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This article will discuss four major sensory modalities:  taste, smell, touch, and hearing.  Or, to 
give them their fancy names:  gustation, olfaction, somatosensation, and audition.  Seeing, or 
vision, will be the subject of the article for the next session of the course.  The vestibular sense 
that contributes to our ability to balance ourselves was discussed in the article on Behavior. 

Before we dig into each of these four sensory modalities in turn, there are some general ideas—
which apply to all or most of the separate modalities—to put on the table. 

Sensation and perception may be thought of as the ends of a two-way stream of processing that 
runs between the periphery of the body and the association areas of the cerebral cortex.  At the 
periphery—the surface of the tongue and nasal passages, the skin, the eardrum, the retina—
events in the world affect cells in the body that are specifically designed by natural selection to 
be thus affected.  Sensation starts with the transduction of energy, the conversion from 
mechanical, chemical, or electromagnetic energy from outside the body to electrical energy 
(action potentials) inside the body.  At the other end of the stream of processing, perception 
begins when a particular event is “recognized” as belonging to a type of event, such as 
recognizing an odor as the smell of cloves, for example.  This recognition then activates pre-
established associations between the type (cloves) and other perceptual types, motor programs, 
and cognitive events.  This article will be heavy on the sensation end of the process; the article 
on vision will dig more deeply into Perception. 

At the periphery, the cells that transduce mechanical, chemical, or electromagnetic energy are 
called receptors.  In some sensory systems, the receptors are non-neural cells that originate, 
during embryonic development, from epithelial progenitor cells (taste and hearing) or from the 
neural crest or neural placodes (smell).  Only taste receptors are replaced during the lifetime; 
when receptors for smell and hearing are damaged or degenerate, as they do, they are not 
replaced and consequently the senses “dull” with aging.  Receptors activate what are called 
ganglion cells, whose cell bodies are located outside the spine, typically in ganglia.  Ganglion 
cell axons carry the signal into the central nervous system.  In somatosensation, it is the ganglion 
cell itself that transduces energy from impinging events into action potentials. 

[5:  see footnote ]  As signals proceed from the periphery to and through the brain, certain 1

patterns of connectivity, and thus of information processing, are found in multiple sensory 
pathways.  One common pattern is divergence:  an axon carries the same signal, via multiple 

 Numbers in brackets indicate the figures at the end of this document which illustrate the 1

information that follows the brackets.  Some extra figures for use in class are at the end.
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branches, to multiple higher-level cells in the pathway.  Divergence makes it possible for the 
higher level to extract multiple types of information from the single signal.  A second common 
pattern is convergence:  the axons of multiple cells converge on a single cell.  Convergence 
increases the sensitivity of the system, since an event is more likely to be detected by this 
pooling of effort (but at the cost of lower precision regarding, for example, exactly where on the 
periphery the event occurred). 

[6]  Another common pattern of connectivity is called lateral inhibition.  In lateral inhibition, 
each cell at a level of processing inhibits neighboring cells within a certain distance from it.  
Lateral inhibition produces two desirable effects.  When a signal arrives at several neighboring 
cells—perhaps having been blurred a bit by earlier divergence—their competition can sharpen up 
the signal again, since only the cell(s) with the strongest input survive the inhibition.  This effect 
is called contrast enhancement.  Lateral inhibition also produces gain control.  Even when very 
strong signals arrive at several neighboring cells—signals that otherwise would max out their 
capacity—the inhibition scales activations down into the sensitive range again, and focuses 
activation on the cell(s) that are receiving the relatively strongest signals. 

[7-9]  The thalamus plays a central role in sensation and perception.  All sensory pathways to the 
neocortex pass through the thalami.  Occupying most of the diencephalon, the thalamus is not a 
single organ, but a collection of many different nuclei with separate input and output 
connections.  Each of these nuclei receives inputs from specific sensory pathways and sends 
outputs to specific cortical areas.  The thalamic nuclei also receive feedback from specific 
cortical areas, and that feedback affects the signals they send to the cortex.  The thalamus is often 
characterized as the sensory gateway to the cortex.  It is, however, much more than a gateway.  
Although our understanding of its functions is rudimentary, it is now clear that all cortical 
sensory processing involves essential back-and-forth communication with the thalamus. 

[10]  The connections to and from the thalamus are not the only long distance connections of the 
sensory cortex.  Pathways also connect a cortical sensory area to other areas in the same 
hemisphere, to the parallel area in the opposite hemisphere, and to the striatum, the midbrain 
tectum, the hindbrain pons and medulla, and the spinal cord. 

When we deal with the things in the world around us, there are two overridingly important 
questions about them.  One question is what that thing is:  what can we expect from our 
encounter with it, is it good or bad for us, what should we do with it or to it?  The other question 
is where that thing is:  how can we reach it, how can we grasp it, or how can we get away from 
it?  Answering these two questions requires completely different forms of information 
processing, which are both derived from the same original input.  At a large scale, then, sensory 
processing in each modality flows through two major pathways, a What pathway and a Where 
pathway.  All the sensory modalities yield information about about the What question:  we can 
identify things by their taste, smell, feeling, sound, and appearance.  The answers to the What 
question from all the senses converge on the temporal lobe, where they have intimate 
connections with the limbic system’s processing of values, motivations, feelings, and memories.  
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The answers to the Where question converge on the parietal lobe, where they have intimate 
connections to the motor system and the decision processes of the prefrontal lobe which control 
behavior. 

Gustation 

What we think of as our sense of taste is a combination of two modalities:  gustation which 
originates in the mouth, and olfaction which originates in the nose.  The olfactory contribution 
will be discussed in the next section.  This section concerns gustation. 

We can taste only five qualities via our sense of gustation but these five qualities are of vital 
importance to us.  Sweet tastes indicate the presence of sugars, which are a source of energy.  
Bitter tastes indicate the presence of toxins, which are contained in the edible parts of many 
plants to protect them from animals like us.  Sour tastes indicate the presence of acids, which are 
produced in food that is going bad, or spoiling.  The taste of salt indicates the presence of sodium 
ions, an essential atom that is rare in most food.  And the umami taste indicates the presence of 
glutamate, one of the 20 amino acids that make up proteins.  Rodents can taste many different 
amino acids.  Although we can taste only glutamate, that’s all we need to know, since essentially 
all proteins contain some glutamate. 

[13-15]  In development, taste receptor cells are derived from epithelial progenitors.  Receptor 
cells are located in taste buds, which are embedded in papillae which are located on various parts 
of the tongue and in the epiglottis and esophagus.  The receptor cells extend microvilli into the 
mucus in the mouth, where they contact food (and other things we put in our mouths).  They 
utilize a variety of mechanisms to transduce the chemical energy in food into electrical 
potentials, including several families of G-protein-coupled receptors, which will be discussed in 
the next section, and several types of ion channels.  At the opposite end from the microvilli, the 
receptor cell makes synaptic contact with primary ganglion cells.  They release neurotransmitters 
that trigger action potentials that are carried by the ganglion cell axons to the brain.  The axons 
pass through one of three cranial nerves, depending on the location on the tongue and throat of 
the receptor cell that they are connected to, but all arrive at the solitary tract nucleus of the 
medulla (hindbrain).  From there signals go to the ventroposteromedial nucleus of the thalamus 
and on to the gustatory cortex, located in the anterior part of the insula and the adjacent frontal 
lobe.  Signals also go to the hypothalamus and the amygdala. 

[16]  Each taste bud contains receptors of only one of the five types.  The axons carrying the 
signal to the brain are thus labeled lines:  a signal via a particular axon indicates the detection of 
a “tastant” by a particular one of the five types of receptor cells.  This fact has been demonstrated 
experimentally in rodents.  Humans have a certain bitter receptor that rodents lack.  When wild-
type rodents taste water containing the molecule that this human receptor detects, they show no 
attraction or aversion to it:  they cannot detect it.  Rodents genetically engineered to express this 
human bitter receptor, however, can detect it.  If they are engineered to express this receptor in 
their bitter taste buds, they avoid water containing the molecule.  But if they are engineered to 
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express this receptor in their sweet taste buds, they are attracted to drinking water containing the 
molecule:  it (presumably) tastes sweet to them, not bitter. 

There is, despite these findings, not a one-to-one relationship between receptor type and the 
tastes of sweet, bitter, and umami.  For example, the deletion of a certain receptor type in 
genetically engineered rodents prevents the detection of both sweet and umami, and there are 
two receptors which are both essential for the detection of sweet, umami, and bitter tastes. 

Signals from the taste buds go to the anterior part of the insula (the cortical island buried under 
the junction of the frontal, parietal, and temporal cortex) and to the frontal operculum (the “lid” 
covering the insula).  While the signals originating in the taste buds are well understood, the 
neural code for tastes in the brain is not understood. 

Olfaction 

[17-18]  When you breathe through your nose, air goes in and out via several passageways in the 
nasal cavity between the roof of your mouth and the bottom of your skull, behind the eyes.  
Lining the topmost of these passageways, on its top and sides, is the olfactory epithelium, in 
which the mucosal layer contains the ciliated endings of olfactory receptor cells.  Volatile 
molecules in the air—odorants—interact with these ciliated endings of receptor cells.  When you 
breathe in, you attribute what you smell to the air you are breathing.  When you breathe out, you 
attribute what you smell to the “taste” of the food you are eating.  Most of what we consider to 
be taste comes from the activity of these receptor cells on our out-breathings. 

Humans have about 500 olfactory genes, each of which codes for a protein that recognizes a 
different class of odorants.  (Rodents have 1,300 such genes.)  An olfactory receptor cell 
expresses only one of these genes; in fact, it expresses only one of the two copies of the gene it 
has—either the one inherited from the mother or the one inherited from the father.  
Consequently, all of the receptors in the cell are identical.  The proteins built on the gene form a 
component in what is called a G-protein-coupled receptor.  G-protein-coupled receptors are also 
employed in taste receptors, as has been mentioned, and they are employed in the retinal 
receptors of the eye.  We have more than 800 types of G-protein-coupled receptors, so it is worth 
knowing a little bit about how they work. 

[19]  G-protein-coupled receptors are lodged in the membrane of the receptor cell, with one end 
on the outside and the other end on the inside of the cell.  When an odorant molecule on the 
outside contacts a certain zone in a G-protein-coupled receptor, it attaches to the protein 
molecule.  This event unbalances the forces within the protein molecule, which as a result 
changes its shape to achieve another, more stable conformation.  As a result, a cyclic guanosine 
diphosphate molecule inside the cell interacts with an adenylyl cyclase molecule embedded 
nearby in the cell wall, with the result that it captures a phosphate atom from a passing adenosine 
triphosphate molecule (which was constructed in the mitochondria of the cell), turning it into 
cyclic adenosine monophosphate.  The cyclic adenosine monophosphate molecule then interacts 
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with an ion channel, also embedded in the cell wall, which opens to admit positively charged 
sodium and calcium ions into the cell, depolarizing it.  The calcium ions in turn trigger the 
opening of a second type of ion channel which moves negatively charged chlorine ions out of the 
cell, depolarizing it further.  As a result of the depolarization, the receptor cell generates an 
action potential that travels along the axon at the other end of the cell from the ciliated endings. 

[20]  Recall that the olfactory epithelium, where all this occurs, is just under the floor of the 
skull.  That section of the skull, called the cribriform plate, is porous.  The receptor cell axons 
pass through it to make contact with the olfactory bulb of the brain, which is right above the 
olfactory epithelium.  The surface of the bulb is made up of glomeruli:  globular tangles of axons 
from the receptors, neurons of various types, and their dendrites (glomus is the Latin word for a 
ball of yarn).  Each glomerulus receives axons only from receptor cells that express exactly the 
same olfactory gene, so there is a massive convergence of signals from the receptors to the 
glomerulus.  What is more, all the receptor cells of a given type send their axons to the same 
glomerulus, or to one of a pair of glomeruli.  So on the surface of the olfactory bulb there are 
hundreds of glomeruli, but each one only receives signals from the detection of a specific type of 
odorant.  (The illustration shows only three glomeruli and a few of the receptors of the three 
types that send signals to them.)   A lot of processing occurs within and among glomeruli, which 
I won’t describe except to say that there is lateral inhibition at both levels, which sharpens up the 
signals being sent. 

[21]  Those signals go down the olfactory tract to the piriform cortex of the brain.  You might 
recall that the piriform cortex is very old, evolutionarily; it is also called paleocortex.  It contains 
only three layers of cells, rather that the six that is standard for neocortex.  [23]  The connections 
from glomeruli in the bulb to neurons in piriform cortex are completely scrambled.  That is to 
say, each glomerulus sends signals to many piriform neurons in no particular pattern, so that one 
piriform neuron receives signals from a random assortment of glomeruli. 

[24]   A smell like coffee or cloves is complex, because those substances contain multiple 
odorants that activate multiple types of receptors that in turn activate multiple glomeruli.  
Substances with complex smells like these may contain some of the same odorants.  For 
example, among the handful of glomeruli that are activated by coffee, two are also among the 
handful of glomeruli that are activated by clove.  That means that some, but not all, of the 
piriform neurons activated by coffee will also be activated by clove.  

What matters is what happens in the piriform cortex, not what happens in the olfactory bulb, as 
recent experiments have shown.   Mice can be trained to associate a smell with a reward or 
punishment.  In one standard type of experiment, a mouse can get a little water (they keep the 
mice thirsty) by licking a tube after it smells one odor, but not after smelling a different odor.  It 
learns to lick only when it smells the good odor.  In another experiment, an odor is following by 
a shock to the feet, which the mouse can escape by moving to the other side of the cage.  It learns 
to move when it smells the odor, before any shock arrives. 
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[25]    In a recent series of experiments , researchers inserted a molecule called channelrhodopsin 2

into some of the cells in the piriform cortex of the mice.  They could then activate the cells 
containing channelrhodopsin with light; the mice had a little laser flashlight aimed through a 
small hole in their skull.  When the light was turned on, the channelrhodopsin cells were 
activated, as if the mouse had smelled something.  Instead of actually smelling an odor before 
being rewarded or punished, the mice had some of their piriform cells activated by light instead.  
Although the piriform cells were active, the glomeruli and the receptors were not, since there 
was actually no odor in the air.  Nevertheless, the mice learned to lick or escape when they were 
stimulated by the light, depending on whether the light had previously been paired with water or 
shock. 

When normal mice smell an odor, on the order of 100,000 piriform cells are activated.  And it 
takes about 10 experiences of odor followed by reward or punishment for the mouse to learn the 
association.  In the experiment, only about 500 piriform cells were activated; the mice learned 
the association, but it took about 20 experiences instead of 10.  When only 200 cells were 
activated, the mice did not learn the association. 

The 500 channelrhodopsin cells could be located in any part of the piriform cortex, or scattered 
fairly widely across it.  The representation of smell in piriform cortex is thus not a map with 
spatial organization; the cortical representation of an odor consists of the activation of a large 
number of cells that receive inputs from the set of glomeruli that are activated by all of the 
odorants that combine to make the odor.  And those connections between glomeruli and piriform 
cells are apparently made randomly.  Associations, this work shows, can be made between 
activity in random assortments of piriform cells and rewards or punishments. 

Somatosensation 

What we call the sense of touch is a collection of different sensory abilities, each with its own 
types of receptors, which fall into four major categories.  The first category is mechanoreceptors, 
which detect physical events such as pressure and movement; there are at least four types of 
mechanoreceptors.  Second, there are three thermoceptors, two for heat and one for cold.  Third 
is nociception, the detection of damage to tissue, which is perceived as pain; there are at least 
three types of nociceptors.  And finally there are four types of proprioceptors, which provide 
information about the state of the body itself.  We briefly met two of the proprioceptors—muscle 
spindles and Golgi tendon organs—in the article on Behavior, and I will not deal with them 
further here.  Nor will I treat the theromoceptors.  After describing the cells in which these 
receptors are found, I will discuss mechanoreception first, and then nociception. 

[27]  The 14-plus types of somatosensory receptors reside not in special receptor cells, but in 
what are called dorsal root ganglion cells.  These primary sensory neurons have no dendrites.  
They have a long axon that emerges from the cell body (which is located in a ganglion outside 

 Choi et al. - 2011 - Driving Opposing Behaviors with Ensembles of Piriform Neurons2
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the spinal cord) and then divides into two branches.  One branch of the axon enters the spinal 
cord; it is called the central axon.  The other branch goes to the skin; it is called the peripheral 
axon.  The last segment of the peripheral axon is unmyelinated; that is where the receptors are 
located.  When the receptors are activated, the final segment of the peripheral axon depolarizes.  
At the first segment of myelination, this depolarization triggers an action potential, which is then 
transmitted along the peripheral axon, past the cell body, through the central axon, and into the 
spinal cord. 

Dorsal root ganglion cells are classified by the size of the cell body, the diameter of the axon, the 
degree of myelination, and the speed of conduction of action potentials.  Type A fibers are fast 
conductors (there are three subgrades) and Type C fibers are not as fast.  Dorsal root ganglion 
cells are also classified by the speed with which their response adapts, after the initiation of 
activity.  And finally, they are categorized by the type of receptors they employ, of which there 
are at least the 14 mentioned above and perhaps more than 20.  Receptor types include various 
transmembrane proteins and ion channels. 

[28]  Turning now specifically to the mechanoreceptive cells, all four known types have their 
peripheral segments encased in a non-neural structure that affects how and when they are 
activated.  Working from the surface of the skin inward, the first mechanoreceptor type we meet 
is a rapidly adapting cell whose ending is embedded in Meissner corpuscles found in papillae 
protruding from the dermis into the epidermis.  These cells detect the movement of an object 
across the skin, as when something slips in the hand; they function in grip control and other 
motion detection.  Next come slowly adapting cells with endings buried in the Merkel-neurite 
complex found (in the epidermis) in valleys between the dermal papillae.  They detect impinging 
points, corners, edges, and curves; they function in the perception of shape and texture.  Third is 
a slowly adapting cell that detects skin stretch and functions in perception of hand shape, 
direction of motion, and tangential force.  In cats these cell endings are located in Ruffini 
corpuscles; in humans the only known Ruffini corpuscles are in the the bed of fingernails, and 
the structure of cell endings in the skin is unknown.  Finally, a rapidly adapting cell type has its 
ending in Pacinian corpuscles deep in the dermis.  The Pacinian corpuscle shields the nerve 
ending from sustained pressure, but it responds exquisitely to high frequency vibration.  It 
thereby functions in the perception of forces acting on objects held in the hand, which vibrate 
when we touch things with them.  In addition to these four types of cells innervating glabrous 
(non-hairy) skin, there are extremely sensitive and fast conducting cells that end in hair follicles 
and detect displacements of the hair. 

[29]  The central axons of all these cells enter the white matter of the spinal cord through the 
dorsal root and then ascend through the cord to the medulla, where they synapse with secondary 
sensory neurons whose axons cross to the other side of the brain and carry the signals to the 
thalamus.  Signals from different types of cells arrive in different thalamic nuclei.  In both the 
medulla and the thalamus, there is approximately a one-to-one connection, like a relay, between 
cells of different levels, so not much processing is going on there.   
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[30]  From the thalamus, signals travel to the primary somatosensory cortex, which occupies the 
back wall of the central sulcus and the postcentral gyrus.  (Recall that the primary motor cortex is 
directly across the central sulcus from the primary somatosensory cortex.)   

[31-32]  Primary somatosensory cortex (S1) is divided into four strips that run parallel to each 
other along the gyrus in a medial-to-lateral direction; each of these four strips is organized as a 
map of the body (like the homunculus in primary motor cortex).  Mechanosensory, or 
“cutaneous”, inputs arrive in zones 3b and 1, and propriosensory inputs arrive in zones 3a and 2.  
Within primary somatosensory cortex, processing proceeds from rostral to caudal, so the most 
complex representations of events in the body are found in zone 2. 

[33]  Output from S1 divides and follows two main paths.  One path leads ventrally to secondary 
somatosensory cortex (S2), which extends from the bottom of the postcentral gyrus down into 
the lateral sulcus (Sylvian fissure).  This path processes information about the shape of objects 
and their identify:  what kind of object is the thing being felt?  It makes contact with the insula 
and the temporal lobe association areas that also receive What information from the auditory and 
visual systems, and they connect with limbic structures that are concerned with the values and 
motivations that the object might be relevant to.  The processing in this pathway makes it 
possible for you to reach into a bag of stuff and pull out a specific object, like a key or a coin. 

[33]  The other path from S1 crosses the intraparietal sulcus into the posterior parietal lobule.  
This association area, which also receives visual and auditory information, is concerned with 
space, the locations of objects, and the spatial relations between objects and the body.  It  
connects to the motor areas of the frontal lobe and the prefrontal areas that control them.  
Processing in this pathway makes it possible for you to feel, without looking, whether a key has 
gone smoothly into the lock or not. 

[34]  Unlike mechanreceptors, nociceptive cells’ peripheral nerve endings are located in the 
epidermis (the most superficial layer of skin) and are not embedded in other structures.  They are 
triggered by damage to tissue.  And they come in two main types:  fast conducting A-delta and 
slower C fibers. 

[35]  When you jam your bare toes into something hard, you may for an instant think “That’s 
really going to hurt” before the actual pain arrives.  The fast A-delta fibers are what notify you of 
the event, and they tell you exactly where the damage has been done.  This is called 
discriminative pain, or fast pain.  Then information from the slower C fibers arrives, telling you 
how bad the damage is (but not so precisely where it is).  This is called punishing pain, or slow 
pain.  (The distinction between the two types of pain is not simply a matter of the two types of 
cells, but since I don’t understand the cortical processes involved I’ll leave it at that.) 

[36]  The central axons of nociceptive cells of both types enter the spinal cord and spread up and 
down the spine for one or two segments, with collaterals terminating on secondary sensory 
neurons at all of those levels. The secondary sensory neurons’ axons cross to the other side of the 
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cord and ascend in two columns.  The column shown on the left side of the illustration is driven 
mainly by A fibers; the column on the right contains mainly C fibers.  After sending collaterals 
into the medulla, pons, and midbrain, these fibers terminate in various thalamic nuclei.  Those 
receiving input from the column on the left in the figure send their axons to primary 
somatosensory cortex where the occurrence and location of the damage are discriminated (first 
pain).  Those receiving input from the column on the right send their axons to the anterior 
cingulate cortex and anterior insula where the motivational aspects of pain are effected (second 
pain).  These areas are also active when one anticipates future pain and when one observes pain 
in a loved one, and they are less active when one reports a reduction of pain after receiving a 
placebo. 

The cortical representation of pain is not, however, well understood.  No spatial pattern of 
activity in somatosensory cortex is known to correlate with the experience of pain.  Recent 
experiments , however, suggest it is the temporal dimension of neural activity that is important.  3

More specifically, when different human subjects report different levels of pain when subjected 
to identical painful stimuli, the reported pain levels correlate with the amplitude of oscillations in 
the firing of neurons in primary sensory cortex in the gamma band of frequencies (40 to 100 
peaks per second).  Similar correlations are found between gamma band amplitude and pain 
behavior in rodents.  Furthermore, optogenetic stimulation (similar to the olfactory experiment 
described earlier) causing such gamma oscillations in the rodents resulted in pain behavior when 
no painful stimulus was applied. 

Audition 

[39]  We mammals have distinctly better hearing than our avian and reptilian cousins, especially 
at higher frequencies.  Our advantage comes from the structure of the middle ear, where three 
small bones transmit vibrations from the eardrum to the inner ear, rather than the single bone of 
other groups.  The two extra bones derived, evolutionarily, from components of the jaw.  The 
gradual evolution of the mammalian middle ear is one of the best understood subjects in 
evolutionary science. 

[38]  Also evolutionarily, the sense of hearing evolved from the sense of balance; both depend 
upon the detection of movement in a liquid in a confined space inside the body.  Since the 
vestibular apparatus sent its signals to the hindbrain, the auditory apparatus did too.  
Consequently, auditory signals are processed in the brain from back to front (unlike most other 
sensory systems). 

 Ploner, Markus, and Joachim Gross. “Gamma Oscillations Shape Pain in Animals and 3

Humans” Trends in Cognitive Sciences, vol. 23, no. 6, June 2019, pp. 450–51, and references 
therein. 
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[39-40]  Auditory receptor cells, called hair cells, are derived from epithelial progenitors.  They 
are located in the organ of Corti, which rests on the membrane that runs through the middle of 
the cochlea, the spiral canal in the inner ear.  Fluid in this spiral canal is vibrated by the three 
middle ear bones, which are vibrated by the ear drum, which is vibrated by soundwaves in the air 
in the outer ear.  All these structures and their functions have been intensely studied and are well, 
if not completely, understood.  I will omit the details and simply begin with the fact that the 
vibrations in the cochlear fluid activate the hair cell receptors, which vibrate in tune with them.  
Those who are interested in the details—as you should be—will find useful information in the 
Wikipedia articles on hair cells, the organ of Corti, the cochlea, and the inner, middle, and outer 
ear. 

[41]  Hair cells, like neurons, are always negatively polarized:  positive ions are continuously 
pumped out of the cell.  The degree of polarization is affected by each vibration of the hairs that 
extend from the cell into the fluid surrounding it.  When the hairs are pushed in one direction, 
certain positive-ion channels are opened and the polarization is decreased, and when they return 
in the other direction these channels are closed and the constant pumping out of positive ions 
increases the polarization again.   

Hair cells are contacted by the peripheral end of the axon of a primary auditory neuron (these 
bipolar ganglion cells are structured like those in the somatosensory system, but their cell bodies 
are located in ganglia in the cochlea rather that close to the central nervous system).  These 
ganglion cells have a constant spontaneous firing rate, which is modulated by the level of 
polarization in the hair cell.  When the hair cell is depolarized by the hairs moving in one 
direction, the rate of firing of the ganglion cell increases.  When the hair cell is hyperpolarized by 
the movement of the hairs in the other direction, the rate of firing of the ganglion cell decreases.  
The signal of the ganglion cell resides not in the firing of an action potential, but in the rate of 
firing. 

[42]  The hair cells nearest the beginning of the cochlea vibrate to sound at high frequencies, and 
as one proceeds through to the far end of the spiral the frequency of sound to which the cells 
respond decreases.  This is called a “tonotopic” mapping, and it is inherited by the ganglion cells.  
The frequency to which a ganglion cell is best tuned—the frequency at which it can detect the 
lowest level of sound—is called it characteristic frequency.  As the frequency moves farther from 
a ganglion cell’s characteristic frequency, the level of sound required to affect its firing rate 
increases. 

[43]  Bear in mind that a natural sound lasts a very long time compared with its frequency of 
vibration.  In other words, even a short sound comprises many peaks and valleys of air pressure.  
The ganglion cell does not fire with every peak in the sound wave.  But when it does fire, it fires 
as a peak of the wave builds: it fires as the air pressure increases.   

[44] The rate of firing of the ganglion cell does not signal the frequency of the sound, it signals 
the closeness of the frequency of the sound to its own particular characteristic frequency (since 
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its sensitivity drops off as the sound frequency gets farther from the frequency to which it is 
tuned).  The frequency of the sound is signaled by the identity (that is, the location along the 
cochlea) of the ganglion cells that are firing more rapidly than their spontaneous rate, and the 
precise frequency of the sound can be extracted from this blurred signal by lateral inhibition.  
The ganglion cell tonotopic mapping is a mapping from sound frequency to the cochlear location 
of the most active ganglion cells.  And that mapping is preserved in the brain, where the ganglion 
cells’ central axons arrive in the cochlear nucleus of the medulla.  (Beware:  the ganglion cell 
axons have one end in the cochlea and the other end in the cochlear nucleus of the medulla.) 

In the cochlear nucleus, the central axons of the ganglion cells make contact with a population of 
secondary sensory neurons.  These secondary neurons may be categorized along three 
dimensions.   The first dimension is laterality.  Most cochlear neurons receive input from the ear 
on the opposite side of the body, but some receive input from the same-side ear, and some 
connect to both ears. 

[46]  The second dimension on which cochlear neurons are categorized is cell type.  There are 
five different types of cells, with five different shapes.  They vary in the temporal pattern of their 
response to a burst of sound.  Some—the spherical bushy cells—replicate the response pattern of 
the ganglion cells.  At the beginning of the sound burst they fire rapidly for a very short time, 
then the firing rate drops down, and over time it decreases slowly while the tone lasts, then they 
return to their spontaneous firing rate.  The other five types of cells and their firing patterns may 
be seen in the illustration. 

[46]  The third dimension on which cochlear neurons are categorized is called their response 
map.  The response map reflects the effects of lateral inhibition, and thus the degree of 
sharpening or precision in the cell’s relationship to the frequency of a tone.  Type I cells receive 
no lateral inhibition and respond to a broad range of frequencies around their characteristic 
frequency.  Type III cells are inhibited by tones that are only slightly off their characteristic 
frequency, so their response is quite precise.  The other three response maps may be seen in the 
illustration. 

From the cochlear nucleus, auditory processing proceeds to another structure in the medulla; it is 
called the olive, not due to its color or shape, but simply because it is about the size of an olive.  
It is more correctly called the olivary complex because, like the thalamus, it comprises a set of 
different nuclei with different connection patterns and functions. 

Evolutionarily, the original function of what has become the auditory system was to tell where in 
space vibrations in the water were coming from.  This process of localization is carried out in the 
olivary complex.  In fact, there are (in us) two processes, which utilize two types of auditory 
information.  One localizes sound sources using information about the difference in the time at 
which a sound arrives at the two ears.  The other localizes sound sources using information about 
the difference in the level of sound arriving at the two ears. 
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[48-51]  Localization by timing differences is accomplished, in the medial superior olive, as 
follows.  The medial superior olive receives signals from both ears.  Axons from the two ears run 
through the nucleus in opposite directions, and both sets of axons excite olivary neurons that are 
distributed along this path.  These olivary neurons will fire only if they are excited by inputs 
from both ears at the same time.  If the sound source is equidistant from both ears, and the sound 
thus arrives at the two ears at the same time, olivary neurons toward the middle of the path are 
excited by action potentials from both sides at the same time, and they fire.  Their firing 
represents a sound source midway between the two ears.  (This happens on both sides of the 
brain.  Since the ipsilateral ear is nearer than the contralateral ear, the axons coming from the 
ipsilateral side take a detour, to delay the arrival of action potentials at their end of the path until 
the time when the matching action potentials from the contralateral side have gotten to the other 
end of the path, so both signals can proceed along the path in opposite directions at the same 
time, and meet in the middle.)  If the sound comes not from the middle but from one side, then 
the two signals meet closer to one end of the path, and excite the olivary neurons there.  If the 
sound comes from the other side, the signals converge on olivary neurons toward the other end of 
the path.  So when an olivary neuron fires, the location of the sound is represented by the 
identity, or location, of that neuron.  This whole process works best for relatively low frequencies 
(below about 1,500 vibrations per second, whose wavelength is about a foot).  But the firing of 
olivary neurons does not represent sound frequency.  Information about the frequency of the 
sound has been thrown away in order to extract information about the location of the sound 
source. 

[52]  The location of the source of higher frequency sounds is best detected by the second 
method, which you may be glad to know is a good deal simpler.  When a sound source is to one 
side of the head, the level of sound arriving at the near ear is higher than the level of the sound 
arriving at the far ear.  This is true not only due to the greater attenuation of waves that have 
travelled farther, but more importantly because the head creates a sound shadow, and the far ear 
is in that shadow.  The calculation in the olivary complex is simply to calculate the difference in 
the level of sound from the two ears.  This is done on both sides of the medulla.  Lateral superior 
olive neurons are also excited by signals from the ipsilateral ear.  The signal from the 
contralateral ear excites an inhibitory neuron in the medial nucleus of the trapezoidal body, 
which inhibits neurons in the lateral superior olive.  If the excitation exceeds the inhibition, the 
olivary neurons fire, signaling a sound source on the ipsilateral side.  If the excitation is less than 
the inhibition, the neurons on this side do not fire, but the neurons on the other side do, signaling 
a sound source on their ipsilateral side.  Again, information about sound frequency has been 
sacrificed to gain information about sound source. 

Curiously, there is a gap in the middle frequencies, where neither method works optimally.  We 
consequently are less accurate at identifying the source of sounds in the middle frequencies than 
at either extreme. 

None of this helps determine whether the sound is coming from in front of us or behind; nor does 
it tell whether the sound comes from above or below.  That is where the outer ear—what we 
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usually usually think of simply as the ear, which is technically called the pinna—comes in.  The 
pinna affects incoming waveforms in a manner that allows the brain to answer these questions, 
but I don’t know how it does it. 

As we proceed forward in the brain, our understanding of the nature of the processing decreases.   
The midbrain inferior colliculus (“lower hillock”) receives inputs from both the olivary complex 
and the cochlear nucleus of the medulla; almost all auditory pathways make a synapse there.  The 
inferior colliculus in mammals has not been found to represent sound location.  But such a map 
has been found in a layer of cells below the neighboring superior colliculus (“higher hillock”), 
and it is in register with a superior colliculus map of locations derived from visual inputs.  These 
structures are involved in motor control of the eyes, the head, and (in rabbits) the ears (I mean 
the pinnae). 

[53]  There are complex pathways between the inferior colliculus and the medial geniculate 
nucleus of the thalamus, from which signals proceed to primary auditory cortex.  We will pick up 
the story there, and turn from the question of Where a thing is to the question of What it is. 

You can tell the difference, just from their sound, between a frog jumping into a pond and a stick 
cracking under your foot.  You can tell the difference between a violin and a trumpet when both 
are playing the same note.  You can tell the difference between someone saying “a” and someone 
saying “I”.  How do you do it? 

[54]  Sounds that are not just noise (in the sense of white noise, not kids shouting) have a certain 
kind of complex structure.  Part of that structure is spectral; because of their physical structure, 
different objects and events make sounds that combine waves of different frequencies into one 
single waveform, and our brains can sort out the different component waves in that pattern.  A 
violin, for example, has a complex waveform that combines a fundamental frequency (at the 
pitch we think of the instrument as playing) with higher frequencies at multiples of the 
fundamental.  All of the “harmonic” frequencies are present, up to a very high frequency, at 
diminishing sound levels as you go up.  This pattern distinguishes a violin from a clarinet, for 
example, which also has harmonics but in a more selective pattern.  Hitting a board with a 
hammer also produces a combination of frequencies, and so do all of the other sounds by which 
we can distinguish the various objects that make them.  Including the human voice; that’s how 
we can tell who’s talking without looking. 

[55]  The other dimension of the complex structure of sounds is temporal.  The spectral 
combination of frequencies in a sound does not stay constant.  This is trivially obvious in the 
case of a violin playing a melody, but the sound of a frog jumping into a pond lasts longer and 
evolves differently from the sound of a stick cracking under your foot.  And the temporal 
dimension of sound is especially important in speech.  Speech has a spectral structure—not as 
pure as the violin’s, but real—and that is how we  distinguish “a” from “I”.  But we identify 
consonants more by how they evolve in time, even though they don’t last long, as little as a tenth 
of a second. 
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[56]  The auditory cortex is located in the temporal lobe, on the top of the lobe and down the 
surface that forms the caudal bank of the Sylvian fissure.  There is a handful of distinguishable 
areas, but auditory cortex occupies a much smaller fraction of the cortical surface than vision or 
somatosensation do.  (That’s in the human.  In the cat, auditory cortex occupies something like a 
quarter of the whole surface.)   

[57]  It has been known for a while that activity in auditory cortex differs between the left and 
right hemispheres.  Listening to speech, which has more temporal than spectral complexity, 
produces more activity in the left hemisphere; listening to music, which has more spectral than 
temporal complexity, produces more activity in the right hemisphere.  Recent experiments  have 4

nailed down the lateralized processing of speech and music more precisely.  Experimenters 
created ten sentences, such as “Meghan wanted to talk to all the boys,” all with the same number 
of syllables.  And they created ten melodies with that number of notes; the temporal pattern of 
the melodies was constant, but the pitches of the notes varied.  Then they had someone sing 100 
a cappella songs, combining the ten lyrics with the ten melodies.  Then, for each of the 100 
songs, they degraded the recording in five steps along the temporal dimension and in five steps 
along the spectral dimension, producing a stimulus set of 2,500 songs with all combinations of 
words, melodies, temporal degradations, and spectral degradations.  (Actually, they did the 
whole experiment twice, once in English and once in French, and found no differences in results 
by language.)  They had subjects listen to a pair of songs, then asked them whether either the 
words or the melodies had been the same, repeating this over many trials with different randomly 
paired songs.  Errors in judgements about word similarity correlated with degradation in the 
temporal structure, but not the spectral structure.  Errors in judgement of melody correlated with 
degradation in the spectral structure, but not the temporal structure.  They also put subjects in 
MRI machines and measured activity across the brain (BOLD signal) as they attended either to 
the words or the melodies of blocks of five songs.  They found that activity was lateralized for 
words in the auditory cortex of the left hemisphere and for melodies in the auditory cortex of the 
right hemisphere.  Within auditory cortex, they found specifically that activity in area A4, the 
“highest level” area of auditory processing, correlated with temporal degradation in the left 
hemisphere and with spectral degradation in the right hemisphere. 

These results do not have to be the result of genetic adaptation to speech and music.  Like the 
cortical areas that are involved in reading, which has not been part of our environment long 
enough to have had large genetic consequences, they could be the result of experience.  But 
speech and music have presumably been with us for a good bit longer than writing, so who 
knows? 

Albouy, Philippe, et al. “Distinct Sensitivity to Spectrotemporal Modulation Supports Brain 4

Asymmetry for Speech and Melody” Science, vol. 367, no. 6481, Feb. 2020, pp. 1043–47. 
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Sensory Systems
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• Gustation 

• Olfaction 

• Somatosensation 

• Audition 

• Vision

Sensation and Perception
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Perception

Sensation

Levels and levels 
of processing

Recognition:  Neural activation 
representing a type of thing or event

Causation:  Neural activation 
occurring as the effect of a thing or 
event

Receptors
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Cells 
• At or near a surface where the body meets the world 
• Designed by evolution to be affected by the world

Transduction:  converting energy from one form to another 
• From chemical, mechanical, or electromagnetic energy 
• To electrical neural signal

Non-renewable (except gustation)

Origins 
• Epithelial progenitors 
• Neural crest or neural placode cells 
• Progenitors in neural tub

Processing
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Maps 
• Maintain physical relations of 

processing units from layer to layer 
• 2-dimensional or 1-dimensional

Convergence 

• High:  sensitivity

• Low:  precision

Lower Level Higher Level
Divergence 
• Extract different types of information 
• Create additional dimensions of 

analysis

Lateral Inhibition
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Thalamus
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Neocortical Zones of Thalamic Centers
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Sensory Cortex—Long Connections

Squire 22.8 

10

What and Where
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There are separate processing systems for two fundamental kinds of 
information about a perceived thing: 
• What is it? 
• Where is it?

Where systems 
• Relative to my body, in objective terms, Where is this thing located? 
• Somatosensory, Auditory, and Visual systems yield Where information 
• Convergence in parietal lobe with intimate connections to the motor 

system 

What systems 
• To which type does this thing belong? 
• A few types are “innately” known, most types are learned 
• All 5 sensory systems yield What information 
• Convergence in temporal lobe with intimate connections to limbic system

Gustation
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Receptor Detects Significance

Sweet Sugars Energy

Bitter Various Toxins

Sour Acids Past Sellby Date

Salt Sodium Ions Essential

Umami Glutamate Protein



Receptors in Taste Buds
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Olfaction

Schneider 19.9 

17

Detection of Odorants

Squire 23.9

18



G-Protein-Coupled Receptor
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Glomeruli
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Piriform Cortex
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Experiment

Choi et al. - 2011 - Driving Opposing Behaviors with Ensembles of Piriform Neurons
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Somatosensory System(s)
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• Mechanoception 

• Thermoception 

• Nociception 

• Proprioception

Primary Sensory Neuron
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Mechanoreceptors

Squire 24.3 

28

Ascending Pathways of Mechanosensory System
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Somatosensory Cortex
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Primary Somatosensory Cortex
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Flow of Information
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Output Pathways
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Nociception
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Fast and Slow Pain
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Reflexes and Cortical Processing
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Cortical Representation of Pain

Ploner and Gross - 2019 - Gamma Oscillations Shape Pain in Animals and Human.pdf
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• No spatial patterns of cortical firing have been 
found to correlate with pain experience 

• Temporal patterns of simultaneous firing in S1 do 
correlate with pain 

• Recent experiments in the gamma band of 
oscillations 

Gamma oscillation amplitude correlates with 
reported level of pain in humans and pain 
behavior in rodents 
Optogenetic stimulation of gamma oscillations 
increased pain behavior in rodents

Audition:  Major Ascending Pathways
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Phase Locking
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Ganglion Cell Firing Pattern
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Cochlear Nucleus
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Neurons differ along three dimensions: 

• Laterality 
Most are contralateral 
Some iplilateral 
Some binaural 

• Cell type 

• Response maps

Cell Types and Response Patterns
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Response Map
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Sound Source Localization by Level
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Olivary Nuclei in Brainstem

Recognition of Sounds
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• Noise and sound 

• Sound frequencies and harmonics 

• Spectral and temporal structure of waveforms

Violin
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https://www.dropbox.com/s/fqfjvowk8h6auub/Violin_for_spectrogram.ogg?dl=0
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Auditory Cortex

Glasser et al. - 2016 - A multi-modal parcellation of human cerebral corte Fig 3 
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To generate the complete parcellation of 180 areas and area 
 complexes in each hemisphere, we adopted a systematic, objective, and 
quantitative approach (see the gradient-based parcellation approach 
section in the Methods and in Supplementary Methods 5.1–5.3). Our 
major criteria, met in nearly all cases, included: (i) spatially overlapping 
gradient ‘ridges’ between each pair of areas for at least two  independent 
areal feature maps; (ii) similar gradient ridges present in roughly cor-
responding locations in both hemispheres; (iii) gradients that were not 
correlated with artefacts; and (iv) robust and statistically significant 
cross-border differences in the feature maps. Another consideration 
(but not a requirement) was whether published evidence exists for a 
boundary in an approximately corresponding location. Studies with 
publicly available parcellations registered onto atlas surfaces4 were 
directly compared with our data; however, most regions required 
indirect comparisons with published figures (for example, Fig. 1h). 

Initial areal boundaries meeting these criteria were delineated by two 
neuroanatomists (authors M.F.G. and D.C.V.E.).

In a second computational stage, the path of each manually drawn 
border was optimized algorithmically using gradients of the most 
informative feature maps selected by the neuroanatomists (those with 
visually obvious gradients and differences across the border). These 
feature maps were confirmed to have robust and statistically significant 
differences across the final border. The semi-automated gradient-based 
parcellation approach is further described in Supplementary Methods 
5.1–5.3), and the entire semi-automated process is illustrated for area 
V1 in Supplementary Neuroanatomical Results 1; other sections of this 
document describe and illustrate the information used to delineate and 
the literature used to name all 180 cortical areas.

Figure 3 shows the multi-modal cortical parcellation in the left 
and right hemispheres on inflated and flattened surfaces, with areal 

Figure 2 | Parcellation of exemplar area 55b using multi-modal 
information. The border of 55b is indicated by a white or black outline. 
a, Myelin map. b, Group average beta map from the LANGUAGE Story 
versus Baseline task contrast. c, d, Functional connectivity correlation 
maps from a seed in area PSL (white sphere, arrow) (c) and a seed in 
area LIPv (white sphere, arrow) (d). e, Gradient magnitude of the myelin 
map shown in a. f, Gradient magnitude of the LANGUAGE Story versus 

Baseline task contrast shown in b. g, Mean gradient magnitude of the 
functional connectivity dense connectome (see section on modalities for 
parcellation in the Methods). h, A dorsal schematic view of the prefrontal 
cortex as parcellated in ref. 22, in which shading indicates the amount 
of myelin found using histological stains of cortical grey matter. Data at 
http://balsa.wustl.edu/Qv4P.

The HCP’s multi-modal cortical parcellation (HCP_MMP1.0)
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Figure 3 | The HCP’s multi-modal parcellation, version 1.0 (HCP_
MMP1.0). The 180 areas delineated and identified in both left and right 
hemispheres are displayed on inflated and flattened cortical surfaces. Black 
outlines indicate areal borders. Colours indicate the extent to which the 
areas are associated in the resting state with auditory (red), somatosensory 

(green), visual (blue), task positive (towards white), or task negative 
(towards black) groups of areas (see Supplementary Methods 5.4).  
The legend on the bottom right illustrates the 3D colour space used  
in the figure. Data at http://balsa.wustl.edu/WN56.

Speech vs Music in the Auditory Cortex

Image from Schneider 23.17 
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REVIEW

Homology, neocortex,
and the evolution of
developmental mechanisms
Steven D. Briscoe1* and Clifton W. Ragsdale2,3

The six-layered neocortex of the mammalian pallium has no clear homolog in birds or
non-avian reptiles. Recent research indicates that although these extant amniotes possess
a variety of divergent and nonhomologous pallial structures, they share a conserved set
of neuronal cell types and circuitries. These findings suggest a principle of brain evolution:
that natural selection preferentially preserves the integrity of information-processing
pathways, whereas other levels of biological organization, such as the three-dimensional
architectures of neuronal assemblies, are less constrained. We review the similarities
of pallial neuronal cell types in amniotes, delineate candidate gene regulatory networks for
their cellular identities, and propose a model of developmental evolution for the divergence
of amniote pallial structures.

T
he six-layered neocortex is shared by all
extant mammals but is absent from non-
mammals, including birds and non-avian
reptiles (1). The question of where it came
from has been disputed for more than

150 years (2). Neuroanatomists in the early 20th
century proposed that the neocortex represents
a phylogenetic addition to a primitive reptilian
brain and that it was responsible for those cog-
nitive abilities thought to be unique tomammals
(2). This scenario implies the rapid evolutionary
genesis of the neocortex, seemingly from noth-
ing, while leaving open the question of how
nonmammals operatewithout a neocortex equiv-
alent. However, de novo addition is not a mech-
anistic explanation for the origin of evolutionary
novelty. To understand neocortex origins, we
must search for homologous neocortical features
shared by mammals and their relatives.
Biological structures are organized and evolve

atmultiple levels: cell types, neural circuits,mole-
cules, and embryological territories (3–5). These
levels can evolve independently of one another,
and homology at one level does not require con-
servation at others. Although the neocortex is
present only in mammals, some of its compo-
nents may evolutionarily predate the common
ancestor that mammals share with birds and
reptiles. If true, the evolutionary origin of the
neocortex could be explained, at least in part,
by reorganization of old components at other
hierarchical levels. Such a mechanism would
resolve the apparent conflict between morpho-
logical novelty and the historical continuity
required of evolving biological systems.
A current evolutionary developmental per-

spective focuses on cell types for considerations

of homology (6, 7). The claims of this view are
that (i) cell types are elemental units of animal
organization, (ii) cell identity is specified during
development by evolutionarily stable collections
of transcription factors, (iii) homologous cell
types can exist in distantly related animals, and
(iv) cell types can acquire species-specific states
through evolutionary modifications that do not
compromise their identities. Here, we review
recent and classical findings indicating that
core neuronal cell types of neocortical circuits
are shared across mammals, reptiles, and birds.
Lineage-specific developmentalmechanismsmay
differentially arrange these conserved cell types
into a wide variety of derived structural archi-

tectures, modify their morphologies and devel-
opmental origins, and add novel cell types.

Homologous cell types and circuitry in
the amniote pallium

The neuroanatomical structures in the dorsal
telencephalon, or pallium, of amniotes (mam-
mals, birds, and non-avian reptiles) look very
little alike (Fig. 1). Neuronal cell types of the
mammalian neocortex are organized into layers.
In contrast, the pallium of birds and other rep-
tiles (the sauropsids) features a vast territory,
the dorsal ventricular ridge (DVR), of neuronal
cell body clusters called nuclei. In non-avian rep-
tiles, a three-layered dorsal cortex lies above the
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Fig. 1. The amniotes and their pallial anatomies. Amniotes include mammals and sauropsids
(birds and non-avian reptiles). Tuataras, together with snakes and lizards (not shown), form the
lepidosaurs. A second major group of sauropsids, the archosaurs, includes birds and crocodilians.
Schematic tracings of telencephalon anatomies are shown as left-side coronal cross sections with
medial to the right and dorsal at the top. All amniotes have a ventral telencephalon (VT, gray
shading) and a dorsal telencephalon, or pallium (peach shading). The mammalian pallium includes
the neocortex (Ncx), piriform cortex (CPi), hippocampus (not shown), and amygdala (not shown).
The pallium in non-avian reptiles includes a dorsal ventricular ridge (DVR) and a cerebral cortex with
medial (MC), dorsal (DC), and lateral (LC) divisions. The bird DVR contains the ventral part of the
mesopallium (M), the nidopallium (N), the entopallium (E), and the arcopallium (not shown). Birds
have a medial hippocampus (Hp), a lateral piriform cortex (CPi), and a dorsally located Wulst
that includes the dorsal mesopallium and the hyperpallium (H). Drawings are not to scale.(T
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Piriform Cortex

Schneider 19.10
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Pyriform Cortex

Schneider 19.10 and Nieuwenhuys 11.7
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Olfactory Connections

Nieuwenhuys 11.7 and 11.8

6

Frontal 
Pyriform

Ventral 
Striatum

Temporal 
Pyriform

Insula

Amygdala
Hippocampus



Extra Slides Used in Class for Sensation II

1

Sensation: 
Taste, Smell, Touch and Hearing

The Brain, Harvard Institute for Learning in Retirement, Fall 2020 

Murray Smith

These visual aids are not intended to be self explanatory.



Rapidly and Slowly Adapting Mechanoceptors

Squire 24.2

2



Internal Structure of the Cochlea

Squire 25.2

3

10/18/2020 Audition- ClinicalKey

https://www-clinicalkey-com.ezp-prod1.hul.harvard.edu/#!/content/book/3-s2.0-B9780123858702000251 1/2

IMAGE

Audition
Fundamental Neuroscience.

Brown, M. Christian; Santos-Sacchi, Joseph. Published January 1, 2013. Pages 553-576. © 2013.

Figure 25.2

(A) Cross section through the cochlea. The cross section shows that there are approximately three turns in this human
cochlea and that they spiral around a central core (modiolus) that contains the auditory nerve. (B) Cross section through one
cochlear turn to illustrate important cell groups (organ of Corti, spiral ligament, stria vascularis, and spiral ganglion) and the
main fluid compartments [scala vestibuli, scala media (shaded orange), and scala tympani]. Within the organ of Corti,
sensory cells (inner and outer hair cells) are shaded dark blue and are situated between the basilar and tectorial membranes,
which move when sound stimulates the cochlea. When these membranes cause motion of the stereocilia of the hair cell, the
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Composition and Decomposition of Waveforms

Rigden page 72 

4


