+ channels.  Some axons give off collaterals.  Along or at the end of axons are terminals (boutons) that form synapses.  

· Bodian silver stain is used to stain neurofibrils (MTs and neurofilaments in axons and dendrites) dark.  Such a stain in cross section shows dark axons surrounded by light myelin with much variability in axon diameter.  

· Nissl stain shows Nissl bodies as dark clumps in the soma.  They are stacks of rough ER and rosettes of free ribosomes.  The nucleus and nucleolus also stain due to high nucleic acid content.  Nissl bodies may invade the primary dendrite, but not the axon.

· Prominent cytoskeletal components include neurofilaments (int. filaments) and microtubules.  
· Neurofibrils are bundles of neurofilaments, and they’re present throughout neurons.  They are made of low (NF-L), middle (NF-M) or heavy (NF-H) weight neurofilaments.  Immunocytochemistry can be used to identify neurons w/ these proteins.  

· Microtubules are the same as in other cells.  But, unique to neurons is their association with MAP-2.  This cross links MTs to stabilize the cytoskeleton.  MAP-2 is more highly expressed in larger neurons.  

· Presynaptic elements are generally vesicle filled and expanded to form boutons, whereas postsynaptic membranes often have a post synaptic density (PSD) due to accumulated receptors and scaffold proteins.  Boutons contain mitochondria as well.  

· In a monosynaptic reflex arc, the DRG neuron simply transmits stimuli faithfully, whereas the motor neuron has a huge dendritic arbor with lots of inputs, and it integrates the incoming info at its dendrites and soma.  

Lab 2

· Three types of neuroglia in the CNS include astrocytes, oligodendrocytes and microglia.
· Astrocytes are abundant in the intermediate filament protein Glial Fibrillary Acidic Protein (GFAP).  

· Protoplasmic astrocyes are present in the gray matter of the CNS, having thicker and less numerous processes.

· Fibrous astrocytes are present in the white matter and have numerous elongated processes.  These differences are purely morphological, not functional.

· Bergman glia are a third type of astrocyte unique to the cerebellar cortex.  These have very long radial processes that surround synapses on Purkinje cell dendrites.  Bergman glial cell bodies are adjacent to Purkinje cell bodies. 

· Astrocytes’ terminal expansions (foot processes) cover the entire external surface of the CNS, forming the visible glia limitans.  Astrocytic foot processes also cover most of the capillary surface in the CNS.  They are not part of the blood brain barrier, which is made of tight junctions between endothelial cells.  
· Astrocyte functions included removing glutamate from the synaptic cleft, supporting neuronal energy metabolism, and maintaining appropriate ion concentrations in the extracellular CNS.  

· Oligodendrocytes are small with few processes.  They function to myelinate CNS axons.  In cross sections of white matter tracts, you can see astrocytes (large with star-like processes) and oligodendrocytes (small and darkly stained).

· Myelin stained preparations allow you to identify brain nuclei and fiber tracts.  

· Schwann cells myelinate peripheral axons and originate from the neural crest.  Nissl stains of peripheral nerves/ganglia show large neuron somata and tiny Schwann cell nuclei.  Schwann cells are found among axon bundles and surrounding large DRG neurons as satellite cells.  Only nuclei of glia stain with Nissl stain because they don’t have much ER or protein synthesis.

· If you cut a nerve in cross section and stain for lipids, you see dark rings of myelin surrounding unstained axons.  In longitudinal section you see long stained internodes separated by Nodes of Ranvier.  There variety in axon size, with bigger axons having larger internodes, and thus conducting faster.  
· For PNS, each Schwann cell forms 1 internode.  For CNS, each oligodendrocyte has ~50 processes that each form an internode, often on different axons.

· Myelin has a ring like structure under EM.  Dark rings, called the major dense lines, are phospholipid rich formed by fusion of protoplasmic faces of membranes.  Light rings, called interperiod lines, are glycolipid rich formed by fusion of external faces of cell membranes.  Proteins that hold the myelin together are enriched at interperiod lines, and they’re commonly attacked by demyelinating conditions like MS.

· Demyelination can occur from axon transaction, toxins, or infections, and generally stops neuronal function since conductance is so reduced.  In a myelin stain, this looks like light areas where it should by myelinated (dark).  Much of the improved coordination in the first 5 years of life is due to myelination of axons.  

· Microglia are the smallest of the neuroglia, and are basically resident macrophages in the CNS.  They are of blood monocyte origin and have complement receptors, MHCII, etc characteristic of macrophages.  They are activated by injury or inflammation in the CNS.  
· Peripheral nerves are ensheathed by epineurium, with axonal bundles and nerve fascicles surrounded by perineurium, and endoneurium filling the space between axon bundles.  These coverings meet similar coverings where the PNS meets the CNS.

· Epineurium is a thin matrix of collagenous CT.  Perineurium is alternating layers of collagen and mesothelial cells that are joined by tight junctions to separate the nerve from the surrounding tissue.  Epineurium is dense collagen and fibroblasts.  

· In central nerves, you not only have less cytoplasm around each axon, but also lack endoneurium and perineurium.  Instead you have meninges that invaginate to separate nerve fascicles.  

· The meninges:  The dura mater is dense collagen with scattered fibroblasts.  The arachnoid has mesothelial cells and collagen fibers.  The pia mater is a thin membrane of cells and collagen; it lies just superficial to the glia limitans.  CSF flows in the subarachnoid space.  

· Epineurium transitions into dura and perineurium into arachnoid near the DRG.  Endoneurium transitions into pia mater at the semilunar line, which is also the transition from Schwann cells to oligodendrocyte myelination.  This happens at both dorsal and ventral roots.  

Lab 3:  

· When the embryonic disc is just ectoderm and endoderm, the primitive streak appears in the ectoderm.  Ectoderm cells migrate in to form the mesoderm.  At the rostral end of the primitive streak is the primitive pit and Hensen’s node.  Rostral to these structures, the notochord forms in the midline mesoderm.  

· Notochord induces overlying neurectoderm to form the neural plate, then neural groove and folds, and finally the neural groove.  This formation proceeds rostrally and caudally from the midline.  If neural tube doesn’t close posteriorly, spina bifids; anteriorly, anencephaly.  These conditions can be avoided with sufficient folic acid.  

· Neural crest is present just between the neural tube and the dorsal surface. 
· Expansions of the neural tube form brain vesicles.  Most anterior is the prosencephalon, with optic vesicles on either side.  Optic vesicles will become the neural retina and pigment epithelium, and the lens will form from surface ectoderm.  So, the optic nerve is a CNS tract.  Middle is the mesencephalon, and caudally is the rhombencephalon.  

· Next the neural tube lengthens and undergoes flexion and torsion.  This forms two more vesicles and changes the brain’s orientation.  Torsion occurs due to heart formation.  From posterior to anterior:  spinal cord, cervical flexure (dorsal/primary), myelencephalon, pontine flexure (ventral/secondary), metencephalon, cephalic flexure (very prominent, dorsal/primary) and overlying mesencephalon, diencephalon, unnamed ventral/secondary flexure, telencephalon. 

· The metencephalon and myelencephalon have a thin roof, which is where the 4th ventricle forms.  The cerebellum develops from the rhombic lip.  

· In cross sections, if you see torsion and only one lumen, it’s myelencephalon.  If you see two, depending on how rostral they are, they could be telencephalon/myelencephalon or diencephalon/metencephalon.  If the two are connected, you’re looking at mesencephalon/metencephalon.  

· The ventricular zone is the densest layer adjacent to the lumen of the neural tube.  This is where proliferation occurs.  Cells in M phase are directly adjacent to the lumen, while in the rest of the cell cycle they show nuclear migration.  The marginal zone is cell-free and contacts the external surface of the cord.  The intermediate (mantle) zone is between, with post-mitotic, post-migratory neurons.  
· The developing spinal cord has a roof plate, dorsal alar plate (gray matter), ventral basal plate (gray matter), and floor plate.  The alar and basal plates are separated by the sulcus limitans.  Alar plate is the origin of sensory neurons in the spinal cord, medulla and pons, whereas the basal plate is the origin of motor neurons there.  

· In spinal cord, alar plate is dorsal, basal plate ventral.  In the brainstem, the fourth ventricle open dorsally, causing the alar plate (sensory) to be lateral and basal plate (motor) to be medial.  

· The spinal cord is divided into cervical cord (8 segments), thoracic (12), lumbar (5), sacral (5), and coccygeal (1).  All regions generally have grey matter around the remnant of the ventricle (spinal canal), surrounded by white matter.  

· The dorsal spinal cord is characterized by a dorsal (posterior) median septum and two dorsal intermediate sulci on either side of it (only above the mid-thoracic level).  Dorsal intermediate sulci separate the gracile (medial) and cuneate (lateral) fasciculi that make up the dorsal funiculus.  The ventral spinal cord has a ventral (anterior) median fissure. 

· Rexed divided the gray matter in the spinal cord into laminae, numbered I to X from dorsal to ventral.  The dorsal horn is laminae I-IV and is derived from the alar plate (sensory central processes of DRG neurons and interneurons).  The ventral horn is lamina VIII (interneurons) and IX (motor neurons) from the basal plate.  The intermediate cord (interneurons) is between these.  In the thoracic and upper lumbar segments there is a lateral horn, with preganglionic sympathetic neurons.  

· The white matter can be divided as follows:  

· The dorsal funiculus is between the dorsal median septum and the dorsal root entry zone, and contains ascending somatosensory tracts called dorsal columns.  

· The dorsal root entry zone has small diameter fibers (pain/temp) laterally that join Lissauer’s tract protruding upwards from the dorsal horn; they go up a level or two before synapsing.  Lissauer’s tract is made of branches of unmyelinated dorsal root axons and interneuron axons.  Large diameter fibers enter in the medial part of the dorsal root entry zone, and ascend in posterior columns.  Collaterals of these axons enter the dorsal horn.  

· The lateral funiculus contains the largest descending tracts (lateral corticospinal tract) and some ascending tracts. 

· The ventral funiculus is between the ventral median fissure and the lateral funiculus.  It has several small descending tracts.  The anterior white commissure runs across the midline of the cord horizontally.
· Cervical cord:  widest spinal cord segment, characterized by lots of white matter.  The ventral horn is expanded at the cervical enlargement.
· Thoracic cord:  highest ratio of white to gray matter.  Contains a lateral horn.  In the upper thoracic cord’s dorsal funiculus, the cuneate fasciculus from the upper limb is present and lateral to the gracile fasciculus.  In the lower thoracic cord, only the gracile fasciculus is present, thus there is no intermediate septum.  

· Lumbar cord:  highest ratio of grey to white matter.  Less white matter due to fewer axons, and a lumbar enlargement ventrally.  
Lab 4:  

· Interhemispheric fissure, lateral (Sylvian) fissure, central sulcus (Rolandic fissure), cingulated gyrus (over corpus callosum), parietooccipital sulcus (in coronal plane), calcarine sulcus (horizontal plane).  
· Precentral gyrus – primary motor cortex.  Postcentral gyrus – primary somatosensory cortex.  Calcarine fissure – primary visual cortex.  Temporal lobe/lateral fissure – primary auditory cortex.  

· Broca’s speech area is in the inferior frontal gyrus (frontal lobe above lateral fissure), and Wernicke’s area is in the temporal lobe below the lateral fissure.  These are unique to humans.

· Medulla:  caudally it’s the closed medulla, rostral to the obex it’s open and makes up the floor of the 4th ventricle.  Nuclei in the medulla include dorsal column nuclei, CN VIII-XII, and the inferior olive nuclei (ventral, deep).  Axonal bundles make up the ventral pyramids and the medial lemniscus deep to these pyramids.  Pyramids originate ipsilaterally in the cortex, cross the midline where the medulla meets the spinal cord, and terminate in the contralateral spinal cord.  The olives are sources of input to the cerebellum.  Ventrally, the gracile and cuneate tubercles/nuclei have second order sensory neurons relaying info to the thalamus.  Rostral to the obex, there are V-shaped bumps:  medially the hypoglossal trigone, and laterally the vagal trigone.  The facial colliculus is more rostral, formed by the axons of the facial nerves. 
· Pons:  the tegmentum makes up the rostral floor of the 4th ventricle.  The tegmentum has ascending and descending axon tracts, as well as CN V-VIII nuclei.  The basal pons has clusters of cell bodies called the pontine nuclei, which provide the cerebellum with axonal input.  
· Midbrain:  The tectum is dorsal to the cerebral aqueduct in this region.  It includes the superior (visual reflex center, move head toward stimulus) and inferior colliculi (auditory relay).  Superior to the tectum, still on the posterior surface, is the pineal body which contributes to circadian rhythms.  Ventral to the cerebral aqueduct is the tegmentum, which includes CN nuclei III and IV, as well as the red nucleus.  The red nucleus is lateral to the midline and part of the motor system’s control of arm movement.  The base of the midbrain contains the substantia nigra (a motor nucleus) and the cerebral peduncles (fiber tracts from cortex to pons/medulla/spinal cord) both lateral to the midline.  
· Diencephalon:  rostral to midbrain and caudal to the line between the optic chiasm and interventricular foramen.  It includes the thalamus and hypothalamus, that make up the walls of the third ventricle.  The nuclei of the thalamus send axons to the cortex.  The hypothalamus regulates lots of homeostatic stuff.  On the anterior surface of the hypothalamus at its posterior margin are the mamillary bodies.  

· Telencephalon:  Cerebral cortex and basal ganglia (subcortical nuclei).  The corpus callosum and the smaller anterior commissure (axons between parts of temporal lobes) carry axons across the midline.  These develop from the embryonic lamina terminalis (rostral extent of neural tube).  In the adult, the lamina terminalis forms the anterior boundary of the 3rd ventricle.  The interventricular foramen connects the lateral ventricles to the 3rd ventricle.  Much of the CSF is produced in the lateral ventricles.  The lateral ventricles are separated at the midline by the septum pellucidum.  
Lab 5

· Transverse sections through caudal “closed” medulla:  No ventricles present, sections are pretty round.  Dorsally the gracile nucleus is medial and the cuneate nucleus/fasciculus lateral.  The spinal trigeminal nucleus is lateral.  The pyramids are ventral, and the medial lemniscus is just dorsal (deep) to the pyramids.  The pyramids may be decussating (crossing), and the cuneate and gracile nuclei may give off internal arcuate fibers that cross the midline and ascend in the medial lemniscus.

· Transverse sections through the rostral “open” medulla:  flat and thin-roofed 4th ventricle dorsally.  Pyramids are still ventral in the midline, with the medial lemniscus underneath.  Now, just dorsolateral to the pyramids, you see cell bodies of the inferior olive.  The inferior olive provides input to the cerebellum.  The floor of the 4th ventricle dorsally has hypoglossal nuclei medially, under the hypoglossal trigone (motors neurons of CN XII).  Lateral to this is the dorsal motor nucleus of the vagus, under the vagal trigone.  Lateral to that is the solitary tract and nucleus of the solitary tract, receiving visceral afferents.  
· Junction of medulla and pons dorsally, medulla ventrally:  Dark spots laterally, almost like insect eyes.  Dorsally, this is where the 4th ventricle is widest, with lateral recesses going to the lateral edge of the brainstem.  You still see the pyramids and inferior olives ventrally.  You also see very large lateral fiber tracts, the inferior cerebellar peduncles.  The ICPs include afferents to the cerebellum.  Lateral to the ICPs aer the cochlear nuclei (cell bodies for CN VIII.  Medial the ICPs and making up the floor of the 4th ventricle are the vestibular nuclear complex.  
· Mid-pons (caudal):  the 4th ventricle is now trapezoid shaped with a dot of light stain between the superior cerebellar peduncles.  Dorso-lateral to the 4th ventricle are the superior cerebellar peduncles, axon carrying info from the cerebellum to the midbrain/diencephalon.  Lateral to that are the inferior cerebellar peduncles, and lateral to those are the middle cerebellar peduncles (axons carrying info to the cerebellum).  Pontine nuclei look like horizontal light stripes ventrally, and they send info to the cerebellum via the middle cerebellar peduncles.  What were pyramids below are now within the pontine nuclei and are called the corticospinal tract.  Dorsal to the pontine nuclei along the midline, you can still see the medial lemniscus.  You can still see the spinal trigeminal nucleus and tract, just medial to the cerebellar peduncles.  The abducens nucleus is in the floor of the 4th ventricle.  The facial nucleus is medial to the trigeminal nucleus, and their axons run dorsally over the abducens nuclei to create the facial colliculus on the floor of the 4th ventricle.  
· Mid-pons (rostral):  This level can be distinguished by a smaller 4th ventricle and a curved streak of light stain between the superior cerebellar peduncles over the 4th ventricle.  Here, you see many of the features in more caudal levels, but also the trigeminal complex.  The axons of the trigeminal are a dark pocket in the medial part of the giant middle cerebellar peduncle.  Dorsal to the axons is the principal sensory nucleus of the trigeminal.  Medial to this is the motor nucleus of the trigeminal.  
· Midbrain, level 10:  ventricular system narrows to form the cerebral aqueduct.  Dorsal to this are the inferior colliculi, which look like they are being grabbed by the dark lateral lemniscus (auditory input to inferior colliculus).  You still see pons ventrally.

· Midbrain, level 9:  the cerebral aqueduct is now round, and is surrounded by the periaqueductal gray (PAG).  Dorsal to the aqueduct is the superior colliculus, with a light dorsal region of visually responsive neurons and a slightly darker ventral region of axons for reflexive eye movements.  Just ventral to the PAG on either side of the midline is the Trochlear nucleus.  
· Midbrain, level 8:  This level can be identified because the superior colliculi look like hills just above the PAG and cerebral aqueduct.  Just ventral to the PAG at the midline is a triangular oculomotor complex, containing motor neurons and preganglionic parasympathetics.  In the lateral (slightly ventral) part of the section are large, dark cerebral peduncles, with all axons going from the ipsilateral cortex to the lower levels of the CNS.  Dorsomedial to the cerebral peduncles is the light staining substantia nigra.  These DA neurons innervate the caudate nucleus and putamen, and degenerate in Parkinson’s.

· Midbrain, level 7:  in this slide, the pulvinar (diencephalon nucleus) is very prominent hanging over the dorsal, lateral margins of the midbrain.  Between the pulvinar on either side, it almost looks like a ventricle, though the cerebral aqueduct and PAG are clearly visible.  Directly dorsal to the PAG is the pretectum, which gets direct retinal input.  Ventrally are the cerebral peduncles.  Dorsal to those are the light stained substantia nigra.  Dorsal to those are the large, round red nuclei.  They provide motor control to the arms.  
· Horizontal brain slices:  

· At the level of the body of the lateral ventricle:  This slide is quite simple.  Interhemispheric fissure anteriorly and posteriorly.  You can see gray and white matter.  Lateral ventricles just lateral to the midline, with choroid plexus visible in the posterior parts.  Corpus callosum is dark and between the interhemispheric fissure and the ventricles.  The caudate nucleus (part of basal ganglia for executing and planning voluntary movements) is a light structure that follows the lateral wall of the lateral ventricle.  

· Level of genu of corpus callosum:  This slide still shows lots of lateral ventricle, but they look quite filled in.  You see lateral ventricles anteriorly and posteriorly (separated by septum pellucidum), with a little bit of third ventricle posteriorly in the midline.  Choroid plexus is present in both.  The genu of the corpus callosum is anterior, the splenium of the corpus callosum is posterior.  The insula is the deepst of the cortical gray matter folds, just outside the ventricles.  The putamen is similar to the caudate nucleus, and together they make up the striatum (cortical input to basal ganglia).  The putamen is just medial to the dark, lateral border of the ventricles.  The caudate nucleus is in the anterior-most part of the lateral ventricles.  The internal capsule (anterior/posterior limbs and genu) is the dark structure separating the putamen and caudate nucleus.  The thalamus is medial to the internal capsule and divides into:  Anterior (medial), ventral anterior (anterolateral), and ventrolateral (posterolateral) nuclei.  
· Through splenium of corpus callosum:  you can just see bits of anterior horns of the lateral ventricle.  The third ventricle is visible in the midline, posterior to the thalamus.  Posteriorly, there are optic radiations running lateral to the lateral ventricles.  These carry info from the thalamus to the primary visual cortex.  The Stria of Gennari are myelinated axons in the gray matter of the primary visual cortex, located along the midline of the posterior interhemispheric fissure.  The basal ganglia includes the caudate nucleus just posterior to the anterior horn of the lateral ventricle, the putamen just posterolateral to that, and the globus pallidus medial to the putamen.  Internal capsule separates globus pallidus from thalamus.  The tail of the caudate nucleus sticks out into the posterior horn of the lateral ventricle.  The thalamus, on either side of the third ventricle, is divided into:  medially an anterior, dorsomedial and pulvinar nuclei.  Laterally, a ventral anterior, ventral lateral, and ventral posterolateral nuclei.  
· Level of anterior commissure:  no anterior horns of lateral ventricles, and a dark band of the anterior commissure (connects parts of temporal lobes) crossing the midline between the caudate nuclei.  The globus pallidus is broken into a pars externa and pars interna separated by a dark band.  The thalamus now lacks an anterior nucleus.  
· Level of hypothalamus:  hypothalamus is at the anterior/lateral borders of the third ventricle.  Cerebral aqueduct and PAG are visible posteriorly.  Posterior to these is the tectum, with the superior colliculi.  Anterior to the PAG are the large red nuclei.  Lateral to these are the cerebral peduncles.  

Lab 6

· Somatosensory stimuli are either mechanical (touch/proprioception) or painful/warm/cold.  These two distinct classes use different pathways and differ in size and myelination.  
· Each modality is sent to higher regions along a labeled line dedicated to that modality.  Each labeled line has primary sensory neurons (soma in DRG or cranial nerve ganglion) with 1 process having peripheral and central processes.  They also have second order neurons in the spinal cord and brainstem that send axons into the thalamus.  Third order neurons in the thalamus send axons to the first somatosensory area (S1) in the postcentral gyrus.  

· Cell bodies:  ganglion → spinal cord → thalamus → postcentral gyrus (S1)

· From S1, information can take two paths.  One goes to the parietal lobe for integration with visual inputs and perception of the body in space for motor information and attention focus.  The other goes to S2 cortex, providing input to the insula and temporal lobe for object recognition and representation in working memory.  

· Pacinian corpuscles are in the dermis.  They are large and laminated with CT.  Responds to high frequency vibration.

· Meissner’s corpuscles are in the outer dermis.  Terminals are surrounded by epithelial cells.  Sensitive to skin movement, useful for grip force.  

· Merkel cells are in the basal epidermis.  Merkel cells complex with Merkel sensory axon endings.  They sense skin deformation for texture and form.

· Muscle spindles include intrafusal muscle fibers and sensory axons wrapped in a capsule.  This detects muscle length.  

· Free nerve endings, particularly in the pulp of teeth, act as nociceptors and thermoreceptors. 

· All peripheral sematosensory receptors have cell bodies in the DRG.  For the face, they are in the trigeminal ganglia.  Note that DRGs are located ventral/lateral to the spinal cord.  The DRGs have somata that vary in size, and size correlates to axon diameter and myelination.  Big, fast, myelinated = proprioceptors and mechanoreceptors.  Small, slow, unmyelinated = nociceptors and thermoreceptors.  
· Small Schwann cells are abundant in the DRG.  Schwann cells surrounding somas are satellite Schwann cells, acting for support rather than myelination.  

· In the Dorsal Root Entry Zone, axons form two bundles.  Large fibers form a tract medial to Lissauer’s tract and join the dorsal columns, carrying proprioceptive and mechanoreceptive info to the CNS.  Smaller fibers are lateral and join Lissauer’s tract, carrying pain or temperature info. 

· Large fibers:  principal branches ascend in the dorsal columns of the dorsal funiculus.  Some branch into the gray matter to innervate alpha motor neurons for reflex arcs.  Some of these processes terminate at the base of the dorsal horn.  At T6 and below, there is only the gracile fasciculus here, carrying info between the lowest rib and toes.  At T5 and above, there is also a more lateral cuneate fasciculus.
· The axons of the gracile fasciculus terminate in two places.  

· One is Clarke’s nucleus, large neurons medial and at the base of the dorsal horn in the thoracic spinal cord.  Muscle spindle afferents from the lumbar and sacral regions terminate here.  From the nucleus, axons form the dorsal spinocerebellar tract to the ipsilateral cerebellum.

· The other is the gracile nucleus in the caudal, dorsal medulla.  Axons going here carry sensory input from the lower trunk, legs and feet.  From the gracile nucleus, fibers cross the midline as internal arcuate fibers and ascend in the medial lemniscus.  

· Axons of the cuneate fasciculus also terminate in two places:

· External cuneate nuclei:  lateral to the cuneate nuclei on each side are the external cuneate nuclei.  These are the muscle spindle afferents from the upper body, and the post-synaptic axons here go through the cuneocerebellar tract to the ipsilateral cerebellum.

· Cuneate nucleus:  lateral to the gracile nuclei on the dorsal medulla.  Dorsal to the cuneate nuclei are fibers of the cuneate fasciculus that continue to more rostral parts of the cuneate nuclei.  These get sensory input from the upper trunk, arms and hands.  They too give off internal arcuate fibers and ascend in the medial lemniscus.

· Small fibers:  These poorly myelinated fibers enter Lissauer’s tract and may ascend or descend a level or two before synapsing in the dorsal horn.  So, neurons in the dorsal horn receive small diameter inputs from broad areas.  

· Some afferents terminate in lamina I or II (the substantia gelatinosa) of the dorsal horn.  Lamina I has large neurons at the border of the dorsal horn and Lissauer’s tract, whereas lamina II has smaller cells.  They get pain and temperature input.

· Laminate III and IV descend to the intermediate zone (laminae VI and VII).  
· Second order axons from levels I, VI and VII ascend in the anterolateral quadrant.  Many go up as the lateral spinothalamic tract to terminate in the thalamus.  Others terminate in the PAG of the midbrain (for control of nociceptive input) or the reticular formation in the pons and midbrain (to arouse the forebrain during pain).  Collectively, these are called the anterolateral system.

· The Trigeminal System:  Cells of the trigeminal ganglion give somatosensory innervation of the face.  This also has separate small (pain/temp) and large (mechanical) fiber pathways.  Second order axons cross the midline and join other ascending axons from the body.  Trigemino-thalamic axons end in the thalamus adjacent to medial lemniscus and spinothalamic tracts.  
· Trigeminal ganglion neurons also have 1 process, like DRG neurons.  Cell bodies are in the nuclei of the trigeminal complex.  Large, cutaneous afferents mostly go to the main sensory trigeminal nucleus, just dorsal to the axons, lateral to the middle cerebellar peduncle, and medial to the motor nucleus.  This is at the mid-pons level.  

· Small diameter axons (thermo/pain) descend in the spinal trigeminal tract, and end at the spinal trigeminal nucleus (lower pons and spinal cord).  The pars caudalis is the biggest part of the spinal trigeminal nucleus in the closed medulla and cervical spinal cord.  The small diameter fibers terminate at the pars caudalis.  It resembles the substantia gelatinosa of the spinal cord.

· Muscle spindle afferents have cell bodies outside of the trigeminal ganglion, in the mesencephalic nucleus of the trigeminal.  They are the only cells of neural crest origin in the CNS.  They carry muscle spindle info from the muscles of mastication.  From there, they go to the main sensory nucleus. 
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