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ANS efferents
Sympathetic: mobilize energy
Parasympathetic: conserve energy
Not always mutually exclusive /
in opposition to one another
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Clusters and bundles
Cell clusters:
Nucleus/nuclei (CNS) vs. ganglion/ganglia (PNS)
 (except when the old anatomists screw it up)

Bundle of axons:
Tract (CNS) vs. nerve (PNS) vs. fibres (all)

Gray vs. White Matter
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Anatomical dimensions

Critical for
describing brain regions!
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Anatomical dimensions

Sections/cuts
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Anatomical dimensions, revisited

One important point that caused substantial confusion in one of my other classes was in 
regards to the neuraxis, and how we bipedal humans have a change of direction in our 
anatomical dimensions. Because of this change, we neuroscientists mostly don’t use 
superior/inferior to describe the spinal cord, hindbrain, or midbrain. In a quadrupedal animal’s 
brain (like the dog above), superior/inferior and dorsal/ventral are synonymous all throughout 
the nervous system; so when talking about brain areas across species, it’s often unclear 
whether superior/inferior would refer to anterior/posterior (from our bum to our head) or 
dorsal/ventral (from our back to our belly). So feel free to use superior/inferior in the forebrain 
(it’s the same as dorsal/ventral), but don’t use it for the rest of the nervous system. 
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Spinal cord
Intermittent projections 
from spinal cord – why?
Narrows/tapers when from 
cervical to coccygeal – why?
Ends in cauda equina
Grey/white matter divisions 
(Grey is inner “H”)
Dorsal/ventral organization

Spinal cord damage: loss of 
function related to segment 
of damage!
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Major divisions of the brain (3)
Appear early in development
Termed the forebrain, midbrain, 
and hindbrain

18-21-day-old 
embryo

Midbrain

Hindbrain

Forebrain
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Major divisions of the brain (3)

We have disproportionately large 
forebrains as compared to, say, fish
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Major divisions of the brain (5)

Arguably more useful than three-division map
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Our roadmap

A structural MRI
What kind of section?
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Myelencephalon (aka the medulla)

Or medulla oblongata 
Lots of tracts
Involuntary control of 
life-sustaining functions
Doctors reluctant to perform 
surgery here
Insults here are often fatal

18



The reticular formation

aka The reticular activating system
~100 nuclei
Runs from myencephalon to 
mesencephalon
Critical for arousal, wakefulness, 
attention, sleep
Damage to this region causes major 
disruptions to life, and/or can be fatal
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Metencephalon

Again, lots of tracts
Comprised of multiple regions
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Metencephalon

Also houses reticular formation
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Metencephalon

The pons: large white-matter bulge, 
continuing from spinal cord/medulla
Damage to this region?
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Metencephalon

The cerebellum:
10% of brain volume,
>50% of neurons
Critical for motor coordination, more
Damage to this region?
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Mesencephalon

aka The midbrain
Comprised of a roof (tectum)
and a floor (tegmentum)
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Mesencephalon
Tectum: 
Comprised of two pairs of bumps 
(colliculi)
Superior colliculi: vision with respect 
to eye movement
Inferior colliculi: audition with respect 
to head/body orientation
Outside of conscious access
Damage to these regions?
 (e.g. Parinaud’s syndrome)
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Mesencephalon
Tegmentum: 
Contains top of reticular formation
More fibres
Periacqueductal grey
Dopamine-producing regions
 Substantia nigra
 Ventral tegmental area (VTA)
Red nucleus
Pattern of function for these?
Damage to these?
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Diencephalon

Comprised of two structures:
The thalamus and hypothalamus
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Diencephalon
Thalamus:
Many nuclei: inputs from sensory 
systems, cerebellum, basal ganglia
Often called a “relay centre” for 
sensory information
True, but: receives almost as much 
from cortex as it sends to cortex
And so many other inputs
Corticothalamic loops?
Damage to this region?
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Diencephalon

Hypothalamus:
Many nuclei
Key intersection with endocrine 
system via the pituitary gland
Diverse functions: sex, aggression, 
feeding, sleep/wake, more
Damage to this region?
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Telencephalon

The largest division of the human brain
Not just the cortex, 
but also the underlying structures
Damage here is wide-ranging in its 
symptoms, and is much of what we’ll 
be discussing in this course
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Telencephalon

The cerebral cortex: 
aka The cortex, neocortex
The largest and most prominent 
feature of the human brain
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Telencephalon

The cerebral cortex: 
aka The cortex, neocortex
The largest and most prominent 
feature of the human brain
The cortex is highly convoluted — why?
 cf. The lissencephalic (smooth) 

cortices of other mammals, 
birds, etc.
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Convolutions

Gyrus/gyri and sulcus/sulci
Sulci sometimes called fissures
Not functionally meaningful, per se
But damage may show up in only one (?!?)
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Hemispheres

The cerebrum is divided into two hemispheres
Separating the hemispheres:
The longitudinal fissure
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Connecting the hemispheres
Left and right hemispheres are only 
connected by a few tracts (commissures)
Largest: the corpus callosum
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Disconnecting the hemispheres

i.e. Split-brain patients
Callosotomy, a rare treatment for epilepsy
A person with two minds?

Learning point: contralateral organization
Learning point: left hemisphere dominance for language
Object presented to left vs. right hemisphere?
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More fissures, and lobes

Four lobes of the brain — where do they get their names?
Central fissure separates frontal and parietal lobes
Lateral fissure separates temporal lobe from frontal/parietal
Deep in the lateral fissure: the insula
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The limbic “system”: 
not a system

The Papez “Circuit”, aka the Limbic “System”
 à Amygdala, HTh, mammillary body, 

hippocampus, fornix, cingulate cortex, 
septum, olfactory bulb

Again, symptoms from damage can vary from 
region to region (we’ll come back to these)
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Basal ganglia
Includes striatum (caudate + putamen) 
and globus pallidus, sometimes others 
(e.g. subthalamic nucleus)
Nucleus accumbens is a subregion of 
striatum/caudate, sometimes called 
ventral striatum
Critical in movement, skills, habits, 
decision making
Again, more on this later
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Anatomy of the 
cortical layers

These differences between 
parts of the cortex can be 
used to make maps
e.g. Brodmann areas
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Do we only use 5%/10%/etc. 
of our brains?

No.
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e.g. Controlling voluntary movement

Prefrontal cortex
Premotor areas
Motor cortex
Basal ganglia
Pons
Cerebellum
More
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Cerebral blood flow

Limited supply
No reserves
No redundancy

Implications for brain dysfunction?
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Cerebral 
blood 
flow

Limited supply
No redundancy
No reserves
Implications for brain dysfunction?
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The blood-brain barrier (BBB)

Tightly packed
Protects brain
Active transport for large molecules

W
po

on
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Skull and meninges

Primarily protection for the brain
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Skull and meninges

Primarily protection for the brain
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Cerebrospinal fluid (CSF)
and ventricles

Support, protection, nutrition
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Hydrocephalus

Treated by a shunt
49



Summary of brain structures

It’s a lot, but you can do it!
50



What is the nervous system made of?
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Neurons are just (specialized) cells
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The flow of information through a neuron from dendritic
tree to the terminal button is illustrated in Figure 4.2. The
neuron’s cell wall encloses its contents, much as the banks of a
river enclose its water. The dendrites and the axon are simply
fluid-filled extensions of the cell body. Information flows from
the dendrites to the cell body and axon, just as tributaries feed
a river. The axon’s dividing into teleodendria is analogous to
the main river channel’s breaking up into a number of smaller
channels at the river delta before discharging its contents into
the sea. At each terminal button, information in the form of a
chemical message is released onto a target.

Although information does flow from the dendrites to the
cell body and then along the axon, a neuron does not function
simply like an unregulated river system, carrying all the input
that it receives to the delta that disgorges it into the sea. Rather,
a neuron is both an information-collecting and an information-
processing device. It receives a great deal of information on its
hundreds to thousands of dendritic spines, but it has only one
axon; so the message that it sends must be an averaged or sum-
marized version of all the incoming signals. Thus, the neuron
can also be compared to a river system regulated by a dam lo-
cated at the axon hillock. A dam can be opened or closed to
allow more water flow at some times and less at others.

Information that travels through a neuron does not consist
of a flow of liquid. Instead, it travels on a flow of electrical cur-
rent that begins on the dendrites and travels along the axon to
the terminals. In the axon, the summarized flow consists of dis-
crete electrical impulses. As each impulse reaches the terminal
buttons, they release one or more chemicals. The released
chemical, a neurotransmitter, carries the message across the

synapse to influence the electrical activity of the receiving cell, or target—to
excite it or inhibit it—and pass the message along.

The next sections of this chapter describe how neurons gain or lose electri-
cal charge and how changes in charge enable them to transmit information
throughout the nervous system. Neurotransmission is explained in Chapter 5.

The Cell As a Factory
The cell is a miniature factory, with departments that cooperate to make, ship,
and export proteins, the cell’s products. Proteins are complex organic com-
pounds, including enzymes, hormones, and antibodies, and they form the prin-
cipal components of all cells as well. Figure 4.3 illustrates the structure and
function of many parts of a cell. As we describe these parts and their functions,
you will see that the factory analogy is apt indeed.

A factory has outer walls that separate it from the rest of the world and dis-
courage unwanted intruders; a cell’s outer cell membrane separates it from its
surroundings and allows it to regulate the materials that enter and leave its do-
main. The cell membrane envelops the cell body, the dendrites and their
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Figure 4.2
Information Flow in a Neuron

The Neuron’s Structure
Neurons are the information-conducting units of the nervous system. A neu-
ron has many characteristics in common with other cells in the body, but it also
has special characteristics that allow it to send electrical impulses by using
changes in chemical charges on its cell membrane. The word “information” is
used loosely here to mean that neuroscientists believe the activity of the neu-
ron to be meaningful with respect to the behavior of the animal.

Overview of a Neuron
Figure 4.1 displays the external and internal features of a neuron. Perhaps the
most prominent distinguishing features are the dendrites, whose presence
greatly increases the cell’s surface area (Figure 4.1A
and B). The dendrites’ surface area is further in-
creased by many branches and by many small pro-
trusions called dendritic spines that cover each
branch (Figure 4.1C).

A neuron may have from 1 to 20 dendrites, each
of which may have one or many branches, and the
spines on the branches may number in the many
thousands. Because dendrites collect information
from other cells, their surface areas determine how
much information a neuron can gather. Because the
dendritic spines are the points of communication
between neurons, the many thousands of spines
provide some indication of how much information
a neuron may receive.

Each neuron has a single axon, extending out of
an expansion of the cell body known as the axon
hillock (hillock means “little hill”; Figure 4.1D).
The axon may have branches called axon collat-
erals, which usually emerge from it at right angles.
Toward its end, the axon may divide into a number
of smaller branches called teleodendria (“end
branches”). At the end of each teleodendrion is a
knob called an end foot or terminal button (see
Figure 4.1B).

The terminal button sits very close to a dendritic
spine on another neuron, although it does not touch
that spine (see Figure 4.1C). This “almost connec-
tion,” consisting of the surface of the axon’s end
foot, the corresponding surface of the neighbor-
ing dendritic spine, and the space between the two,
is the synapse. In contrast with the extensive in-
formation-gathering capacity of the dendrites and
spines, the single axon limits the neuron to only one
output channel for communication.
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Figure 4.1
Major Parts of a Neuron (A) A
typical neuron has been stained by
using the Golgi technique to reveal
some of its major physical features,
including the dendrites and cell
body. (B) A drawing of the neuron
highlights its dendrites, cell body,
and axon. (C) An electron
micrographic image captures the
synapse formed where the teminal
button of one neuron meets a
dendritic spine on a dendrite of
another neuron. (D) High-power
light microscopic view inside the
cell body.

spines, and the axon and its terminals and so forms a boundary around a con-
tinuous intracellular compartment.

Unassisted, very few substances can enter or leave a cell, because the cell
membrane presents an almost impenetrable barrier. Proteins embedded in the
cell membrane serve as the factory’s gates, allowing some substances to leave
or enter and denying passage to the rest. Within the cell, as shown in Figure
4.3, are other membranes that divide its interior into compartments, similar to
the work areas created by a factory’s inner partitions. This setup allows the cell
to concentrate chemicals where they are needed and otherwise keep them out
of the way. Prominent among the cell’s internal membranes is the nuclear mem-
brane that surrounds the cell’s nucleus.

The nucleus, like the executive office of a factory, houses the blueprints—
genes and chromosomes—where the cell’s proteins are stored and copied.
When needed, copies are sent to the factory floor, the part of the cell called
the endoplasmic reticulum (ER). The ER, an extension of the nuclear mem-
brane, is where the cell’s protein products are assembled in accordance with the
genes’ instructions.
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Figure 4.3
Internal Structure of a Neuron
This view inside a typical cell
reveals its organelles and other
internal components.



The cell membrane: barrier and gatekeeper
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Basic Structure of a Cell
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facing inward. (B) Conventional
symbol for the phospholipid
molecule, distinguishing its head
and tail regions. (C) Space-filling
model of a phospholipid molecule
detailing the head’s hydrophilic
polar regions and the hydrophobic
tails, which do not have polar
regions for attracting polar water
molecules.

The finished products are packed in a membrane and addressed in the Golgi
bodies, which then pass them along to the cell’s transportation network, a sys-
tem of tubules that carries the packaged proteins to their final destinations
(much like the factory’s interior system of conveyor belts and forklifts). Micro-
filaments constitute the cell’s structural framework; microtubules contract
and aid in the cell’s movements.

Two other components of the cellular factory are important for our consid-
eration: mitochondria are the cell’s power plants that supply its energy needs,
whereas lysosomes are saclike vesicles that not only transport incoming sup-
plies but also move and store wastes. Interestingly, more lysosomes are found
in old cells than in young ones. Cells apparently have trouble disposing of their
garbage just as we do.

With this overview of the cell’s internal structure in mind, let’s look at some
of its components in more detail, beginning with the cell membrane.

The Cell Membrane: Barrier and Gatekeeper
Neurons and glia are tightly packed together in the brain, but, like all cells,
they are separated and cushioned by extracellular fluid. This fluid is com-
posed mainly of water in which salts and many other chemical substances are
dissolved. Fluid is found inside a cell as well. This intracellular fluid, or cyto-
plasm, also is made up mainly of water with dissolved salts and other chemicals,
but the concentrations of dissolved substances inside and outside the cell are
very different. This difference helps explain the information-conducting abil-
ity of neurons.

Membrane Structure
The cell membrane encases a cell and separates the intracellular from the extra-
cellular fluid, allowing the cell to function as an independent unit. The special,
double-layer structure of the membrane makes this separation possible (Figure
4.4A). The membrane bilayer also regulates the movement of substances into
and out of the cell. For example, if too much water enters a cell, the cell can
burst, and, if too much water leaves, the cell can shrivel. The cell membrane
helps ensure that neither happens. The cell membrane also regulates the con-



Neurons as “protein factories”

• Central dogma of molecular biology
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as the ions of dissolved table salt. The sizes and the charges of these ions are fac-
tors influencing how they cross the cell membrane.

Proteins embedded in the cell membrane act as gates and transportation sys-
tems that allow selected substances to pass through the membrane. Proteins are
manufactured by the cell on instructions from the nucleus and different pro-
teins enable the transport of different ions.

The Nucleus: Blueprints for Proteins
We have called the nucleus the cell’s executive office where the blueprints for
making proteins are stored and copied; the copies are then sent out to the cell’s
factory floor for synthesis. The blueprints for proteins are embedded in the
chemical structure of giant molecular complexes in the nucleus called chromo-
somes. The name means “colored body,” referring to the fact that chromo-
somes can be readily stained with certain dyes.

As shown in Figure 4.5, chromosomes consist chiefly of DNA, which in
turn consists of two strands of four nucleotide bases that are the constituent mol-
ecules of the genetic code, adenine (A), thymine (T), guanine (G) and cytosine (C).
A gene is a segment of a DNA strand that encodes the synthesis of a particu-
lar type of protein molecule. The code for protein synthesis is in fact the se-
quence of the nucleotide bases.

Much as a sequence of letters spells out a word, the sequence of bases “spells
out” the order in which amino acids, the building blocks of proteins, should
be assembled to construct a certain kind of protein. Genes are thus the func-
tional units that control the transmission and expression of traits from one gen-
eration to the next.

Each chromosome has a double-helical (spiral) structure in which its two
strands of nucletide bases wrap around each other and each chromosome con-
tains hundreds of genes. Collectively, the chromosomes are like a set of books
containing a list of all of the parts necessary for making a complex build-
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Figure 4.5
A Chromosome The cell nucleus houses chromosomes, each
containing many genes. A chromosome is made up of two strands of
DNA twisted in a helix and bound to each other by their nucleotide
bases adenine (A), thymine (T), guanine (G) and cytosine (C).

ing, whereas a gene is like a page containing a de-
scription of a single part—the glass for a window
for example.

Protein Synthesis: The Genetic Code
Figure 4.6 illustrates the sequence in protein syn-
thesis. To initiate synthesis, the appropriate gene
segment of the DNA double helix first unwinds.
The exposed sequence of nucleotide bases on one
of the DNA strands then serves as a template that
attracts free-floating nucleotides to transcribe, or
copy, a complementary strand of ribonucleic acid
(RNA), the single-stranded nucleic acid molecule
required for protein synthesis.

The RNA leaves the nucleus and passes through a ribosome in the endo-
plasmic reticulum, the cell’s protein-manufacturing center, which consists of a
series of membranous sheets folded to form numerous channels. The ER is
studded with ribosomes, complexes of enzymes and RNA that play a critical
role in protein building. When the RNA molecule reaches the ER, it passes
through a ribosome, where its genetic code is translated; that is, as the ribo-
some moves along the RNA, it “reads” the sequence of bases along the RNA
strand, translating them into a specific amino acid chain, which is the protein.

Protein synthesis can be considered a two-step process as illustrated in Fig-
ure 4.7. First, a strand of DNA is transcribed into RNA—copied as you would
copy a passage from a book in writing. The sequence of nucleotide
bases in the DNA is reproduced as a complementary set of nucleotide
bases composing a strand of messenger RNA (mRNA), so called be-
cause it carries the genetic code out of the nucleus to the cellular “fac-
tory floor” where proteins are manufactured (see Figure 4.6).

After some modification, the mRNA is then translated into a
polypeptide chain (many peptides), a chain of amino acids. Translation,
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Figure 4.7
Transcription and Translation In protein synthesis (see Figure 4.6), a strand of DNA
is transcribed into mRNA. Each sequence of three bases in the mRNA strand (a codon)
encodes one amino acid. Directed by the codons, the amino acids link together to form
a polypeptide chain. The amino acids illustrated are tryptophan (Trp), phenylalanine
(Phe), glycine (Gly), and serine (Ser).
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a polypeptide chain. The amino acids illustrated are tryptophan (Trp), phenylalanine
(Phe), glycine (Gly), and serine (Ser).
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proteins are excreted out of the cell as hormones or neurotransmitters. To de-
liver all these different proteins to the right destinations, the cell contains a set
of components, the Golgi bodies (see Figure 4.3), that operate much like a
postal service, dedicated to packaging, labeling, and shipping.

The Golgi bodies wrap newly formed protein molecules coming from the
ER within membranes and label them to indicate where in the cell they are to
go (Figure 4.9). The packaged proteins are then loaded onto motor molecules
that “walk” along the tubules radiating throughout the cell and carrying each
protein to its destination.

If a protein is destined to remain within the cell, it is unloaded into the in-
tracellular fluid. If it is intended to be incorporated into the cell membrane, it
is carried to the membrane and inserts itself there, shedding its covering mem-
brane (see Figure 4.9). Recall that protein molecules are too large to diffuse
through the cell membrane. Proteins destined to be excreted, a process called
exocytosis, remain within their membranes, which fuse with the cell mem-
brane, allowing the protein to be expelled into the extracellular fluid, perhaps
as a neurotransmitter carrying a message to another neuron.

What Do Membrane Proteins Do?
Proteins embedded in the cell membrane transport substances across it. Know-
ing something about how membrane proteins work is useful for understanding
many functions of neurons. We describe three categories of membrane pro-
teins that assist in transporting substances across the membrane. In each case,
the protein’s function is an emergent property of its shape or its ability to
change shape. The categories are:

1. Channels. Some membrane proteins are shaped in such a way that they
create channels, or holes, through which substances can pass. Different
proteins with different-sized holes allow different substances to enter or
leave the cell. Figure 4.10A illustrates a protein whose shape forms a
channel large enough for potassium ions (K!) to travel through it. Other
protein molecules serve as channels for other ions.

2. Gates. An important feature of some protein molecules is their ability to
change shape. Figure 4.10B illustrates a gated channel that opens and
closes to allow Na! ions to enter at some times but not at others. Some
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A protein may 
be incorporated 
into the 
membrane,…
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…or be excreted
from the cell 
by exocytosis.
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1
Proteins formed in the ER enter 
the Golgi bodies, where they are 
wrapped in a membrane and 
given a shipping address.

4
…remain within 
the cell to act as 
an enzyme,...

Each protein package is 
attached to a motor molecule 
and moves along the 
microtubule to its destination.

2

Figure 4.9
Protein Transport Exporting a
protein entails packaging, transport,
and its function at the destination.
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converting one language into another, is distinguished from transcription, a
copying process in which one chain of nucleotide bases produces a complemen-
tary chain of nucleotide bases. Each group of three consecutive nucleotide bases
along an mRNA molecule selects one amino acid from the surrounding fluid.

These three-base sequences are called codons. For example, in Figure 4.7, the
nucleotide sequence cytosine, guanine, guanine (abbreviated CGG) encodes
the amino acid arginine (Arg), whereas the nucleotide sequence uracil, uracil,
uracil (UUU; mRNA contains uracil instead of thymine) encodes the amino
acid phenylalanine (Phe). Essentially, each of the different nucleotide codons
encodes 1 of the 20 different amino acids found in protein molecules.

The amino acids link to one another by a chemical bond between carbon and
nitrogen, a peptide bond, into a polypeptide chain. Just as a remarkable number
of words can be made from the 26 letters of the English alphabet, a remarkable
number of different peptide chains can be made from the 20 different kinds of
amino acids that form proteins. These amino acids can form 400 (20 ! 20)
different dipeptides (two-peptide combinations), 8000 (20 ! 20 ! 20) differ-
ent tripeptides (three-peptide combinations), and an almost endless number of
polypeptides.

A polypeptide chain and a protein are related in a way similar to a ribbon
and a bow of a particular size and shape that can be made from that ribbon.
Figure 4.8 shows how a protein is formed when polypeptide chains assume a
particular, functional shape.

Long polypeptide chains (Figure 4.8A) have a strong tendency to curl into
helixes or to form pleated sheets (Figure 4.8B), and these secondary structures,
in turn, have a strong tendency to fold together to form more-complex shapes.
The folded-up polypeptide chains constitute a protein (Figure 4.8C). In addi-
tion, two or more polypeptide chains may combine, and the result also is a pro-
tein (Figure 4.8D). Many proteins are globular in shape (roundish), whereas
others are fibrous (threadlike), but, within these broad categories, countless
variations are possible.

Humans have about 25,000 genes (scientists are still debating the number but
the winner of a Gene Pool, Lee Rowen, set the number at 25,947) , which can
therefore make about 25,000 polypeptide chains or proteins. These chains can
be cleaved into pieces or combined with others, leading to recombinations that,
in principle, could result in millions of proteins. What makes a protein func-
tional are its shape, its ability to change shape in the presence of other mole-
cules, and its ability to combine with other molecules to make more-complex
structures, as we will soon describe. Thus, in principle, the nature of the genetic
code is quite simple:

DNA → mRNA → protein

Golgi Bodies and Microtubules: Protein Packaging 
and Shipment
As many as 10,000 protein molecules may coexist within any one neuron, all
manufactured in the cell. Some proteins are destined to be incorporated into
the structure of the cell, becoming part of the cell membrane, the nucleus, the
ER, and so forth. Other proteins remain in the intracellular fluid where they
act as enzymes, facilitating many of the cell’s chemical reactions. Still other

Pleated sheet

Helix

(A) Primary structure

(B) Secondary structures

(C) Tertiary structure

(D) Quaternary structure

Amino acid 
chains…

…form pleated sheets or helices.

Sheets and helices fold 
to form a protein. 

A number of proteins 
combine to form a more
complex protein.

Figure 4.8
Levels of Protein Structure
Whether a polypeptide chain (A)
forms a pleated sheet or a helix (B)
and its ultimate three-dimensional
shape (C and D) are determined by
the sequence of amino acids in the
primary structure.

gates work by changing shape when another chemical binds to them. In
these cases, the embedded protein molecule acts as a door lock. When a
key of the appropriate size and shape is inserted into it and turned, the
locking device changes shape and becomes activated. Other gates change
shape when certain conditions in their environment, such as electrical
charge or temperature, change.

3. Pumps. In some cases, a membrane protein acts as a pump, a transporter
molecule that requires energy to move substances across the membrane.
The protein shown in Figure 4.10C changes its shape to pump Na! ions
in one direction and K! ions in the other direction. Many substances are
transported by protein pumps.
Channels, gates, and pumps play an important role in a neuron’s ability to con-

vey information, a process whose underlying electrical mechanism are described
in the next sections.

The Neuron’s Electrical Activity
The neurons of most animals, including humans, are very tiny, on the order of
1 to 20 micrometers (lm) in diameter (1 lm " one-millionth of a meter or
one-thousandth of a millimeter). The small size of the neuron made it difficult
to study at first. Pioneering work with much larger neurons led to the technol-
ogy that made it possible to record from single neurons in the human brain.

British zoologist J. Z. Young, dissecting the North Atlantic squid Loligo, no-
ticed that it has truly giant axons, as much as a millimeter (1000 lm) in diam-
eter. These axons lead to the squid’s body wall, or mantle, which contracts to
propel the squid through the water. The squid itself, portrayed in Figure 4.11,
is not giant. It is only about a foot long. But these particular axons are giant as
axons go. Each is formed by the fusion of many smaller axons into a single large
one. Because larger axons send messages faster than smaller axons, these giant
axons allow the squid to jet propel away from predators.

In 1936, Young suggested to Alan Hodgkin and Andrew Huxley, two neuro-
scientists at Cambridge University in England, that Loligo’s axons were large
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Figure 4.10
Transmembrane Proteins
Channels, gates, and pumps are
different proteins embedded in
the cell membrane.

Figure 4.11
Laboratory Specimen Loligo’s
giant axons, projecting from the
stellate ganglion to the mantle,
form by the fusion of many smaller
axons. Their size allows them to
convey messages with extreme
rapidity, instructing the mantle to
contract and propel the squid
through the water.
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processes. Figure 3.6 shows examples of the differences in size and shape that
characterize neurons from different parts of the nervous system. The simplest
sensory neuron, a bipolar neuron shown on the left in Figure 3.6A, consists
of a cell body with a dendrite on one side and an axon on the other.

Somatosensory neurons, which project from the body’s sensory receptors
into the spinal cord, are modified so that the dendrite and axon are connected,
which speeds information conduction because messages do not have to pass
through the cell body (Figure 3.6A right). Interneurons within the brain and
spinal cord link up sensory- and motor-neuron activity in the CNS. There
are many kinds of interneurons and all have many dendrites that branch ex-

tensively but, like all neurons, a brain or spinal-cord inter-
neuron has only one axon, although it can branch as well
(Figure 3.6B). Motor neurons located in the brainstem
project to facial muscles, and motor neurons in the spinal
cord project to other muscles of the body (Figure 3.6C).
Together, motor neurons are called the final common path
because all behavior produced by the brain is produced
through them.

Thus, the architecture of neurons differs from region to
region in the nervous system. These differences provide the
basis for dividing the brain into different anatomical regions.
The various types of glial cells have different functions as
well. Some are described in Table 3.1.

Gray, White, and Reticular Matter
When a human brain is sectioned to reveal its internal struc-
tures, some parts appear gray, some white, and some mottled.
In general, these visually contrasting parts are described as
gray matter, white matter, and reticular matter (Figure 3.7).

Gray matter acquires its characteristic gray-brown color
from the capillary blood vessels and neuronal cell bodies
that predominate there. White matter consists largely of
axons that extend from these cell bodies to form connections
with neurons in other brain areas. These axons are covered
with an insulating layer of glial cells that are composed of
the same fatty substance (lipid) that gives milk its white ap-

(A) Sensory neurons 

Bipolar neuron
(retina)

Somatosensory neuron
(skin, muscle)

Dendrite

Axon

Bring information to the central nervous system

Dendrites

Axon

Motor neuron
(spinal cord)

(C) Motor neurons
Send signals from the brain 
and spinal cord to muscles

Stellate cell
(thalamus)

Pyramidal cell
(cortex)

Purkinje cell
(cerebellum)

(B) Interneurons

Dendrites

Dendrites

Axon

Associate sensory and motor activity
in the central nervous system

Axon

Figure 3.6
Neuron Types Neurons are
specialized in regard to function.
These schematic representations
show the relative sizes and
configurations, not drawn to scale,
of (A) sensory neurons, (B)
interneurons in the brain, and (C)
motor neurons in the spinal cord.

Table 3.1 Types of glial cells

Type Appearance Features and Function
Ependymal Small, ovoid; secretes 
cell cerebrospinal fluid 

(CSF)

Astrocyte Star shaped,
symmetrical; nutritive
and support function 

Microglial Small, mesodermally 
cell derived; defensive 

function

Oligodendroglial Asymmetrical; forms 
cell insulating myelin around 

axons in brain and 
spinal cord 

Schwann Asymmetrical; wraps 
cell around peripheral nerves 

to form insulating 
myelin
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tip can be placed on the surface of the axon and the other inserted into the
axon, as shown in Figure 4.12A.

This technique measures the voltage, or strength of the charged electrical
current, across the cell membrane (Figure 4.12B). Using the giant axon of the
squid, an oscilloscope, and microelectrodes, Hodgkin and Huxley recorded the
voltage across the axon’s membrane and proposed a model for explaining a nerve
impulse. The basis of the membrane’s electrical activity is the movement of in-
tracellular and extracellular ions, which carry positive and negative charges.

How the Movement of Ions Creates Electrical Charges
Three factors influence the movement of ions into and out of cells: (1) a concen-
tration gradient, (2) a voltage gradient, and (3) the structure of the membrane.

Concentration Gradient
All molecules have an intrinsic kinetic energy called thermal motion, or heat:
they move constantly. Because of thermal motion, they spontaneously spread
out from where they are more concentrated to where they are less concen-
trated. This spreading out is called diffusion.

Requiring no work, diffusion results from the random motion of molecules
as they jostle and bounce about, gradually dispersing throughout the solution.
Ink poured into water diffuses from its initial point of contact to every part of
the liquid. When salts are placed in water, they dissolve into ions surrounded
by water molecules. Carried by the random motion of the water molecules, the
ions diffuse throughout the solution until every part of it has very nearly the
same concentration. When diffusion is complete, the system is in equilibrium,
with each component—ions and water molecules—distributed evenly through-
out the system.

When the substance is not evenly dispersed, the term concentration gra-
dient describes the relative difference in the amount of a substance at differ-
ent locations in a container. As illustrated in Figure 4.13A, a little ink placed
in water will start out concentrated at the site of first contact, but, even in the
absence of mechanical stirring, the ink will quickly spread away from that site.
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58and voltage gradients for both Na! and Cl" ions across the membrane—that is,
from one side of it to the other.

Recall that various protein molecules embedded in the cell membrane act as
pores to allow certain kinds of ions to pass through the membrane. In our
imaginary experiment, we’ll place a chloride channel in the membrane and en-
vision how the channel will affect the activity of the dissolved particles.

Chloride ions are now permitted to cross the membrane, as shown at the left
in Figure 4.14B. The ions will move down their concentration gradient from
the side of the container where they are abundant to the side of the container
from which they were formerly excluded, as shown in the middle of Figure
4.14B. The Na! ions, in contrast, are still unable to cross the membrane. (Al-
though Cl" ions are larger than Na! ions, Na! ions have a greater tendency to
hold on to water molecules; as a result, the Na! ions are bulkier and unable to
enter the chloride channels).

If the only factor influencing the movement of Cl" ions were the chloride
concentration gradient, the efflux (outward flow) of Cl" ions from the salty to
the unsalty side of the container would continue until Cl" ions were in equi-
librium on both sides. But this equilibrium is not achieved. Because the Cl"

ions carry a negative charge, they are attracted back toward the positively
charged Na! ions (opposite charges attract). Consequently, the concentration
of Cl" ions remains higher in the left half of the container than in the right
half, as illustrated on the right in Figure 4.14B.

The efflux of Cl" ions from the left side of the container to the right side,
down the chloride concentration gradient, is counteracted by the influx (inward
flow) of Cl" ions down the chloride voltage gradient. At some point, an equi-
librium is reached in which the concentration gradient of Cl" ions is balanced
by the voltage gradient of their negative charge. At that point,

Concentration gradient # voltage gradient

At this equilibrium, different ratios of positive and negative ions exist on
each side of the membrane, and so a voltage gradient exists across the mem-
brane. The left side of the container is positively charged because some Cl"

ions have migrated to the other side, leaving a preponderance of positive (Na!)
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Figure 4.14
Modeling the Cell Membrane
(A) An impermeable membrane. 
(B) A semipermeable membrane.


