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Neurons & Neuronal Activities

Basic Processes of Transmission, Integration, and Response

INTRODUCTION

Imagine you are walking through the woods on a beautiful day—the cloudless sky
is a clear sharp blue. Suddenly, you trip on a tree root and nearly fall, but you catch
yourself at the last minute and keep walking with only a slightly sore toe to remind
you of the incident. As you walk, you listen to the wind in the trees and enjoy the

quiet.

But then, you hear something; it sounds like a child crying, and as you turn the corner
on the path, there is indeed a young boy sitting by the path, and he is sobbing. The
boy looks to be about four years old and so upset he is unable to respond to your
questions: is he lost? What is his name? Your heart goes out to him, and carefully you

pick him up and carry him to the nearest village, hoping to find his parents.

Here is a very human moment, something any of us might experience. As
we live our daily lives, most of us don’t give much thought to how our brains
and bodies allow us to perform such basic actions. In the scene above, all
sorts of processes are happening under the surface — walking, coordination
and balance, hearing and seeing, emotional and behavioral responses, not
to mention breathing, digesting, or circulating blood. All of these processes
depend on our nervous system’s interaction with multiple other systems

we've learned about.

You already know that our nervous systems control things like movement
and sensory processes. But how does this work, on a cellular level? In
our first primer, we have mentioned that neuroscientists measure ‘brain
activity, and that neurons ‘are activated. Decades of research have focused
on determining how neurons become activated. We've referred to this in
varying detail throughout the Life Sciences and Neuroscience primers you
have read previously; however, here you now have enough knowledge and

background to explore neuronal activity in some detail.

As we have seen in previous primers, it is a central tenet of biology that
anything a human (or any other organism) does must have a biological
substrate. This is because we are limited by our cells and molecules, organs
and organ systems, their capacities and their emergent properties. This

principle holds true for phenomena as relatively simple as digesting food

2
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or circulating blood, but also for more complex phenomena like vision and
social behaviors. In this primer, we will use the scenario described above as
a way of gaining a deeper understanding of how the nervous system works.
Along the way, we will continue to synthesize the knowledge and concepts

we have learned in past primers.

BACKGROUND

To help us more easily integrate the ideas in this primer, let’s examine some
of the background information that is presented in other primers in this
series. If you haven't covered these other primers yet, it may be useful to

review these sections before diving into Neurosciences |I.

Life Sciences Primer (LSP)-I: Evolution sets the stage for all else we learn in the
biological sciences by outlining Charles Darwin’s great and transformative
idea of evolution. We learn how, through a few basic laws of selection
operating from the interactions between biology and the environment,
all of life evolved and continues to do so. We learn how mechanisms for
transmitting biological information between generations, particularly DNA
(and the RNA and proteins it encodes), form the universal substrate for
evolution, and how random changes in the DNA code that result in biologic
advantage in a particular environment are selected and passed on. We also
learn how different environments affect when, if and to what extent genes
are expressed. Over millions of years, this process of evolution has resulted in
all of the diversity and abundance of life forms that exist or ever have existed

on earth.

In LSP-Il: Genes and Cells, using the example of what happens when we
touch a cup of very hot chai, it becomes clear that a few chemicals, most
notably carbon, nitrogen, hydrogen and oxygen, are the basic constituents
of all life molecules: proteins and nucleic acids (RNA and DNA), as well as
carbohydrates and fats. We learn how the dynamic principle of structure/
function—that structure predicts function and vice versa—applies at all
levels of life, from molecules to cells and tissues, on to organs, organ systems,
and organisms. We examine the basic chemistry of life and how it is deeply

related to change, structure and function.

In LSP-1I: Genes and Cells and Neurosciences | we also learn that the core
molecules of life combine to form cells and their parts and allow different

cellstointeract. We learn that the same basic elements build a vast diversity of
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molecules and many different kinds of cells, such as the neurons and muscle
cells critical for our response to touching the hot cup of chai. We discuss the
evolution of senses across the family tree and, in Neurosciences I, we follow
the complex sense of vision, its evolution as well as its mechanisms—tracing
the path of information from the light that bounces off objects through our

eyes and into our brain.

In Neurosciences | and LSP-Ill: Development and Physiology, we expand from
molecules and cells to organs and organ systems, the next step up the
biological staircase of life. Remembering the consistent underlying principle
of structure and function as we move up the staircase, we learn constituents
of and interactions among the many organ systems that make up our
bodies—the nervous system as well as our reproductive, digestive, skeletal,
muscle, immune, cardiovascular, respiratory, endocrine, integumentary, and

urinary systems.

Finally, in LSP-Ill: Development and Physiology, we discuss development, again
from an evolutionary prospective, starting with the relatively simple slime
mold and then showing how its basic cellular and molecular strategies—
chemotactic signaling based on chemical gradients and resulting in cellular
movement—are the same as those used in development in all organisms.
We learn how an organism starts with one cell and one set of DNA and then
divides over and over, each cell having the same DNA. Nonetheless, during
development each cell gradually takes on a different personality. All of this
eventually results in the development of new organs, organ systems, and

organisms, some of which (like humans) have trillions of cells!

WHAT EXACTLY IS NEURONAL ACTIVITY?

So how do neurons really work? Thorough comprehension of neural activity
requires synthesizing many of the biology facts and concepts we've learned
previously. Let’s think about the underlying biology—from organisms to

molecules—of the scenario described above.

Two organisms of the same species interacted. Doing so involved many of
your physiological systems (discussed in LSP-Ill: Development and Physiology),
such as your muscle-skeleton system (you walked, tripped, caught yourself,
and picked up the boy), your respiratory system (you breathed), and your

nervous system, including both your peripheral and central nervous systems.
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Your nervous system was particularly important for many aspects of this
scene: your reflex reaction (you tripped and didn’t fall), your sensory systems
(you sensed the boy through vision and hearing), your limbic and emotional
system (you determined the boy was sad by his motions, sounds, and facial
movements, and you felt emotion in response), your movement, balance, and
posture, and your speech to communicate with the boy. Organs that were
used included your eyes, ears, brain, lungs, muscles, and nerves. Throughout
this experience, your nervous system kept track of all these systems and their

interactions with each other.

And, of course, all these organs are composed of their own particular cell
types. As we learn in LSP-II: Genes and Cells, within one organism all cells share
basic characteristics and the same genes; the cells of different organs within
that organism express different sets of genes to produce different proteins

and other molecules that enable their particular functions.

Recall that the primary cells of your nervous system are called neurons
(Figure 1). As you walked through the woods, your neurons were working at
many levels—all involved in gathering, processing and sending information.
Your sensory neurons gathered information about the environment and
sent it to your central nervous system (spinal cord and brain). Other neurons
connecting your central nervous system and muscles allowed you to walk,
catch yourself, and pick up the boy. Neurons in your central nervous system
integrate and synthesize information from the peripheral neurons, and send
information back out to the periphery through more neurons; the result is
that you respond to the information your neurons received and processed.
The function of the neurons is reflected in their structures; neurons that do

different things look and act differently.

Even within a single neuron, the different structures of the cell reflect
different functions (Figure 2). Look at the interesting shape of a typical
neuron. Neurons have dendrites at one end where they receive information
from the environment, usually in the form of signals from other neurons.
Neurons have a cell body where the nucleus and other cellular machinery
reside, an extended axon down which the neuronal message is sent, and a
terminal where the message is passed to other cells. Depending on which
part of the cell you look at, you'll find different types of molecules carrying
out the functions of that part of the cell. For example, as we'll see, the parts
of the neuron involved in receiving external information have special protein

receptors in their cell membranes for binding information molecules.

Figure 1: A neuron is a specialized type
of cell found in the nervous system.
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Figure 2: Detailed view of a neuron. Key structures from text outlined in orange. Other structures found in
the cell body are discussed in LSP 2

THE NATURE OF THE INFORMATION

How are the neurons involved in your walk along the path, and in finding
and helping the boy? How do they receive and send all that information?
Neurons send information in two different ways: (1) electrical transmission
due to forces caused by the flow of electrically charged particles; and (2)
chemical transmission due to forces caused by movement of ions. The overall
process is called neurotransmission. Within neurons, the information is sent
using electrical charge; between neurons, information is almost always sent
chemically (in rare cases information is sent between neurons electrically).

First, let’s look more closely at electrical charge

ELECTRICAL CHARGE

The fact that the building blocks of all chemicals, atoms, may have a“charge”
is fundamental to electricity and to how neurons work. To fully appreciate
electrical charge, we first must briefly move pretty far away from your walk

in the woods. As we do, remember that a full biological understanding
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of such complex behaviors as walking or helping a child must include an
understanding of the physics and chemistry of the biological molecules

underlying all our complex behaviors.

To begin thinking about charge, it is useful to review our discussion of atoms
and basic chemistry from LSP-II: Genes and Cells. Recall that all living things
are made up of different molecules, and all those molecules are composed
of atoms or elements (Figure 3). The most common elements in biological
organisms carbon, oxygen, nitrogen, and hydrogen, but many others are
vital, including phosphorous, calcium, sulfur, iron, magnesium, zinc, and
copper. Three elements are particularly important for neurotransmission:
potassium, sodium, and chlorine. To explore this further, the discussion

below is reprinted here from LSP-II: Genes and Cells:

How and why do atoms interact to form molecules like water? Just like cells
and organisms interact with their environments based on their traits, atoms
also interact with their environments (which include many other atoms).
Atoms interact with each other based on their chemical and physical traits.
In this case the important trait is the electrical charge of the particles that

make up atoms.

Notice the central ball and surrounding circles shown for each atom in the
periodic table. The ball in the middle of each element represents the nucleus
of the atom (this nucleus is, of course, very different than the nucleus of

a cell). The atomic nucleus is made of positively charged particles called

Figure 3: The elements most vital
for brain function shown (with bold
box) within a subset of the periodic
table. Elements in the same column
are said to be in the same “group” and
share similar properties in that they
have the same number of electrons in
their outer shell. Notice that all of the
biologically relevant atoms have space
in their outer shell, while the elements
in the rightmost column have a full
outer shell and are not important for
brain function.
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protons and non-charged particles called neutrons. The circles represent
the paths, or shells, of the negatively charged particles called electrons. Each
element is defined by the number of these particles—protons, neutrons, and
electrons— it has. For example, you can see in the chart that a single atom of

hydrogen has one electron and one proton.

An established principle of physics, chemistry and biology is that negative
and positive charges attract, while equal charges repel each other. This
is important in many areas. In terms of the atom, the positively charged
protons of the nucleus attract the negatively charged electrons of the outer
shells, holding the atom together. The degree to which the atom ‘holds’ its
electrons becomes important for determining how each atom interacts with

other atoms in its environment.

Electrons move around the atomic nucleus in complicated paths, but we use
a circle to simplify the story. Electron shells fill up with electrons beginning
from the inside, nearest the nucleus, and moving to the outside. Notice the
shell closest to the nucleus can only hold two electrons, while the shells
farther from the nucleus can hold up to eight electrons (Figure 4). In each of
the elements highlighted with the periodic table in Figure 3 - the ones most
commonly found in living organisms (hydrogen, carbon, nitrogen, oxygen,
sodium, magnesium, phosphorous, sulfur, and chlorine) - the outside
electron shell is not full. This outside shell is called the valence shell, and it is

no coincidence that valence shells are unfilled in these elements of life.

Figure 4: Four biologically relevant
elements are pictured here and
represented by the nucleus (made of
protons and neutrons) and negatively
charged electrons within the electron
shells
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Some atoms are more susceptible than others to losing or gaining electrons
in their valence shells. Look at the table of elements in Figure 3. Which atoms
doyou think are most likely to lose electrons? Which atoms are most likely to
gain them? To get started, look carefully at two atoms that have important
roles in neurotransmision, sodium (Na) and chlorine (Cl). How do you think
their valence electrons are most likely to interact with other atoms in their
environment? Sodium only has one electron in a valence shell that is most
stable if it has eight electrons, thus, it will easily give up that electron. When
sodium loses an electron, it loses a negative charge and, therefore, becomes
more positive; it is now known as a sodium ion (Na+). Note that “losing” an
electron means that the electron moves: recall that electricity is defined as
the movement of charged particles, such as electrons. Potassium (K), like
sodium, often exists as a positive ion (K+). Now look carefully at chlorine;
chlorine already has seven electrons in its valence shell, so it only needs
one more to be stable. So, each chlorine atom tends to add an electron,
making it more negative. It becomes a chloride ion (Cl-). It is perhaps hard
to comprehend that all of our behaviors — in the scenario above, a pleasant
walk and helping a little boy find his parents - are associated with ions and
charges and atoms. However, as we shall see, without the action of ionically

charged particles, none of the rest is possible!

Electrically charged atoms (ions) like Na+, K+, and Cl- create charge in
biological systems. We measure charge in terms of voltage. The number of
volts measures the difference in charge between two locations. When this
charge moves in a system, it is called an electrical current, and the structures

within which the current flows (neurons, in this case) are called conductors.

The medium in which current flows in neurons and all biological systems is
primarily made up of water. And so, another piece of the chemical story of
electrical charge we should understand is the unique chemical structure of
water. We also discuss this in LSP ll: Genes and Cells. Recall from that primer
that each molecule of water is composed of two hydrogen atoms and one
oxygen atom and that, due to the extreme electronegativity (attraction for
electrons) of oxygen, each molecule of water has two‘partial’ positive charges
and one partial negative charge (Figure 5). These partial charges give water
many unique properties. In terms of our discussion of electrical charge, water
being both negative and positive allows ions (and their charges) to dissolve

in it, so that we now have a medium for moving charge and creating current.

Figure 5: A molecule of water is
composed of two hydrogen atoms
and one oxygen atom (H20). Water
molecules exhibit interesting
properties due to their chemical
structure.
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Neurons have evolved as cells that serve as information carriers for the
nervous system, and current is a big part of the way they communicate.
Information is passed through neurons because of changes in the amount
and location of charge. On the one hand, two different biochemical states
are possible: current and no current. On the other hand, the quantity of

current enriches the complexity of the information being sent.

Neurons and their surrounding environments are full of dissolved ions. How
do you think neurons might be able to control the location of these ions and
thus use them to create and send information? The answer to this question

has two main parts.

First, from our discussion of the function of cell membranes in LSP II: Genes
and Cells, we learn about the importance of the membrane that surrounds
the whole cell and the many membranes surrounding organelles within the
cells. These membranes provide a separation of the cell or its organelles from
the surrounding environment, which allows for careful regulation of what

enters and leaves the cells or organelles.

Second, remember that chemicals move in and out of cells in diverse
ways: small uncharged molecules diffuse through membranes, but most
molecules—Ilarger or charged ones—only move through membranes via
specific protein receptors, channels, or pumps (Figure 6). The structure of

these proteins has evolved exquisitely to fit their function.

Figure 6: Specific molicules in the environment bind to the protein receptor in the cell
membrane and change the shape of the receptor, allowing sodium ions to pass into the cell.
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Like all proteins, these receptors, channels and pumps are encoded by genes
in the nuclei of cells. The genes (made of DNA) are transcribed into RNA, and
then translated into proteins that are woven into the specific membrane
in question. Once in the membrane, these proteins respond to different
environmental cues to pass messages or prevent the passing of messages
into or out of the cell. The proteins’interaction with the environmental cues
changes the shape of the proteins, which in turn alters their function. This
change in shape and function is usually transitory—it is reversed quickly—
but not before the message has been sent across the membrane. As we
learned in LSP II: Genes and Cells, environmental cues and the function and
shape of proteins vary depending on the kind of message being sent.
For example, photons (light) interact with membrane proteins in the eye,
hormones or other molecules bind to membranes in many organ systems’
cells (including during the chemical part of neurotransmission, as we'll see
below), temperature or pressure influence membrane proteins, and electrical

charge (ions) affect the membrane proteins’ shape so that they regulate

specific ion transport across neuron membranes.

Box 1.IN-DEPTH:THEEVOLUTION OF PROTEIN RECEPTORS

Hormones bind to a specific receptor with the specificity and affinity

that could only arise through natural selection. Importantly, it is

becoming clear that slight modifications — even individual mutations

- can result in meaningful changes in the protein structure of a given

receptor. And these changes in protein structure can have profound

effects on the function of the cell and thus, on the organism. Take, for

example, the glucocorticoid receptor (GR), which is activated by cortisol,

a hormone important for the stress response that we will discuss

more in primers 3 and 4. There is a related protein receptor called the Visualization of a glucocorticoid receptor
mineralocorticoid receptor (MR), which is primarily activated by the binding to DNA. In this way, it modifies
hormone aldosterone, but is also weakly activated by cortisol. Both ~ the activity of the DNA and influences
GR and MR act as transcriptional factors by binding to DNA and either e e el jpreien el irad:.
increasing or decreasing expression of proteins. Scientists have recently

traced the lineage of these two related receptors and found that a

total of 7 mutations, in combination, give GR its specific affinity to cortisol. By following related genes through
a “gene family tree”, scientists identified the point approximately 400 million years ago that these two receptors
diverged from a single receptor gene. They have also been able to recreate the protein structure for each successive
evolutionary change. By doing this, they have determined that two of the mutations had a major effect in switching
the receptor’s preference from aldosterone to cortisol simply by changing the physical shape of the receptor. Three
of the other seven mutations during the same period shifted the affinity of the receptor for cortisol.
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So, if we have channels and pumps specifically to regulate transport of
particular ions (the most important ones in this case are K+, Na+, and Cl-)
in or out of the cell depending on information in the cell’s environment, we

begin to see how the presence or absence of charge dictates the transport

of messages.

Box 2. IN-DEPTH: THE ELECTRICAL NATURE OF NEUROTRANSMISSION

Neural interactions, and thus all

thoughts and movement, require

neurotransmission, which is both

electrical and chemical. It is odd

to think of our bodies as being

full of electricity—the same force

that drives our mobile phones and

lights—but it's true. The electrical

nature of neurotransmission is made

strikingly evident by the technology

of prostheses, or artificial body parts

that alleviate severe deficits. For

example, soldiers who lose arms or

legs in war, can have ‘new’ artificial

prostheses attached to their bodies to replace those missing limbs. The most modern of these prostheses
have electrodes that electrically link them to the person. Over time people ‘electrically train; that is learn,
to move their prosthesis by thinking to move it just like they do with their natural limbs. Their thoughts are
translated into electrical activity that moves the prosthesis, just as thoughts are translated into the electrical
activity that moves a natural limb.

Brain implants are especially amazing. Working with people who are paralyzed, scientists have hooked
electrodes either directly to the paralyzed person’s brains or to their skull. Scientists then ask the person to
think certain thoughts, for example, ‘up’ or ‘down’ The general pattern of brain electrical output for each type
of thought is determined by a computer, and after much effort, the computer software that results allows the
paralyzed person to electrically control a computer mouse so that the person can move a cursor to point to or
spell out their thoughts on a computer! The paralyzed person can communicate by having their thoughts—
electrical neural activity - electrically transferred to a computer. These scientists are also discovering possible
additional benefits of this work. Sometimes an electrode implanted in the brain seems to replace electrical
activity from neurons that have died. The result is that the paralyzed person is now able to make certain
movements that were not possible before receiving the electrode implant. Such research is very preliminary,
but clearly has exciting potential. And for our purposes here, these examples illustrate how the nervous system
uses the same kind of electricity that can run through wires and control machines.
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RESTING MEMBRANE POTENTIAL

Scientists discovered another crucial aspect of electrical
charge’s role in neurotransmission once technological
advancesenabledthemtomeasurethevoltagedifference
(also known as membrane potential) between the inside
and outside environments of typical neurons (Figure 7).
They discovered that when a neuron is not active, its so-
called resting potential is negative—specifically around
-70 mV (mV stands for millivolt or one-thousandth of a
volt, and measures the difference in electropotential).
This means that the outside of the neuron has a voltage

70 mV more positive than the inside.

In general, ions flow through membranes based on
two principles: concentration gradients and electrical
gradients. Let’s first consider the concentration gradient.
lons naturally move toward equilibrium, from higher to

lower concentration (Figure 8). So, if a membrane allows

Figure 7: A voltage clamp measures the voltage difference

between the inside and outside of a cell.

ions to move across it by opening a specific channel for a

particular type of ion, say Na+, these ions would, without

the addition of extra energy, move from the side of its higher concentration
to the side of its lower concentration, until the concentration of sodium ion
was the same on both sides. However, as the Na+ ions move through the
sodium channels down their concentration gradient from the outside to the
inside of the neuron, they also take their charge with them. Because Na+ ions
carry a positive charge, opening of sodium channels in the memrane will
lead to the flow of positive current into the neuron, and therefore this neuron
will become depolarized (i.e. become less negative on the inside). Why then
does the neuron show a negative charge inside during resting? Well, this is
because normally the membrane has many more open K+ channels than
Na+ channels in its membrane. Because K+ is more concentrated on the
inside it will flow to the outside down its own concentration gradient and
make the outside more positive. In effect, negative charges from other ions
that cannot move through the membrane are left behind and result in the

negative charge seen inside.

So why does the membrane then not become even more negative on the
inside than -70 mV, which is the normal resting potential in many neurons?

What keeps the ions from continuing their movement indefinitely? Again,
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we can understand this by recalling

the forces that make the ion move

across the membrane. We have just

discussed one force, which is given by

the concentration gradient and which

pulls the ions to the side of lower

concentration. But another force

acting on the ions is the electrical

gradient - ions are repelled by like

charges (i.e. positive charges are

repelled by positive ones). Therefore,

when K+ moves outside the cell, the

loss of these ions leaves a net negative

charge on the inside, which attracts

the positive K+ ions and makes them less likely to move outside (Figure 9).
In fact, when this electrical force is equal but opposite to the force provided
by the concentration gradient, K+ ions stop moving through the membrane
altogether, even if K+ channels are open. The membrane potential that
exactly counteracts the concentration gradient of an ion is called the
equilibrium potential of this ion.

Now we still have an important question: How, if ions always
flow down their concentration gradient, can there be a higher
concentration on one side of the membrane in the first place?
The answer to this question lies in another type of membrane
protein, called an ion pump. lon pumps move ions against their
natural concentration gradient, but this process requires spending
energy. For instance, the Na+/K+ exchange pump (Figure 10) uses
one molecule of ATP for each 3 Na+ ions pumped to the outside,
while 2 K+ ions are also transported to the inside. Because for each
3 Na+ ions leaving only 2 K+ ions enter in this process, the Na+/
K+ exchange pump also helps the inside of the membrane to stay
negative. The Na+/K+ pump is essential for maintaining the resting

membrane potential of neurons.

ACTION POTENTIALS

So, now we have most of the key elements of an information-sending system:
a specialized cell (the neuron) with specialized parts (some for receiving,

some for sending information), including proteins that regulate the amount

Figure 8: Simple diffusion of molecules
through a permeable membrane. Over
time, there will be equal concentration
of molecules on both sides of the
membrane.

Figure 9: Because there is more K+
inside the cell, the concentration
gradient pushes it out. As K+ leaves the
cell, a net charge begins to build along
the membrane, creating an opposing
electrical gradient.
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of charge moving across its membrane (enabling the cell to use charge as a
medium for sending information). The next question is: what constitutes a

signal? And how exactly is that signal received, translated and sent?

The signal that a neuron sends is called an action potential, because it
represents a charge difference (potential) that leads to action. This signal is
initiated at a part of the neuron called the axon hillock, which contains a
particularly high density of sodium channels
(Figure 11); we will soon see why this is
important. An action potential is generated
when stimuli sent from other neurons and
systems and received by the dendrites lead
to the opening of enough ion channels at the
axon hillock that the inside of the cell reaches
the threshold potential, which is usually around
-55 mV. (Recall the concept of thresholds from
other primers: a threshold is the tipping point
at which a system responds; just below the
threshold, nothing happens, but at or beyond
it, there is a response. Thresholds occur in all

systems, biologic or not.)

Once the membrane potential depolarizes (that
is, becomes less negative) to the threshold potential, an action potential

is triggered (Figure 12). Very quickly, within 1/1000 of a second, an action

Figure 10: The Na+/K+ exchange pump
moves 3 Na+ molecules out of the cell
for every 2 K+ molecules it moves into
the cell. This helps maintain the resting
membrane potential.

Figure 11:The axon hillock (highlighted
in red), located where the axon arises
from the cell body, is where an action
potential originates.
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potential produces a sharp rise in membrane
potential to as high as +50 mV, which is a value
determined by the sodium concentration
gradient, which will be explained below. This
spike is followed immediately by a sudden
decrease in potential down to below the
original resting potential, and in fact to a level
even a little more negative than the resting
potential (hyperpolarization). For a given
neuron, the shape (form and extent) of its
action potential is always the same. Neurons,
then, may receive signals and depolarize
slightly, but only if they depolarize enough and
reach the threshold potential will they ‘fire’ an

action potential.

action refractory
50 — potential period
= E
E arization
s 0 i
€ :
3 |
S |
m {—threshold potential '
S -50 — : ~
el L s T Y resting potential
s | \ ot~ &
) L . . l : :
= Tesiig powsntal : L hyperpolarization
-100 T T T T T T T T 1
0 1 2 3 4 5 6 7
Time (milliseconds)
Action Potential in a Neuron
Figure 12: An action potential, shown as membrane voltage over time.

Box 3. IN DEPTH: THE IMPORTANCE OF A FAST RETURN TO REST

Let us think more about the dynamic process
illustrated in figure 12. Notice the amount
of time it takes the neuron to go from the
onset of the action potential to the point
when the resting potential is reached again,
shown in the image to the left in the red
box. Why is it important that this process be
fast? As will be discussed in more detail later
in this primer, the rate at which a neuron
creates an action potential encodes crucial
information about the stimulus that triggered
the action potential, such as the intensity
(e.g. temperature, pressure) or speed. The
faster a neuron is capable of firing, the more

potential the neuron has for encoding this type of information, and the more sensitive the information can

be. To understand this, imagine how the ability to encode information would be compromised if, rather than
the approximate 5 msec (5/1000 of a second), it took 500 msec (1/2 a second) to produce an action potential
and return to the resting potential. Instead of a maximum rate of firing of 200 action potentials per second

(1000ms/5ms), the neuron would only be able to generate 2 action potentials per second. To appreciate the

effect of this difference, look at the scenario below and pay close attention to the variable rate of firing that is

evident over the 2 second period of time plotted here. Now, imagine how the function of this neuron would be

changed if it was only capable of firing twice each second.

30




JIR g FRgAAFFIRY (0 (+50 mV)
qam’a‘&'ﬂ:’&ﬁ&'@%ﬂ&g&'Ria'qgrq %wr;'ﬂ:&'ar\‘
=By dghs) BYgsEnqqrgadaTgy
5“1'%""\"§“T&\T@'3\"ﬁ' 3 SR N IREERAR G
qiﬁ] %?\ﬁi'ﬁf” Y3 g AT
SRR AR B A RA| (Sﬁ'qqm'g'qgm@'qq&@:ﬂ)
eEEN s daaads  Jrasagy
a5 2y TR EEE N"\'\"ﬂ'“"qﬁq‘%ﬁ'qg’m'
8=3= %’“““%ﬁ‘i”’%@'”ﬁ”@‘ﬂ Jrpmada
8= %’%Rﬁqﬁ'ﬁ'”‘\*'ﬁ'%ﬂ'“ﬂ 3 N'é:‘i R
&= %‘&'gnm'@ﬂﬁ%ﬁ%N’Nﬁ&z\riwq‘&'qr\'qaﬂ'

RRRN| 13 5’&1@'gqsqﬁf\'gS’ﬁ&'@&'qxﬁq'q‘a’@x@fﬁw£aﬁﬂ'q%‘q’q‘awﬂ'

ASEARGH

Jargmyaa qh=gnanar @8] 3Asg Pagn e cye s 5 &g s mangs)

RFRBENFIRANGFARRIAFYY AT ER g
n&’i&’ﬁ&’q&’q&N'gm'g'ﬁﬂx'ﬁa'q:'i'ngs\'r«'ﬂ?ﬁaﬂ SRRE
{3 FARENINQY R afr I FR Fqaasragy
5«'4'2%'qgﬁ‘q‘aqs\ﬂ'nn'ﬁmmu‘ﬁq‘ 5&'4'§%ﬁ'§:ﬂ‘&'§m'
FAreavRpRERERTY| RIEF (R FE5
RGBT Y IF RN IR AR
AN AN RE] Qﬂ'qaq'g's’ NI AR AAE FauR
RarBNmam s R g AR e alsd Rararnz Jy A ax
g E ] RERPNERGFRAFRIVE RG] PRI FRGET IR R IRYI{RAG| qGanagygs
qaq}’qgﬁq?ﬁﬁ'ﬁﬂ%ﬂa g’gs.‘gﬁx.qaj’x.qagnﬁmﬂaﬁqiﬂq.angﬁqﬂsaﬁiﬂq.‘“@/‘_\Qj’q‘.én\.ﬂanx.ﬁ{;.aq.‘%q‘a .%’R.s.g.qg. (HRE
Qar=if; N'ﬂ&'qﬂ&'ﬁ:@’)m&’c@q' F 300 z&'&r@!qﬂﬁ'&:’mﬁ'qﬁm'Sﬁ'@'ﬁﬂ'@'ﬁqr\'@g'ﬂgﬂ&'ﬁ&'gﬁ'&'zﬂ% R FRANREA @N’Wﬂﬁ&'é &
a’n@m@%R'gqnawﬂ'ﬁq'g’l&m@q'ﬂ‘&'qﬁ&'&ﬁ'@%m’q%q@'gs«'qxﬁ:I'nxﬁgx:@&] %’q&'qm'&ﬁ'ﬁ;’&'ﬂ%q’q:’ﬁq:'g'g'ngﬂ'qﬁwqﬁai'
RN TR T AN '%‘&'éﬁmmm'@r\ﬁq%@s&q‘&fq’gq'&qwﬁungﬁéml

31



Before we consider how an action potential has its effects and propagates

its signal, let’s walk carefully through the molecular details of what happens

during an action potential. Together the many complex steps below all occur

in just a few milliseconds! Follow each point below corresponding to Figures
12 and 13.

First, remember the charge across the membrane rests at a negative
potential (about -70 mV, see Figure 12) of inside versus outside the cell.
The key ions to consider for generating an action potential are K+ and
Na+. At rest, more Na+ is outside than inside the neuron, and more K+
inside than outside the neuron.

Two types of voltage-gated channels—one for each of these ions—are
in the membranes of the cell body and axon hillock of the neuron. These
channels are called ‘voltage-gated’ because their shape changes so
that they are ‘open’ or ‘closed’ based on the voltage (charge) across the
membrane in their immediate environment.

Foran action potential to occur, the membrane potential must depolarize
(become more positive) due to signals sent from other neurons; we will
talk more about these signals later. As the inside of the neuron begins to
depolarize because of these signals, voltage-gated sodium ion channels
in the membrane open in response to the voltage change.

At rest, more sodium is outside the cell than inside (creating a
concentration gradient), and the inside of the cell is negative while
sodium ions are positive (creating an electrical gradient). Thus, when
sodium channels open, sodium rushes into the cell, due to the force
of both its concentration and electrical gradients. Because sodium is a
positive ion, the inside of the neuron becomes more positively charged

as more sodium enters (Figure 13,#1).
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At this point, sometimes

the change in charge

from inside to outside is

not enough to reach the

threshold potential, and

the cell returns to resting

potential. But other times,

the change in charge is

sufficient to reach the

threshold potential (Figure

12). The opening of sodium

channels results in further

depolarization, which

results in even more sodium

channels opening, and an

action potential occurs.

The increased potential that causes the sodium channels to open in the
first place also causes them to close, but more slowly than they open.
This is a special mechanism of closing called inactivation. If you think of
the opening of a channel as removing a plug in the channel, inactivation
is a special kind of plug that is pulled into the channel by the positive
membrane potential. After the sodium channels inactivate due to this
process, no more ions can flow through the channel, and thus no further
depolarization occurs (Figure 13, #2).

At the same time, the depolarized potential also causes voltage-
gated potassium channels to open. These channels, like the sodium
channels, are sensitive to depolarization, but they are slower to react
to voltage changes than are sodium channels. Remember that K+ is
more concentrated inside the cell (concentration gradient) and now
the membrane potential is quite positive (around +50 mV; electrical
gradient). Thus, when K+ channels open at this point, K+ rushes out of
the cell, following both its concentration and electrical gradients. As
K+ leaves the cell (and with Na+ no longer moving into the cell), the
membrane potential becomes more negative due to the loss of the
positive ions.

Because more potassium channels than usual are open after the action
potential peak, the membrane potential drops, for a brief time, even
below the resting potential (Figure 13, #3).This is called hyperpolarization
(Figure 12).

Figure 13: Several important stages
of an action potential, shown by
membrane voltage over time. See the
points in the text for a description of
each stage.
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«  Finally, there is a refractory period (Figure 12) for the portion of the
neuron’s membrane that has just fired an action potential—a period
when the voltage-gated sodium channels cannot react to depolarization
again. Indeed, they need a period of hyperpolarization to become ready
to open again.

+  Once the action potential is complete, the membrane slowly returns
to the resting membrane potential, due to the passive diffusion of K+
back into the cell. Remember that the Na+/K+ pump serves to maintain
the proper concentration of Na+ and K+ ions inside the cell, so the

concentration gradients remain stable.

Box 4. IN-DEPTH: NEUROTOXINS AND NEUROTRANSMISSION

As we've seen many times in our science studies,
one important way to understand how things
work normally is to study them when they don't
work normally. Many molecules that poison the
nervous system, called neurotoxins, have in fact
been very useful for studying neurotransmission.
One neurotoxin comes from a fish called fugu,
shown here, that can puff up with air to increase
its size and scare off predators. Even though
the fish is extremely toxic to humans—as it
contains in its liver and ovaries the neurotoxin
tetrodotoxin, whose structure is shown here—it
is a very expensive delicacy at fancy restaurants
throughout Japan. Special chefs require years of
training to be able to effectively and safely prepare
the fish by removing the organs containing the
toxin.

Why is tetrodotoxin poisonous? The toxin binds to

sodium channels on neural membranes, causing

them permanently to close. Knowing what you now know about how action potentials work, what would
this toxin do to neural signaling? In fact, tetrodotoxin stops all neural signal transmission, easily causing
paralysis and eventual death in humans. Scientists have used this neurotoxin and others to help elucidate the
electrical aspects of neurotransmission. Neurotoxins also have been useful in studying the chemical part of
nerve signaling that occurs both between neurons and between neurons and muscle cells. Another illustrative
example is the toxin from cobra venom, which is also fatal to humans. This toxin blocks the signaling between
neurons and muscle cells, and thus paralyzes the heart and other muscles.
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Let’s go back to the imaginary scene that began this primer. Is it possible
that complex behaviors such as walking or empathizing with a child are
made possible by emergent properties of these invisible ions and channels,
proteins and genes, obscure and complex biophysical mechanisms? At first,
it seems ridiculous, even impossible. But you, as scientists, who have studied
evolution, development, physiology, genes and cells, should think carefully
about this.

We have learned some ways to think about such big questions. What organ
systems and organs are involved in these behaviors? (Surely, at least the
nervous system—the brain, spinal cord and nerves.) What cells in these
systems might be functionally responsible for the actions in the story?
More generally, what, biologically speaking, is sensation, movement and
even emotion? (Apparently it's a collection of signals from a set of neurons
in response to an environmental signal.) What molecules in these neurons
send the signals and how are they sent? (Here is where electricity and ions
and proteins and milliseconds come in!) And so, it seems, there is a deep
connection among ions, proteins and behavior. And, as you're learning, all
these ideas can be tested experimentally. We design experiments in different
organisms to see if our hypotheses and ideas are consistent with what we

observe happening.

Now, do ions and neurons and electricity explain everything? Do they, on
their own, fully account for complex behaviors like we see in our imaginary
scene? The answer is probably not. At each level of the story, as we discussed
in LSP-I: Evolution, there is the potential for new and emergent properties,
characteristics that molecules or cells or systems manifest only when acting
in combination with each other. For example, in this primer, we are not going
to discuss the higher cognitive functions involved in our story, like emotion

and motivation - these topics will be covered in later primers.

ACTION POTENTIAL PROPAGATION

Based on what we have learned thus far, we have a sense of how signals
are initiated in the neurons of your body as you walked through the woods,
tripped, heard and saw the boy, felt compassion for him, picked him up
and carried him home. To better understand how neurons work, we need
to understand two more crucial parts of the story, beyond what action
potentials are and how they are formed. We should understand signaling

on either side, so to speak, of the action potential. What exactly happens
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to lead to an action potential and how does the action potential, which
happens in one small part of the neuron’s membrane, get passed on to other
neurons? The two questions are related. Let’s start with the latter one first:
how does the action potential pass on its information? That is, how does the
initial action potential ‘translate’ into a signal that moves down the axon—a

process known as propagation--and then get passed to the next cell?

Two concepts are important in comprehending the mechanism of nerve

electrical signal propagation:

(1) Propagation is unidirectional: during the refractory period, the part
of the axon that just underwent an action potential can't depolarize
again until the sodium channels are ready to activate again (Figure 12).
Because action potentials are generated at the axon hillock, the ‘charge
signal’provided by the action potential cannot go in both directions, but

only in one direction—away from the neuron soma and down the axon.

(2) The individual action potential is always the same for a particular
neuron. That is, the nature of the activation potential depends on the
neuron, its membrane and its membrane proteins, not on the strength
of the signal the neuron receives. This is known as the all-or-none
principle—a neuron either fires (depolarizes) or it doesn't. When it fires,

it always does so to the same extent.

Once an initial action potential occurs, the
resulting charge spreads out in both directions
from the starting point. But, as noted, only the
neighboring membrane on one side of the axon
hillock can respond because the other side is in
a refractory period. The action potential now
has moved to this neighboring patch of axon
membrane and the signal continues in this way,
as a wave, all the way to the end of the axon.
Importantly, the axon is surrounded by a sheath
of lipid (fat) called myelin, which insulates the
axon, keeping the electrical current of the action
potential from dissipating. Because of the all-or-

Figure 14: An action potential does not

none principle, the signal does not diminish as it moves, but is just as strong diminish as it moves down the axon

at the end of the axon as when it was initiated at the axon hillock (Figure 14). - it is renewed at each new patch of
membrane.
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Imagine a line of 25 monks holding hands, standing in a row. Monk #1 on
the far left end of the line receives a signal from his friend. His friend tells
him this message: ‘Send a signal, pass the word. It's time for prayers! Monk
#1 hears his friend, but he is busy studying and doesn't do much until three
of his other friends also start yelling, ‘Wake up! It's time for prayers!’ At this
point, Monk #1 becomes aware of his friends’yelling (his‘threshold potential’
is reached) and he squeezes hard the hand of Monk #2, the second monk in
line. This causes Monk #2 to squeeze the hand of Monk #3 just as hard; he
squeezes the hand of Monk #4 just as hard, all the way to Monk #25. Each
squeeze is like the movement of the action potential, each squeeze sends
the initial message and sends it at the same squeeze intensity, so the signal
is just as strong when Monk #1 squeezes Monk #2's hand as it is when Monk
#24 squeezes Monk #25’s hand. This is propagation—with all the monks

together representing one action potential moving down one neuron.

Now, how does this signal progress from the end of the axon to another
neuron? Or, another way to ask this question is: how did the initial action
potential at the axon hillock get started in the first place? How did it receive
information from other neurons that induced an action potential? That is, in
neurotransmission, what is it that is analogous to the yelling of the Monk #1's

friends that gets the process going?

CHEMICAL NEUROTRANSMISSION: FROM ONE NEURON TO
THE NEXT

Consideragainyourwalkthroughthewoodsandthecrying child.Experiments
suggest that the cells in your brain, when you hear that child, integrate a
number of signals, thoughts and potential actions that resultin your response
to the child: your ears hear—receive sensory information that is passed to
your auditory nerves and then to the neurons of your brain. Then, you turn
the corner on the path through the woods and your eyes see the child. Why
do you notice the child rather than the flower by the side of the path? This is
an important question that we discuss later. For now, consider what happens
when you look at the child. We learn about vision in neurobiological terms
in the Neurosciences I; many connections and associations exist between
the neurons in the visual part of the brain and other regions involving
emotion and action. You see the facial expression caused by the muscles
on the child’s face and process the emotion of that child. This is amazing!
Without any words, just from seeing, you can “read” the mind of another

person. Furthermore, the interconnected brain systems involved in seeing
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and responding to the child are
able to communicate with your
peripheral nervous system—in
your legs and arms—to signal
the muscles in those arms
and legs to move, pick up and
comfort the child (see detailed

discussion of movement below).

For this entire scene to occur,
clearly neurons must not only
send signals down their axons,
but they also must send signals
to other neurons and to the
muscles. Let’s investigate how
neurons do this. First, how
do neurons send signals to
other neurons? Second, how
do neurons send signals to
muscles? Then, finally, how do
neuron-neuron and neuron-
muscle interactions translate

into whole-body movement?

Look at Figure 15; it shows the
terminal of one neuron on the
upper right interacting with the dendrites and cell body of another neuron on the
upper left. The tiny space between the axon terminal sending a signal and a neuron
receiving the signal is called a synapse. The electrical signal of the action potential
that has moved all the way down the pre-synaptic neuron is now converted into a

chemical signal when it reaches the axon terminal.

The conversion from an electrical to a chemical signal happens as follows.

«  Once the action potential reaches the end of the pre-synaptic neuron, the
depolarization of the action potential alters the shape of voltage-gated calcium
channels, causing them to open.

+  Because calcium normally is at a greater concentration outside than inside
the cell, calcium rushes into the end of the axon, following its concentration

gradient.

Figure 15: The synapse is the
space where the terminal of
one neuron interacts with
the dendrites or cell body of
another neuron.
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«  Thecalciuminduces vesicles (smallmembrane-bound sacs) carrying
chemicals called neurotransmitters (Figure 15, inset) in the terminal
to fuse with the membrane, emptying the neurotransmitters
into the synapse. There are many different neurotransmitters,
including glutamate, GABA, acetylcholine, dopamine, serotonin,
epinephrine and norepinephrine. In addition, there are many short
protein neurotransmitters, also called neuropeptides. In all, there
are more than 100 chemicals that are currently known to act as
neurotransmitters at synapses in the brain!

«  When the chemical messagers are released into the synapse, the
neurotransmitters interact with membrane protein receptors on
the post-synaptic neuron. This interaction passes the neural signal
along from the pre-synaptic neuron into the receiving post-synaptic
neuron.

« In the post-synaptic neuron, the chemical signal from the
neurotransmitters is re-converted into an electrical signal in ways

we will explore below.

Depending on the type of neurotransmitter and the receptor it
binds to, different effects will result in the post-synaptic cell. Each
receptor has binding sites for a specific neurotransmitter. You can
think of how for every lock, there is only one kind of key that fits. In
the same way, only the correct neurotransmitter can bind to a given
receptor. There are two main types of receptors for neurotransmitters,

known as ionotropic receptors and G-protein coupled receptors

Figure 16: Two main types of
neurotransmitter receptors.

(a.) lonotropic receptors, on the left,
allow ions to quickly pass through
under specific conditions.

(b.) G-protein coupled receptors, on the
right, use a slower, second-messenger
system.
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(Figure 16). lonotropic receptors are similar to the voltage-gated channels
we learned about above in as much as both proteins form a channel that
allows a certain ion to pass through when the channel is open. However,
the mechanism by which voltage-gated channels and ionotropic receptor
proteins open are different. Voltage-gated channels open when there are
changes in membrane potential, whereas ionotropic receptors open when
the right neurotransmitter binds to them. lonotropic receptors are also said
to mediate “fast” neurotransmission, because when the neurotransmitter
binds and the channel opens, ions immediately pass through, changing the
membrane potential within milliseconds (Figure 16a). Depending on the ion
that flows through the channel, as well as the direction it flows (based on
its concentration and electrical gradients), the inside of the cell can become
more positive or more negative. When the cell becomes more positive, or
depolarizes, this is called an excitatory response, because it pushes the
neuron closer to reaching the threshold potential. Conversely, when the
cell becomes more negative, this is called an inhibitory response, because it
makes it more difficult for the neuron to reach threshold potential and fire
an action potential. Can you think of which ions would make the cell more

excited (positive) versus inhibited (negative)?

In contrast to ionotropic receptors, G-protein coupled receptors act more
slowly and do not allow ions to pass through when neurotransmitter binds to
them. Instead, these receptors bind neurotransmitter, and activate attached
proteins (G-proteins), which send signals to other molecules known as
second messengers (because they are the second ones to carry the signal
after the primary receptor at the cell surface; see Figure 16b) inside the cell.
Second messengers (of which there are also a great variety, including cyclic
adenosine monophosphate, or cAMP, which we discuss extensivelyin the LSP-
Ill: Development and Physiology) then activate enzymes or other molecules.
These molecules might be proteins that turn on genes, or they might be
other ion channels or pumps, or neurotransmitter receptors themselves.
All these reactions take time (hundreds of milliseconds to minutes), which
is why action at G-protein coupled receptors is slower than ionotropic
receptors. However, in both cases, the responses can end up being excitatory

or inhibitory, depending on the resulting changes in membrane potential.

A single neuron can have thousands of synapses communicating with it;
these synapses can occur on the dendrites as well as the cell body of the
neuron. Each neuron constantly ‘adds up’ the many signals it receives at

all its synapses (Figure 17), an information-integrating process known as

Figure 17: A single neuron (D)
receives input from many synapses
(A-C), the sum of which determines
whether the threshold potential is
reached.

48



SRR 97 SARFHIGINRRFR()FY
WRAR FAANGR IS ERI G (M FN A
< psdagEate) RgRE
AP aFan RN AN RaaEaN AR Ey

g R Py apardgady

& m%q'g"{'%ﬁ'@gm&'ﬂ%wﬁg m"é’g;’ﬁ'qé'q‘&'ﬁqm'qgm%':q%q]'&@ :N's‘\«wai'BI
E&s%7qﬁq6r:\'@'@wN'gs\u\tg’i&'@z\mw'qgr\'q%nmu‘&’%"rﬂ'@m] @N'sam%q'
ﬂagaiqﬁNN% :\qqg.q%qq;qqa{&aﬂaﬁﬂmq% :g’aéﬁqiﬁqéqai]
Axarss| @N'gﬂﬂ%g@ﬁﬁﬁﬁﬂﬁN'%'ﬁqr\'ga'q%q'ﬂgi'gﬂ'&@ﬂaﬂxqam'
§a“qﬂﬁr‘1:\<ﬁl %‘ag&&rq%I ﬂ‘qgg'q%ﬁqaﬂ&\}“nggﬂﬁ“@@‘“Na%ﬁqé
3«!’3’3&'q'm'qu'qn%m'q&riﬁ(ﬁi Ra| 96 )| gms@'qﬂqqxﬁ'@w 5&1@
SRR %%ﬁ'f“’gﬂ”ﬂqi'(’\:ﬁ'“1’\'5"'\'“1E"\.qq'ﬁ';ﬁﬂ'q@’\'ﬂsr\“wﬂa‘_\'
S}\I'qN')QQR’Q&'Q’]&&N'igf-'\k\l’ﬂ6N"1!'ag’N'qk\l",-3['@R'ﬂ?’%&'é‘?‘ﬁﬂ]ﬂ’%’ﬁ’{'ﬂ&'H’ﬂ&'
B éi'ﬁﬂ'ﬂ?gﬁ% RarmxmurasgaERs 3R @'smq'%'?\ srRasEE
:qg:q&’%‘%ﬁ%&‘Nﬁ&&'@«'q‘&'gﬂmgﬁ'R!f\'qgm'qm'iﬂ %m«’?q%qm%‘g‘g:‘
%g’fﬂ”%“:@r\% E\Wqﬁﬂgﬂmmﬁa*"QEE\%] ANFRREY IR B R
@SN G AR AN g gm‘r\raq'qr?ta\'qns&wﬁqu%ﬂm'%'q;'r\ﬁmr
NR’q‘%&'R’{'g\K’%‘@R‘%(%ﬂN')ﬂ"gﬂ'ﬂ’(é"\'g\\!ﬁ'@ﬁ'@&ﬁﬁ'g‘iﬂﬁ

Jsr Samg ﬁ"\‘a'ﬁ"i sueRagadaa Ravangs g’\'ﬁ'@%"ii'“'ﬂ"’"
:\qua\%qﬂﬂa\% :gﬂéﬂq‘aggggﬂmaﬂﬁg‘-\sﬁgé ai:\‘q%ﬁﬂadﬂlm
A LRI Brqfudar gerFRNa @5’“5‘:\' 3558 '%R’ﬂ'?i'
Q| ‘\RWN’?’“@I ;i"a‘ FaraR R R AR R RIS :':g“'éﬁ'% =] ARAFR
el A aRaax (Y YR AR RNy Fr AR Ty ad ey ﬁ'ﬂ'ﬁ&&'@&'ﬂ%’@%q'@@?
Ry 26 p aFN)maraRegs 504':qqq'gsw’m'ﬁ@gb\'ﬂ%ﬁ'wiﬂ RENaRE
anﬁk\m'(q‘z"\'m"@N'@'qas'x'qﬁm'ﬁ:@&'msmqqﬂ'qu\r’s‘\Jr\'gr\'sq'@'% FRCEY
%’Lﬁ'ﬁ:’ﬂ&&iﬂ&ﬁ% A ﬁpg&&'@wgq'g&&sq WRE RGN § G
FAR R[N EUF R WRF RG] N:‘q‘ﬁqx'g*q%q'@gﬁ FRRAE
sadsr 5@1’@% i"“‘\‘*ﬁ X i'“"“’%ﬁ“% I ARCRERE ‘\'\'%R'i"ﬂ e s
qﬁq{ a3 'iqN’r\ﬁwmq'@;wq'qﬁaﬁﬂ

3!1:'5"13'411gqm'ﬁx’@r\'a:q'04q:'{:’ﬁq'qg'mq'qu'im'ér\'@'ﬁqx'gﬁ'&gﬁ'
N£&N'§:‘gﬂ'&;ﬁ&fﬁ'£ﬂ%:’1 &gr\'smsw'q‘?'\'rﬂ'ﬁn;’g‘g'ﬂgm}ﬂ%&'qgﬁqg
gq'g\sw'ﬁ:’g'@:’gm'ﬂ‘f?}&‘qxq@:ﬁqq‘aqI R:'r-'\:'qém'q‘&‘mgﬁ'aaaw\rﬁw
q§’\"“a"‘§'q%i'i’“'ﬁ'ﬁ““‘"ﬁ“*@"’ﬁ'ﬂ g R R R R AN R F
g“'@ﬂ"*’\'@ﬂ“’ﬂ(’i’\*'i“'l 7%) %'fg?@'a'q%ag‘gﬂ'gng'rﬁ@ﬁi&'ﬁr\éﬂ}&!'

49



summation. As we mentioned, some
of these signals will be inhibitory
(decreasing charge), while some will be
excitatory (increasing charge). The many
simultaneous signals may or may not sum
up to a voltage that reaches the threshold
potential at the axon hillock. If the
threshold level of excitation is reached,
an action potential fires and the signal is
passed down the neuron to other parts of

the nervous system.

A rare, but even faster way that a few

neurons interact is by skipping the

neurotransmitter-chemical step of neurotransmission altogether
(Figure 18). Via these purely electrical synapses, two neurons are directly
connected through a gap junction. Gap junctions are composed of exactly
aligned pairs of channels at the membranes of the pre- and post-synaptic
neurons. The space through the membranes created by gap junctions
is much bigger than that of ionotropic channels. Thus, relatively larger
molecules can move from one neuron to the other. lons, which are very
small, can move easily through the gap junctions at electrical synapses.
The result is that action potentials can move from one neuron to the next,
as if they the two neurons were one, taking even less than a millisecond.
What do you think would be advantages and disadvantages of such

neurotransmission? Why do you think this mechanism is so rare in us?

One hint to help you answer these questions is that gap junctions are
found not only in the brain but in muscles all over the body, and they
play a very important role in cardiac functioning. Because the physical
proximity allows two cells to act as if they are one, gap junctions are
thought to cause synchrony in an assemblage of cells, which allows the
muscles of the heart to contract concurrently. In the brain, gap junctions
may be important for the development of the nervous system and are
thought to facilitate complex neural processes such as learning and
memory. However, it is very likely that neural synchrony is not always
a good thing - it is thought that pathological activity in gap junctions
may contribute to, and in some cases even initiate seizures, a condition in
which a grouping of neurons exhibits abnormally rapid and synchronous

firing.

Figure 18: Gap junctions form when
channels on the pre- and post-synaptic
neuron are perfectly aligned with one
another.
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HOW DO THESE BASIC NEURAL PROCESSES LEAD TO
VARYING OUTCOMES?

You can see that evolution has built much diversity into neural signaling.
Let’s take the senses as an example. Think about all the steps that are
involved—from the initial signal to the sending of the signal to the
response to that signal. We will look more closely at each step to appreciate

the diversity.

First, there is the initial signal received from the environment; we examine
many of these receptors in other primers. Sense receptors allow us to see,
hear, smell, taste and touch (Figure 19). Somatosensory receptors in skin
allow sensing of touch, pain, and temperature change. Proprioceptors
in muscles interpret force, length, and velocity of muscles, all necessary
information for the coordination of movement. Sensors in our inner ear tell
us about the angle of our heads and our body balance and movement. As
you can seein Figure 19, although these receptors are somewhat different
in their location in the body and in their molecular structure, they all are
also very similar in that they all have one axon and multiple dendrites.
Another similarity is that they involve protein channels on the membrane

that alter upon stimulation to allow a change in membrane potential.

Another way to diversify the system is to evolve different types of neurons
with different shapes and properties, as well as different types and
numbers of connections. There is also incredible diversity in the kinds of
neurotransmitters that neurons use (Figure 20), as well as the receptors that
bind to them and send signals on to other neurons. Moreover, one neuron
may receive and send more than one neurotransmitter. Interactions
between neurotransmitter and receptor can have a wide range of effects
on membrane potential, and over variable time spans. This extensive
diversity allows for tremendous flexibility in neural signaling — a good
thing when you consider all the important functions your nervous system
serves! Indeed, all of these variables are at play as you walk through the

woods and respond to the upset boy.

Figure 19: Types of sensory receptors.

Figure 20: Diversity of neurotransmitters.
Structures for some of them are shown
here: (from left to right) GABA, glutamate,
acetylcholine, serotonin, dopamine and
norepinephrine.
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Box 5. IN DEPTH: DIVERSITY OF FORM AND FUNCTION THROUGHOUT THE NERVOUS

SYSTEM

Here are some of the different neuron types in the brain. Think about what you know about structure and
function, and consider what the structural differences in these cells might mean for function. A. Purkinje cell
B. Granule cell C. Motor neuron D. Tripolar neuron E. Pyramidal Cell F. Chandelier cell G. Spindle neuron H.
Stellate cell (Credit: Ferris Jabr; based on reconstructions and drawings by Cajal). See http://neuromorpho.org/
neuroMorpho/index.jsp for a catalogue of neurons by neuroscientists, and Browse the Cell Types page

WHERE NERVES MEET MUSCLE:
THE NEUROMUSCULAR JUNCTION

Another example of the extreme variation found in the different types of
neural connections is a specific type of neuron called the motorneurons.
Rather than communicating with other neurons, these neurons, whose cell
body lies in the brain, interact directly with muscle cells. As we've seen, the

story about you walking through the woods and helping the young boy
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involves neurons communicating with muscles at many levels, and thus
inducing movement. At the most basic level: you are walking, one foot in
front of the other, keeping your balance, as in the case when you trip and
catch yourself before you fall. But even at the more complex, emotional level,
movement is essential: your face muscles and the boy’s face muscles form
expressions, you move your lips as you talk with the boy, you pick up the boy,
your eye muscles move your eyes, etc. Some say that movement is the most
vital of our physiological functions, because without movement we would
not be able to interact with the world. Thus, we will examine movement very

carefully here.

In LSP-IIl: Development and Physiology, we discuss how muscles work together
to contract at the organ level within the musculoskeletal system. Here, we

will move down to the cellular level.

The synapses where nerves meet muscle are
called neuromuscular junctions. As you can see
in Figure 21, this specialized synapse looks and
acts very much like a neuron-neuron synapse. The
pre-synaptic cell is a motoneuron projecting all
the way from the spinal cord. The defining feature
of motoneurons is that the post-synaptic cell is a
muscle cell, and the muscle cells use the changes in
membrane potential induced by neurotransmitter
released from the motoneurons to activate
muscle contraction. The neurotransmitter used
by these motoneurons is acetylcholine, and the
acetylcholine receptors are ionotropic (recall
we discussed ionotropic receptors above, in the
section on Chemical Neurotransmission). Binding of
acetylcholine to the receptor opens a channel in the
middle of the receptor (see Figure 21), which leads
to an inflow of sodium into the muscle cell, and
therefore depolarization. The depolarization leads
to the opening of voltage-gated calcium channels.
When these channels open and calcium rushes into
the cell, a complex series of reactions then leads to muscle fiber contraction.
When your brain sends a signal to bend your arm, this is how the muscles in

your arm can make it happen.

Figure 21: The synapse of amotoneuron
Acetylcholine
neurotransmitters released by the
motoneuron bind to and open
receptors on the muscle cell.

at the muscle.
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REGULATION OF THE SIGNAL

One final example of the diversity in neurotransmission that we will
consider arises with respect to how the nerve signal is regulated. We've
already talked about one built-in type of neuron regulation. Recall that
neurons only fire if they reach their threshold potential. So, each neuron
will only fire if its many excitatory and inhibitory signals add up to at least
that threshold potential.

Two other types of regulation
occur at synapses to control
the impact of each pre-
synaptic depolarization event
on the receiving cell. Reuptake
is prominent in nearly all
synapses (Figure 22). Proteins
called transporters on the pre-
synaptic neuron cell membrane
move neurotransmitters back
into the pre-synaptic cell so the
neurotransmitters can no longer
activate the post-synaptic cell
(muscle or other neuron). These
neurotransmitters are recycled
into vesicles and used later for

further neurotransmission.

The second type of regulation is degradation. This happens when a
specific enzyme digests neurotransmitter in the synaptic cleft or space,
so the neurotransmitter can no longer activate the post-synaptic cell. For
example, in the neuromuscular junction, acetylcholinesterase degrades
acetylcholine to stop the signal. Imagine what would happen if reuptake
and degradation did not take place. This type of regulation is very
important; otherwise the signals of neurons would continue to be sent

non-stop.

SOMATOSENSORY AND MOTOR SYSTEMS

So, how do a bunch of neurons, muscles and the many synapses among

them result in movements and behaviors like those you exhibit walking in

Figure 22: Reuptake transporters move
neurotransmitter from the synapse
back into the pre-synaptic cell.
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the woods? This is a huge question neuroscientists don’t entirely understand
the answer to, but we do know a lot about it. We know that we have to
integrate information about our environment (somatosensory information)
with the planning and execution of movements. As thought through by
James Knierim of Neuroscience Online (http://neuroscience.uth.tmc.edu), a

good interaction of sensory and movement (motor) systems should:

« generate movements that allow us to accomplish our goals.

« coordinate signals to many muscle groups and determine the necessary
forces to produce smooth movement.

« know the starting position of the body in space, the length of muscles
and the forces being applied to them.

« constantly produce postural adjustments in order to compensate for
changes in the body’s center of mass as we move our limbs, head, and
torso.

« compare desired activity with actual activity, and use sensory feedback
for corrections in movements as they take place, and allow modifications
to motor programs so that future movements are performed more
accurately.

« compensate and account for the physical characteristics of the body and
muscles themselves.

«  perform many procedures in an automatic fashion, without the need for
high-order control.

« adapt to changing circumstances over the short term as well as over

developmental time, aging, etc.

In fact, the Emory Tibet Science Initiative primers extensively discuss many
of these characteristics, which our motor systems do have, and consider
how, together with our nervous systems, they respond to our environment.
In LSP-II: Genes and Cells, we discuss the simplest such collection of nerves,
muscles, and synapses—known as reflexes (Box 6). These reactions—like
when you draw your hand back from a scalding cup of chai or when you
catch yourself after tripping over a root in the woods—are automatic and
unconscious. They don't even involve the brain, only neurons that sense the
stimulus, an intermediate neuron in the spinal cord, and the motor neuron
that synapses on the muscle to stimulate its contraction. Such reflexes often
involve a chain of only one, two or three synapses, although many receptors

and motor neurons may act in parallel.
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Box 6. IN-DEPTH: REFLEX IN ACTION

Here is a short exercise you can
do to get a sense of how reflexes
work. Have a friend sit with his or
her legs dangling over the edge of
a table. With the side of your hand
firmly strike your friend’s leg just
below the kneecap. When you hit
the right place, the lower leg will
kick out immediately exhibiting
the knee-jerk reflex. Try it again
with one hand on your friend’s
quadriceps muscle, the muscle
on the front of the thigh. When
the knee jerks, you will feel the
quadriceps contract.

This knee-jerk reaction happens in less than 50 milliseconds and involves just two neurons. One neuron reaches
from the kneecap to the spinal cord, and the second reaches back to the muscle, as shown at the right. How
might this reflex be useful?

In order to move, to stroll through the woods, to pick up a crying little boy,
we need to know both where things are in our environment, and where our
bodies are in relation to those things. This sense is called proprioception.
The receptors that give us information about our environment are known
as somatosensory receptors; ‘somato’ refers to our bodies and ‘sensory’ to
sensing the environment. As we have seen, generally speaking, all sensing is
similar, although each type of sensing has its own particular type of receptor
(see Figure 19 above). As we've discussed, any sensory event begins with a
receptor on afferent neurons. Once stimulated, membrane ion channels open
to cause an action potential. In LSP-/I: Genes and Cells, we look extensively
at some of these: vision receptors, touch, pain, and temperature receptors.
Vision receptors are an example of receptors that give us information about
the external world; the touch, pain, and temperature receptors in our skin
are also examples of such receptors. Here, in terms of movement, we will
discuss 2 additional somatosensors that sense the forces and motions of our
bodies: (1) proprioceptors in muscle that tell us about the force, length, and
velocity of muscle contraction and (2) vestibular sensors in the inner ear that

tell us about the angle of our head and how fast it is moving.
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Our muscles have two kinds
of proprioceptors: (1) muscle
spindles inside muscles sense
stretching (Box 3) and (2) Golgi
tendon organs, at the junction of
muscles and tendons, sense the
force generated when our muscles
contract (Figure 23). Muscle
spindles have a sensory neuron
wrapped around them; they are
like strings lying in parallel to
muscle. When muscles stretch,
the spindle also stretches, causing
action potentialstofire.The spindle
neuron synapses directly onto the
motoneuron of the muscle, as well
as onto other neurons in the spinal
cord and brain. Interestingly, the
muscle spindle also synapses onto
inhibitory neurons that suppress the firing of motor
neurons and therefore block the contraction of muscles
that perform the opposite function. This inhibition is
useful in suppressing the simultaneous firing of motor
neurons that lead to flexion and extension movements
of the same joint, say the elbow, which allows the joint

to either flex or extend.

Sensors in our heads help us keep track of where our
heads are. These vestibular organs (Figure 24) are made
up of vestibular canals and otoliths (utricle and saccule)
filled with fluid. When your head moves down with the
rest of your body to pick up the boy, fluid shifts in your
vestibular organs, which leads to bending of hairs in
receptors that open sodium ion channels. Therefore
these mechanical receptors activated by the flow of
fluid in our inner ear also lead to the firing of action
potentials (Figure 25). See Box 4 for the description of a

reflex that helps us keep our balance.

Figure 23: Golgi tendon organs are
proprioceptors that relay information
about the force of muscle contraction.

Figure 24: The vestibular system helps with balance
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Figure 25: Head movements create
forces in the inner ear that move hair
bundles, which sit on top of vestibular
hair cells. This deflection opens
sodium channels, thus creating an
action potential that then moves from
the vestibular system to the central
nervous system (CNS)

Box 7. IN-DEPTH: THE VESTIBULO-OCULAR REFLEX

This reflex allows the important coordination
between head movement and Vvision.
Measurements of this and other reflexes
allow physicians to identify deficitsin people’s
nervous systems. For example, in this series
of pictures, a physician moves the patient’s
head 45 degrees to the side, and then quickly
moves her head down so that the center of
her head is lower than her inner ear. In this
case, a vestibular pathology is indicated by
involuntary and abnormal eye movements.

TO GAIN AN APPRECIATION FOR THE VESTIBULE-OCULAR REFLEX:

Hold a piece of paper with words on it in front of you.
Rotate your head from side to the side.
Can you read the paper?

Hold the paper in front of you and move the paper without moving your head.
Canyou still read it? Why or why not? Do you or do you not receive sensory input from both your head and your
hands? What are the possible pathways involved?

Ask a friend to stare straight ahead, either in a rotating chair, or standing up.

Spin the person around.

As the person is spinning, watch the motion of his or her eyes.

Is the person aware of the eye motion?

Why is it occurring? What sensory and motor pathways are involved? What might this reflex be useful for?
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In general, somatosensory information moves in
hierarchical fashion from the afferent neurons of our
somatosensors to our spinal cord to the thalamus and then
to the somatosensory cortex of our brains. Recall from our
discussion of vision in Neurosciences | that somatosensory
information encodes four fundamental types of information:

modality, location, intensity, and duration.

Let's consider these four types of information in terms of
the modality of touch and our skin receptors as we touch
the boy to pick him up in the forest. As you can see in Figure
26, we have four different types of skin touch-receptor cells,
each with ‘receptive fields’ (analogous to visual receptive
fields we discussed in Neurosciences I) in which they can
sense stimuli. Different sensations occur when different
types of receptors are stimulated. Pacinian corpuscles
detect rapid vibrations (about 200-300 Hz), Meissner’s
corpuscles detect changes in texture (vibrations around 50
Hz) and adapt rapidly, Ruffini endings detect tension deep
in the skin, and Merkel’s receptors detect sustained touch

and pressure.

When you feel your hands touch the boy, all four types of
touch receptors fire. Activation of only Merkel and Ruffini
receptors gives the sensation of steady pressure; activation
of only Meissner’s and Pacinian corpuscles gives the tingling

sensation of vibration.

Location is sensed because receptors only activate when
the stimulus occurs near them, in their particular receptive
field. Merkel cells and Meissner’s corpuscles encode the
most precise localization information since they have the
smallest receptive fields that are the most sensitive to
pressure. They are also located closest to the surface of the

skin.

Intensity of the sensation is encoded by the firing rate
of the receptor neurons. The more action potentials are
fired per second, the stronger the sensation (Figure 27).

Receptors closest to the stimulus have higher firing rates

Figure 26: Four different types of
mechanoreceptors or skin touch-receptors,
each of which has a characteristic response to a
different sensations.

Figure 27: More intense sensory stimuli
(for example, holding your hand close
to a fire) results in a more rapid rate of
neuronal firing than less intense stimuli
(touching a feather)
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than distant receptors. Different somatosensory neurons
adapt differently to stimuli. Slowly-adapting sensors
respond during the entire time the stimulus occurs so we
can sense duration. These sensors increase frequency of
firing when pressure increases. Rapidly adapting sensors
fire only when the stimulus starts and finishes, allowing

us to sense change in skin pressure.

Like with all somatosensation, the interpretation or
processing of touch is hierarchical (Figure 28). Stimulation
of a population of skin receptors sends signals through
a series of relay nuclei in the spinal cord to higher brain
centers. As the signal moves through the nervous system
hierarchy it is integrated with more complex sensory
information. For example, the signal of ‘touching the boy
to pick him up’is integrated with emotional information,
perhaps about ‘feeling compassion for the boy’and with

information about your past experiences and how to ) ) )
Figure 28: Hierarchical relay of sensory

information through the spinal cord
and trembling of the child. and thalamus and synapsing final in
the somatosensory cortex

respond to sensations like contact warmth or the weight

Box 8. IN-DEPTH: THE SENSE OF TOUCH: TWO-POINT DISCRIMINATION ACTIVITY

How does the skin let the brain know what it is touching? When we want to find out if something is smooth
or rough, we run our fingertips over it, rather than the palm of our hands or our elbows. We can feel a tiny
fragment of a bone in our mouths when we're eating, but we don't notice one at all if we step on it barefoot.
How is it that part of your body is “better” at getting touch information?

Information from our skin allows us to identify distinct types of sensations, such as tapping, vibration, pressure,
pain, heat, and cold. As we see in Figure 26, human skin contains different kinds of sensory receptor-cells that
respond preferentially to various mechanical, thermal, or chemical stimuli. Next, these receptors convey the
information to the central nervous system (CNS), to areas where we perceive the stimuli. To accomplish this,
the nerve endings of the sensory receptors transduce, or convert, mechanical, thermal, or chemical energy into
electrical signals.

To sense two separate points of touch contact, we must be able to discriminate one point from another. When a
stimulusis presented within the receptive field of a single sensory afferent, the location within that receptive field
cannot be determined by information from that single sensory neuron alone. Two-point discrimination therefore
depends on both the size of the receptive field as well as the distance between receptors in the skin. Some
regions of the skin have a large number of receptors, while other regions have fewer. Neurologists, physicians
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who specialize in diseases of the nervous system, sometimes test patients for two-point discrimination. They
may do this if they suspect a problem with sensory information entry to the skin, the pathways to the brain, or
the interpretation of sensory information.

Try these activities investigating two-point discrimination in groups of at least three people: a
respondent, an experimenter, and a recorder:

Choose at least two different areas of the skin to test. Respondents must sit with eyes closed.

2. Experimenters take two toothpicks and prick subjects’ skin about 1 cm apart with both toothpicks at the
same time

3. Respondents report if they feel one or two pricks. If respondents feel two pricks at different times, then
the trial should be repeated with the toothpicks touching the skin simultaneously. Experimenters then
gradually reduce the distance between the toothpicks. The tester may also want to alternate between one
and two toothpicks in order to keep the volunteer from guessing.

4. For each respondent and each skin location, record the smallest distance found between the two pricks
where the volunteer can feel two rather than one prick. This is the discrimination sensitivity. Repeat each
test at least 3 times for each skin location.

5. Each group should test all members in a few different areas of the body (hands, fingers, arm, leg, back, etc.)

QUESTIONS

1. How different is the two-point discrimination sensitivity across different body regions? Why do you think
the differences exist? Are they the same across different individuals? Illustrate these differences by plotting
the responses on a graph.

2. Which areas of your skin have the highest receptor density? Do you think it is the areas with the largest two-
point discrimination distances or the smallest distances?

3. Draw a diagram of how the information from the skin receptors reaches the brain. Which brain area do you
think is larger, the one receiving information from skin with lots of receptors or with few receptors?

Each sensory receptor connects through a series of relay neurons with a central nervous system neuron. A given
central neuron responds to all information from its input area (the skin area that is the gathering field for only
that cell) as if it were coming from one point. This skin area is called the receptive field of the central neuron.
On the arm, each sensory receptor gathers information from a much larger skin area than a receptor on the
fingertip, and this receptor is also connected to a defined central neuron. This central neuron, like the central
“finger neuron’, interprets all input as coming from one point, even though the skin area in this case is much
larger. In order for a person to feel two points, two separate central neuronal populations must be activated by
stimulation of their respective receptive fields. When this happens, two points are reported.

In sum, two-point discrimination depends on activating two separate populations of neurons, and in order to
discriminate two closely placed points, the receptive fields of the neurons must be small. This in turn means
that the receptors must be densely packed in a sensitive area, so that two points very close together activate
different receptors.
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After it has left the spinal cord and passed through the brainstem, most of the
incoming motor control and somatosensory information moves through a
part of the brain called the thalamus (Figure 28). The thalamus serves as the
gateway for all of the incoming sensory information and for the outgoing motor
information; the thalamus monitors and modulates sensory information on its
way to the rest of the brain. The thalamus is particularly important because it
can increase or decrease the intensity of the signal on its way to the cortex.
The more intense the signal sent on by the thalamus, the more attention we
give to the stimuli. Importantly, there is heavy communication feeding back to
the thalamus from the higher levels of the brain that helps determine how the
thalamus modulates the information coming through it. It is thought that this
back and forth communication between the brain cortex and the thalamus is

central to what we call attention.

To appreciate how important sensory gating is to our minute-to-minute
functioning, let us think back to your walk in the woods. Your attention was
drawn to your sore toe after you tripped on the root; although your brain was
receiving sensory information from all of your toes prior to the injury, it simply
did notreach the level of yourawareness. Similarly, as you sitand read, your brain
is receiving information from all parts of your body and your environment, from
the sensation of your legs touching the surface of the chair to the background
sounds you notice once you willfully pay attention. Imagine what our realities
would be if we were aware of all of this sensory information that descends
upon our brains! The sensory gating that goes on in the thalamus is crucial
for enabling us to pay attention to the most pressing sensory information, as
ultimately demonstrated by your ability to completely forget your injured toe
as soon as you heard the urgent cries of a child.

Clearly—through the thalamus and other cortical areas—sensing and
movement are tightly coordinated and regulated. Thus, it is probably no
coincidence that somatosensory and motor cortex control centers are so close
to each other in the brain. Remember from Neurosciences | that the motor and
somatosensory cortices are organized as detailed maps that correspond to all
the parts of the body (Figure 29). In the somatosensory cortex, more sensitive
body parts have more of the cortex devoted to it. Likewise in the primary motor
cortex, muscle groups that make the most skilled movements have the most
cortical neurons. Therefore, thinking back to the third question in Box 6, we can
expect that the more sensitive areas that have more receptors will have greater

representation in the somatosensory cortex.
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There is a strong temporal association between behavior and cortical activity.
Much like the direct correspondence between visual cortex activation and
what we see, motor cortex activity corresponds to very specific aspects of
movement. Specific patterns of neural activity correspond to the direction
of movement, the force required to maintain the movement, and even the
particular task in which the movement is involved. Figure 30 summarizes
the neural pathways involved in conscious, directed movement. Trace
through this pathway in your mind, from motor cortex to muscle fiber. Recall
that earlier in the lesson we introduced motor neurons as a unique and
specialized type of neuron that synapses directly onto a muscle cell. Here we
see that pathway in more detail as neurons in the primary motor cortex fire
action potentials that move down very long axons that synapse onto motor
neurons on the spinal cord. Those motoneurons then synapse directly onto

muscle cells to activate muscle contraction.

Your motor system has evolved to carry out very different types of movement;
these can be broadly classified into two types that we already have discussed:
(1) reflex movements that are automatic, have predictable neural patterns,
and graded responses (the more stimulus, the greater the movement); (2)
directed movements in response to somatosensory information about the
environment that are voluntary and complex and not generally predictable;
and a third type we have yet to discuss (3) centrally-programmed, patterned,
rhythmic movements, which have predictable and complex neural activation
patterns and are not voluntarily controlled.

Figure 29: A representation of the
connections between the body and
primary motor (left) and sensory (right)
cortices. The relative size of the body
partdrawn nextto the cortexrepresents
the number of cortical neurons that are
devoted to innervating that particular
body part.
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As we have said, what happens when you are in the woods
and trip and catch yourselfis called a reflex movement (type
1 above). When you hear the boy cry and move to help him,
that’s directed somatosensory integration and response
(type 2). On the other hand, your walking and breathing,
swallowing and heartbeat are regular, automatic rhythmic
patterns controlled by what are called central pattern

generators (type 3).

Unlike all the other neurons and neuron systems we've
discussed, central pattern generators are neural networks
that produce regular rhythmic neural outputs on their own,
without the requirement for input from any external source.
Central pattern generators can even create their pattern of
neural outputs when they are entirely isolated from the rest

of the brain!

Central pattern generators consist of sets of neurons that
are connected to each other such that they can create
regular rhythmic firing patterns (see Figure 31). In fact, in
some cases only 2 neurons are sufficient to create such a
pattern. These neurons inhibit each other so that only one
can fire at a given time. After a period of activity one of the
neurons ‘tires’ and the other one takes over the rhythm.

Importantly, many of these regular rhythmic activities are

Figure 30: The pathway of a motor
neuron: the axon extends from the
primary motor cortex, through the
midbrain and spinal cord, and then
synapses directly onto a skeletal
muscle.

Figure 31: Rhythmic neural activity
(above) recorded from neurons that are
part of a central pattern generator
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very responsive to environmental changes; that is, the rhythm can be
reset or adapted if the environment changes. For example, scientists have
shown that the central pattern generator responsible for a cat’s walking
increases its rhythm when the cat starts walking faster in response to
signals from proprioceptive and touch receptors in the cat’s legs. Similarly,
if a cat sees something ahead that will cause it to alter its walking rhythm,
those visual inputs have also been shown to activate its motor cortex to
alter its walking pattern generator’s rhythm, which itself is located in the

spinal cord.

MOTOR PLANNING

Prior to action, you actually—unconsciously and very
quickly—think about what you're going to do and plan out
your movements before you do them. This can be thought of
as feedforward regulation, because you are projecting what
you'll do next. We know that many cortical association areas
(recall the definition of these areas from our vision discussion
in Neurosciences I) send signals to the primary motor cortex
— many are from premotor and supplementary motor areas
involved in motor planning. These regions are located just
in front of the primary motor cortex (Figure 32). Motor
association areas also receive information from higher cortical areas
like those associated with language. As you might imagine, the motor
planning areas like the primary motor cortex are organized similarly to
the somatosensory cortex in that it also has a somatotopic representation

of limb and muscle groups (see NS primer ).

Directed movements like those you make in deciding to walk through
the woods in the first place, or those you decide to do upon hearing
the crying boy—Ileaning over and picking him up-involve many levels
of control beyond simply carrying out the action. Given the fact that
movement is absolutely crucial to all our behaviors and actions—from
walking to breathing to loving—you should not be the least surprised
that the amount of regulation, modulation, and control put into our

movements is complex, vast, and diverse.

Figure 32: Association cortex located
anterior to motor and sensory
cortex is the site for premotor and
supplementary motor areas important
for motor planning
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Box 9. IN DEPTH: FEEDFORWARD SYSTEMS

In a feedforward system (A.), action occurs without the online use of
output from the action itself. Because the system does not rely on output
from the action (i.e. feedback), it is thought to require an internal model
for accuracy. As you will soon see, the cerebellum is a region of the brain
that is crucial for feedforward control. Contrast this with a feedback
system (B.), which involves modifications based on information that
loops back to guide future actions. The benefit of a feedforward system
is speed, since there is no delay for feedback of information. However, it

likely does not allow for the correction of errors, and thus, accuracy, that
can occur with a feedback system. As you might imagine, the optimal
situation is one in which feedforward and feedback occurs in concert.

antral command Limb movement 'Postural
(internal model) disturbance

A 4

B. Feedback

(For unexpected
postural disturbance)

A. Feedforward

(For expected
postural disturbance)

ELLL T

Postural
adjustment

One example of this is the way your body moves during exercise. It uses a feedforward system in preparation
for a dynamic action, changing the activity of postural muscles in order to ready the body for the movement
when it occurs. For example, in preparation for a lateral arm movement that will shift your center-of-gravity,
your postural musculature makes compensations to allow you to maintain your balance. It does this quickly,
without incorporating any feedback somatosensory information. However, if your foot strikes on uneven
ground, sensory information feeds back into the system to allow your muscles to adapt to this unexpected
change.
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As we have studied more and more science, you have seen the evolutionary
theme exemplified at all levels of the living staircase, from molecules to
populations: all biological systems are regulated and, the more important
a biologic phenomenon is for survival of the organism and its offspring, the
more refined and complex its regulation. A key mechanism of regulation—
feedback control—is used in many situations (box 9). We have seen this in
several lessons thus far including feedback at the global level during the
nitrogen cycle (discussed in LSP I: Evolution), feedback between slime mold
cells and their external environment, and (discussed in LSP Ill: Development
and Physiology) feedback in humans among different hormones and organs
affecting behavior, and feedback among many of the molecules regulating
energy production in cells. We'll investigate another kind of regulation—

feedforward control—in our discussions below.

As we've discussed, the downside of complex, refined regulation, is that the
more complex the regulation, the more things can go wrong. But the upside
is that the regulated phenomenon in question can be adjusted slightly
or significantly up or down in response to many different environmental
parameters. Thus, instead of the process simply being on or off, it can be
adjusted to be on a little or a lot depending on time of development, time
of day, type of cell, temperature, amount of energy available, or other

environmental demands.

Since movement is the manifestation of our thoughts, feelings, and actions,
perhaps nothing is more important in our biologic lives —other than those
thoughts, feelings, and actions themselves—than movement. Think about it:
we could have the most compassionate and deep feelings in the world, but
if we can’t or don't act on those feelings, their value is greatly diminished.
We might hear the boy crying, but without the ability to move, we could
not even walk toward the sound of crying to make the effort to find him. As
movement is so important, it is highly regulated in many ways in humans,
who have one of the most, if not the most complex brain on earth. Here we
will examine two important regulatory parts of the brain—the basal ganglia

and the cerebellum.

BASAL GANGLIA AND CEREBELLUM

In addition to the motor and premotor cortex, at least two other important
brain regions are involved in movement planning and execution: the basal

ganglia and the cerebellum.
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Recall the basic anatomy of the brain from Neurosciences I. The
basal ganglia include the caudate nucleus, putamen, nucleus
accumbens and globus pallidus. Together, the caudate and
putamen are called the striatum. The basal ganglia also

include the subthalamic nucleus and the substantia nigra.

As we know, one important way toward understanding the
functions of a particular brain region is to identify the other
parts of the brain to which this region connects. Let’s think
carefully through Figure 33 that shows a simplified outline of
the connections within the basal ganglia and between the

basal ganglia and other areas of the brain.

Most neural connections that send signals into the basal
ganglia projectinto the striatum.These neurons are excitatory;
they originate from the thalamus and from wide ranging areas
of the cortex (including motor and somatosensory regions).
Remember that the thalamus is the gateway for modulating
information going to the cortex, and that the thalami
themselves receive information back from the cortex. In
addition to this bidirectional communication with the cortex,
the thalamus is covered by a sheet of inhibitory neurons called
the reticular nucleus. These inhibitory neurons terminate
on nuclei within the thalamus and in this way modulate
the information that travels between the thalamus and the
cortex. The fact that there are so many connections between
the basal ganglia and the cortex, the basal ganglia and the thalamus, and
the thalamus and the cortex again emphasizes the complex integration of

diverse kinds of information in the brain.

Within the region of the basal ganglia that receives excitatory neural
connections from motor regions of the cortex, neuroscientists have again
discovered a motor map or homunculus just as we see in the primary motor

cortex.

The basal ganglia process motor cortex and somatosensory information and
send inhibitory neural signals out, back to the thalamus (and other brain
regions) in a kind of loop. These signals come from the globus pallidus and
the substantia nigra. There are also many internal neural communications

among different parts of the basal ganglia.

Figure 33: The basal ganglia, including
the caudate nucleus and putamen
(also called the striatum) and the
nucleus accumbens, globus pallidus,
subthalamic nucleus and the substantia
nigra.
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AsyoucanseeinFigure33,these manyexcitatoryandinhibitory connections of
the basal ganglia add up to two distinct pathways for information processing,
the direct pathway and the indirect pathway. In normal individuals, when the
direct pathway is excited, it activates the thalamic neurons, and they in turn
excite cortical neurons. The net effect of this excitement of cortical neurons
is muscle contraction, and thus, movement. When the indirect pathway is
excited, the opposite happens: thalamic neurons are inhibited, and they in
turn inhibit cortical neurons and thus, inhibit movement. The direct pathway
may help us carry out the behavior that best fits the situation, while the
indirect pathway prevents other alternative behaviors from occurring. The

two pathways are maintained in a fine equilibrium, balancing each other out.

So, in terms of movement, the basal ganglia are involved in facilitating
particular actions, probably sorting through potential actions that are stored
and initiated in the motor cortex, and then helping to determine which
action actually is performed. Because a person can only do one movement
at a time, the basal ganglia might be involved in allowing, or at least not
inhibiting, one particular action, while inhibiting others. The basal ganglia
also perform a similar balancing and gating of emotional and cognitive

information coming from the other cortical areas.

Why would the cortex-basal ganglia-thalamic loops decide on one action
and movement versus another? Why do you stop and help the crying boy
in the woods rather than ignore him? Why do you notice the boy and not
the trees? Here we once again turn to that central principle of biology—
understanding how things work normally by studying them when they don’t
work. Much about the answer to action decisions has been garnered from
studying people with missing or defective basal ganglia neurons. Model
systems—especially monkeys—have also been very useful in understanding

basal ganglia and their modulation and selection of action.

The neurotransmitter dopamine appears to be central to this story. As you
might imagine, if the equilibrium between the direct and indirect pathways
breaks down or is compromised, serious diseases can occur. Parkinson’s
disease and Huntington’s disease are two of the best studied movement
disorders. People with Parkinson’s move slowly if at all and at rest they suffer
fromhand tremors.Those with Huntington’s suffer nearly opposite symptoms:
uncontrolled, continuous movements of their bodies. Determining which
neurons are affected in each disease was very important in understanding

the mechanisms of the direct and indirect pathways.
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In  Parkinson’s disease, dopamine-producing
neurons in the substantia nigra degenerate
over time (Figure 34). Thus, the neurons in the
striatum are lacking an important source of
neural input usually provided by these dopamine
neurons. Recall from our discussion above that
dopamine is a neurotransmitter that modulates
the properties of target neurons. Also above, we
discussed ways that the same neurotransmitter
could result in different neural effects if it
bound to different receptors. This is the case
with dopamine in the basal ganglia of healthy
individuals: different neurons in the striatum
have different kinds of responses to dopamine
because they have different receptors. The lack
of dopamine neurons (and the subsequent
reduction in dopamine) results in neurons in the basal ganglia firing action
potentials at abnormal rates and in unusual spurts, which causes movement

abnormalities.

Interestingly, research suggests that in addition to modulating movement,
dopamine is the key neurotransmitter for two related processes: reward
processing and learning, although in the case of reward and learning the
dopamine arises from an area neighboring the substantia nigra called the
ventral tegmental area (VTA). Intuitively, reward processing and learning are
linked - it makes sense that you would more likely do something and in fact

remember it if you received some kind of reward for doing it.

Evidence for this comes from studies where the action potentials of basal
ganglia dopamine neurons in monkeys were recorded during different
types of behavior. Dopamine neurons show increased activity at the time
the monkey receives a novel reward, which implies that dopamine may
be involved in signaling salience or novelty of stimuli. In addition, when a
monkey learns that a specific stimulus always predicts a reward, its dopamine
neurons fire strongly after this stimulus, but not as much after the reward
itself. This phenomenon suggests that dopamine neurons are involved in
reward prediction, and in motivating the animal to carry out actions that will
lead to rewards. We will discuss dopamine, reward, and motivation more in

the next NS primer.

Figure 34: The substantia nigra, located
in the midbrain, contains cell bodies
that produce dopamine. The cell bodies
appear dark; however, in the case of
Parkinson’s Disease the dopamine
producing neurons degenerate. The
difference in color is often evident to
the naked eye.
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Neuroscientists can look specifically at
the activity of dopamine-responsive
neurons in the striatum when they
receive cortical input. Results of
such experiments show that the size
of the synaptic potential of these
neurons is plastic (that is, it changes
depending on the experience). When
the same cortical input is repeatedly
present briefly before the neuron
fires, the neuron learns to make
bigger responses over time. This is
a basic mechanism for learning, or
forming memories, which we also will
discuss in NS primer 3. In other words,
the more times you have experienced the same thing, the more response
your brain has to it (Figure 35). In contrast, if one of these striatal neurons
repeatedly receives cortical input after it already has fired, it will show smaller
and smaller responses to such cortical input. This type of change in synaptic
responses is a kind of neural plasticity and it appears to underlie certain kinds
of learning. Strikingly, this plasticity of response of striatal neurons to cortical
input depends on dopamine. When dopamine receptors are blocked, this

kind of plasticity no longer occurs, and the organism can no longer learn.

Thus, reward, learning, and action all come together in the basal ganglia to
allow ‘neural decision making. Dopamine neurons in the striatum evaluate
several inputs from cortex in each situation, and based on previous learning
the striatum chooses one of these cortical patterns, one of these movements
and actions. The basal ganglia tell the cortex what to do. Dopamine activity
and synaptic plasticity are keenly tuned to rewards; the striatum performs
reward learning and tells the animal which action will most likely result in
a reward. Think about why reward should be important for learning and

motivation.

CEREBELLUM

We have talked in depth about movement and its regulation. We started
our discussion with the big picture: how, biologically, do we stop and help
the boy? This led us all the way down to the cellular and molecular level of

neurons: how does a neuron work? Then we began to build back up toward

Figure 35: With repeated exposure to a
stimulus the neuron produces a larger
response.
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the actions and thoughts of a whole human again: how do neurons work
together? How can many neurons working together result in different
activities and behaviors? Then, because movement is vital to any action, we
focused on how the neuromuscular junctions are vital, at the cellular level,
to movement. We learned about the three different types of movement
in which our neuromuscular junctions are involved: reflex, voluntary or
directed, and central-pattern generated. Finally, we've been asking questions
about directed movement: how are movements controlled and regulated
in the brain? First, how do we select movements? Then, why do we select
one movement over the other? Finally, here we ask: how do the actions and
movements that we do perform happen so smoothly? How do the muscles
necessary for action work together and other muscles not needed stay out
of the process? How does the body keep track of its posture and balance so
that we can carry out the same movement irrespective of the position of the

rest of our body?

The cerebellum is a large structure located at the back of the brain (Figure
36) and is deeply involved in addressing the above questions concerning
balance, muscle coordination, and posture maintenance. Although it is easy
to overlook the cerebellum when we see pictures of the brain, it contains
more than half of all the neurons in the brain (despite making up only 10%
of brain size). The more is learned about it, the more complex and diverse
its functions appear: we can expect to learn much more in the near future.
Much about the function of the cerebellum was determined by studying
people who have movement disorders, and matching the particular area of

neural damage to the particular symptom of the disease (see Box 10).

The cerebellum contains more than half of all the neurons in the brain
(despite making up only 10% of brain size), and like the basal ganglia, it
receives information from the cortex about movement and then helps
organize and carry out particular movements. The cerebellum also receives
input from the vestibular organs and proprioceptors we discussed above
to help us make adjustments to our posture so that we keep our balance.
In addition, the cerebellum coordinates the timing and force of the many
muscles required to effectively perform any movement. Not surprisingly
then, the cerebellum probably plays a role in language and other processes
that require movement and the sequencing of actions. The cerebellum is
also crucial for trial-and-error motor learning so we can make smooth and

effective movements. This is the kind of learning we experience in say,

Figure 36: The cerebellum is a large
structure located in the back of the
brain. It contains more neurons than
any other single subdivision of the
brain.
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figuring out how to hit a cricket ball,
or to play ping-pong or basketball.
Figure 37 shows an example of one
of the many cerebellar connections
that communicate with the
cortex, spinal cord, thalamus, and

vestibular organs.

In addition to movement, the
cerebellum is becoming more
widely appreciated for its role in
cognitiveand emotional processing.
For example, the cerebellum is
important for emotion regulation,
and people suffering from disorders
of emotion such as depression have
abnormal cerebellar function and structure. Furthermore, the cerebellum is
critical for processing of language, above and beyond its use in the motor
aspects of language production. Evidence for this comes from neuroimaging
studies showing activation of the cerebellum during tasks that require
language processing, as well as studies showing that individuals who have
suffered damage to their cerebellum have impaired language processing.
This makes sense given what we have said about the role of the cerebellum
in timing and in error detection, since both of these processes are critical
for comprehending a sentence, the meaning of which is conveyed by the

specific orientation of words in relation to one another.

Figure 37: In this cross-section of the
brain, we see connections (in blue)
between the cerebellum, the spinal
cord, the thalamus, and the vestibular
organs. Connections from the
cerebellum relay in the thalamus and
descend on the motor cortex.

Figure 38: Cross-section of the cerebellar
cortex showing some of the diverse cell
types. The inner (lower) layer contains
mostly granule cells, the middle layer is
comprised of Purkinje cell bodies, and the
outer (upper) layer contains their dendritic
trees and other cells. Purkinje neurons
have a long axon that stretches through
other layers and out of the cerebellar
cortex, while axons of the granule cells
ascend to the outer layer and bifurcate to
form the parallel fiber system (blue lines).
Rokni et al. 2008. Frontiers in Neuroscience.
doi: 10.3389
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Figure 38 shows examples of the unique types of neurons in the cortex of the
cerebellum and how they interconnect through the layers of the cerebellar
cortex. Note the different structures of these neurons and consider how these
structures might help you predict their functions. The very small granule
cells make up nearly half of all neurons in the brain. Their long axons form a
system of fibers in the outer layer. Purkinje cells’ flat tree-like structures are
particularly striking, as is their arrangement in the cerebellar cortex—they
are all lined up in parallel to each other and are the only neurons that supply
neural output from the cerebellar cortex, while the mossy and climbing

fibers carry input.

Box 10. IN DEPTH: CEREBELLAR DEFICITS

What happens when there are problems with the cerebellum? Many different symptoms can occur, some of

which are described below. What do these symptoms tell you about the normal function of the cerebellum?

Decomposition of movement

Patients with cerebellar defects can't perform smooth movements; they break movement down into separate
parts. Leaning down to pick up the sad boy in the woods requires your hips, arms, shoulders, elbows and hands
to work together. Patients with cerebellar damage first move the hips, then the shoulders, elbows, etc., rather
than move all in one smooth motion.

Intention tremor
When performing that movement with a purpose, say to pick up the boy, cerebellar patients often reach out,
but then their hands start to shake and move back and forth as they get closer to the target.

Dysdiadochokinesia
Patients have difficulty performing rapidly alternating movements, such as hitting a surface rapidly and
repeatedly with the palm and back of the hand

Deficits in motor learning

When you lean over to pick up the boy, you shift your head position in relation to the rest of your body. Cerebellar
patients often have trouble sensing this shift and adjusting their body movements appropriately, resulting in
loss of balance or inability to carry out the task. Not only are they unable to perform previously long-practiced
actions fluently, but they also have difficulty learning new ones.

Based on the phenotypes of the cerebellar disorders described in Box

10, it is clear that the cerebellum synthesizes information from cortex,
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proprioceptors, and other parts of the nervous system to allow fine muscle
coordination and maintain posture and balance. As with the basal ganglia,
the cerebellum also seems to help in learning and decision-making (although
with different types of learning in different types of situations than the basal
ganglia), deciding which action to take and bases much of this decision on
comparing the current situation to past experiences of similar situations. It
is in this latter step of comparision that a special process called feedforward
regulation occurs. Indeed, feedforward principles are particularly prominent

in how the cerebellum works.

Almost all the biological systems we've discussed to this point involve
feedback regulation. Here, as you recall, information from the process in
guestion and its environment feeds back to fine-tune and adjust the process
as it occurs. In feedforward control, information that leads to a resultant
action is set (based on matching with past environmental cues) and does
not change once it’s activated (see box 9). Such feedforward processes also
must be flexible, but instead of changing as they happen like in feedback
regulation, what changes in feedforward regulation is the pre-settings. The
settings are readjusted based on trial and error. This shifting of feedforward
settings can be viewed as a disadvantage. On the other hand, feedforward-
regulated processes do not have to continually readjust during the action, as
they do in feedback-regulated processes.

Let's look at a couple of examples of action that probably involve a
combination of feedforward and feedback regulation in the cerebellum.
When you are walking through the woods and lean over to talk to the crying
boy, as your head moves down toward the boy, your eye must move in a
way that allows you to keep looking at the boy. The cerebellum permits the
movement of the eyes to just counterbalance the movement of your head to
happen by using information it receives from both vestibular organs in your
head, and other sensors interpreting the environment of the woods and boy.
If the cerebellum made an error, you would lose your view of the boy for a
second. This error information would be fed back to the cerebellum, so that
the next time this situation occurred, the feedforward control would work in
afashion so that your eye would move just right in relation to your head, and

you would not lose sight of the boy.
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Box 11.IN DEPTH: BALANCE ACTIVITY

Sensory systems and movements are integrated. How is balance maintained when our sensory systems are
needed for performing different kinds of tasks?

« Have a friend stand on one leg with the head tilted slightly upward.

«  Now have him or her look at a strip of paper with words on it as you move the paper smoothly from right
to left or left to right as they try to read it. What happens?

«  How does the subject’s balance change if the head is not tilted or if your friend stands on two feet? Why?

«  Repeat this activity with your friend standing on some foam or other very soft, giving surface.

Sensory deficits can be evaluated using balance control tasks like these. Sensory signalling shows another
important biological principle, which is redundancy, or the ability of differing structures or processes to perform
similar functions under certain conditions even though they may usually do different things. We discussed a
prominent example of redundancy in LSP I, the genetic code, where several different nucleotide sequences on
the DNA code for the same amino acid. Such redundancy is important for robustness and flexibility of complex
systems, such as the nervous system. The redundancy in sensory signals means that deficits in one sensory
system can be compensated for by another. For example, individuals with vestibular loss can compensate
with visual information. However, if proprioceptive information is impaired by standing on foam and visual
information is removed by closing the eyes, a person with vestibular loss can no longer maintain postural
orientation.

Similarly, all the muscles required for you to then pick up the boy must be
coordinated in time and space. The muscles that must contract and those
that stop the contraction need to be coordinated so that they contract and
relax at precisely the right time and in the right location. This gets even more
complicated when you realize two things: this coordination changes as you
get older and heavier and must be adjusted depending on the weight of the
boy (or whatever you are picking up). The cerebellum may already have a
preset regulation plan for a motor action that has been learned and stored
from past experience of leaning over and picking up something like the boy.
It recognizes the situation in the woods as you lean over to pick up the boy,
based on information from all the internal and external receptors matched
to previous experience. Then it feeds forward that stored regulated action
and allows you to smoothly pick up the boy and maintain your balance the

whole time.

Perhaps you can begin to see that voluntary, directed movement is highly
dynamic and multisensory. Even seemingly simple actions involve an

evaluation of the emotional, physical and environmental context of each
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specific situation, integration of many inputs, and matching them with past
experiences and learning. All of this is carried out in various areas of your

brain, and results in finely executed motion and behaviors.

LESSONS LEARNED

Our mission to understand a walk in the woods in neuroscientific terms has
taken us through many details and layers of complexity, from the physics and
chemistry of how neurons work, through how they communicate, to how
their combined action gathers and processes information, and produces and
regulates movement and behavior. Along the way, we also have encountered
big ideas, including insights about organic design—how living beings
develop, survive, and evolve. Let’s step back a moment to reflect on some of
those insights. What fundamental principles have you discovered along the
way? If none come to mind, go back through the text and see what you find.

A few are mentioned below, but you can discover more yourself.

Few elements, great diversity: The nervous system follows a principle in
the evolution of life forms that was discussed in earlier LS and NS primers:
variations on a limited number of basic elements can be combined to create
a wide array of forms and a related diversity of functions. Thus, neurons rely
on a few elements—ions, receptors, neurotransmitters—for their activity and
functions, but the diversity in these few elements allows for the enormous
variety of form and function that allows us to see, think, and act. Imagine
that the different colored balls in Figure 39 are different types of neurons:
even in this simple example, you can see how many different arrangements

can be made, with corresponding differences in activity.

Selection: You already have learned about the evolutionary power of
selection working through interactions of organisms and their environments.
Selection results in differential transmission of genetic information through
reproduction. It therefore acts as a mechanism for sifting existing biological
diversity by keeping what works better under real-world conditions.
Selection is a powerful factor within organisms as well. Such functional
selection is vividly exemplified by the immune system, as is discussed in LSP
IV. The nervous system also must solve problems of functional selection,
gathering the information and directing our attention to what is important
at that moment and backgrounding what is not. Thus, in our imagined walk
in the woods, you immediately noticed the crying child and not the flower

by the path. This lesson about neurons has included several mechanisms for

Figure 39
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selection, such as summation, thresholds,
and receptive fields. Keep this principle
in mind, as we will see the power of
functional selection in later primers as

well.

Transduction: How can we know
something about the world and respond
appropriately to it? A key is to convert
external signals into biological signals,
or transduction. In NSP | you learned
that organisms have evolved elaborate
methods for transduction, and in this
lesson you learned how they do it.
Figure 40 summarizes the transduction
process from light waves entering
the eye to perception of a face in the
brain. In the nervous system, sensory
cells turn physical stimuli (light waves,
pressure) into electrical signals (action
potentials). Then, these neurons convert
electrical signals to chemical signals that
communicate with other neurons by
releasing neurotransmitters, at the nerve
terminal. The receiving neuron converts
chemical signals back to electrical signals
through shifts in its membrane potential.
These basic physical processes allow us to sense and respond, to see a crying

child and rush to it.

Regulation: Survival of living organisms requires continual work to
maintain the conditions necessary for staying alive. Your body must
regulate temperature, water balance, and nutrients, and motivate behaviors
such as putting on a sweater, drinking water, or getting food. Living
systems therefore must build in layers of regulation such as feedback and
feedforward interactions. Paying attention to these regulatory pathways can
reveal important clues to how a system works-what it is designed to do-
and what may cause it to have problems or break down. This lesson covers

two important forms of regulation, feedback and feedforward. What do the

Figure 40: From outside to inside: steps
in visual processing.
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differences in the two forms of feedback tell us about the kinds of survival
problems that regulation aims to solve? How does feedback regulation help?

What might be the advantages of feedforward regulation?

Form and function: Neurons are the basic units of the nervous system.
But the differences in structure among types of neurons determines their
function to a large degree. Figure 41 shows different types of neurons in
the brain’s surface layers, or cortex. More subtly, the fine structure of an
individual neuron-the number and placement of synapses from other
neurons, and the number and placement of its connections with receiving
neurons-also determines its function. We have seen that neuronal plasticity
in connectivity with other cells, particularly among neurons, is a distinctive
feature of the nervous system. We will learn more about the importance of

neuronal plasticity in NSP /lI.

Figure 41: Cell types in the cerebral
cortex.
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FULL CIRCLE

So much about what it means to be human is implicit, embedded in our
capacity to be aware, perceive, learn, feel and move. These basic capacities
are essential for us to be able to perform more complex functions, such
as acts of compassion. In this text we have explored one of the biological
substrates that allow us to have these capacities—our nervous systems—
from the actions of single neurons to the coordinated communication of the

whole brain, from ions to movement and complex behavior.

Do we need to know all this biology to truly experience the richness of our
lives? Certainly not. But understanding our biology, our brains, and our
thinking gives us both more hope of helping those who have deficits in
their neural abilities, as well as a deeper appreciation of what it means to be

human.

In the next primer we will build on the lessons we learned here. In particular,
the focus will be on emotions, with an attempt to characterize what emotions
are and how they are manifested in the brain and body. With this discussion
we will look more closely at the systems at work when you found the lost
child, for such a situation both prompted an emotional response from you
and involved reading the emotions of the child. As we will see, the two
processes — feeling emotions and understanding the emotions of others -
are integrally related. Consistent with previous lessons, understanding the
basic systems involved in emotion and emotion understanding will to alarge
extent involve an understanding of what happens when these systems go
awry, in this case, in afflictions of emotion such as depression, anxiety, and
addiction. Your understanding of neurotransmitters will be crucial for this

discussion.

In later lessons we will return to the basic processes involved in action
potentials and in neuronal synchrony, as we will begin to think about
how the brain regulates arousal. We will ask how the brain is functionally
and structurally connected on a large scale in ways that allow the entire
brain to work in concert, and we will again visit the microscopic level of
neurotransmitters to understand sleep, stress, and pain. Again and again we
will return to the basic mechanisms learned here that fundamentally govern

the thoughts, emotions, and behaviors that make us human.
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Wernicke's area

White matter
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