The Retina 

0.  Introduction


- Images from the retina are analyzed for form/movement/color.  For each point in the outside world, there is a corresponding image point on the retina in each of the two eyes.  These images from the two eyes are then brought together and compared at higher stations in the visual pathway for extration of information about depth.


- Development of retina: The prosencephalon protrudes laterally and enlarges to form primary optic vesicles.  These later invaginate to give double-walled optic cups, with a largely obliterated ventricular space between the two walls.  The outer wall becomes the pigment epithelium, while the inner wall becomes the neural retina.  The two are separated by the subretinal space, the residue of the ventricular cavity.
I.  Structure of retina


- The retina is composed five main types of neurons, segregated in to three main layers:



1) Outer nuclear layer:  photoreceptors, no direct blood supply.  Instead, they receive nourishment from the choroidal circulation filtered thru the pigment epithelium.



2) Inner nuclear layer: bipolar (second order visual neurons), horizontal (lateral association neurons), amacrine (ditto), Mueller glial cell bodies 



3) Ganglion cell layer:  retinal ganglion cells (third order visual neurons, who axons constitute the optic nerve).


- The outer and inner plexiform layers are sites of synapses between layers

II.  Photoreceptors


- There are two types of photoreceptors



1) rods:  most sensitive in dim light, only one type



2) cones:  less sensitive to light, three types mediate color vision (peaks at blue, green and yellow).

· Distribution of photoreceptors is not uniform: fovea has high density of cones and few rods, periphery has more rods.  Blue sensitive cones are also absent from the center of the fovea.

· The fovea has the highest visual acuity, or spatial resolution of the visual space.  This is achieved by having thinner cones and more of them per unit space than elsewhere in the retina; with the layers of cells anterior to the receptors being pushed aside.  This clearing minimizes light scattering which tends to degrade the quality of the image.

· The structure of the photoreceptors: 

· Outer segment: where light is absorbed and a neural signal is generated.    It contains an orderly stack of membranes in which is embedded the light sensitive visual pigment (rhodopsin in rods, and one of three cone pigments in cones).  In cones these membranes are continuous with the plasma membrane to form a highly convoluted surface membrane.  In rods, the membranes are completely internalized to form a stack of flattened membranous discs.  The high density of pigment provides a high probability of absorption of an incident photon.

· Inner segment: contains the metabolic machinery of the cell, while the synaptic terminal forms chemical synaptic connections with bipolar and horizontal cells.  

· Glu is the NT released by both rods and cones.


- Pigment epithelial cells serve to (1) absorb light not absorbed by the rods/cones using melanin, (2) phagocytose shedded fragments of rods/cones, (3) regenerate pigment by supplying frest chromophore to the bleached pigment in the outer segment.

III.  Visual pigments


- Pigment is composed of a chromophore covalently bound to an opsin 7TM protein that is different in different pigments.  The two parts are joined together by a protonated Schiff base.


- Humans have 4 pigments (1 rod, 3 cones) each maximally sensitive at different wavelengths


- Upon photon absorption, the chromophore undergoes several configuration changes; the configuration that triggers vision takes several ms to reach; the ultimate result is the release of chromophore, and binding of fresh chromophore with opsin

IV.  Phototransduction


- In darkness, rods and cones have a membrane potential of about –30 to –40 mV. 

- Rods/cones hyperpolarize in response to light in a graded fashion with respect to intensity.  Cones require more light and their responses rise and fall more rapidly than rod responses.  Their briefer responses permit cones to have a better time resolution of light stimuli.


- Phototransduction mechanism: In darkness the surface membrane of the outer segment has a higher permeability to cations, as a result of which there is a steady influx of sodium (and Ca and Mg) ions into the outer segment, being driven by their inward-directed electrochemical gradients.  This steady influx of + charge in darkness (the dark current) maintains the cell in a partially depolarized state and, consequently, a steady release of NT from the cell’s synaptic terminal onto second-order neurons.  In light, the ionic permeability of the outer segment is reduced, thus decreasing the influx of cations and producing a membrane hyperpolarization, which spreads passively to the synaptic terminal where it reduces the rate of transmitter release from the receptor. The permeability reflects the opening of a cGMP-activated conductance, which by itself has no intrinsic light sensitivity.  Light, however, closes the conductance by activating an enzyme cascade that leads to the lowering of the cGMP level in the outer segment.  



Metarhodopsin II, an intermediate photoproduct of rhodopsin, catalyzes the activation of GPCR (rod/cone transducin) thru GTP binding ( G-prot activates cGMP phosphodiesterase ( which hydrolyzes cGMP ( GMP.



Shut off of the cascade involves: 1) phos of the photisomerized rhodopsin, rendering less effective in activating the G-prot, followed by final capping due to binding of another protein called arrestin to the phos rhodopsin. 2) deactivation of the active G-prot thru its intrinsic GTPase activity, which converts the bound GTP to GDP. 3) turn off of the active phosphodiesterase by rebinding of an inhibitory subunit of the enzyme.



Summary - In dark, cGMP keeps a nonselective cation channel open, and cell is depolarized. Rhodopsin is coupled to G-protein that activates phosphodiesterase and lowers [cGMP].



- Ca influx plays a key negative feedback function and mediates light adaptation.  In dark, there is a circulation of Ca++ at the surface membrane of the outer segment, consisting of an influx thru the cGMP-gated channels and an efflux thru a transport mechanism involving an exchange of cations.  In the light, the Ca++ influx stops due to closure of the channels, but the efflux continues, thus resulting in a decrease in the cytosolic Ca++ concentration.  This decrease leads to 1) an increase in guanylate cyclase activity 2) a more effective phosphorylation of the photoexcited rhodopsin and 3) a higher likelihood of channel opening by cGMP.  These effects all antagonize the action of illumination, and underlie the ability of photoreceptors to adapt to background lights.

V.  Synaptic connections in the retina (see Figure on p. 12)


- The synaptic terminals of rods and cones are morphologically different with rods ending in spherules (smaller and round) and cones ending in pedicles (larger and with a flat base).  These terminals form connections with horizontal cells and bipolar cells.


- Throughput pathway:  photoreceptor ( bipolar ( retinal ganglion cell ( optic nerve


- Lateral associations: between photoreceptors (via gap junctions), and via horizontal and amacrine cells


- There are distinct synapse morphologies in the retina


- Synaptic triad: photoreceptor with horiztonal-bipolar-horizontal cells, and contains a synaptic ribbon



- Dyad: proximal bipolar end synapses with two cells


- Primary nxt’s in the retina are Glu (excitatory) and GABA (inhibitory, released by some horizontal cells).  DA is released from interplexiform cells.

VI.  Information processing in the retina


- Only amacrine and ganglion cells give all-or-none impulses.  The rest of the cells in the retina have graded responses.


- The receptive field of a single photoreceptor is bigger than itself due to connections with neighboring photoreceptors; for the same reason, the receptive field of horizontal cells is bigger than the multiple photoreceptors it contacts


- Since bipolar cells receive synapses from both photoreceptors and horizontal cells, their receptive field is divided into a center (dominated by photoreceptor) and surrounding antagonistic ring (dominated by horizontal cells)


- In light, on-bipolars depolarize in response to light in the center of its receptive field and hyperpolarize in response to light on the surrounding ring; off-bipolars are vice versa.  In terms of synaptic organization, an on-bipolar cell’s receptive field is derived from sign-inverting (i.e. hyperpolarizing) synapses from the receptors (in the field center) and sign-preserving (i.e. depolarizing) synapses from the horizontal cells (for the surround).  


- The above property of bipolars, propagated to on- and off-center ganglion cells, probably helps mediate contrast and edge detection


- Ganglion cells have a center-surround receptive field organization like bipolar cells.  In terms of synaptic connections, the on-center ganglion cell probably receives sign-preserving inputs from on-bipolars in its field center.  The on-bipolar cell already has a center-surround organization, but, in addition, the on-bipolar cells in the surround probably excite amacrine cells, which in turn have an inhibitory input on the ganglion cell.  They can also be classified as X (slow adapting) and Y (fast adapting) types. 


- Amacrine cell firing pattern is best fit to respond to moving objects.  When light is shown anywhere in their receptive field, these cells usually depolarize transiently at the on and the off of the illumination.  The do not have a center-surround organization.

Early Vision: Retina and LGN

I. Ganglion cells:

· M Ganglion cells: large cells bodies with widely branching dendrites and a large myelinated axon; large, center-surround receptive fields but with no preference for wavelength; display a brisk response so long as an appropriate stim is moving, responding to both the leading and trailing edge; rapid adaptation is stimulus is held in place; projects to LGN.

· P Ganglion cells: smaller cell bodies with narrow dendrites and smaller myelinated axon; small, center-surround receptive fields, with single cone projecting to center and many to surround, which are specific for wavelength (e.g. Red-ON center); will continue to dire as long as appropriate stim is present in receptive field; projects to LGN.

· Small bistratified cells (SBS): fairly large receptive field that is ON to short wavelengths (blue) and OFF to both long and middle (Red and Green); center only, no surround; extremely sensitive to insult to nervous system (acquired tritanopia); projects to LGN.

· Melanopsin containing ganglion cells project to the SCN in hypothalamus to entrain circadian rhythms and are capable of transducing light in the absence of rods and cones.

· Ganglion cells that send axons to regions in the midbrain: Superior colliculus deals with reflexive eye movements; pretectum plays a role in controlling the size of the pupils as the level of light increases or decreases.  These cells have small cell bodies but large dendritic fields and receptive fields.

II. Specialization of the retina:

· At the fovea, all ganglion cells, bipolar cells and their processes are swept to the side creating a pit where light can get to the outer segments of the cones without having to travel thru a bunch of junk.  

· Each cone in the fovea synapses directly onto 5 bipolar cells, and each of those bipolar cells synapse on a single ganglion.  So you have five ganglion cells carrying separate signals to the brain from a single cone.

· Ganglion cell axons penetrate thru the retina at the optic disc (blind spot) to form the optic nerve.

III.  Optic nerve and tract

· Axons in the optic nerve cross at the optic chiasm so that each optic tract represents the contralateral visual field.  Axons from nasal side of retina cross midline; temporal side axons remain ipsilateral and each hemifield info travels together in the optic tract. Information from each visual hemifield is processed by the contralateral cerebral hemisphere.  

· Only the extreme periphery of each hemifield is processed by a single eye (monocular crescent). 

· Damage in optic tract and back (caudal to chiasm) results in damage to vision in contralateral visual hemifield.


- There are three major visual pathways:



1) optic tract ( LGN ( primary visual cortex (higher visual processing)



2) optic tract ( superior colliculus (saccades)



3) optic tract ( pretectum (pupillary light reflex)

IV. Lateral Geniculate Nucleus (LGN)


- Visuotopic map: central retina ( posterior (caudal) LGN; peripheral retina ( anterior (rostral) LGN; superior retina ( lateral LGN; inferior retina ( medial LGN.


- LGN is made of 6 layers: magnocellular 1,2 and parvocellular 3-6


- There are 4 Parvo layers because there is two for each eye, with one for ON-center and one for OFF-center receptive field ganglion cells each.


- Ipsilateral retina maps to layers 2,3,5 (prime!) and contralateral to 1,4,6


- LGN neurons have receptive fields that resemble on- and off-center ganglion cells


- Intralaminar cells respond to blue light only, may be responsible for color

V. LGN to primary visual cortex

· LGN projects dorsally to V1 in the occipital lobe with inferior-superior inversion with respect to visual field (this makes the object appear right-side up to the cortex since the image was initially inverted by the lens).

· Neurons in V1 are the first to respond not to spots of light, but to lines, bars and edges.

· Neurons in V1 are first to respond to activity in both eyes; they have binocular receptive fields.

Visual Cortex: Organization and Plasticity

I.  Primary visual cortex
· Located in both banks of calcarine sulcus

· Consists of 6 layers and the physiological properties in V1 vary from one layer to the next.

· Neurons above layer 4 send their axons to other areas of cerebral cortex whereas below layer 4 send their axons to subcortical targets.


- Foveal region has high cortical magnification in dorsal/caudal V1.  Parts of the visual field progressively farther away from the foveal representation are mapped at progressively more rostral parts of V1.  

· All axons of neurons in both Magno and Parvo layers of the LGN terminate layer 4 of V1.  The bigger cells in the upper half of layer 4 receive all axonal input from Magno LGN and the smaller cells in the lower half from Parvo LGN.  Layer 4 amplifies imput and sends it along to layers 2 and 3.

· Layer 4 is organized in alternating ocular dominance columns

- Columns in LGN project to same part area of V1 (recall that layer 4 receives thalamic input)




- Parvocellular ( layers 4C( and 4A in cortex




- Magnocellular ( layers 4C( and 4B in cortex

· Intralaminar projects to layer 3

· Layers 2 and 3 respond preferentially to bars, edges and contours, not just spots.  Moreover, the neurons respond selectively for the orientation of a bar, with responses maximum at one angle but still responds +/- 20/30 degrees.

· Layers 2 and 3 communicate, in part, with layers 5 and 6.

- In V1, input is sent to stellate interneurons, with output via pyramidal cells


- Input and output comes from/goes to LGN, pulvinar, superior colliculus, other cortical areas

II. Columns

· A cortical column is a collection of neurons across all layers that are similar to one another in some functional property and that differs from neurons in adjacent columns by that same property.

· Ocular dominance and orientation selectivity properties stand out dramatically in V1.

· Ocular dominance:

· Neurons in layer 4 are monocular: they are driven exclusively by stimuli falling on one retina.  Their projections are generally vertical (radial connectivity), neurons throughout V1 create columns about 1 mm wide that display dominant responses to one eye.  The columns alternate between contralateral and ipsilateral eyes.  But some projections from 4 cross borders such that neurons in layers 2 and 3 are the first with binolcular receptive fields.  Ocular dominance columns are the means whereby signals from the two eyes are kept separate initially and then combined in a precise manner to provide subsequent stages a strong signal about depth.

· Any perturbation in the vision of one eye disrupts the normal pattern of ocular dominance organization, leading to expansion of columns dominated by the normal eye and shrinkage of columns dominated by the deprived eye.

· Orientation selectivity: 

· Layers 2 and 3 show fairly sharp tuning for the orientation of a stimulus and their vertical projections create columns in V1 down thru layers 5 and 6 that are all tuned to the same orientation.  Over the distance of 1 mm, a full coverage of all stimulus orientation is made (180 degrees).  

III. Early Development of visual cortex organization
· Despite the diminished light level and the absence of patterned visual input in the uterus, babies are born with ocular dominance columns already established.

· In both the LGN and V1, competition for trophic factors appears to be the principal means for establishing segregated inputs.  Coordinated activity among adjacent cells is the means whereby neighboring cells come to terminate next to one another.

· The neurotrophins are normally released in tiny amounts by cortical neurons, thereby setting up a competition among axons that innervate cortical neurons.  When a super-abundance of the neurotrophins is experimentally presented into the V1 of a neonate, geniculocortical axons no longer segregate into ocular dominance columns.  This failure occurs because the competition between axons driven by the ipsilateral and contralateral eye has been eliminated by excess neurotrophin.
IV. Later Development and the critical period

· Deprivation by lid-suture: If suturing is done early enough in the postnatal period, the result is a dramatic rearrangement of ocular dominance columns with the normal eye expanding (not abnormal retention) to take up >90% of the total cortical volume.  The columns driven by the deprived eye shrink as a result of loss in synaptic sites.  Moreover, the cells that are still driven by this eye are weakly active and fatigue easily with repeated presentation of stimulus (amblyopia).  

· Deprivation by strabismus: If one of the muscles that moves an eye is damages, that eye looks inward or outward, but it is aimed differently than the other, normal eye.  The result is the same level of light and the same extent of patterned visual input reaches the two eyes, but the two see different things.  As a result, connectivity and column development is normal, but all neurons are monocular (even in layers 2, 3, 5)  The most likely explanation is that cells in layer 4 no longer maintain some axonal connection across ocular dominance columns.  

· Critical periods: first 22 weeks in rhesus monkeys, first 22 months in humans.

· Reverse-Deprivation experiments ask what happens if, during the critical period, a deprived ye is returned to normal and the formerly normal eye is deprived/patched?  Development of connections and columns can be normal is timed right, but cortical cells with binocular receptive fields fail to develop.  Therefore, the use of stereoptic cues for depth perception is permanently lost.

Extrastiate Visual Processing


- Higher visual areas can be broadly divided into two parts

- Dorsal pathway (where): spatial position and motion, input primarily magnocellular

- Ventral pathway (what): shape, texture, color of objects, input from all layers of LGN


- Secondary visual cortex can be stained to reveal a thick-pale-thin-pale stripe pattern

- Color sensitive neurons in V1 CO blobs ( thin stripe V2 ( ventral pathway, V4

- Neurons with fine spatial sensitivity in V1 layer 2/3 interblob ( pale/inter stripe V2 ( ventral pathway, V4

- Motion sensitive neurons inV1 layer 4B (magno.) ( thick stripe V2 ( dorsal pathway, MT
I.  Introduction to the ventral pathway


- The ventral pathway processes shape and color


- It is composed of V1, V2, V4, V8 (most color sensitive region in brain), and inferotemporal regions (ant., post., central)


- Other miscellaneous regions



- Lateral occipital (LO): object/shape



- Fusiform face area (FFA): face stimuli or complex shape stimuli
- Prospagnosia: the selective inability to recognize individual faces; a result of FFA lesion.


- Parahippocampal place area (PPA): landscapes and building interiors



- Extrastriate body area (EBA): bodies and body parts


- As you progress in an anterior direction toward higher levels in the ventral pathway, receptive fields become larger, more bilateral, more concentrated near the fovea, and cells become increasingly sensitive to large-scale complex shape properties.  

- The neural mechanism underlying shape perception is not fully understood but it appears to be a parts-bases processing system in which the capacity of encode a large number of objects as combinations of parts.
II.  V1: simple orientation tuning


- V1 cells are tuned to the orientation of lines/edges


- Simple cells:  tuned to orientation, position variant


- Have on/off receptive fields structured to recognize edges, perhaps as a result of convergent input of multiple LGN cells whose receptive fields are aligned


- Complex cells:  also tuned to orientation, but position invariant



- This property may be a result of convergent input of multiple simple cells


- Hypercomplex cells:  added property of end-stopping (tuned to short lines)


- Columnar organization:  each column is orientation tuned, and exact orientation shifts gradually from column to column


- Color contrast is mediated by single- or double-opponent receptive fields

III.  V2: more complex visual processing than V1


- V2 has a thick-thin-pale-thin stripe pattern



- Thick:  tuned to motion, depth



- Thin:  tuned to color and is organized in a hue map



- Pale:  tuned to shape


- V2 cells have property of figure ground segmentation: tuned to properties of object outside receptive field (e.g. what side is the object on?)


- Unlike V1, will respond to illusionary contours

IV.  V4:  curvature tuning


- V4 cells are tuned to curvature, the start of part-based coding


- Color tuning in V4 is complex

V.  Inferior temporal regions:  highest level of ventral pathway, parts-based coding


- Integrates edge and contour information to code objects as a collection of geometrical parts


- Even complex objects like faces can be represented in a parts-based way
I.  Introduction to the dorsal pathway


- The dorsal pathway processes depth and motion


- Components of the dorsal pathway are V1, V2, V3, middle temporal (MT), medial superior temporal (MST), intraparietal regions (lat., vent., med., ant.), and area 7a

- MT is buried in the superior temporal sulcus and receives inputs from layer 4B in V1 and the thick stipes in V2, which contain a high percentage of cells tuned for motion direction and cells tuned for position in depth.  MT neurons show strong tuning for motion and depth.


- Dorsal division of MST, MSTd, is specialized for processing optic flow, movement fields produced when the observer translates thru the environment.  Some neurons in MST show complex interaction between motion direction and stereoscopic depth.  This type of interaction is thought to relate to MST’s role in representing optic flow.  If we walk while gazing off to the left, the optic flow of near objects across the retina will be leftward, while the optic flow of far objects will be rightward.

- Lateral division of MST, MSTl, is specialized for smooth pursuit eye movements.


- LIP is associated with eye position and saccadic eye movements.


- VIP processes both visual and somatosensory information about peripersonal space.  Many of these neurons are sensitive to both visual and tactile motion.

- MIP is associated with arm reach movements.


- AIP is associated with spatially precise grasping of objects with the hand.


- The sequence LIP ( MIP ( AIP is responsible for grabbing objects of interest


- 7a, on the surface of the inferior parietal lobe, is considered the highest stage in the dorsal pathway, and may be the site of convergence of multiple kinds of spatial information.


- Parietal cortex is also thought to be critical for controlling spatial attention.

 - Lesions in the human parietal cortex can cause



- Attentional hemineglect: neglect of contralateral space, also manifested in memory



- Constructional apraxia: inability to reproduce complex objects


- Lesions to MT and MST (MT+) can cause akinetopsia, the inability to perceive motion.
II.  V1, V2:  lower level processing of stereoscopic vision


- 3D depth perception is achieved by stereopsis: there is a slight disparity between the images on the two retinas


- Both V1 and V2 are tuned to binocular image disparity and motion direction

III.  MT:  intermediate level processing


- MT cells respond to motion direction and speed, as well as to binocular disparity.  V1 and V2 cells (especially in the thick CO stripes) tuned for binocular disparity project preferentially to area MT.

- MT receptive fields are larger than in lower levels


- MT columns are organized in smooth gradients of direction preference and stereoscopic depth


- Microstimulation of MT cells can bias perception of motion direction and depth

IV.  Note on visuospatial coordinate systems


- Visual system must deal with information coded in various coordinate systems (e.g. retinotopic, head-centered, body-centered, etc.)


- How coordinates systems are dealt with


- Sequential transformation from one system to another as one progresses along the visual pathway, so any given level uses only one coord sys: evidence for this in lower levels


- Integration of info in multiple coordinate systems, resulting in a mix of spatial sensitivity:  most cells in higher areas do this

The Auditory Periphery

I.  Introduction to hearing


- Sound is a pressure wave, and pure tones can be characterized by amplitude (measured indirectly as dB) and frequency


- Dynamic range of hearing in human is about 0-100 dB (whisper to pain) and 20-20K Hz


- Types of damage to ear



- Chronic severely loud sound exposure kills hair cells



- Ototoxic antibiotics, e.g. streptomycin or gentamicin, kills hair cells



- Hearing loss of high frequencies with age, aka presbycusis

I.  Anatomy of the ear


A) Outer ear



- Pinna: collects and funnels sound toward the opening to the auditory canal, thus amplifying sound; sound shadows from sounds coming from different positions in space provide resolution of sound origin



- External auditory canal: acts as resonant tube for 4 kHz tones


B) Middle ear



- Impedance matching of air to water sound transmission by three mechanisms




(1) Area of tympanic membrane is 20x that of stapes footplate 
(2) Lever advantage of ossicles (malleus, incus, stapes) 




(3) Oval window of stapes is smaller than eardrum


- Middle ear muscles (tensor tympani, stapedius): restrict ossicle movement in response to loud sound to prevent damage.  The tensor tympani reduces the area of the flexible membrane in the eardrum; the stapedius restricts the amplitude of stapes motion.


- Damage in the middle ear is called “conductive.”  A common cause is otosclerosis in which bony growth impedes the movement of the middle ear ossicles.  

C) Inner ear (more on cochlea below)



- Damage in the inner ear is called “sensorineural”



- One can distinguish between conductive and sensorineural hearing loss by comparing the audibility of a tuning fork held in the air, or pressed against the skull.  In conductive hearing loss, the latter position is effective at presenting sound by bone conduction, thus overcoming the conductive loss that pertains to air-borne sound.
III.  The Cochlea


- Memorize cochlear structure (e.g. figure on p. 5)

- The stapes footplate moving in and out if the oval window sets up a fluid wave within the scala vestibule.  The motion of this wave causes the cochlear partition to move alternatively up and down within the cochlear duct.  The cochlear partition of the basilar membrane and the hair cells, supporting cells and extracellular structures lying upon it, and the overlying tectorial membrane.  These all lie just under the scala media, the central membraneous tube flanked on top and bottom by the scala vestibule and scala tympani, respectively.  The scala media is bounded by Reisnner’s membrane on the top and is actually delimited by the apical surface of the hair cell epithelium on the bottom, not by the basilar membrane.  This distinction is important because the scala media is filled with endolymph (high K, low Na), which is produced by a secreting epithelium called the stria vascularis that lines the outer wall of scala media.  The s. vestibule and tympani contain perilymph (low K, high Na).  Since the basilar membrane itself does not present a diffusion barrier, the basal surface of the hair cells is bathed by low K perilymph while their apical, hair-bearing surface faces high K endolymph.  This disposition of ionic media is important for hair cell function.  Since endolymph is 80 mV positive to perilymph, this endolymphic potential provides additional driving force for K+ ions to flow into hair cells.


- Meniere’s disease arises under conditions in which the normal circulation of endolymp is blocked or altered resulting in sensorineural hearing loss.


- There are two classes, inner and outer, of hair cells.  In a cochlear cross section one can see the single row of flask-shaped inner hair cells, and three rows of columnar outer hair cells.

- Stereocilia of hair cells are arranged in rows of increasing height and are embedded in the tectorial membrane; shear of basilar membrane with respect to tectorial membrane causes displacement of hair bundle


- Tip links join nonselective cation channels on one stereocilium to the next tallest one ( tilting of the stereocilia causes channel to open or close ( open channel allows K, the primary cation of endolymph to travel down steep electrical gradient into hair cell and depolarize it ( if depolarized, hair cell opens voltage gated Ca channels, allows Ca in, and releases Glu onto the nerve ending (see also p. 9)


- Hair cell adaptation may occur through two suggested negative feedback mechanisms



(1) end of tip link is attached to myosin-like motor (myosin 1C) on stereocilia, movement up or down changes the set point of system.  Myosin 1C exerts steady force on the transduction channel.


(2) Ca entry feeds back to regulate the mechanotransduction channel

- Synaptic transmission: At its basal end the hair cell is contacted by afferent fibers whose cell bodies are located in the spiral ganglion and which send an axon centrally to end on the cochlear nucleus of the brainstem.  When the hair cell is depolarized by opening of the transducer channel, voltage dependant calcium channels in the basolateral membrane are opened and synaptic vesicles fuse with plasma membrane to release Glu, which binds to AMPA receptors causing excitation of the afferent axon.  This depolarizing effect of v-gated Ca+ influs is counterbalanced by v-gated K+ channels that dominate the basolateral conductance of the hair cell and allow outward flow of K into low K perilymph.


- Individual afferent neurons makes only a single contact with a single inner hair cell.  At the point of contact, the hair cell places a synaptic ribbon, an electron-dense body to which a number of transmitter-containing vesicles are tethered.  It is thought the ribbon serves to motivate vesicles for release during  stimulation by sound and during the ongoing spontaneous activity that occurs in silence.

- Nearly all afferent nerves end on inner hair cells, whereas efferents end on outer hair cells. The crossed olivo-cochlear bundle arises from the contralateral superior olivary complex and synapses massively on outerhair cells.  This pathway is inhibitory and when activated, causes a loss of sensitivity and freq selectivity in afferent fiber response.  

- Outer hair cells exhibit electromotility (contract on depolarization and vice versa) to regulate distance of tectorial membrane to inner hair cells and adjust their sensitivity; this mechanism depends on a motor protein called prestin.  Targeted disruption of prestin in mice causes deafness.  

- OHCs express a Ca channel opened by ACh from efferent nerves; the Ca causes K channels to open and results in hyperpolarization, which ultimately results in loss of sensitivity

- Otoacoustic emissions: active movement of basilar membrane can generate sound.

- Active motions of OHCs are driven by the sound-evoked change in membrane potential.  These active motions enhance the overall vibration pattern of the cochlear partition, thereby causing larger deflections of the IHC bundle.  Cochlear signaling is enhanced by OHC electromotility.  If OHCs are damaged, the cochle becomes much less sensitve.  Thus, the efferent innervation of the cochlea, which causes a suppression of cochlear sensitivity, must do so by inhibiting OHCs.  This occurs via cholinergic inhibition of cochlear hair cells from olivocochlear efferent activity.  Hair cells are depolarized by nicotinic AChR, but only briefly.  Ca++ enters the cell thru the receptor and causes the opening of Ca++ dependant K+ channels, of which there are many, causing a net hyperpolarization of the hair cell’s membrane.  
The Peripheral Auditory System – Auditory I
I.  Human perceive the frequency and loudness of sound


- The dynamic range of human perception is about 100-16,000 Hz and 0-120 dB


- The dynamic range of conversational speech is a small subset of total perception


- One way to measure a tuning curve is to measure the loudness needed to mask a probe of single tone as a function of frequency; obviously, minimum loudness is needed when mask frequency is same as probe

II.  Speech consists of a mixture of tones of different frequencies


- Different vowel sounds are the result of the shape of the vocal tract and how it modifies the tone produced by the vocal folds


- The information needed to recognize vowel sounds is encoded as peaks of energy at certain frequencies; these peaks are called formants


- The precise value of formants can vary from person to person (e.g. due to size of vocal tract), but are still recognized because vowel sounds cluster in formant-space

III.  Basilar membrane (BM) is responsible for tuning: the separation of sound into its component frequencies

- The most important aspect of  BM motion is that it is tuned, meaning that points on the BM are differentially sensitive to different frequencies in the sound stimulus.  

- Sound results in a traveling waveform in the BM, and the position of maximum displacement depends on frequency (high freq near stapes, low freq near apex)


- Since hair cells sense motion of the BM at one point only, each hair cell inherits from the BM a selectivity for frequency, in which the hair cell is most sensitive to the freq that causes maximum BM motion at the point of the hair cell’s innervation.  Likewise, since auditory nerve fibers are distributed down length of cochlea, each ANF has a different best frequency, giving rise to a tonotopic representation of sound


- Outer hair cells are responsible for sound sensitivity: they amplify BM movement in response to soft sounds and partially damp BM movement in response to loud sounds; loss of OHCs (e.g. due to kanamycin) results in loss of sensitivity and broadened tuning

IV.  Auditory nerve fiber is phase-locked (there is a close relationship between the stimulus waveform (produced by the back-and-forth motion of hair cell flexion) and the action potentials in the afferent fibers) to stimulus waveform, a consequence of hair cell cilia movement.
V.  On the whole, complex auditory stimuli are represented tonotopically (e.g. in low threshold ANFs).  Representations of simple stimuli can be understood from tuning curves.  A tone should cause auditory nerve activity only for fibers whose BFs are near the tone frequency.  As the loudness of the tone increases, the activity should spread as the tuning curves spread, but should remain centered on BFs near the tone freq.  Representation of complex auditory stimuli, like speech, is an extension of this simple idea.  There should be activity in the auditory nerve array at BFs that correspond to frequencies with peaks of energy in the stimulus and vice verse.  The idea is tonotopic representation, in which the auditory nerve array recapitulates the frequency spectrum of the stimulus.  
VI.  Hearing impairment: can’t hear it and it sounds fuzzy


- Three basic classes of hearing loss



1) conductive: sound transmission through external and/or middle ear is lost



2) sensorineural: hair cells damaged, most common form of hearing impairment



3) retrocochlear: lesion in brain that affects hearing


- Characteristics of damage to…



- inner hair cell: loss of sensitivity



- outer hair cell: loss of sensitivity and broadening of tuning curve


- Three typical consequences of hearing impairment


- Large threshold shift, which means that moderate-level sounds cannot be heard.  (Loss of sensitivity: can’t hear it)



- Tuning curves are considerably broadened in the region of the largest threshold shift, which decreases the frequency analyzing ability of the ear.  (Broadened tuning curve: sounds fuzzy, can’t understand speech clearly)



- Threshold for discomfort does not change, even though the threshold of hearing my increase substantially.  Thus a hearing impaired person with a threshold of say, 80 dB has a dynamic range of only 40 dB, between 80 and 120, whereas a normal person’s range is 120, from 0-120.  This phenomenom is called loudness recruitment, because perceptual loudness grows with physical stimulus energy more rapidly than in a normal person.  Recruitment is a severe problem in hearing aid design, and the discomfort caused by stimulation that is too loud is a major reason of their failures.
Central Auditory System – Auditory II
I.  Tonotopic organization (i.e. frequency map in the central auditory system)


- Sound is represented tonotopically in the cochlea, which results in tonotopy in the auditory nerve fibers.  Auditory nerve fibers that innervate the basal end of the basilar membrane are tuned to high frequencies and fibers that innervate the apex are tuned to low frequencies; the frequency to which a particular auditory neuron is most sensitive is called its best frequency (BF).

- Tonotopy is preserved throughout central auditory system, e.g. as evident in a Golgi stain of the cochlear nuclei


- The mapping of frequency into place in the auditory system corresponds to the perceptual sense of lowness or low pitch (low freq) and highness or high pitch (high freq).
II.  Neuroanatomy of the auditory system


- Sequence



(1) Auditory nerve fibers from cochlea terminate in cochlear nuclei (DCN or VCN)



(2) From the CN, most neurons project to superior olivary nuclei for sound localization.  The two principal nuclei the medial (MSO) and lateral (LSO) receive synaptic binaural inputs from bushy cells of the VCN.  The SO is the site of initial computations for sound localization.


(3) The lateral lemniscus is a collateral path to the inferior colliculus



(4) All ascending neurons (from SO and LL) terminate in the inferior colliculus



(5) IC projects to the medial geniculate (auditory thalamus)

- Most commisures occur at the trapezoid body, and above the SO most neurons are bi-aural

III.  Sound localization by azimuth


- Locating a sound source carries the additional problems of (1) distinguishing multiple sound sources over background noise and (2) suppressing the effect of echoes

- Due to path length difference, a sound source will have different effects on the right and left ears

(1) time difference: interaural time difference (ITD) and interaural phase difference (IPD)


(2) loudness difference: interaural level difference (ILD)


- The ITD has at least two aspects: 1) envelope ITD, meaning delay of the envelope of the stimulus (e.g. the onset and offset times and the times of any amplitude fluctuations).  2) IPD, the delay of the actual stimulus waveform, most easily expressed as the delay of the zero-crossings or waveform peaks. IPD is better perceived because it is ongoing throughout the sound and its phase-locking of ANFs.


- Relative importance of ITD and ILD cues depends on stimulus frequency


- The superior olivary nuclei compute sound localization.  Neurons in the MSO receive terminals from specialized cells called bushey cells in the cochlear nuclei of both sides.  Neurons in LSO receive a similar symmetric innervation, except the projection from the contralateral ear passes thru an inhibitory interneuron in the medial n. of the trapezoid body (MNTB), which is another component of the superior olive.  Bushey cells receive large specialized synapses from auditory nerve (AN) fibers on their somata.  These synapses may contain hundreds of individual synaptic contacts and constitute a very powerful input to the bushy cell.  Bushy cells are further specialized in that their postsynaptic membranes contain a relatively high conductance K+ channel which is activated at potentials just depolarized from rest.  B/c of this channel, bushy cell time constants are fast so that these cells can follow individual synaptic events without temporal summation.  The combo of the large synaptic input from AN fibers and the short time constant allows bushy cells to preserve waveform timing (phase-locking) information from AN fibers.  The timing info is needed to support ITD calculations in MSO neurons.


- MSO neurons measure the ITD




- MSOs are activated by coincident stimulation by both ears


- The ITD to which a MSO is most sensitive depends on the internal neural delay (function of path length of bushy cells on the two sides).  By varying the internal neural delay in the bushy cell circuits, a range of ITD sensitivities can be produced in MSO neurons.


- LSO neurons measure the ILD


- LSO neurons are stimulated when ipsilateral intensity is greater than contralateral intensity

IV.  Sound localization by elevation


- It is more difficult to determine elevation of cue; “cone of confusion” is apparent in single tone stimulus


- Sound reflections off the pinna differ depending on elevation of sound source; the resulting interference causes nulls at high frequency, and the location of the null is a function of elevation

V.  Auditory (cortex) neurons may encode stimuli through coordinated firing in response to a stimulus

VI.  Descending systems


1 - Nerves to the middle ear muscles (stapedius (CN VII) and tensor tympani (CN V)) dampen effect of loud sounds and help filter out low-frequency self-generated sounds (e.g. due to chewing) and thus maintaining sensitivity of the system for external sounds.

2 - Projections from the olivocochlear bundle (OCB) is a pair of projections from cell bodies in the SO to the cochlea.  MSO project thru the crosses component (COCB) it innervate outer hair cells; neurons near LSO project thru the uncrossed component (UCOCB) to innervate AN dendrites near inner hair cells.  Electrical stim of the COCB near the floor of the IVth ventricle produces a substantial suppression of the response of IHCs.  A similar suppression is observed in the AN fibers contacting the IHCs.  This suppression occurs without a direct neural connections (instead, via OHCs) by modifying the mechanical response of the organ of Corti which drive the IHCs.  The role of the OCB appears to be to improve the ability of the auditory system to discriminate the vowels /i/ and /u/ (and general hearing?) in the presence of background noise without affecting their ability in quiet.
Neural Substrates of Language: Evidence from Aphasia
	
	Speech
	Compre-

hension
	Sentence Repetition
	Lesion
	Blood

	Broca’s
	Telegraphic – prepositions and conjunctions are omitted.
	Relatively good
	Fair, telegraphic
	Left posterior inferior frontal
	Left superior middle cerebral artery (MCA)

	The hallmark of Broca’s aphasia is nonfluent, agrammatic speech output.  Spoken output is limited to content words that do not form a grammatical sentence.  Comprehension is relatively spared, but there is difficulty with syntactically complex sentences.  Naming is generally impaired.  Often nouns are names more correctly than verbs.  Damage to Broca’s area causes selective impairment in planning and executing the complex movements to articulate words (aphemia).

	Wernicke’s
	English-like but empty in meaning, may use neologisms
	Poor
	Severely impaired
	Posterior, superior temporal cortex
	Left inferior MCA

	Characterized by prominent impairment in understanding spoken words and sentences.  In addition, while words and word-like utterances are produced effortlessly and with the basic structure and melody of sentences, the link between the words and their meanings seems to be disrupted.

	Conduction
	Fluent, paraphasic, conduit d’approche
	Relatively good
	Poor, maybe as a result of loss of short-term auditory memory
	Classically, arcuate fasciculous (disconnect bet. Broca’s & Wernicke’s areas)
	

	Disproportionally impaired word and sentence repetition.  Speech is fluent and grammatical, although phonemic paraphasias are often present.  “Conduit d’aaproche” is the frequently observed phenomenom of progressive self-correction of speech errors.

	Transcortical Motor
	Nonfluent, telegraphic
	Good
	Fluent, much better than spontaneous speech
	Left dorsolateral frontal
	Left ACA or watershed between ACA and MCA

	Comprehension and content of speech are relatively intact, while fluency and articulation are impaired in spontaneous speech but not in sentence repetition.  

	Transcortical Sensory
	Fluent, paragrammatic
	Poor
	Much better than spontaneous speech
	Temporo-occipital junction
	Watershed between MCA and PCA

	Comprehension of language and content of speech are markedly impaired, but sentence repetition is relatively accurate.  

	Mixed Transcortical
	Nonfluent
	Poor
	Echolalic
	Complex
	Watershed between left ACA/MCA or MCA/PCA

	All language functions are impaired except repetition.  Comprehension does not accompany repetition.

	Global
	Limited to a few words
	Poor
	Poor, like speech
	Both Broca’s & Wernicke’s area
	Entire left MCA

	The combination of severely impaired comprehension of language and extremely limited speech output.  Spontaneous speech and repetition are limited to a few preservative words or nonword utterances.

	Anomic
	Fluent, grammatical; impaired word retrieval
	Intact
	Intact
	Posterior inferior temporal gyrus
	Left MCA

	Problem with naming or word retrieval, but not comprehension.

	Optic
	Normal and normal naming
	Good, but impaired picture ID
	
	Left occipital or splenium of corpus collosum, disconnect between vision and language
	

	Naming of pictures and other visual stimuli is severely disrupted, but naming in response to definitions and naming of stimuli presented auditorially or tactually is spared.  Pure alexia, letter-by-letter reading, impaired letter naming.


Comments on correlates with lesion sites and vascular supply


- Best correlations are with specific language tasks and lesion sites (not aphasia syndrome and lesion site)


- Some language tasks, like picture identification, are performed by a network of relatively discrete regions of the cortex; lesions at any part of the network may produce a defect in that language task

Introduction to the Limbic System:
0.  Introduction:


- The limbic system consists of a C-shaped ring of structures located on the medial surface of the hemisphere.  These structures are interconnected with each other and with many cortical areas and they also send subcortical projections to hypothalamus by which they regulate autonomic and endocrine functions.  Through its cortical and subcortical connections, the limbic system forms a circuit that integrates emotional experience with memory and cognition.  The limbic system integrates diverse signals from all parts of the brain and via the hypothalamus evokes physical sensations that we associate with emotion.  The two main grey matter structures of the limbic system are the hippocampus and the amygdala. The hippocampus is responsible for memory functions in the system, especially declarative memory.  The amygdala is mainly responsible for emotion.


I.  Functions of limbic system:


- Learning and memory



- Emotional expression, especially of fear, anxiety, avoidance of danger, sexual behavior, feeding and reward.  Emotional experience has two separate components: 1) physiologic sensations/autonomic responses such as rapid heart rate, dry mouth, sweating, increase BP.  These are mediated by the hypothalamus via the ANS.  2) Cognitive; the conscious, mental experience of emotion.  This is a function of cerebral cortex and mediated by projections to cortex.  The limbic system links the cognitive experience (cortical) with the visceral response (hypothalamic).


- Assignment of affective significance to all kinds of stimuli



- Associate objects with danger or survival value.

II. Limbic system organization:  The main telencephalic structures of the limbic system are the hippocampal formation and the amygdala.  Both of these have extensive bidirectional projections to most of the cortex, to each other, and the hypothalamus.  Most cortical connections of hippocampus are relayed thru the entorhinal cortex in the medial temporal lobe.  The descending subcortical projections of the limbic system are analogous to the motor system.  The limbic system projects to the hypothalamus which in turn controls the autonomic nervous system.  Descending axons from the hypothalamus synapse upon visceral motor neurons (instead of somatic motor neurons as in the motor system), which are sympathetic preganglionic motor neurons of brainstem and spinal cord located in the intermediolateral column.  A second limbic output in the hypothalamus controls hormone secretion via the pituitary gland.  


- Five gyri are found in the temporal lobe. Two of them on the ventro-medial surface (occipito-temporal and parahippocampal) are where the many of the limbic system components are found.
III.  Hippocampus


- Fornix is the white matter of the hippo.  Medial forebrain bundle (MFB) is the pathway thru hypothalamus.  
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- Hippocampus is responsible for consolidation of memory


- Above diagram includes the Papez circuit (hippo. ( MB ( Thal ( CG ( hippo.)


- Hippocampus and dentate gyrus form a jelly-roll like structure in coronal cross section


- Entorhinal cortex is gateway for all input from neocortex into the hippocampus

- The subcortical projections from the HC travel in the fornix.  The fornix splits into two bundles; one terminates in the septal nuclei and the other in the mammillary body.  Post-synaptic neurons in the septal area send axons caudally thru the hypothalamus where they travel in a pathway, MFB.  At the caudal end of the hypothal, some descending axons in the MFB continue into the medbrain tegmentum where they contact 5-HT cells in the raphe nuclei and DA cells in the VTA.  These latter cells control mood and vigilance.  

- Hippocampal circuitry:  entorhinal cortex enter hippo via perforant pathway ( granule cells of DG, which form mossy fibers that ( pyramidal cells of CA3 ( pyramidal cells of CA1 ( subiculum.  The entorhinal cortex also projects directly to CA1.

- Dentate gyrus is made of granule cells.  CA1-3 are made of pyramidal cells.

- The hippocampus is part of the parahippocampal gyrus and lies in the floor of the temporal horn of the lateral ventricle.
IV. Amygdala


- Amygdala sits in anterior portion of temporal lobe.  Stria terminalis is the efferents from the amygdala (analogous to fornix).  The ST terminates in the bed nucleus of the stria terminalis (BNST), a nucleus located in the posterior part of the spetal area, close to the anterior commissure.   
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- Amygdala is responsible for fear reaction


- Left hand side is the ATO pathway


- Inputs to the amygdala are largely from sensory association areas to cortex.  The amygdala projections to cortex are direct and do not use a dedicated gateway relay.  The amygdala also projects to the orbitofrontal cortex which functions as a cortical area for emotional experience.  These projects are relayed via the mediodorsal nucleus (MD) of the thalamus.

- The amygdala encodes the affective or emotional meaning of stimuli.


- Connections summary: Inputs/outputs: to neocortex via cortico-amygdaloid projections.  Extensive connections with most sensory areas of cortex.  Subcortical outputs: 1) to medio-dorsal (MD) nucleus of thalamus via ventral amygdalo-fugal path.  The MD nucleus connects to the orbitofrontal cortex. 2) to hypothalamus via ST and BNST to regulate endocrine and autonomic function. 3) to brainstem autonomic centers (e.g. dorsal motor nucleus and solitary nucleus). 
V.  Limbic subcortical structures
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- Limbic subcortical structures are responsible for visceral effects



- Septal area: pleasure/reward center; is the rostral end of a longitudinal column of grey matter that continues thru the length of the hypothalamus all to way to the midbrain tegmentum.  The MFB is the main axonal pathway thru the hypothalamus, from septum to midbrain.  Axons in this MFB pathway influence autonomic functions via the hypo and also synapse on DA and 5-HT neurons in the brain.   



- Hypothalamus:  control endocrine and visceral motor functions



- Midbrain: via DA and 5-HT neurons, control mood/affective state

VI. Limbic system disorders
· Kluver-Bucy syndrome: bilateral amygdala lesion; lose ability to have fear response and to recognize facial expression (especially threat), indiscriminate sexual behavior, visual agnosia (objects have no meaning or significance).

- Urbach-Wiethe disease: Amygdala degeneration; no emotions of fear or anger, can’t mimic fear
The neurobiology of olfaction and taste
I.  Olfaction


A)  Anatomy


- Primary olfactory neurons (form unmyelinated olfactona fila) project through cribriform plate of ethmoid to the olfactory bulb



- The olfactory brain is called the rhinencephalon

- Olfactory epithelium is composed of a pseudostratified columnar epithelium containing:



- sustentacular cells: supportive role; serve to mechanically isolate receptor neurons;



- olfactory receptor neurons:  bipolar cells terminating apically in a dendrite and dendriticknob from which emanate non-motile cilia; basally, ORNs project an axon that goes to the olfactory bulb; capable of regenerating (unique in the CNS)




- global basal cells:  source of new ORNs

- The small unmyelinated axons of the ORN terminate in the olfactory bulb.  Within the bulb are specialized synaptic areas called glomeruli.  It is here that the primary axons synapse on the dendritic arbors of large mitral cells and on small tufted cells, the main output cells of the bulb.  The axons of the mitral and tufted cells form the olfactory tracks and go to the secondary olfactory areas in the olfactory cortex.  


- The olfactory tract projects to five areas of the cortex.  1) anterior olfactory nucleus, which projects via the anterior commissure to the contralateral olfactory bulb. 2 & 3) the olfactory  tubercle and pyriform cortex, which project to other olfactory cortical regions and to the medial dorsal nucleus of the thalamus.  This pathway is thought to be involved conscious perception of odors. 4 & 5) the cortical nucleus of the amygdala and the entorhinal area, which are components of the limbic system and may be involved in affective components of odors.  The entorhinal area projects to the hippocampus. 


- The vomeronasal organ (VNO) is found at the base of the septum and is involved in detecting scents for mating or recognition of prey.

B)  Odorant recognition in the ORN



- Detection: odorant binds receptor ( G-protein ( AC ( cAMP ( ion channel opening



- Desensitization:




1) phosphorylation of receptor by GRKs or (-ARKs,  OR




2) uncoupling of receptor from G-protein by arrestins


C)  Central processing of olfaction


- Uniquely, there is no recognized olfactory topographic map, except for evidence that same areas of neuroepithelium project to same glomerulus in olfactory bulb



- ORN ( mitral or small tufted cells (in glomeruli) ( olfactory tract




1) Anterior olfactory nucleus ( contralateral olfactory bulb




2) Olfactory tubercle and pyriform cortex: conscious perception of odor




3) Amygdala and entorhinal cortex:  affective response to odor


D)  Diseases of olfaction


- There are a wide variety of ways hyposmia (diminished sense of smell) or anosmia results, e.g. from endocrine insufficiency, mechanical obstruction/damage, neurological problems

II.  Taste


A)  Anatomy



- There are 3 types of papillae (anterior to posterior): fungiform (look like mushrooms; many of interior 2/3rds of tongue), circumvallate (large round structures surround by a grove and are located on the posterior third of tongue), foliate (leaf-like folds on the posterior edge of tongue).


- Taste receptor cells are found in taste buds, which are found in papillae and are connected to the surface of the tongue by an opening called a taste pore.


- The majority of taste sensation occurs in the microvilli of taste receptor cells


B)  There are at least 4 types of taste sensations, all leading to depolarization of cell



1) Salt:  Na ions enter through sodium channels and depolarized taste bud cells.


2) Sour:  entry of H+ through Na channels or blockage of K channels.  The latter mechanism closes the channel, depolarizing the cell.


3) Sweet:  tastants bind GPCR ( AC ( cAMP ( PKA kinases phos K channels


4) Bitter:  tastants bind GPCR ( PLC ( IP3 ( ( Ca     OR






  GPCR ( PDE ( ( cGMP.  
Quinine may depolarize cells by blocking K+ channels.

- There are no “salt regions”, “sour regions”, etc. on the tongue!  Sensation is distributed throughout tongue

- Each receptor contacts an afferent nerve fiber via what looks like a classical chemical synapse.  Because of extensive branching, one fiber innervates multiple taste buds, and a given receptor cell contacts numerous afferent fibers.  This pattern explains the responsiveness of individual afferent fibers to multiple tastes.

C)  Central processing of taste



- Taste receptor cells activate afferent nerve fibers of CN VII (anterior 2/3), IX (posterior 1/3), or X (taste buds on the epiglottis and esophagus)

- Nerve fibers project to solitary tract in medulla, synapse in the gustatory nucleus, then to VPM thalamus, then to gustatory cortex of the postcentral gyrus and the interface of the frontal operculum and insula.  There are relays from the gustatory nucleus to the intestines, lungs, and CV systems to more rostral brain stem nuclei.  


- Taste is bilateral, specifically taste is inhibitory to the contralateral side.  Therefore, unilateral lesion results in loss of sensation on the ipsilateral side, with heightened, often unpleasant sensation on the contralateral side (phantom taste syndromes).

D)  Diseases of taste


- Like smell, there are many disorders that can affect taste, especially those associated with CN VII, IX, or X defects
Comparison of transduction pathways:
	
	
	
	Taste

	Transduction step
	Vision
	Olfaction
	Sweet/bitter amino acids
	Salt/sour

	Energy
	Photons
	Molecules
	Amino acids
	Na+, H+

	Membrane receptor
	GPCR family: rhodopsin
	GPCR family: olfaction
	GPCR family: gustatory
	

	G-protein
	Transducin
	Golf
	Ggust and others
	

	G-prot target
	Phosphodiesterase
	AC III; PLC
	AC; PLC
	

	Second messenger
	cGMP
	cAMP, IP3
	cAMP, IP3
	

	Protein kinase
	
	
	PKA?, PKC?
	

	Membrane channel
	Cationic: inward
	Cationin: inward; Anionic: inward
	K+
	Na+, K+

	Sensory response
	Close channel
	Open channel
	Close channel
	Open; close channel

	Adaption mechanism
	Ca++; phosphorlyation; arrestin
	Ca++; protein kinases?
	?
	?

	Cell body output
	Synapses
	Impulses
	Synapses
	Synapses


Neural mechanisms of addiction: Reward pathways
I. Drug addiction: Addiction is a compulsive pattern of drug use that is out-of-control despite serious negative consequences.  

- Three hallmarks of addictions: 1) acute drug effect (reward or pleasure):  addictive drugs initially produce a positive emotional effect by activating neuronal circuits that induce a feeling of pleasure or reward and increase the probability of taking the drug again. 2) lasting changes: compulsive drug seeking or drug dependence develops after chronic use. 3) relapse: the compulsive behavior tends to recur even after long periods of abstinence.


- Stimulant drugs act by enhancing monoaminergic neurotransmission (e.g. DA and 5-HT).  The main sites of action for addictive drugs are limbic system structures including limbic parts of the basal ganglia (NAcc), limbic association cortex (orbitofrontal) and DA neurons (mesolimbic).

- Addictive drugs usurp neuronal circuits in the limbic system that normally mediate reward or pleasure.  The affected circuits include: 1) DA neurons in midbrain: VTA and DA projections to NAcc. 2) This circuit involves projections to PFC, amygdala and HC to NAcc.  This system probably evolved to endow reward properties to stimuli that enhance survival (food, water, reproduction, survival). 


- The reward system, DA-NAcc circuit, allows drug-related stimuli to gain motivational control over behavior.  The classic reward theory is that DA projections to the limbic system mediate the pleasure and reward of addictive drugs.  This system is mainly the VTA and its projections to NAcc (also to PFC).  DA neurons in the striatum (esp NAcc) potentiate responses to glu.  Therefore, DA facilitates glu excitation of the medium spiny neurons of striatum.  Chronic exposure to DA leads to sensitization which intensifies this response to DA.  

- 5-HT also facilitates the rewarding effects of stimulant drugs.  5-HT axons arise from neurons in raphe nuc of midbrain and innervate basal ganglia and all of cortex.  5-HT enhances the effects of DA.  Most stimulants co-release 5-HT as well as DA.

II.  DOPAMINE


- Dopamine neurons are found in ventral tegmentum (midbrain) and substantia nigra pars compacta.  While DA neurons in the SNpc project heavily upon dorsal striatum (caudate + putamen), the medial group of DA cells located in VTA selectively innervate the NAcc.  The SNpc, which innervates dorsal striatum, affects motor performance and cognitive function.  In contrast, DA neurons in VTA innervate striatal areas that have limbic system connections.  Thus, the VTA and NAcc modulate limbic functions.  The VTA neurons are sometimes referred to as the mesolimbic DA system.  The VTA also projects to the amygdala and PFC.

- Lesions of VTA DA cells markedly reduces cocaine self-administration in mice.

- Basic structure of a basal ganglia loop is the same for neocortex and limbic system



- Neocortex ( dorsal striatum (caudate) ( globus pallidus ( VA thalamus ( neocortex



- Hippocampus ( ventral striatum (nucleus accumbens) ( ventral pallidum (substantia innominata) ( MD thalamus ( anterior cingulate/orbitofrontal cortex/PFC

- The basal ganglia provides the connection between limbic system and dopamine neurons


- Recall from basal ganglia lecture that DA neurons from ventral tegementum area project to striatum and substantia nigra; therefore DA neurons can affect the limbic system through its basal ganglia loop


- DA neurons exert their effects by modulating postsynaptic response to Glu (D1 facilitates, D2 inhibits)

- There are two separate types of transmitter molecules expressed in DA neurons: one located in the plasma membrane and one in the synaptic vesicle membrane.  VMAT2 is the DA transporter located in vesicle membranes.  The same VMAT is located in other monoaminergic neurons, namely NE and 5-HT.  DATr is the DA transmitter located on plasma membranes and is unique to DA.


- Drug-induced release of DA is not dependant on AP or on Ca++ influx and is therefore is considered to be non-vesicular release.  Amphetamines bind to the DATr and cause it to reverse the direction of pumping thru the transporter.  Also, the drug disrupts the function of VMAT2 and as a result DA leaks out of vesicles and greatly increases the intra-cellular DA levels and consequently increase the efflux of DA thru the reversed DATr.  Cocaine clocks reuptake of DA but does not actively increase release.
III. Reward and pleasure: the septal area and NAcc
· The NAcc, which is the ventral part of the striatum, is located just lateral to the septal area and is considered (via DA release) the most crucial structure in the drug-reward system.  The septal area is the region known as the pleasure center and is part of the limbic system.  It also has extensive connections with the NAcc.  The septal area is a small zone of grey matter which contains the septal nuclei, which are continuous ventrally with the paraterminal gyrus, just beneath the rostrum of the corpus callosum.  This region lies anterior to the lamina terminalis and is continuous with the septum pellucidum dorsally.

· The most distinctive feature of the NAcc is that it receives synaptic input from limbic structures.  The NAcc also receives input from limbic association areas such as prefrontal cortex (both medial and orbitofrontal).  The NAcc, via ventral pallidum and mediodorsal nuc of thalamus, influences limbic areas such as cingulated cortex and the orbitofrontal cortex.
· Most addictive stimulant drugs cause the release of monoamine NTs (DA, 5-HT, NE) from nerve terminals in NAcc.  It is the release and extracellular accumulation of DA and 5-HT that produces the desired psychologic effects that produce an acute feeling of pleasure and lead to further abuse.  Amphetamines release DA and 5-HT from axon terminals in striatum and elsewhere.  Both amphets and cocaine block the reuptake of Da by DATr, leasing to increased extracellular levels in the synapse.

· Release of DA in the striatum produces increased locomotor activity and a rush sensation associated with euphoria.  Increase DA levels in the septal area and ventral straitum are associated with a strong emotional experience of pleasure and have potent rewarding effects.

· Morphine acts in VTA not in accumbens to produce increased release of DA in the striatum.  The opiates appear to act by causing increased firing rate of DA neurons in VTA, leading to DA release in the accembens due to impulse-mediated vesicular release of DA.  Opiates act on μ-opiate receptors which inhibit GABA interneurons in VTA.  As a result of presence of opiates, DA neurons in VTA are disinhibited: the DA cells increase firing rate which results in increase DA release in NAcc.

IV.  SEROTONIN


- Serotonin neurons are found in the raphe nuclei (midbrain) and project to forebrain via the medial forebrain bundle


- In addition to DA release, stimulant drugs act as the 5-HT transporter to produce 5-HT release by the same mechanism (via transporter).  Release of 5-HT alone has a rewarding, stimulant effect.  
III.  Molecular/morphologic changes induced by addictive drugs:

- High levels of amphetamine causes loss of 5-HT axons/neurons

- Chronic use of cocaine has been shown to cause an increase in the density of dendritic spines on the medium spiny cells in the NAcc.  Recall that spines are the main post-synaptic structure on central neurons.  In the striatum, glu axons from cerebral cortex synapse on the tips of spines while DA axons terminate on spine necks.  DA thru action of D1 and D2 receptors modulates the actions of excitatory glu synapses on these cells. By altering spines, cocaine may produce a change in the organization of synaptic inputs to these cells.  Such changes could result in altering the reward response to drug related stimuli.

- Addiction may be mediated by LTP



- In this case, the LTP is manifested as increased AMPA response to Glu



- DARPP-32 is a transcription factor regulated by cAMP that may be involved in this process.
Memory

I.  The hippocampus plays a critical role in the consolidation of memory (transferring information from working memory to long-term memory).

1) Working and long-term memory are qualitatively distinct


- Patient H.M., who has a hippocampus lesion, has intact long-term and working memory, but is unable to form new long-term memories


2) Procedural memory (refers to enhancements in motor performance with practice) is different than declarative memory (refers to the type of memory that we can talk about).

- H.M. is able to improve in motor tasks with practice, but does not recall that practice has occurred


- In addition to hippocampus and temporal lobe, mammillary bodies and anterior thalamus are also linked to memory consolidation


- fMRI and PET studies suggest right hippocampus is important in spatial memory whereas left hippocampus is important in declarative/verbal memory

II.  Amygdala and emotional memory

- Emotional memory is distinct from declarative memory.  Patients with amygdala lesions have impaired fear conditioning even though they can state explicitly what neutral stimuli have been paired with an aversive stimulus.  

- Fear conditioning and other types of emotional learning are mediated by the amygdala.  The amygdala receives a broad range of sensory input and is therefore well-positioned to mediate associations between a previously neutral stimulus and the unconditioned stimulus, such as a shock.

- The amygdala is highly active during emotional responses to faces displaying fear, suggesting the amgydala’s role in emotional processing, especially fear.

- Fear conditioning using a neutral auditory stimulus does not use NMDA receptor dependent form of LTP.

- Studies aimed at identifying methods to “unlearn” fear conditioning or induce reversal of synaptic plasticity may be helpful in treating anxiety disorders.  

- Although there is cortical input to the amygdala, it is not necessary for fear conditioning due to direct sensory input to the amygdala


- There appears to be a dissociation between explicit/cognitive vs. implicit/ subconscious emotional responses

III.  Anti-anxiety therapeutics


- There are many varieties of GABA-A receptors due to subunit heterogeneity


- The amygdala expresses a unique form of GABA-A receptor ((2) and it has proven possible to create a specific benzodiazepine antagonist that has anxiolytic effects, but less side-effects (caused by nonspecific effects on other GABA-A subtypes)

