
THE COGNITIVE NEUROSCIENTISTS TOOLKIT
Navigating the Brairl^^즛̂ 드^

For anatom is ts , the head is merely an appendage to the 

body, so  the te rm s that a re  used to describe the orientation 

o f the head and its brain are in relation to the body. Confu

sion a r is e s  due to d ifferences in how the head and body are 

arranged in an im a ls  that walk on four legs versu s hum ans, 

who a re  upright. Le t ’s  first picture the body of the cu test kind 

of dog, an Australian shepherd , looking off to the left of the 

page (Figure 1 ，top). The front end is the rostral end, meaning 

“no se .” The opposite end is  the caudal end, the “ta il.” Along 

h is back is the dorsal su rface , ju s t like the dorsal fin is  on the 

back of a  sh a rk . The bottom surface along the dog’s  belly is 

the ventral s 니rface. We can  refer to the dog’s  nervous system  

by using the  sam e  coord inates (Figure 1 ，bottom). The part of 

the brain toward the front is  the rostral end (toward the frontal 

lobes); the posterior end is the caudal end (toward the occipi
tal lobe). Along the top of his head is the dorsal surface, and 

the bottom su rface  of the  brain is the ventral surface.

We h니m an s  a re  a typ ica l an im a ls  b e cau se  we stand  

upright and , th e re fo re , tilt our h ead s forward in order to 

be para lle l w ith th e  ground . T h u s , the do rsa l su rface  of 

th e  body and brain a re  now a t right ang les to each  other 

(Figure 2 ) . Luck ily , we have a ce rebra l co rtex that can  un

de rstand  th is . In h u m an s , we a lso  u se  the te rm s superior 
and inferior to re fe r to th e  top and bottom of the brain, 

respective ly .

S im ilarly , a long  with th e  te rm s rostral, which still m eans  

“toward the frontal po le ,” and  caudal, which still m eans  

“toward th e  occip ita l po le ,” anterior and posterior a re  a lso  

used  to refer to the  front and back of the brain , respectively .

F IG U R E  2  N av ig ating  th e  h u m an  b ra in .

When we con s id e r the sp ina l cord , the coord inate sy s tem s  

align with the body a x is . T hu s , in the  sp ina l cord, rostral 
m ean s “toward the  bra in ,” ju s t  a s  it d o es  in the dog.

Throughout th is  book, p ictu res of brain s l ic e s  usua lly  

will be in one of th ree  p lan es  (Figure 3 ). If we s lic e  it from  

no se  to ta il, th at is  a sagittal se c t io n . W hen that s lic e  is 

d irectly through the  m idd le , it is  a midsagittal or medial 
se ct ion . If it is  o ff to  the  s id e , it is  a lateral se ction . If 

s lic ed  from top to bottom , sep a ra ting  the front of the brain  

from the back , we have m ade a coronal se ct io n . If we s lic e  

in a  p lane that s e p a ra te s  do rsa l from ven tra l, that is  known 

a s  e ither an axial, transverse, o r horizontal section .
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Axial, transverse, 
or horizontal section
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F IG U R E  1  A  dog  b ra in  in re la t io n  to th e  body. F IG U R E  3  T h re e  o rtho gona l p la n e s  th rough  th e  b ra in .



HOW THE BRAIN WORKS
The Chambers of the Mind

S c ie n t is ts  have understood  for m any d e cad e s  that neu rons  

in the brain a re  functiona l un its , and th a t how they a re  

in terconnected  y ie ld s sp e c if ic  c ircu its  for th e  suppo rt of 

particu la r behav io rs . C en tu r ie s  ago , ea rly  a n a to m is ts , be

lieving th a t the head con ta ined  the s e a t  of behavior, exam 

ined th e  brain to  s e e  w here the  co n sc io u s  s e lf  (sou l, if you 

w ish ) w a s  lo cated . They found a likely cand id a te : Som e  

ch am be rs  in th e  brain se em ed  to be em pty (excep t for 

som e fluid) and th u s  w ere po ss ib le  co n ta in e rs  for higher 

fu n ction s . T h e se  ch am b e rs  a re  ca lled  ventricles (Figure 1). 

W hat is  the function o f th e se  ch am b e rs  within the b ra in ?

Th e  b ra in  w e igh s a co n s id e rab le  am oun t but h a s  little  

or no s tru c tu ra l sup po rt ; th e re  is  no sk e le ta l s y s tem  for 

th e  b ra in . To ove rcom e th is  po ten tia l difficulty, th e  brain  

is  im m ersed  in a fluid c a lle d  cerebrospinal fluid (C S F ) .

T h is  fluid a llow s  th e  bra in  to  float to he lp  o ffse t th e  

p re s su re  th a t would be p re se n t if th e  bra in  w ere m ere ly  

sitt ing  on th e  b a s e  o f th e  s k u ll . C S F  a lso  re d u ce s  sh o ck  

to th e  bra in  and  sp in a l co rd  during rapid a c ce le ra t io n s

or d e ce le ra t io n s , su ch  a s  w hen  we fa ll o r a re  s t r니c k  on 

th e  h ead .

The ven tric le s in s id e  th e  brain a re  co n tinuou s with th e  

C S F  surround ing the bra in . The  la rg est of th e se  ch am be rs  

a re the latera l v en tr ic le s , wh ich  a re  connected  to  th e  third 

ventric le in the b ra in ’s  m id line . The ce reb ra l aqueduct jo in s  

the third to the fourth ven tric le  in th e  b ra in stem  below  the  

cerebe llum . The C S F  is  produced in th e  lateral v en tr ic le s  

and in the third ven tric le  by th e  choro id  p lexu s, an out

pouching of blood v e s s e ls  from th e  ven tricu la r w a ll. H en ce , 

C S F  is  s im ila r to blood, be ing fo rm ed from  an u ltrafiltrate 

of blood p la sm a ; e s sen t ia lly , C S F  is  a c le a r  fluid con ta in ing  

prote ins, g lu co se , and ion s , e sp e c ia lly  po ta ss ium , so d i니m, 

and ch loride. It slow ly c irc u la te s  from  the  lateral and third 

ven tric le s thro니gh the ce reb ra l aqueduct to the  fourth ven 

tric le and on to the sub ara chno id  sp a c e  surround ing the  

brain , to be reabsorbed  by th e  a rachno id  villi in the  sag itta l 

s in u s  (the large veno 니s  sy s tem  located  between th e  two  

hem isphe re s on the do rsa l su rfa c e ; not shown).

Cerebellomedullary 
cistern (cisterna magna)

Ventricles
- Lateral 
ventricle

Interventricular
foramen

Third ventricle

Cerebral aq 니 educt

FIGURE 1 Ventricles of the human brain.

(left) M id sag ita l s e c t io n  sh ow ing  th e  m ed ia l su r fa c e  of th e  le ft h em isp h e re , (right) T ra n sp a re n t  b ra in  sh o w in g  th e  

v e n tr ic u la r s y s te m  in 3 D  view .

white matter tracts. The more centrally located gray mat

ter, consisting of neuronal bodies, resembles a butterfly 

with two separate sections or horns: the dorsal horn and 

ventral horn. The ventral horn contains the large motor 

neurons that project to muscles. The dorsal horn contains 

sensory neurons and interneurons. The interneurons

project to motor neurons on the same (ipsilaterat) and 

opposite (contralateral) sides of the spinal cord to aid in 

the coordination of limb movements. The gray matter 

surrounds the central canal, which is an anatomical ex

tension of the ventricles in the brain and contains cere

brospinal fluid.



to synapse in the thalamus en route to the somatosen

sory cortex. Another interesting feature of the medulla 

is that the corticospinal motor axons, tightly packed in 

a pyramid-shaped bundle (called the pyramidal tract) ̂ 

cross here to form the pyramidal decussation. Thus, the 

motor neurons originating in the right hemisphere cross 

to control muscles on the left side of the body, and vice 

versa. Functionally, the medulla is a relay station for sen

sory and motor information between the body and brain; 

it is the crossroads for most of the body’s motor fibers;

Thalamus

Lateral genic니late、 
nucleus

Optic nerve (II)

Pons

Cerebellar peduncle 
(cerebellum removed)

Cervical「。o ts< ^

FIGURE 2 .21 Lateral view of the brainstem showing the 

thalamus, pons, medulla, midbrain, and spinal cord.

Anterior in the  brain is a t th e  top, and the sp ina l cord is toward the bot

tom  in th is  left la te ra l view. The ce rebe llum  is  rem oved  in th is draw ing.

The Brainstem: Medulla, Pons, 
Cerebellum, and Midbrain
We usually think of the brainstem as having three main 

parts: the medulla (myelencephalon), the pons and cerebel

lum (metencephalon), and the midbrain (mesencephalon). 

These three sections form the central nervous system be

tween the spinal cord and the diencephalon. Though the 

brainstem is rather small compared to the vast bulk of 

the forebrain (Figures 2.20 and 2.21), it plays a starring 

role in the brain. It contains groups of motor and sensory 

nuclei, nuclei of widespread modulatory neurotransmitter 

systems, and white matter tracts of ascending sensory 

information and descending motor signals.

Damage to the brainstem is life threatening, largely 

because brainstem nuclei control respiration and global 

states of consciousness such as sleep and wakefulness. 

The medulla, pons, and cerebellum make up the hind

brain, which we look at next.

Medulla The brainstem’s most caudal portion is the 

medulla, which is continuous with the spinal cord 

(Figure 2.21). The medulla is essential for life. It houses 

the cell bodies of many of the 12 cranial nerves, providing 

sensory and motor innervations to the face, neck, 

abdomen, and throat (including taste) as well as the mo

tor nuclei that innervate the heart. The medulla controls 

vital functions such as respiration, heart rate, and arousal. 

All of the ascending somatosensory information entering 

from the spinal cord passes through the medulla via two 

bilateral nuclear groups, the gracile and cuneate nuclei. 
These projection systems continue through the brainstem

FIGURE 2 .20 Gross anatomy of a brain showing brain stem.

(a) M id sag itta l s e c t io n  th rough  th e  head , show ing  th e  b ra in stem , c e re b e llu m , and  sp in a l co rd , (b) High- 

re so lu tio n  s tru c tu ra l M RI ob ta in ed  w ith  a  4 -te s la  s can n e r , show ing  th e  s a m e  p la n e  o f se c t io n  a s  in (a ).
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it controls several autonomic functions, including the 

essential reflexes that determine respiration, heart rate, 

blood pressure, and digestive and vomiting responses.

Pons The pons, Latin for “bridge，” is so named be

cause it is the main connection between the brain and the 

cerebellum. Sitting anterior to the medulla, the pons is 

made up of a vast system of fiber tracts interspersed with 

nuclei (Figure 2.21). Many of the cranial nerves synapse 

in the pons; these include the sensory and motor nuclei 

from the face and mouth and the visuomotor nuclei con

trolling some of the extraocular muscles. Thus, the pons 

is important for some eye movements as well as those of 

the face and mouth. In addition, some auditory informa

tion is channeled through another pontine structure, the 

superior olive. This level of the brainstem contains a large 

portion of the reticular formation that modulates arousal. 

Interestingly, the pons is also responsible for generating 

rapid eye movement (REM) sleep.

Cerebellum The cerebellum (literally, “small cere- 

brum” or “little brain”), which clings to the brainstem at 

the level of the pons, is home to most of the brain’s neu

rons (see Figures 2.20 and 2.22). Visually, the surface of 

the cerebellum appears to be covered with thinly spaced, 

parallel grooves; but in reality, it is a continuous layer of 

tightly folded neural tissue (like an accordion). It forms 

the roof of the fourth ventricle and sits on the cerebellar 

peduncles (meaning “feet”)，which are massive input and 

output fiber tracts of the cerebellum (see Figure 2.21).

FIGURE 2.22 Gross anatomy of the cerebellum.

Anterio r in th e  b ra in  is  a t th e  top , and  th e  sp in a l co rd  is  tow ard  the  

bottom  (not sh ow n ). T h is  d o rsa l v iew  of th e  c e re b e llu m  sh o w s  the  

underly ing  deep  nu c le i in a see -th rough  p ro jection .

The cerebellum has several gross subdivisions, including 

the cerebellar cortex, four pairs of deep nuclei, and the 

internal white matter (Figure 2.22). In this way, the cer

ebellum resembles the forebrain’s cerebral hemispheres.

Most of the fibers arriving at the cerebellum project 

to the cerebellar cortex, conveying information about 

motor outputs and sensory inputs describing body po

sition. Inputs from vestibular projections involved in 

balance, as well as auditory and visual inputs, also project 

to the cerebellum from the brainstem. The output from 

the cerebellum originates in the deep nuclei. Ascending 

outputs travel to the thalamus and then to the motor and 

premotor cortex. Other outputs project to nuclei of the 

brainstem, where they impinge on descending projec

tions to the spinal cord.

The cerebellum is critical for maintaining posture, 

walking, and performing coordinated movements. It does 

not directly control movements; instead, it integrates in

formation about the body, such as its size and speed, with 

motor commands. Then, it modifies motor outflow to 

effect smooth, coordinated movements. It is because of 

the cerebellum that Yo-Yo Ma can play the cello and the 

Harlem Globetrotters can dunk a ball with such panache. 

If your cerebellum is damaged, your movements will be 

uncoordinated and halting, and you may not be able to 

maintain balance. In Chapter 8, we look more closely at 

the cerebellum’s role in motor control. In the 1990s, it 

was discovered that the cerebellum is involved with more 

than motor functions. It has been implicated in aspects of 

cognitive processing including language, attention, learn

ing, and mental imagery.

Midbrain The m esencepha lon , or midbrain, lies supe

rior to the pons and can be seen only in a medial view. 

It surrounds the cerebral aqueduct, which connects the 

third and fourth ventricles. Its dorsal portion consists 

of the tectum (meaning “roof9，), and its ventral portion 

is the tegmentum (“covering”). Large fiber tracts course 

through the ventral regions from the forebrain to the spi

nal cord, cerebellum, and other parts of the brainstem. 

The midbrain also contains some of the cranial nerve 

ganglia and two other important structures: the superior 

and inferior colliculi (Figure 2.23). The superior colliculus 

plays a role in perceiving objects in the periphery and ori

enting our gaze directly toward them, bringing them into 

sharper view. The inferior colliculus is used for locating 

and orienting toward auditory stimuli. Another structure, 

the red nucleus, is involved in certain aspects of motor co

ordination. It helps a baby crawl or coordinates the swing 

of your arms as you walk. Much of the midbrain is oc

cupied by the mesencephalic reticular formation, a ros

tral continuation of the pontine and medullary reticular 

formation.
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E 2.23 Anatomy of the midbrain.

irsa l s u r fa c e  of th e  b ra in s te m  is  show n  w ith  th e  ce reb ra l 

and  c e re b e llu m  rem oved .

TAKE-HOME MESSAGES

■ The sp in a l co rd  co n du c ts  the  final motor s ig n a ls  to the  

m u sc le s , and  it re lays se n so ry  information from the 

body’s  periphera l re cep to rs to the brain .

■ The b ra in s tem ’s  n eu ron s ca rry  o니t many sen so ry  and 

m otor p ro c e s s e s , includ ing visuom otor, auditory, and v e s 

tibu la r fu n ction s a s  well a s  se n sa tio n  and motor control 

of the  fa c e , m outh , th roat, resp iratory sy stem , and heart.

■ The b ra in stem  h o u se s  fib e rs  that p a s s  from the co rtex  

to the sp in a l cord and ce reb e llum , and sen so ry  fibers 

th a t run from sp in a l le ve ls  to the th a lam u s and then to 

th e  co rtex .

Anterior nucleus
/  Dorsal medial

■ Many neu rochem ica l s y s tem s  have nucle i in the  brain

stem  that project w idely to the  ce reb ra l co rtex , limbic 

sy s tem , th a lam u s , and hypo tha lam us.

■ The cerebe llum  in teg rates inform ation about the body 

and motor com m and s and m odifies motor ᄋ니tflow to 

effect sm ooth , coord inated m ovem en ts .

The Diencephalon: Thalamus and 
Hypothalamus
After leaving the brainstem, we arrive at the diencephalon, 

which is made up of the th a la m u s  and h y p o th a la m u s . 

These subcortical structures are composed of groups of 

nuclei with interconnections to widespread brain areas.

Thalamus Almost smack dab in the center of the brain 

and perched on top of the brainstem (at the rostral end; see 

Figure 2.21), the thalamus is the larger of the diencephalon 

structures. The thalamus is divided into two partsᅳ one in 

the right hemisphere and one in the left— that straddle the 

third ventricle. In most people, the two parts are connect

ed by a bridge of gray matter called the massa intermedia 

(see Figure 2.23). Above the thalamus are the fornix and 

corpus callosum; beside it is the internal capsule, contain

ing ascending and descending axons running between the 

cerebral cortex and the medulla and spinal cord.

The thalamus has been referred to as the “gateway to 

the cortex” because, except for some olfactory inputs, all of 

the sensory modalities make synaptic relays in the thalamus 

before continuing to the primary cortical sensory receiving 

areas (Figure 2.24). The thalamus is involved in relaying pri

mary sensory information. It also receives inputs from the 

basal ganglia, cerebellum, neocortex, and medial temporal 

lobe and sends projections back to these structures to create 

circuits involved in many different functions. It also relays

Pulvinar nucleus

Dorsal lateral

To primary 
somatosensory- 

cortex

From ascending 
auditory pathway, 
to primary auditory 
cortex

posteromedial
nucleus

■ From retina,
to primary 
vis니al cortex

Medial genic니late 
nucleus

Lateral geniculate 
nucleus

FIGURE 2.24 The thalamus, showing in p u ts  

and outputs and major subdivisions.

Th e  va r io u s  su b d iv is io n s  o f th e  th a la m u s  se rv e  

d iffe ren t s e n so ry  s y s te m s  and  p a rt ic ip a te  

in v a r io u s  c o r t ic a l- su b co r t ic a ! c ircu its . The  

poste rio r portion  o f th e  th a la m u s  (lower right) 

is  cu t aw ay  in c ro s s  se c t io n  a n d  sep a ra te d  from  

th e  re st of th e  th a la m u s  to  re vea l th e  in te rna l 

organ iza tion  o f th e  th a la m ic  nu c le i (upper left).
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most of the motor information that is on its way to the spinal 

cord. Thus, the thalamus, a veritable Grand Central Station 

of the brain, is considered a relay center where neurons from 

one part of the brain synapse on neurons that travel to anoth

er region. In the thalamus, information can be reorganized 

and shuttled, like in a train station switching yard, according 

to the connection patterns formed by the neurons.

The thalamus is divided into several nuclei that act as spe

cific relays for incoming sensory information (Figure 2.24). 

The lateral geniculate nucleus receives information from the 

ganglion cells of the retina and sends axons to the primary 

visual cortex. Similarly, the medial geniculate nucleus re

ceives information from the inner ear, via other brainstem 

nuclei in the ascending auditory pathway, and sends axons 

to the primary auditory cortex. Somatosensory information 

projects via the ventral posterior (medial and lateral) nuclei of 

the thalamus to the primary somatosensory cortex. Sensory 

relay nuclei of the thalamus not only project axons to the 

cortex but also receive heavy descending projections back 

from the same cortical area that they contact. Located at 

the posterior pole of the thalamus is the pulvinar nucleus, 

which is involved in attention and in integrative functions 

involving multiple cortical areas.

Hypothalamus The main link between the nervous 

system and the endocrine system is the hypothalamus, 

which is the main site for hormone production and 

control. Easily located, it lies on the floor of the third ven

tricle (see Figure 2.20a). The two bumps seen on the ven

tral surface of the brain, the mammillary bodies, belong to 

the small collection of nuclei and fiber tracks contained in 

the hypothalamus (Figure 2.25). It receives inputs from 

the limbic system structures and other brain areas. One of 

its jobs is to control circadian rhythms (light-dark cycles) 

with inputs from the mesencephalic reticular formation, 

amygdala, and the retina. Extending from the hypothala

mus are major projections to the prefrontal cortex, amyg

dala, spinal cord, and pituitary gland. The pituitary gland 

is attached to the base of the hypothalamus.

The hypothalamus controls the functions necessary 

for maintaining the normal state of the body (homeosta

sis). It sends out signals that drive behavior to alleviate 

such feelings as thirst, hunger, and fatigue, and it controls 

body temperature and circadian cycles. You would not 

want to be in the broiling hot desert without your hypo

thalamus. It accomplishes much of this work through the 

endocrine system and via control of the p itu i ta r y  g land .

The hypothalamus produces hormones, as well as 

factors that regulate hormone production in other parts 

of the brain. For example, hypothalamic neurons send 

axonal projections to the median eminence, an area bor

dering the pituitary gland. There it releases peptides 

(releasing factors) into the circulatory system of the

FIGURE 2.25 Midsagittal view of the hypothalamus.

Variou s n u c le a r g roups a re  sh o w n  d ia g ram m a t ic a lly . T h e  h ypo th a la 

m us  is  th e  floo r of th e  th ird  v e n tr ic le , a n d , a s  th e  n a m e  su g g e s ts , it 

s it s  be low  th e  th a la m u s . A n te rio r is  to  th e  le ft in th is  d raw ing .

anterior pituitary gland. These in turn trigger (or inhibit) 

the release of a variety of hormones from the anterior pi

tuitary into the bloodstream, such as growth hormone, 

thyroid-stimulating hormone, adrenocorticotropic hor

mone, and the gonadotropic hormones.

Hypothalamic neurons in the anteromedial region, in

cluding the supraoptic nucleus and paraventricular nuclei, 

send axonal projections into the posterior pituitary gland. 

There they stimulate the gland to release the hormones 

vasopressin and oxytocin into the blood to regulate water 

retention in the kidneys, milk production, and uterine 

contractility, among other functions. Circulating peptide 

hormones in the bloodstream can also act on distant sites 

and influence a wide range of behaviors, from the fight- 

or-flight response to maternal bonding. The hypothalamus 

can itself be stimulated by hormones circulating in the 

blood that were produced in other regions of the body.

TAKE-HOME MESSAGES

■ The th a lam u s is  th e  re lay sta tion  fo r a lm o st a ll se n so ry  

information.

■ The hypothalam 니s  is  im portant for th e  autonom ic  

nervo니s  system  and endocrine sy s tem . It con tro ls  

functions n e ce s sa ry  fo r the  m a in tenan ce  of h om eo sta s is . 

It is  a lso  involved in control o f the  p itu itary g land .

■ The pituitary g land re le a s e s  ho rm ones into the  

bloodstream  w here th ey  can  c ircu la te  to in fluence other 

t is s u e s  and o rgans (e .g ., gonads).

Thalamus

Anterior
commissure

Third
ventricle

M assa
intermedia

Pons



The Telencephalon: ILimbic 
System, Basal Ganglia, and 
Cerebral Cortex
Toward the front of and evolutionarily newer than the 

diencephalon, the telencephalon develops into the ce

rebrum, which includes the cerebral cortex, the limbic 

system, and the basal ganglia. Compared to the dien

cephalon, the anatomy (and functions) of the forebrain 

above the thalamus are less straightforward. Instead of 

a rather linear stacking of structures, it forms a clump 

of structures found deep within the cerebral hemispheres 

nestled over and around the diencephalon. In the 17th 

century, Thomas Willis observed that the brainstem ap

peared to sport a cortical border encircling it and named 

it the cerebri limbus (in Latin, limbus means “border”). 

For better or for worse, in a move that began to tie the 

area with specific functioning, Paul Broca in 1878 re

named it the grand lobe limbique and suggested that it was 

a primary player in olfaction.

니 mbic System Hie “classical” limbic lobe (Figure 2.26) 

is made up of the cingulate gyrus (a band of cerebral 

cortex that extends above the corpus callosum in the 

anterior-posterior direction and spans both the frontal 

and parietal lobes), the hypothalamus, anterior thalamic 

nuclei, and the hippocampus, an area located on the

ventromedial aspect of the temporal lobe. In the 1930s 

James Papez (pronounced “payps”) first suggested the 

idea that these structures were organized into a system 

for emotional behavior, which led to the use of the term 

Papez circuit. It was named the limbic system by Paul 

MacLean in 1952 when he suggested the addition of 

more brain areas, such as the amygdala and prefrontal 

cortex. Note that the limbic system is neither anatomi

cally nor functionally organized to the degree that other 

systems are in the brain. In fact, some researchers feel 

that the limbic system is sufficiently nebulous that the 

concept should be discarded or reevaluated. The classi

cal limbic system, as noted earlier, has been extended to 

include the amygdala, a group of neurons anterior to the 

hippocampus, along with the orbitofrontal cortex and 

parts of the basal ganglia (see Figure 2.26). Sometimes 

the medial dorsal nucleus of the thalamus is also included. 

The organization and role of the limbic system are de

scribed in more detail in Chapter 10.

Basal Ganglia The basal ganglia are a collection of 

nuclei bilaterally located deep in the brain beneath the 

anterior portion of the lateral ventricles, near the thala

mus (Figure 2.27). These subcortical nuclei, the caudate 

nucleus, putamen, globus pallidus, subthalmic nucleus, 

and substantia nigra, are extensively interconnected. 

The caudate nucleus together with the putamen is
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FIGURE 2 .26 The human limbic system.

( a )  A n a to m y  o f th e  lim b ic  s y s te m , (b ) M ajo r con n ec tio n s  of the  lim b ic  s y s tem , show n  d ia g ra m m a t ic a lly  

in a m ed ia l v ie w  o f th e  right h em isp h e re . Th e  figu re zo o m s in on th e  reg ion  in pu rp le  in (a ). T h e  b a sa l 

g ang lia  a re  not re p re se n ted  in th is  figure , nor is th e  m ed ia l d o rsa l n u c le u s  of th e  th a la m u s . M ore d e ta il 

is  show n  h e re  th an  n e e d s  to  b e  co m m itted  to  m em ory , but th is  fig u re  p rov ides a  re fe ren ce  th a t w ill 

co m e  in h an d y  in la te r  c h a p te rs .
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FIGURE 2.27 Coronal and transparent views of the brain showing 

the basal ganglia.

( a }  C ro ss  se c t io n s  th rough  th e  b ra in  a t  tw o  a n te r io r-p o s te r io r  

le ve ls  (a s  ind ica ted ), sh o w in g  th e  b a sa l g an g lia . T h e  in se t sh o w s  a  

tran sp a ren t b ra in  w ith  th e  b a sa l g an g lia  in 3D in b lue , (b) C o rre 

spond ing  h igh -reso lu tion , s tru c tu ra l M R I (4 - te s la  s ca n n e r ) ta k e n  a t  

app ro x im a te ly  th e  s a m e  leve l a s  th e  m o re  po ste rio r d raw ing  in (a ). 

Th is  im ag e  a lso  sh o w s  th e  b ra in s te m  a s  w e ll a s  th e  sk u ll and  s c a lp , 

w h ich  a re  not show n  in (a ).



known as the striatum. The basal ganglia receive inputs 

from sensory and motor areas, and the striatum receives 

extensive feedback projections from the thalamus. A 

comprehensive understanding of how these deep brain 

nuclei function remains elusive. They are involved in a 

variety of crucial brain functions including action selec

tion, action gating, motor preparation, timing, fatigue, 

and task switching (Cameron et al., 2009). Notably, 

the basal ganglia have many dopamine receptors. The 

dopamine signal appears to represent the error between 

predicted future reward and actual reward (Shultz 

et al., 1997), and plays a crucial role in motivation and 

learning. The basal ganglia may also play a big role in 

reward-based learning and goal-oriented behavior. One 

summary of basal ganglia function proposes that it com

bines an organism’s sensory and motor context with 

reward information and passes this integrated informa

tion to the motor and prefrontal cortex for a decision 

(Chakravarthy et al., 2009).

TAKE-HOME MESSAGES
■ The lim b ic s y s tem  in c ludes subco rtica l and cortica l s tru c

tu re s  th a t a re  in te rconnected  and play a role in em otion.

■ The b a sa l gang lia  a re  involved in a variety of crucia l 

brain fu n ction s , includ ing  action se le c t ion , action  gating, 

reward-based lea rn ing , m otor preparation , tim ing , ta sk  

sw itch ing , and m ore.

The Cerebral Cortex
The crowning glory of the cerebrum is its outermost tissue, 

the cerebral cortex. It is made up of large sheets of (mostly) 

layered neurons, draped and folded over the two symmet

rical hemispheres like frosting on a cake. It sits over the 

top of the core structures that we have been discussing, 

including parts of the limbic system and basal ganglia, and 

surrounds the structures of the diencephalon. The term 

cortex means “bark,” as in tree bark, and in higher mam

mals and humans it contains many infoldings, or convo

lutions (Figure 2.28). The infoldings of the cortical sheet 

are called su lc i (the crevices) and g y ri (the crowns of the 

folded tissue that one observes when viewing the surface).

The folds of the human cortex serve several functions. 

First, they enable more cortical surface to be packed 

into the skull. If the human cortex were smoothed out to 

resemble that of the rat, for example, humans would need 

to have very large heads. The total surface area of the 

human cerebral cortex is about 2,200 to 2,400 cm2, but 

because of extensive folding, about two thirds of this area 

is confined within the depths of the sulci. Second, having 

a highly folded cortex brings neurons into closer three- 

dimensional relationships to one another, reducing axonal 

distance and hence neuronal conduction time between 

different areas. This savings occurs because the axons 

that make long-distance corticocortical connections run 

under the cortex through the white matter and do not 

follow the foldings of the cortical surface in their paths to
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FIGURE 2.28 The human cerebral cortex.

L a te ra l v iew  o f th e  le ft h e m isp h e re  ( a )  and  do rsa l v iew  of the b ra in  (b) in h u m an s . T h e  m a jo r  fe a tu re s  

of th e  co rte x  in c lu d e  th e  fou r co rt ic a l lo b e s  and  va riou s  key  gyri. Gyri a re  s ep a ra te d  by su lc i and  re su lt  

from  th e  fo ld ing  o f th e  c e re b ra l co rte x  th a t o c cu rs  du ring  d eve lop m en t o f th e  n e rvou s s y s te m , to 

a ch ie v e  e c o n o m ie s  o f s iz e  and  functiona lity .

Inter- 
hemispheric 

fissure

Central sulcus
Precentral sulcus I Postcentral sulcus

Interparietal
sulcus



Gray matter

White matter

F ro n ta l p o le

O c c ip ita l p o le

FIGURE 2.29 Cerebral cortex and white matter tracts.

(a )  Horizonta l se c t io n  through the c e reb ra l h em isp h e re s  a t  th e  leve l ind icated  a t upper left. W h ite  m a t

te r is  com po sed  of m ye lin a ted  a xon s , and  gray m atte r is  com posed  prim arily  of neu rons. Th is  d iag ram  

sh o w s th a t th e  gray m atte r on th e  su rfa ce  of th e  ce reb ra l h em isp he re s  fo rm s a  con tinuous sh e e t th a t is  

heav ily  fo lded , (b) H igh-reso lution stru c tu ra l M R I in a  s im ila r  p lan e  o f sec tio n  in a  liv ing hum an . T h is  T 2  

im ag e  w a s  ob ta ined  on a  4 -tes la  s c a n n e r  (a  h igh-m agnetic-fie ld  scann e r). Note th a t on T2  im ag e s , th e  

w h ite  m a tte r a p p e a rs  d a rk e r th an  th e  g ray  m atter, but th is  is  due to the im ag ing  te chn ique , not th e  a c tu a l 

ap p ea ran ce .

distant cortical areas. Third, by folding, the cortex brings 

some nearby regions closer together; for example, the op

posing layers of cortex in each gyrus are in closer linear 

proximity than they would be if the gyri were flattened.

The cortex ranges from 1.5 to 4.5 mm in thickness, but 

in most regions it is approximately 3 mm thick. The cor

tex contains the cell bodies of neurons, their dendrites, and 

some of their axons. In addition, the cortex includes axons 

and axon terminals of neurons projecting to the cortex from 

other brain regions, such as the subcortical thalamus. The 

cortex also contains blood vessels. Because the cerebral cor

tex has such a high density of cell bodies, it appears grayish 

in relation to underlying regions that are composed primarily 

of the axons that connect the neurons of the cerebral cortex 

to other locations in the brain. These appear slightly paler 

or even white (Figure 2.29) because of their lipid sheaths 

(myelin). As described earlier, for this reason anatomists 

used the terms gray matter and white matter when referring 

to areas of cell bodies and axon tracts, respectively.

Dividing the Cortex Anatomically
The cerebral hemispheres have four main divisions, or 

lobes, that are best seen in a lateral view: the frontal, 

p a r ie ta l,  te m p o ra l, and o c c ip ita l  lo be s  (Figure 2.30).

These names are derived from names given to the over- 

lying skull bones; for example, the temporal lobe lies 

underneath the temporal bone. The skull bones them

selves are named for their locations. The temporal bone 

lies under the temple, where the passage of time can be

FIGURE 2.30 The four lobes of the cerebral cortex.

Th is  is  a  la te ra l v iew  o f th e  le ft h e m isp h e re  sh o w in g  th e  fou r m a jo r  

lob es of th e  b ra in , and  s o m e  o f th e  m a jo r  la n d m a rk s  th a t s e p a ra te  

th em .
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