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This article has two sections, both of which provide background information for the course as a 
whole.  The first section concerns neurons, the principal components out of which the brain is 
built.  The main goal in this section is to gain some understanding of how action potentials 
(neuron firings) work.  This section will take us into a bit of cellular and molecular biology and it 
will get a bit technical.  It is not essential to master all the details, but it is important to have an 
appreciation of the nature of the fundamental process on which the functioning of the brain 
depends.  The second section is quite different.  It concerns the gross anatomy of the brain:  the 
parts and pieces you could see with you own eyes and hold in your hands.  This section will be 
less technical and detailed, but retaining the information will be more important, since the 
structures discussed will come up repeatedly during the course. 

Neurons 

Neurons are cells with electrical properties specialized for the processing and communication of 
information.  They are not the only cells in the brain.  All other types of brain cells are (now) 
lumped under the category of glial cells, and we will meet a couple of types of glial cells in this 
course.  But our main interest is in neurons.  The human brain contains on the order of 85 billion 
neurons. 

[3:  see footnote ]  A neuron has three main parts.  First there is the cell body; it contains the cell 1

nucleus, which contains the DNA, and many other organelles with which we will not be 
concerned.  Second, there are dendrites, which extend from the cell body and branch out; most of 
the input signals to a neuron arrive at the dendrites, although some also arrive at the cell body.  
One dendrite, called an apical dendrite, may be longer than the others, picking up information 
from more distant sources.  Finally, there is the axon, which carries output signals to other cells.  
Axon collaterals (branches) may target local cells, but the main axon may go quite a distance 
before branching out to communicate with cells in another part of the brain. 

The size of neurons varies quite a bit. But—to give you an idea of the scale of things—a typical 
cell body might be on the order of 1 percent of a millimeter in diameter (1 percent of 4 percent of 
an inch).  The longest axons are measured in feet:  from the top of your brain to near the end of 
your spine.  If you scaled up such a neuron so that the diameter of the cell body was 2 inches, the 
length of the axon would be measured in miles. 

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

information that follows the brackets.
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[3 to 5]  Neurons come in many different types, distinguishable by their locations, their physical 
structures, and their patterns of genetic expression.  Not all distinguishable types have been 
identified, but well over 100 are known.  There are a variety of ways of grouping these types of 
neurons into larger categories.  One categorization distinguishes three major groups:  sensory 
neurons, which detect events in the world or the body; motor neurons, which trigger movements 
of the body or its internal organs; and interneurons, which form the great network in between the 
sensory and motor neurons.  A second categorization distinguishes between local circuit neurons 
(also called interneurons, confusingly) and those which send their signals to a distant part of the 
brain.  A third categorization distinguishes between excitatory neurons, which make their targets 
more likely to fire; inhibitory neurons, which make their targets less likely to fire; and 
modulatory neurons, which alter the effect on their targets of other—excitatory or inhibitory—
neurons.  Some local circuit interneurons are excitatory but most are inhibitory; long distance 
neurons may be either, and some are modulatory. 

[6]  Like almost all cells, neurons are bounded by a lipid bilayer membrane, which consists of 
two layers of phospholipid molecules.  Each of these has a “head”, built around a phosphorus 
atom, which is attracted to water, plus two “tails”, fatty acid chains that are repelled by water.  
The two layers are arranged with the hydrophilic phosphate heads on the outside and the 
hydrophobic tails on the inside.  In fact, phospholipids in water will gather themselves together 
in this structure as the heads are pulled toward the water and the tails pushed away from it.  The 
bilayer is held together by these forces; there are no covalent bonds between the individual 
molecules in the bilayer.  This means that, while the bilayer is quite stable, you could stick your 
finger right through it, if you were small enough.  This is a key property, because a variety of 
different molecules are lodged in the membrane. 

[7]  Most of the molecules lodged in the lipid bilayer membrane of neurons are proteins.  
Proteins are among the largest and most complex molecules in nature.  They consist of a linear 
chain of amino acids in an order specified by a gene, which has been bent and folded back on 
itself  by various chemical forces in extremely complex ways.  As a result, the protein has an 
intricate three dimensional shape.  Some patches on the surface of the protein may function to 
attract and hold another specific type of molecule.  Furthermore, in some proteins the chemical 
forces that hold the protein together are so delicately balanced that a very small nudge can cause 
the protein to flop over into another configuration.  This nudge may result from the arrival of a 
specific type of molecule at a “landing site” as just described.  Or it may result from the injection 
into the protein of energy, either mechanical energy from a touch or a sound wave, or 
electromagnetic energy like light.  When the protein is so nudged it changes its configuration,  
and landing sites at the other end of the protein may be altered to release molecules they were 
holding or attract molecules that were not previously attracted. 

At the other end of the molecular size scale are individual atoms.  An atom contains protons in its 
nucleus, which have a positive electrical charge, and electrons around the nucleus, which have an 
equal negative charge.  Some atoms are more stable than others.  Atoms with 10 or 18 protons 
and electrons are extremely stable and of little or no biological interest.  But if the number of 
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protons differs from these stable numbers by only 1, or even 2, then interesting and useful things 
can happen, which it will take some doing to explain.  For example, sodium (Na) has 11 protons.  
When it also has 11 electrons, it is electrically neutral, with no net charge.  But that 11th electron 
can easily wander off; it isn’t attached as securely as the first 10.  When that happens, the 
resulting sodium ion (Na+) is left with a positive charge, because it has more protons than 
electrons.  Potassium (K) is similar; it has 19 protons and when it loses its 19th electron it also 
has a positive charge (K+).  Calcium (Ca), with 20 protons, can lose 2 electrons and be left with a 
even greater positive charge (Ca2+).  Ionization can go the other way as well.  Chlorine (Cl) has 
17 protons, so it can grab an 18th and gain a negative charge (Cl-). 

[8 and 9]  Sodium and potassium ions will be the main players in our story.  Embedded in the 
lipid bilayer membrane of the neuron are protein molecules that act as ion pumps.  In particular 
there is a sodium-potassium pump, a protein called sodium-potassium adenosine triphosphatase.  
This pump is powered by adenosine triphosphate molecules, which are like little batteries that 
make power available in the cell.  The pump operates in cycles; in each cycle it removes three 
sodium ions from the cell and brings two potassium ions into the cell.  At the beginning of the 
cycle a channel through the center of the protein is open on the inside but closed on the outside.  
Three sodium ions enter the channel from inside the cell.  Then the protein interacts with the 
adenosine triphosphate, detaching one phosphate from it and releasing energy that causes the 
protein configuration to change.  The inside end of the channel containing the three sodium ions 
closes and the outside end opens, releasing the three ions.  Next, two potassium ions enter the 
channel from outside the cell.  Then the protein resumes its original shape:  the outside end of the 
channel closes, the inside end opens, and the two potassium ions are released into the cell.  The 
net result of this process, extended over many cycles, is that the cell ends up with 50 percent 
more sodium ions expelled than potassium ion acquired, so the electrical potential inside the cell 
is negative relative to the outside.  Furthermore, the concentration of potassium ions inside the 
cell is higher than the concentration outside the cell, and the concentration of sodium ions 
outside the cell is higher than the concentration inside.  Although mother nature would dearly 
love to equalize these concentrations, the lipid bilayer membrane is impervious to these ions and 
they cannot enter or leave the cell.  There are, however, gates (in addition to the pumps), but 
before we open the gates there is one more detail to understand. 

Here’s a thought experiment.  Assume that no pumping has been going on and so there is an 
equal concentration of some positively charged ion inside and outside a cell.  If you hooked up 
an electrical power source that could maintain a negative electrical potential inside the cell, and 
if you opened a gate in the lipid bilayer membrane through which those ions could flow, what 
would happen?  The negative charge inside the cell would pull positively charged ions through 
the gate.  The concentration of those positive ions inside the cell would grow.  Mother nature 
would want them to diffuse back out, but the electrical attraction would keep pulling them in 
until the concentration of ions inside the cell got so high that the force of diffusion was strong 
enough to balance the electrical attraction.  The stronger the electrical attraction (the more 
negative the potential inside the cell), the greater the concentration of ions would become before 
diffusion balanced attraction.  With a small negative potential you could only increase the 
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concentration inside the cell a little bit, but with a large negative potential you could build up 
quite a concentration.  The “equilibrium” potential is the potential at which no flow occurs, 
because the electrical attraction is balanced by the diffusion pressure.  For any degree of 
concentration inside the cell (given the concentration outside the cell and the temperature), there 
is a specific equilibrium potential.  (You could equally well say that for any equilibrium potential 
there is a specific concentration; we’ll see why I put it the other way momentarily.) 

The same thing works in reverse.  You can push positively charged ions out by maintaining a 
positive electrical potential inside the cell.  And for any degree of concentration inside the cell, 
there is an equilibrium potential, which in this case will be positive rather than negative. 

Now let’s get back to reality.  Because of the action of the sodium-potassium ion pump, and 
because of other similar things going on with other ions, and for other reasons (some of which 
are not now fully understood), a typical neuron in its resting state finds itself in the following 
condition.  The concentration of potassium ions inside the cell is about 45 times as great as the 
concentration outside.  The concentration of sodium ions outside the cell is about 8 times as great 
as the concentration inside.  And, crucially, the inside of the cell has an electrical potential that is 
about 60 to 75 millivolts (mV, thousandths of a volt) more negative than the outside. 

Given the greater concentration of potassium ions actually inside the cell, the equilibrium 
potential for potassium ions is negative 102 mV.  So the actual potential of -60 to -75 mV is more 
positive than the equilibrium potential.  This means that, if there were holes in the membrane, the 
pressure of diffusion would push potassium ions out of the cell; the electrical attraction is not 
negative enough to hold all of the positive potassium ions in the cell. 

Likewise, given the greater concentration of sodium ions outside the cell, the potential inside the 
cell would have to be positive to be at equilibrium.  To keep diffusion from pushing sodium ions 
into the cell, there would have to be 56 mV of positive charge on the inside, relative to the 
outside.  Since it is negatively charged, it is not pushing but pulling on the sodium  ions.  If there 
were holes in the membrane—given these concentrations and potentials—sodium ions would 
come rushing in, driven by both diffusion and electrical attraction. 

To repeat:  at the resting state electrical potential of about -60 to -75 mV, if holes appeared in the 
cell membrane, potassium ions would be pushed out and sodium ions would be pulled in.  And 
that’s what happens when the cell fires an action potential. 

Here’s how it works.  The cell membrane not only has ion pumps embedded in it, it also has ion 
channels.  An ion channel is a structure that can allow ions to pass through the lipid bilayer.  
There are different types of channels for different ions; sodium ion channels are structured to 
admit sodium ions into the cell, and potassium ion channels are structured to allow potassium 
ions to leave the cell; there are also ion channels for chlorine and calcium ions.  All of these 
channels have gates that can be opened and closed.  Crucially, opening and closing such an ion 
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channel is triggered by the electrical potential inside the cell.  It is thus called a voltage gated ion 
channel. 

[10 and 11]  As you can imagine, these ion channels are fairly complex.  Let’s look briefly at one 
of them, the sodium ion channel.  The sodium ion channel consists of a large and complex α unit 
flanked by smaller β1 and β2 units.  The α unit is a single, large protein molecule.  It has four 
parts, which are similar to each other.  Each part has six stretches, each of which spans the cell 
membrane.  It appears that the fourth stretch is responsible for detecting the electrical potential in 
the channel and triggering changes in the shape of the molecule that cause the channel to open 
and close at the appropriate levels of voltage.  (Bear in mind that the entire α unit apparatus is a 
single molecule; the four parts and the six stretches of each part are all connected by chains of 
linked atoms inside and outside the membrane.) 

We are now in a position to discuss action potentials, the firings or spikes that communicate 
information from one neuron to another.  Action potentials are initiated at the origin of the axon, 
where it emerges from the cell body.  This area, called the initial segment, contains a higher 
density of sodium ion channels, which trigger the spike, but any patch of membrane could 
potentially experience a spike.   

Here’s what happens.  The resting cell has an electrical potential of -60 to -75 mV relative to the 
outside, and the ion channels are closed.  Excitatory signals from synapses on the cell’s dendrites 
and cell body cause a small dip in this membrane potential.  (These signals are the result of 
action potentials in other neurons that connect to this neuron.  They are triggered by the same 
process we are considering here, so we will get to that part of the process at the end of this story.)  
When the membrane potential rises to a critical level, say -55 mV, both the sodium and and the 
potassium ion channels pop open.  But the sodium channels are faster, so the first event is that 
sodium ions rush into the cell.  The entry of sodium ions via the first channel to open reduces the 
membrane potential in its neighborhood even more, and nearby channels open too.  The 
electrical potential in that segment of the axon rapidly approaches the Na+ equilibrium potential 
(which is positive 56 mV), which by itself would reduce the inflow of sodium ions to zero. But 
the ion channels have an automatic door closer, and the inflow of sodium ions is quickly shut 
down (although not before the inflow of positively charged ions has moved the electrical 
potential around this patch of axon into positive territory near the sodium equilibrium potential).   

While this is going on, the potassium channels are also opening.  As the inflow of sodium ions is 
choked off, potassium ions are being pushed out.  Since they are positively charged, their exit 
moves the electrical potential in the area back in the negative direction.  In fact, it overshoots, 
and the potential in the area becomes more negative than in in the resting state.  But the 
potassium channels have automatic door closers as well.  After the potassium channels close, the 
ion pumps quickly return the cell to the resting potential of -60 to -75 mV.     

The rapidity of this process is hard to imagine.  The whole thing—opening of sodium channels, 
inrush of sodium ions, closing of sodium channels and opening of potassium channels, outrush of 
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potassium ions, closing of potassium ions, and return of the area to the resting state—is 
accomplished in about one thousandth of a second. 

Now, three comments.  First, some vocabulary.  I have described these events in the language of 
electrical potentials.  They can also be described in the language of polarization.  In the resting 
state, when the cell’s potential is in the range of -60 to -75 mV, we say the cell is polarized.  This 
simply means the potential is different inside the cell, compared with outside, and it is 
understood that the polarization has the more negative charge on the inside.  When sodium ions 
rush in and the potential moves in the positive direction, that is called depolarization:  decrease 
in polarization.  When potassium ions move out and the potential goes back in the negative 
direction, that’s repolarization.  And when this process overshoots and the potential become even 
more negative than at rest, that’s hyperpolarization. 

Second, the generation of an action potential does not remain a local phenomenon.  Recall that 
the very first sodium channel to open further depolarizes the area and makes it more likely that 
adjacent sodium channels will also open.  Their opening makes it more likely that their neighbors 
will open.  So the action potential spreads like a virus.  It spreads in all directions.  The spread 
back through the cell body and the dendrites can affect the sensitivity of the synapses there to 
future inputs.  The spread down the axon is the main subject of interest for us, however, since 
that’s how the cell communicates with other cells. 

[12]  The speed with which an action potential progresses down the axon ranges from 1 to 100 
meters per second.  It depends on two main factors.  The first is the size of the axon; thick axons 
transmit faster than skinny ones.  The second factor is insulation.  Most long axons are wrapped 
in a fatty substance called myelin.  The myelin comes in segments, with gaps at intervals along 
the axon.  At the gaps, ion channels open and close to renew the charge.  Within a segment the 
electrical charge is not dissipated, and depolarization “jumps” from gap to gap, which speeds the 
transmission. 

Third, we need to consider not only single action potentials but also the temporal patterns of 
repeated spikes.  A single spike accomplishes little or nothing; it might well have been a random 
event.  It is the pattern of spiking over time that really matters.  Given an injection of 
depolarizing current, different neurons respond with different spike patterns.  There are several 
reasons.  The most important is that neurons with different structures (morphologies) behave 
differently.  In addition, different types of neurons may have ion channels with slightly different 
properties; sodium channels come in seven different varieties, for example, that do not all work 
exactly the same way.  Finally, sodium and potassium channels are not the only players involved; 
calcium ion channels, in particular, can drastically affect the temporal pattern of spiking, and 
chlorine channels also come into play. 
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[13]  There is no comprehensive system for categorizing the spiking patterns of neurons.  But 
some clear differences stand out.  Here are a few patterns: 

1. During a constant injection of depolarizing current, some cells fire regularly at a fairly slow 
rate, such as 10 or 20 spikes per second.  Yes, that’s slow.  The frequency may decrease 
(habituation), as in the pyramidal cells of the cortex and hippocampus, or it may remain 
constant as long as the input lasts, as in motor neurons of the brainstem and spinal cord. 

2. Thalamic transfer neurons fire regularly in response to injection of current, but they can also 
emit a short burst of spikes at two-millisecond intervals (cortical pyramidal cells do this as 
well). 

3. The award for rapid sustained firing may go to the inhibitory Purkinje cells of the 
cerebellum, whose firing rate can reach 300 times per second and be maintained, with short 
intervals, even after the input of depolarizing current ends. 

4. At the other end of the scale, neurons whose function is to modulate the activity of other 
neurons and whose axons carry their signals to widely spread areas of the brain often need 
no input to fire.  They fire spontaneously at a slow rate, on the order of once a second. 

[14]  Now we come to the synapse, where the presynaptic neuron communicates information to 
the postsynaptic neuron.  In physical terms, the presynaptic neuron releases molecules called 
neurotransmitters into the space between it and the postsynaptic neuron, the transmitters attach to 
postsynaptic receptors, the attachment triggers changes in postsynaptic ion channels, and the 
resulting flow of ions depolarizes or hyperpolarizes the postsynaptic cell, depending on the 
nature of the synapse.  The presynaptic side of the synapse is a specialized structure, called a 
varicosity if it is on the side of the axon and a buton if on the tip of a branch of the axon.  The 
postsynaptic side of the synapse may be on a dendrite, on the cell body itself, or even on the 
initial segment of the postsynaptic cell’s axon.  Most are on dendrites, and of those most are on 
specialized structures called spines. 

The space between the pre- and postsynaptic sides of the synapse, called the cleft, is about 100 
millionths of a millimeter wide, and it is occupied by cerebrospinal fluid.  The neurotransmitters 
cross this distance by diffusion through the fluid in about 2 thousandths of a second.  Taking the 
most common excitatory neurotransmitter as an example, a single spike can cause the release of 
tens or hundreds of thousands of neurotransmitter molecules, which affect thousands of 
postsynaptic receptors, and cause a depolarization of about 10 millivolts.  If this degree of 
depolarization occurred at the initial segment of the axon where action potentials originate it 
would be about enough to trigger a spike, but from a dendrite its effect is substantially reduced 
by the time it reaches the axon. 

Most neurotransmitters are synthesized in or near the presynaptic structure—steps (1) and (2) in 
the illustration [14]—but some types are manufactured in the cell body and transported down the 
axon to the synapse (by one of the more amazing cellular-molecular mechanisms which, 
unfortunately, falls outside the scope of our interest here).  Neurotransmitter molecules are stored 
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in vesicles (3) awaiting the arrival of an action potential.  With each spike that arrives, some of 
the vesicles release their transmitter into the synaptic cleft, where they attach to postsynaptic 
receptors (4).  Some molecules, however, attach to receptors on the presynaptic side (5), where 
they help regulate the ongoing release of transmitters, the ongoing synthesis of transmitter, and 
even the firing probability.  Most transmitter molecules eventually find their way to presynaptic 
membrane transporters (6) by which they are moved back into the presynaptic cell to be reused; 
when enough molecules have been removed, the transmission process ends.  Diffusion of 
transmitter out of the cleft (7) and uptake by neighboring glial cells also reduces the 
concentration of neurotransmitter to end the process. 

[15]  A key player in this game is the presynaptic vesicle where neurotransmitter is stored and 
from which it is released into the cleft.  These spheres have lipid bilayer membranes identical to 
those of the cell membrane itself.  They participate in a cyclical process.  Let’s begin with the 
cluster of vesicles filled with neurotransmitter.  Some of these vesicles attach to the cell wall 
where they dock and are primed to release their transmitter.  When an action potential arrives, it 
causes many calcium ion channels (not shown) to open.  Ca2+ ions, both pushed by higher 
concentrations outside the cell and pulled by negative potential inside the cell, rush in.  This 
causes the membranes of the docked and primed vesicles to fuse with the cell membrane, which 
opens a pore.  As a result, what had been the inside of the vesicle becomes the outside of the cell, 
and the transmitter molecules find themselves dumped into the synaptic cleft.  The pore may then 
close, making the empty vesicle available for recycling, or the vesicle may fuse entirely with the 
cell wall.  Vesicles can be reconstructed from the cell wall membrane as well.  The final step is to 
refill the vesicles with neurotransmitter, a process that varies between types of neurotransmitter. 

[16]  Before we look at neurotransmitter types, let’s glance at the nine types of proteins that are 
required to make all this happen; they are lodged in the vesicle’s membrane.  The inrushing Ca2+ 
ions bind to the synaptotagmin protein and act to open the pore, an action that is completed with 
the aid of the synaptobrevin protein.  The cysteine-string protein enhances the reliability with 
which the action potential causes transmitter release.  Transporter proteins are involved in 
refilling the vesicle with transmitter.  Rab3 is probably implicated in selecting the vesicles to be 
docked, and the functions of a couple of the proteins are unknown.  The proton pump pushes 
protons (hydrogen ions) into the vesicle where they act as an energy source for these processes. 

Now, what about these neurotransmitters?  Neuroscientists have had a hard time agreeing on a 
definition of what a transmitter is, and the range of molecules that count as neurotransmitters has 
increased—a lot—over time.  Back in the day, there were about a dozen transmitters, which are 
now considered classical; I will mention three, which will be important in subsequent sessions, in 
a moment.  It was then discovered that many peptides—chains of up to 50 amino acids linearly 
connected by peptide bonds—were also used as neurotransmitters.  More recently discovered, 
and very unconventional, neurotransmitters include endocannabinoids (like, wow, man!) and 
even many gases, including nitric oxide, carbon monoxide, and hydrogen sulfide. 
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The work horse among neurotransmitters is glutamate, which is employed in the great majority 
of neurons; these glutamatergic neurons are excitatory.  Of the remaining neurons, the great 
majority are inhibitory and use the transmitter called GABA (γ-Aminobutyric Acid).  Between 
them, glutamate and GABA account for something like 99 percent of the neurons in the brain.  A 
third transmitter that will be important to us is dopamine, which modulates the activity of other 
neurons, excitatory or inhibitory.  If I haven’t mentioned your favorite neurotransmitter 
(oxytocin, anyone?  serotonin?) let me know and I’ll add it to the list. 

[17]  Of course, a transmitter is no good without a receptor.  Receptors are complex molecules 
lodged in the cell membrane on the postsynaptic side of the synapse.  They are constructed in the 
cell body, transported through the axon to the area of a synapse, inserted into the cell membrane, 
and nudged into place in the postsynaptic synapse. 

When activated by a transmitter, the receptor opens an ion channel, and the resulting flow of ions 
depolarizes or hyperpolarizes the downstream cell.  There are two basic classes of receptors.  
Ionotropic receptors are part of the ion channel itself; metabotropic receptors are separate from 
the ion channels, which they activate by means of a complex of proteins inside the cell to which 
they are coupled.  We’ll look at each in turn.  First, however, it is important to realize that a 
single type of neurotransmitter may be able to activate receptors of either class, depending on the 
type of neuron on the postsynaptic side. 

[18]  We are already familiar with ion channels, which open to admit or expel specific types of 
ions when depolarization reaches some trigger point.  Ionotropic receptors have a similar 
structure, with the difference that their channels are opened by the binding of a neurotransmitter 
to the receptor rather than by depolarization.  Binding of the transmitter changes the balance of 
forces in the protein making up the channel, causing its shape to change and a gate in the channel 
to open, and allowing ions to flow through the channel.  This flow, in turn, alters the polarity of 
the downstream cell, decreasing or increasing its electrical potential relative to the fluid outside 
the cell.  When the transmitter molecule escapes from the receptor, the channel protein falls back 
into the shape that closes the gate and the flow of ions ceases.  The bottom half of the illustration 
is a blown-up view of the channel in the top half, and the similarity to illustration [11] should be 
evident. 

[19]  The evolutionary relationships between various ionotropic receptors suggest that there were 
two original types.  One type evolved into the dozen and a half glutamate receptors that currently 
exist.  The other type diversified even more, resulting in about a dozen GABA receptor types, 
plus receptors for several other neurotransmitters.  (The illustration does not resemble a typical 
evolutionary tree because it is “unrooted”:  we don’t know exactly where the split between the  
two original receptor types is located.) 

[20]  The second basic class of receptor is more sophisticated and presumably evolved later:  
metabotropic receptors.  We will be concerned with one family of metabotropic receptors, the G-
protein-coupled receptors.  The receptor itself is relatively simple, consisting of a single protein 
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with seven transmembrane segments.  On the extracellular side it contains a site where the 
neurotransmitter attaches.  Attachment triggers a change in configuration, causing it to bind to 
another complex of proteins inside the cell which are guanine nucleotide-binding proteins (thus 
the G).  The G protein then activates an enzyme, such as the adenylyl cyclase in the illustration, 
which in turn produces a “second messenger”, such as cAMP (cyclic adenosine monophosphate).  
The second messenger, in turn, acts to open nearby ion channels, not shown in the illustration, 
which is the ultimate reason for all this apparatus.  So now we have seen three ways an ion 
channel can be opened:  by depolarization, by the binding of a neurotransmitter to it, and by a 
complex chain of events resulting from the binding of a transmitter to a G-protein-coupled 
receptor.  Direct activation of ion channels is fast but the effect doesn’t last long, less than a 
second.  GPCRs take a little longer to work, but they can keep working for longer, up to 
hundreds of seconds, or three orders of magnitude longer than ionotropic effects, and they can 
thus affect subsequent events that occur.  They can even affect the pattern of expression of the 
genes in the neuron. 

Why all this complexity?  The answer is evolutionary flexibility.  There are more than 800 
GPCRs, which can interact with more than 16 types of G protein complexes, which can interact 
with more than 24 types of ion channels and other effectors.  That gives more than 300 thousand 
combinations, and they all have different characteristics. 

[21]  One type of GPCR is worth particular mention:  the dopamine receptor.  Dopamine is the 
neurotransmitter used in the systems that signal rewards and punishments, which are crucial to 
the more sophisticated forms of learning called conditioning; it is also implicated in all forms of 
addiction.  There are five specific receptor types, and as you see they fall into two groups.  D1-
type and D2-type dopamine receptors have opposite effects on the brain systems involved in 
reward and learning.  The importance of this difference will come out in the session on Learning. 

We are nearing the end of our circuit around the neuron.  We have followed an action potential 
from its origin near the cell body to the synapse, and we have followed neurotransmitters across 
the synapse to the downstream cell.  Now all that is left is to get through the dendrite back to the 
cell body, where another action potential could be triggered.  

[22]  Different types of neurons have fantastically different dendritic structures, serving different 
purposes which are poorly understood.  In the illustration the cells shown are from animals in 
which they have been studied, but humans have comparable cells.  These are the neurons whose 
dendritic trees are illustrated: 

A. Spinal alpha motor neuron of cat 
B. Spiking interneurons of locust (we may not have these) 
C. Layer 5 cortical pyramidal neuron of rat 
D. Retinal ganglion cell of cat 
E. Amacrine retinal cell of larval salamander 
F. Cerebellar Purkinje cell of human 
G. Thalamic relay neuron of rat 
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H. Olfactory granule cell of mouse 
I. Striatal spiny projection cell of rat 
J. Cell in nucleus of Berdach in human fetus 
K. Purkinje cell of mormyrid fish 

Like a horse accelerating toward the barn, we can complete this leg of our journey quickly.  
Although the horse accelerates out of eagerness, our speed will be due to ignorance.  The 
ignorance is not only mine:  this is the part of the process that is least well understood.  One of 
the problems is mathematical; modeling what goes on in the complex tree of dendrites is 
challenging.  The larger problem, however, is experimental; dendrites, and especially their 
spines, are so small that it is difficult or impossible to measure what’s going on in them with 
current technology.  Most of the work being done in this area has been on pyramidal cells of the 
cortex and hippocampus and Purkinje cells of the cerebellum (C and F in the illustration). 

Synapses are located throughout the dendritic tree.  A single cell may have as many as 10,000 
synapses delivering input from as many as 1,000 presynaptic neurons, and actions at different 
types of synapses have different effects.  For the cell to fire, the net result of all this complexity 
must deliver enough depolarization to reach the firing threshold at the initial segment of the axon 
where it leaves the cell body. 

The amount of depolarization resulting from a single spike in a dendritic synapse, which could 
be on the order of 10 millivolts, might be sufficient to fire the cell if that depolarization occurred 
at the initial axon segment itself.  Only about 1 percent of the current injected into the cell from a 
spike at the synapse reaches the cell body, however.  This reduction has several causes.  First, 
current flows away from the synapse in both directions, not only toward the cell body.  Second, 
much of the current flowing toward the cell body is diverted back out other dendritic branches 
that join the path from the synapse to the cell body.  Third, the dendrite leaks current.  The fourth 
reason is what is called impedance mismatch; don’t ask. 

Along the way, however, the current from a synapse may be boosted if it triggers dendritic spikes 
along the way (by depolarizing tissue enough to open ion channels it passes).  Support may also 
come from the fact that, in some synapses, one firing makes it easier to fire again.  For example, 
if the first firing brought Ca2+ into the postsynaptic tissue, its lingering presence will lower the 
threshold for subsequent stimulation to be effective.  Third, the flow of charge from a synapse 
that has fired can bring another, nearby synapse closer to its firing threshold. 

On the other hand, inhibitory inputs reduce the effectiveness of excitation.  This happens in two 
ways.  Inhibition may hyperpolarize the cell, moving it farther from the firing threshold.  And 
inhibition occurring roughly simultaneously with excitation reduces the effect of that excitation 
(this is called shunting inhibition). 

And I’m afraid that’s the end of the story.  Although progress has surely been made since the 
textbooks were written, I don’t think the details of this recent work is likely to be essential to the 
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material we will cover in the course, so I have not pursued it.  If you think that I have already 
jammed too much detail into this account, consider that it summarizes the first 285 pages of 
material in the main textbook I am using.   Large pages. 2

Gross Anatomy 

Over the course of the twelve sessions that make up this study group, we will circle around the 
anatomy of the brain like a vulture circles around a dead steer, cycling back through the same 
material repeatedly, each time a little closer in.  Don’t expect, or feel you should attempt, to 
understand and remember everything all at once.  There are a lot of new words to learn.  It will 
pay to focus on those that appear repeatedly as we go along. 

The nervous system is thought of as including two basic parts:  the central nervous system and 
the peripheral nervous system.  The central nervous system includes not only the brain but also 
the spinal cord, which extends from the base of the brain to the small of the back.  The peripheral 
nervous system includes the nerves that connect the brain and spine to the rest of the body, both 
bringing in information about the state of the body and the world and carrying instructions for 
the body to execute.  The peripheral nervous “system” is not a single unified system.  It includes 
the somatic nervous system that brings information from the skin and joints and delivers 
instructions to the skeletal muscles that make our bodies move.  It includes the autonomic 
nervous system, which brings information from and delivers instructions to the internal organs 
(and which in turn can be divided into sympathetic and parasympathetic systems, which govern 
our metabolism when we are excited and calm, respectively).  And it includes the enteric nervous 
system, which is concerned with digestion and the gastrointestinal tract. 

[24 and 25]  Although we will touch on the peripheral nervous systems occasionally during the 
course, and more frequently on the spinal cord, our focus will be on the the brain.  There are 
several ways of thinking about the organization of the brain at the largest scale; different 
concepts are useful in studying the brain’s evolution, its development, its mature structure, and 
its functions.  Here, I will divide it into three major sections.  Working from the bottom to the 
top, these are: 

1. The brainstem, which includes the medulla oblongata and the midbrain, which is 
small but punches above its weight 

2. The cerebellum and its related structure, the pons 

3. The forebrain, including the cerebral cortex, basal ganglia, thalamus, hypothalamus, 
and many other structures. 

[26 to 28]  Despite the fact that the medulla oblongata (the “long middle”) and midbrain arose 
from different structures evolutionarily and arise from different structures developmentally, they 

 Squire, Larry R. et al., editors. Fundamental Neuroscience. 4th ed, Elsevier/Academic Press, 2

2013.
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form a single, unified structure in the mature brain.  This brainstem structure extends from the 
top of the spinal cord to the base of the forebrain.  It includes the reticular formation (“netlike”, 
with long axons passing through areas containing many cell bodies with their dendrites) which 
keeps us awake and coordinates whole-body behaviors, among other functions. In the midbrain 
are the colliculi (“hillocks”, or “little hills”).  The superior colliculus (“upper hillock”) was once
—evolutionarily—the center for visual processing and today it retains certain important visual 
functions.  The inferior colliculus (“lower hillock”) played, and plays, the same role for hearing.  
Also in the midbrain are the ventral tegmental area and the substantia nigra (“black stuff”), 
which are centers that deal with rewards and punishments and play a central role in learning. 

This is a good place to pause and introduce some terms that will help us stay oriented, like north, 
south, east, and west on a map.  The brainstem is extended along the rostro-caudal axis, which 
means the axis of the body that runs from the nose (rostral) to the tail (caudal).  When our 
evolutionary ancestors stood up on two feet, the brain bent to accommodate the change and as a 
result the brainstem became nearly vertical.  But we still orient by reference to the rostral and 
caudal directions.  Instead of saying top and bottom, we say dorsal (“back”) and ventral 
(“belly”).  So the colliculi are on the dorsal side of the brainstem, and the opposite side is the 
ventral side.  And in place of outside and inside,  we say lateral and medial, which mean the 
same thing. 

[27 to 29]  Toward its rostral end, the brainstem is surrounded by the second major division of 
the brain, which consists of the cerebellum and pons.  The cerebellum (“little brain”) sits on the 
dorsal surface of the brainstem, and the pons (“bridge”), which is connective tissue, runs around 
the brainstem like a belt.  The cerebellum evolved from the same original structure as the 
medulla oblongata.  It is large, and it is particularly large in humans.  In fact, of the roughly 85 
billion neurons in the human brain about 70 billion are in the cerebellum; the cerebellum is not 
the largest structure in the brain, however, since these neurons are quite small (even for a 
neuron).  At the cellular level the cerebellum has a very regular structure which is repeated 
across many subareas.  This regularity of structure has been a powerful magnet for researchers, 
who in the cerebellum don’t have to grapple with the chaotic complexity of many other parts of 
the brain.  Decades of very detailed research have given us an intimate familiarity with the small-
scale structure and operation of the cerebellum.   But its basic function is still a matter of debate 
and uncertainty.  The cerebellum is clearly implicated in movement and motor control, but the 
exact nature of its role has not been determined.  One prominent theory is that the cerebellum—
using inputs from the sensory systems and from the cortical motor planning systems—predicts 
the results of planned movements so that they can be adjusted to ongoing conditions as the 
movements are performed.  Another theory grows out of the hypothesis that signals in different 
sensory and motor systems take different amounts of time to propagate through the brain—due to 
differences in the distance those signals have to travel—and the cerebellum acts to coordinate 
them, delaying some signals until others have time to arrive.  It is also becoming clear that the 
cerebellum’s role extends beyond motor control, and that it contributes in ways that are not well 
understood to the processing of emotion, cognition, language, and overall intellectual capacity. 
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Early in the process of preparing this course I made an executive decision not to invest time in 
trying to sort out research on the cerebellum.  This was not because of a lack of interest, simply 
because of a lack of time.  Consequently, the cerebellum will receive short shrift in this course. 

[30 and 31]  The third major division of the brain is the forebrain.  The forebrain is not supported 
and kept in place by the brainstem and spinal cord; they are not rigid.  And it doesn’t lie on the 
floor of the skull, which would crush the tissue on the ventral surface of the forebrain.  In fact, 
the entire brain is floating.  It floats in cerebrospinal fluid.  This fluid is generated in ventricles, 
which are cavities, like sacks, in the brain.  There is a complexly shaped ventricle in each 
hemisphere; these are the lateral ventricles, and they extend into all four lobes of the forebrain.  
The third ventricle, to which they are connected, is very thin and flat in a vertical plane; it lies in 
the center of the forebrain.  The third ventricle is connected by a longish channel to a fourth 
ventricle, in the midline of the brainstem.  All four ventricles have tissue called choroid plexus 
which generates cerebrospinal fluid from blood plasma.  Cerebrospinal fluid flows from the 
lateral ventricles to the third ventricle, then to the fourth.  It leaves the fourth ventricle and passes 
into the space outside the brain, where it circulates all around the surface and fills the sulci 
(infoldings) of the cortex.  It also surrounds the spine and occupies a thin tube down the center of 
the spine.  In addition to these flows, cerebrospinal fluid perfuses the brain itself, filling the 
minute spaces between cells.  Cerebrospinal fluid is removed from the brain cavity through 
structures in its surrounding tissue and rejoins the blood supply.  Since the choroid plexuses 
generate about four times as much cerebrospinal fluid per day as is present at any one time, the 
fluid is recycled about four times a day.  This recycling removes waste products from the brain, 
and it may be the case that while we sleep the fluid flows through the brain tissue itself, flushing 
away waste; this may be one reason why sleep is necessary.  In addition to supporting the brain 
and removing waste, the cerebrospinal fluid makes it easier for blood to flow through the brain 
by equalizing pressure, and it cushions the brain from blows to the head. 

[32]  Cranial nerves deliver information from the sensory organs of the head and convey 
instructions to the muscles of the head and neck; they are part of the peripheral nervous system.  
Only the olfactory and optic nerves enter the forebrain; the rest go to the brainstem.  I mention 
them here, however, to introduce the idea of inputs and outputs to the cortex. 

[33]  Here is an oversimplified idea of the way information flows through the forebrain.  With 
the exception of smell, information from the senses is relayed to the cortex through a set of 
structures called the thalamus, which we will look at momentarily.  It was once thought that 
motor outputs from the cortex passed through another set of structures called the basal ganglia.  
That turns out not to be the case; some output information passes through the basal ganglia, but 
the cortex communicates directly to the brainstem and even directly to the spinal cord as well.  
The basal ganglia’s outputs, in turn, go not only to the brainstem but also back to the thalamus.  
When we learn how do do things, like riding a bicycle, the learning occurs in the circuit that runs 
from cortex through basal ganglia and thalamus back to the cortex. 

14



[34]  The thalamus and basal ganglia occupy the space in the center of the cerebral hemispheres.  
The thalami—one on each side—nestle up alongside the third ventricle.  They even have a 
connection between them which passes through the ventricle.  The basal ganglia, including the 
caudate and lentiform nuclei, lie lateral and slightly rostral to the thalami.  We will examine the 
basal ganglia in detail in the session on Learning, but let’s take a brief look at the thalamus now. 

[35 and 36]  The thalamus is not a unified entity but a collection of nuclei—masses of cell bodies
—all clumped together.  These nuclei have really sexy names like anterior, ventral lateral, ventral 
anterior, lateral dorsal, etc., which give no clue to their role.  In fact, each nucleus receives 
information from a different sense, processes it, and passes the result to the appropriate areas of 
the cortex.  It also gets feedback from the cortex.  We think of information as flowing through 
the cortex, from one area to the next, and it does.  But at each step there is feedback to a thalamic 
nucleus, which returns re-processed information to the next cortical area.  The processing done in 
these cortico-thalamic loops is not well understood, to say the least, but it is an important topic 
for future research. 

[37]  And now for the main attraction:  the cerebral cortex; cerebrum means “brain” in Latin and 
“cortex” means outer covering, like bark or rind.  The cortex consists of a thin sheet of tissue 
consisting mainly of cell bodies with their dendrites; it is what you see in pictures of the brain.  
In humans, the cortex is folded in a complex pattern that is similar in overall organization but 
varies from person to person in the smaller details.  The ridges formed by the folding are called 
gyri (singular gyrus), and the valleys between the gyri are called sulci (singular sulcus).  Overall, 
the cortex of each hemisphere (each half of the forebrain) is shaped like a shower cap:  around 
the edges, the cortex cups inward on the medial side.  It doesn’t close up into a sphere but leaves 
a substantial opening for communication with other structures, which we will see shortly. 

[38]  The lateral surface of the cortex has a major fold called the lateral sulcus or Sylvian fissure.  
This major fold divides the frontal lobe from the temporal lobe.  Pulling back the gyri on either 
side of the lateral sulcus reveals a portion of the cortex called the insula (“island”).  The cortex in 
the area of the insula is continuous:  going down one bank of the lateral sulcus it turns and goes 
under itself, then turns back to form the insula, then turns a third and fourth time to re-emerge on 
the other side of the lateral sulcus.  If this is difficult to imagine, you can peek ahead at 
illustration [43]. 

[39]  If you separate the two hemispheres by cutting the connections between them, you reveal 
the medial surface of the cortex.  If the cortex of each hemisphere is shaped like a shower cap, 
then the structures you have to cut to separate the hemispheres occupy the hole where your head 
would fit in the cap.  On the rostral, dorsal, and caudal sides, the cortex turns inward to form a 
medial surface that is fairly flat (ignoring the gyri and sulci). 

[40]  If you turn the cortical hemispheres upside down and look at the bottom, you see how the 
cortex continues on its ventral surface.  The longitudinal cerebral fissure separates the two 
hemispheres in front of and behind the central structures that connect the cortex to the rest of the 
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brain.  In the rostral and caudal thirds of the ventral surface, the cortex turns and continues up the 
medial surfaces of the hemispheres as we just saw.  In the middle third, the cortex does not turn 
up the medial surface, as that space is occupied by the central structures.  There, the edge of the 
cortex is visible on the ventral surface.  The medial-most gyrus is the parahippocampal gyrus, 
and there the sheet makes a transition from neocortex to an older, simpler form of cortex that 
forms the hippocampus, another structure that is also important in learning. 

[41]  Returning now to the medial view of the cortex, we can imagine slicing it to be able to look 
at its internal structure.  The illustration shows three levels at which the cut is made.  The results 
are shown in the next three illustrations.  Those views of the inside of the brain are called coronal 
sections, from the word for “crown”.  

(]  The first section (from front to back) is at the level of the rostral-most part of the basal 
ganglia, which are the darker structures in the center.  In these drawings, the darker areas 
represent gray matter, tissue containing many closely packed cell bodies.  The lighter areas 
represent white matter, tissue made up of the axons that carry information from one cell to other 
cells.  The white matter is white because the axons are covered in fatty insulation, which is 
white.  The cortex is the band of gray matter running all around the outside surface of the 
hemispheres.  The cortex is thin, averaging only ⅛ to ¼ of an inch in depth.  You can see a 
number of gyri, such as the inferior frontal gyrus, labeled (2).  The cells on the banks of a gyrus 
are closer together than they would be if the cortex were stretched out flat.  They can therefore 
communicate more quickly with each other, expending less energy.  Gyri seem to occur where a 
lot of local communication is going on. There is also long distance communication.  In this 
illustration it is easy to see the corpus callosum (12), where axons from each hemisphere pass 
over to deliver information to the other hemisphere.  The two islands that seem to be floating 
near the ventral surface are the rostral ends of the temporal lobes. 

[43]  In this section, a bit farther back, we see the connection of the temporal lobes to the rest of 
the cerebral cortex.  Where the temporal lobe meets the frontal lobe we find the insula, the patch 
of cortex buried in the lateral sulcus—(2), (3), and (4); see also illustration [36].   The corpus 
callosum is still prominent.  The basal ganglia have been separated into two parts, the caudate 
nucleus (17) and the lentiform nucleus (24-28), which are separated by white matter (23) that we 
will return to in the next illustration.  And the thalamus (22) begins to appear on the medial side 
of that white matter.  Finally, we see the amygdala (36, buried in the white matter in the temporal 
lobe on the right side of the illustration), which plays an important role in emotion and learning. 

[44]  In this final coronal section, the tract of white matter running through the basal ganglia is 
prominent.  It is the internal capsule (19), and it is an information superhighway to and from the 
cortex.  Connections between cortex and the thalamus (the gray nuclei in the center) run through 
the internal capsule, as do some of the connections between the cortex and the brainstem (and on 
into the spine).  Above the level of the thalamus and basal ganglia, the internal capsule joins 
other tracts to form the corona radiata (“radiating crown”, not labeled in the illustration), which 
connects all cortical areas to subcortical areas.  The corpus callosum is still visible (also not 
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labeled), and below it appear the lateral ventricles with their cerebrospinal fluid (13).  Two other 
important structures should be noted.  On the medial edge of the temporal lobe is the 
parahippocampal gyrus (7), and as you follow the gray band of cortex along the 
parahippocampal gyrus to the very edge you arrive at the hippocampus (6; the dentate gyrus is a 
component of the hippocampus), which is central to some forms of memory and learning. 

[45]  Returning now to an external view of the cortex, we traditionally divide it into four lobes 
(the limbic system, which runs around the medial edge of the cortex and involves important 
subcortical structures as well, is sometimes considered to be a fifth “lobe”).  The frontal lobe is 
separated from the temporal lobe by the lateral sulcus and from the parietal lobe by the central 
sulcus, both of which you can see.  The occipital lobe is also divided from the temporal and 
parietal lobes by deep sulci, but they are not visible in the illustration. 

[46]  Although the internal structure of the cortex is roughly the same throughout, there are 
differences in the fine detail.  In 1909 Korbinian Brodmann examined cortical tissue that had 
been stained to show cell bodies, and on the basis of what he saw he identified 52 areas of 
cortex, each with slight differences in the arrangements of the cells.  These Brodmann areas have 
been used by neuroanatomists ever since, and you will see frequent reference to them.  The 
Wikipedia article “Brodmann area” specifies the name of each of them, and provides links to 
individual articles on each one.   

In 2016—as part of the Human Connectome Project, which we will discuss in the session on 
Cognition—a much improved specification of cortical areas was published.   This new cortical 3

map benefited from a lot more information than Brodmann had had more than a century earlier.  
That information included the thickness and the degree of myelination across the cortex, 
determined by magnetic resonance imaging.  And it included data from functional magnetic 
resonance imaging from the human connectome project.  Although the details can wait for the 
session on Cognition, this fMRI data included the degree of correlation between the activity in 
each tiny little volume of cortex and each other tiny little volume, measured while the person 
whose brain was being scanned performed a variety of tasks.  Different tasks required working 
memory, resulted in rewards and punishments, required taking actions, involved language, 
required social cognition, and involved emotions.  Using all this data, the researchers uncovered 
180 areas in the cortex of each hemisphere that were distinguishable from their each other.  
Before we look at the results of this research, however, it is necessary to understand two ways of 
representing the cortex that make it easier to visualize the spatial relationships by smoothing 
away the gyri and sulci. 

[47 and 48]  The first representation is the inflated cortex.  Imagine blowing up the cortex like a 
balloon, until the gyri and sulci unfolded and the surface was smoothed out.  The first illustration 

 Glasser, Matthew F., et al. “A Multi-Modal Parcellation of Human Cerebral Cortex.” Nature, 3

vol. 536, no. 7615, pp. 171–78, Nature Publishing Group, Aug. 2016.
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shows the lateral surface of the inflated cortex, and the second shows the medial surface.  (Don’t 
concern yourself with the colors and labels for the moment.)  

[48 and 49]  The second representation is the flattened cortex.  In order to flatten out a shower 
cap, you would have to cut it.  The flattened representation of cortex has been cut in the same 
way.  Illustration [48] shows one such cut, through the medial surface of the occipital lobe, and 
illustration [49] shows the resulting edges of the flattened surface.  Other cuts are also required.  
In the flattened representation, almost all the edges are created by cuts, and only small stretches 
of the edge correspond to the actual edge of the intact cortex. 

[50]  Now let’s discuss the colors.  This key shows that visual, auditory, and sensorimotor areas 
are colored blue, red, and green.  (Sensorimotor means “touch” and movement.)  In addition, 
areas that were engaged when the subject was working on a task are colored white, and those that 
were active when the subject was left free to think about whatever they wanted (or nothing) are 
colored black.  Many areas are in between, either involving two sensory modalities, or involving 
a sensory modality but also being more engaged when the subject is or is not engaged in 
performing a task. 

[51]  In this illustration, the inflated left hemisphere is shown on the left, with the lateral view 
above and the medial view below.  The flattened left hemisphere is shown on the top right.  The 
inflated right hemisphere is shown in the middle with lateral above and medial below, and the 
flattened right hemisphere is on the bottom right.  The visual and sensorimotor areas are 
significantly larger than the auditory areas.  Note several purple areas in the frontal lobe that 
combine visual and auditory information.  The task-positive and task-negative areas are scattered 
in patches across the association areas that are not committed to a particular sensory modality. 

[52]  If we go back to a lateral view of the cortex, we can sketch out a first, simplistic overview 
of the major information flows that we will be learning about during the course.  Input from the 
body—not just touch but joint angles and muscle stretches and pain—arrives in the cortex in the 
postcentral gyrus (caudal to the central sulcus, which runs from ear to ear separating the frontal 
and parietal lobes).  That area is strongly interconnected with the precentral gyrus, which gives 
commands for the muscles to contract (the main output of the brain).  These are the green areas 
in the current and previous illustrations.  Visual inputs arrive at the medial surface of the 
occipital lobe and edging around onto the lateral surface (blue).  Further visual processing splits 
into two streams.  One visual stream flows forward and upward into the parietal lobe, and the 
other stream flows forward and down into the ventral surface of the temporal lobe.  The same 
split happens with auditory information, which arrives at the dorsal surface of the temporal lobe 
(red).  One stream of auditory processing flows up into the parietal lobe and the other around 
onto the lateral surface of the temporal lobe.  In the parietal lobe where auditory, visual, and 
somatosensory information meet, cortical processing is concerned with space, the location and 
movement of things in space, and the spatial relationships between the body (especially the 
hands) and things in the world.  This information is communicated to the frontal lobe, which is 
concerned with decisions and the planning of actions.  On the lateral surface of the temporal 
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lobe, where auditory and visual information meet, the cortex is concerned with objects, the type 
of thing an object is, and its significance or meaning.  That information is also communicated to 
the frontal lobe areas concerned with decisions and the planning of actions.  It also passes to the 
hippocampus on the medial edge of the temporal lobe, which is concerned with memory of 
events, and into the medial edges of the parietal and frontal lobes, which are concerned with 
values and emotions.  And from there it also interacts with the frontal lobe systems for decisions 
and the planning of actions.  Those frontal lobe systems—which get information about the 
location, meaning, and value of things in the world—connect to the motor cortex in the 
precentral gyrus, completing the complex system of circuits that run from somatosensory, visual, 
and auditory inputs to behavioral outputs.  That’s the skeleton of information processing in the 
cortex.  Putting flesh on those bones will occupy the next ten sessions of the course.

19



1

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

Murray Smith

These slides are not intended to be self explanatory.

2

Neurons

Neocortical Pyramidal Cell

Wikipedia Pyramidal cell

3

Cell Body

Basal Dendrite

Apical 
Dendrite

Axon

Axon 
Collateral

Neurons

Wikipedia Purkinje cell and Pyramidal cell

4

Cerebellar Purkinje Cell Hippocampal Pyramidal Cell

Principal Cortical Interneurons—Schematic

Markram et al. - 2004 - Fig 1 

5

PARVALBUMIN 

(PV). A calcium-binding protein
that can act as an endogenous
buffer in certain neurons.

CALBINDIN 

(CB). A calcium-binding protein
that might function as a calcium
buffer.

CALRETININ 

(CR). A calcium-binding protein
that can be used as a marker of
preplate neurons.

794 | OCTOBER 2004 | VOLUME 5  www.nature.com/reviews/neuro

R E V I EW S

that results from convergent innervation by many 
basket cells. On the basis of differences in their axonal
and dendritic morphologies, basket cells can be divided
into three main subclasses: large basket cells (LBCs),
small basket cells (SBCs) and nest basket cells (NBCs).
Basket cells typically express many neuropeptides and
the two calcium-binding proteins, PARVALBUMIN (PV) 
and CALBINDIN (CB) (FIG. 3).

Large basket cells. LBCs are the classic basket cells. They
have large, aspiny, multipolar dendrites and expansive
axonal arborizations that can inhibit neurons in upper
and lower layers and in neighbouring and distant
columns2,3,17,28,38,39,41. LBCs are therefore the primary
source of lateral inhibition across columns within the
layer that contains their somata. The local axonal
arborization of LBCs is sparse, has a low bouton density
and, uniquely, tends to branch sharply (FIG. 1; online
supplementary information S1 (table)), often giving it a
stick-like appearance. The somato–dendritic morphology
is often multipolar, but can be bitufted, pyramidal or
bipolar. LBCs can express CB, PV, neuropeptide Y
(NPY), cholecystokinin (CCK) and occasionally
somatostatin (SOM) and CALRETININ (CR). They never
express vasoactive intestinal peptide (VIP) (FIG. 3).

Small basket cells. SBCs are aspiny, soma-targeting
interneurons with local, dense and highly varicose
axonal arborizations that seldom send axons beyond 
a cortical layer or column2,28,38,39,42,43 (see online supple-
mentary information S1 (table)). Their somato–
dendritic morphology can be multipolar, bitufted or
bipolar, with different tendencies depending on the
layer; SBCs in layer IV are often multipolar and in layer
II/III are more often bitufted or bipolar. SBCs can also
be readily distinguished from LBCs by their frequently
branching and ‘curvy’axons (FIG. 1; online supplementary
information S1 (table)). Occasionally, a few collaterals
extend out of the local axonal cluster. SBCs form the
highest number of synapses on pyramidal neurons (FIG. 4;
online supplementary information S2 (table)). They
differ from other basket cells in that they express VIP
(FIG. 3). A special subtype of SBC, the clutch cell, is found
in layer IV of the visual cortices of cats and monkeys43.
These are medium sized, multipolar cells that typically
produce curvy axonal collaterals with large bulbous 
terminals that appear to ‘clutch’ the somata of their 
target cells.

Nest basket cells. NBCs were frequently reported in the
past and sometimes referred to as interneurons with
‘irregular arborizations’30,44–46, but were only recently
shown to be a distinct class of soma-targeting cell15,38.
The name ‘nest’ arises because of their birds’-nest-like
appearance. NBCs seem to be a hybrid of LBCs and
SBCs, but have a local axonal cluster more like SBCs
and less frequent branching and longer axonal colla-
terals with a lower density of boutons, more like LBCs
(FIG. 1; online supplementary information S1 (table)).
NBCs do not typically express CR and never express
VIP (FIG. 3).

This is a crucial issue as many studies, especially recent
studies that lack a thorough anatomical background,
have confused cell types by relying only on dendritic
features. In other words, the multipolar, bipolar and
bitufted classifications of interneurons cannot be used
alone to identify a cell type (see section on morpho-
logical properties). However, on the basis of their 
axon targeting, interneurons can be functionally
divided into axon-targeting, soma- and proximal 
dendrite-targeting, dendrite-targeting, and dendrite-
and tuft-targeting interneurons14,21, and also into
intralaminar–intracolumnar, interlaminar–intra-
columnar, intralaminar–intercolumnar and inter-
laminar–intercolumnar interneurons. The relative 
percentages of each interneuron type vary in different
species, brain regions and layers3,12,28–37. Here, we
review the characteristic features and connections of
the most common types of inhibitory interneuron,
with a particular emphasis on quantification obtained
in the rat somatosensory cortex.

Morphological properties of interneurons
Basket cells. About 50% of all inhibitory interneurons
are basket cells (FIG. 2). Basket cells specialize in targeting
the somata and proximal dendrites of pyramidal neu-
rons and interneurons2,3,31,38–40 (FIG. 1), which places them
in a unique position to adjust the gain of the integrated
synaptic response. The term ‘basket cell’ comes from the
basket-like appearance around pyramidal cell somata
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Figure 1 | Anatomical diversity of neocortical neurons. Scheme summarizing the main
anatomical properties of neocortical inhibitory interneurons. Each neuron type has a different
coloured soma; dendrites, red; axons, blue lines; axonal boutons, blue dots. Spines are omitted
for clarity. Neurons are orientated with the pia facing upwards and white matter downwards.
Some interneurons have a prominent, vertical dendrite directed towards the white matter.
Inhibitory interneurons are mainly distinguished by the structure of their axonal arbour (see text)
and typically innervate selective domains ((peri-) somatic, dendritic or axonal) of their target cells.
Modified, with permission, from REF. 167 © (2002) MIT Press.
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Linking glutamate receptor movements
and synapse function
Laurent Groc* and Daniel Choquet*

BACKGROUND: Since it was established that the
cognitive brain is formed mostly by an inter-
connected network of neurons that communi-
cate at contact sites termed synapses, intense
research has aimed at identifying their molec-
ular composition and physiological roles. The
discovery that the efficacy of synaptic trans-
mission can be modified by neuronal activity
has undoubtedly been a major step in under-
standing brain function. The various forms of
activity-dependent synaptic plasticity were
early on proposed to play central roles in brain
adaptation, learning, and memory. This moti-
vated neurophysiologists to understand the
mechanisms of synaptic plasticity, initially
within the sole framework of the quantal prop-
erties of transmitter release, largely ignoring
the cell biology revolution that was occurring
in parallel. In the 1970s, at the same time that
synaptic plasticity was discovered, the fluidity of
cell membranes was established. Surprisingly,
these contemporary findings seldom crossed
paths. As cell biologists established the major
roles of receptor trafficking in cell function,
neurophysiologists still largely viewed synapse
function as based on unitary receptor proper-
ties and control of transmitter release. It has

been only about 20 years since the two fields
cross-fertilized and the regulation of receptor
movements into and out of synapses emerged as
a fundamentalmechanism for synaptic plasticity.

ADVANCES: Largely basedon thedevelopment of
imaging approaches, including single-molecule
tracking, receptors have been demonstrated to
undergo a variety of movements, from long-
range rapid motor-based intracellular trans-
port, to short-range Brownian surface diffusion,
and intercompartment exchange bymembrane
trafficking. For efficient synaptic transmission,
receptors must accumulate in front of neuro-
transmitter release sites. This is accomplished
through a set of interactions with intracellular
scaffold proteins, transmembrane auxiliary
subunits, or adhesion proteins and other extra-
cellular elements. This duality of receptormove-
ments and stabilization has led to the important
concept that the number of functionally respon-
sive receptors at synapses results from the inter-
play between reversible receptor stabilization
and dynamic equilibrium between pools of
receptors in the synaptic, extrasynaptic, and
intracellular compartments. Coarse receptor
distribution along dendrites is largely achieved

by intracellular transport. Because exchange
of receptors between surface and intracellular
compartments seems to occur largely at extra-
synaptic sites, reversible surface receptor diffu-
sion trapping at synapses has emerged as a

central mechanism to con-
trol their availability for
synaptic activation. Recep-
tor stabilizationandmove-
ments are all profoundly
regulated by short- and
long-term neuronal activity

patterns. Reciprocally, evidence has accumulated
that receptor movements participate in many
forms of synaptic plasticity. Notably, altered
receptormovementsareobserved inmanyneuro-
developmental, psychiatric, orneurodegenerative
pathological models as indicated in the figure
[the + and – signs indicate the reported positive
and negative modulation of the indicated traf-
ficking and stabilization processes duringeither
normal (blue) or pathological (red) synaptic
function].Whether altered receptor trafficking
represents the primummovens of some neuro-
logical diseases remains to be established, but is
certainly an attractive hypothesis.

OUTLOOK: Most receptor trafficking studies
have been performed in reduced experimen-
tal systems such as neuronal cultures. This has
limited our understanding of the physiological
impact of these processes. The development
of brighter and smaller probes together with
new imaging modalities are on the verge of
allowing routine measurement of receptor
movements inmore physiological settings such
as brain slices and in vivo. There is little doubt
that qualitatively comparable trafficking mo-
dalities will be identified. Reciprocally, tools
are being developed to control the various types
of receptor movements, from blocking surface
diffusion by receptor cross-linking to stopping
receptor exocytosis with light-activated toxins.
Often, these trafficking tools do not impair basic
synaptic function, because resilience of the syn-
apse to trafficking alterations is high owing to
the amount of available receptors, as well as the
trapping capacities and nanoscale organization
of the synapse. Combining measurement and
control of receptor movements will not only al-
low better understanding of their contribution
to synaptic and neuronal function but also pro-
vide valuable tools for identifying the role of
synaptic plasticity in higher brain functions.
Controlling receptormovements or stabilization
may eventually represent an alternative thera-
peutic strategy to receptor activity modulation
approaches in a variety of synaptic andnetwork-
based brain diseases.!
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Neurotransmitter receptors undergo a variety of large- and small-scale movements. Movements of
large amplitude constantly reshuffle the receptor distribution (e.g., surface diffusion and intracellular
transport). Movements at interfaces (e.g., between synaptic and extrasynaptic sites, between intracellular
and surface compartments) are of small amplitude but have huge functional impacts. Each of these
movements is highly regulated and finely tuned in physiological and pathological conditions.
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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.
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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.
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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.
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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.
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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.
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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.
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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.
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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.
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feature maps were confirmed to have robust and statistically significant 
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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.
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