
My Heavens  !"

was given medication that effectively suppressed his third arm 
and leg. But why would the supernumerary limbs appear at all? 
Another brain puzzle.
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#.$ The major divisions of the cortex. Note the junction between the pari-
etal and temporal lobes.  Adapted from Gray’s Anatomy, public domain.

Other variations in body sense may be correlated with 
unusual brain activities linked to migraine. When we were in 
high school, my friend Eunice suffered a weeklong catastrophic 
migraine every spring. In the days just prior to the onset of the 
migraine, she said that at night she usually had the experience of 
feeling that she was very, very tiny—about the size of a hornet—
in a massively huge bed. The sensation did not alarm her because 
she knew it was a “brain thing” that would disappear. And it did. 
What did bother her was that her miniaturization experience 
reliably augured the migraine to come. 

Other migraine “auras” involve visual effects such as a jagged 
cutting up of visual perception, sometimes just in one region 
of the visual %eld, such as upper right. Sometimes subjects see 
scintillation in a section of the visual %eld. On the %rst occasion 
of such an “aura,” you tend to wonder, “Am I having a stroke?” 
Or you might wonder whether you are making a supernatural 
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#.$ The human brain as seen in coronal section (a cut from ear to ear). The 
gray edging on the outer surface is the cortex (cortical mantle). The di!er-
ence between white matter and gray matter depends on the presence of myelin, 
which consists of fat-rich cells that wrap themselves around the axons of neu-
rons, providing a kind of insulation resulting in faster signal transmission. 
Gray matter lacks myelin, consisting mostly of the cell bodies and dendrites 
of neurons. Other gray matter structures can be seen below the cortex. The 
cutaway depicts the cortex’s laminar organization and highly regular archi-
tecture. Not conveyed is the density of the neurons: there are about "#,### 
neurons in $ cubic millimeter of cortical tissue, with about $ billion synap-
tic connections between neurons and about % kilometers of neuronal wiring.  
Adapted from A. D. Craig, “Pain Mechanisms: Labeled Lines Versus Convergence in 
Central Processing,” Annual Review of Neuroscience !" (!##$): %–$#. © Annual Reviews, 
Inc. With permission. Originally printed in Churchland, Patricia S. Braintrust. Princ-
eton University Press. Reprinted by permission of Princeton University Press.
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/.0 The dark area corresponds to the prefrontal cortex in each of the six 
species shown. Two views are shown: lateral-frontal (as though looking from 
the side and front) and medial (so the extent of the prefrontal cortex on the 
inner aspect of the hemisphere is represented). Not to scale.  Reprinted from 
Joaquin Fuster, The Prefrontal Cortex, !th ed. (Amsterdam: Academic Press/Elsevier, 
"##$). With permission from Elsevier.

Exactly how the six-layered cortex evolved is largely lost in 
our ancient past,1 and unfortunately, no reptilelike mammals 
(sauropsids) survived. Nevertheless, comparisons of the brains of 
different existing species as well as studies of brain development 
from birth to maturity can tell us a lot. One thing we do know is 
that cortical 2elds supporting sensory functions vary in size, in 
complexity, and in the connectivity portfolio as a function of a 
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(A) Arboreal
squirrel

(B) Duck-billed
platypus

(C) Ghost bat

Sensory domains

/.0 The size of sensory !elds in the neocortex of three di"erent mammals 
with di"erent sensory specializations. Sensory domains, or the amount of 
cortex devoted to processing input from a particular sensory system, are 
denoted in di"erent shading. Note that som refers to the somatosensory cortex 
(touch, temperature, pressure), vis refers to the visual cortex, and aud refers 
to the auditory cortex. (A) The arboreal squirrel is a highly visual rodent, 
and much of its neocortex is devoted to the visual system. (B) The duck-
billed platypus has an extremely well-developed bill containing densely 
packed mechanosensory and electrosensory receptors. The platypus uses its 
bill for most activities, including navigating in water, capturing prey, avoid-
ing predators, and mating. Most of the neocortex in this mammal is devoted 
to the somatosensory system. (C) The ghost bat is an echolocating mammal 
that relies on its auditory system for most vital behaviors. It is not surpris-
ing that a large proportion of its neocortex is devoted to the auditory system.   
Adapted from Leah Krubitzer and Jon Kaas, “The Evolution of the Neocortex in Mam-
mals: How Is Phenotypic Diversity Generated?” Current Opinion in Neurobiology 
!" (#$$"): %%%–"&. With permission from Elsevier. 
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#.# The hypothalamus, though small relative to the cortex and thala-
mus, contains many regions (nuclei) that are essential for regulating self- 
maintenance and reproduction. It is also closely associated with the pitu-
itary gland and the release of hormones. This diagram is highly simpli!ed 
and shows only the main areas involved in sexual behavior and parenting 
behavior. Not labeled are areas associated with thermoregulation, panting, 
sweating, shivering, hunger, thirst, satiety, and blood pressure.  Modi!ed from 
a Motifolio template. 
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In mammals, the pain system is expanded and modi/ed; protect 
myself and protect my babies. In addition to a pathway that identi/es 
the kind of pain and locates the site of a painful stimulus, there 
are pathways responsible for emotional pain. This involves a part 
of the cortex called the cingulate (Figure 0.1). So when the infant 
cries in distress, the mother’s emotional pain system responds. 
She feels bad, and she takes corrective behavior. Another area 
called the insula monitors the physiological state of the body 
(the insula is a sophisticated how-am-I-doing area). When you are 
gently and lovingly stroked, this area sends out “emotionally safe” 
signals (doing-very-well-now). The same “emotionally safe” signal 
emerges when your baby is safe and content. And of course, your 
infant responds likewise to gentle and loving touches: ahhhhh, all 
is well, I am safe, I am fed. Safety signals dampen vigilance signals, 
which is partly why safety signals feel good. When anxiety and 
fear are dialed down, happiness is possible.

Central

sulcusCentral

sulcus Superior frontal gyrus

Hippocampal gyrusFusiform gyrusInferior temporal gyrus

Inferior temporal gyrus

Orbitofrontal
cortex

Anterior 
cingulate gyrus

Corpus callosum

0.1 A schematic diagram from the medial view of the human brain (as though 
one hemisphere were detached), identifying the location of the cingulate cortex, 
which wraps around the corpus callosum, the massive sheet of neurons that con-
nects the two cerebral hemispheres. A gyrus is a hill; a sulcus is a valley. Shown 
also are some of the main subdivisions of the prefrontal cortex.  Adapted from 
Gray’s Anatomy, public domain. Originally printed in Churchland, Patricia S. Braintrust. 
Princeton University Press. Reprinted by permission of Princeton University Press.
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#.! Human chromosomes. (A) Humans have !" pairs of chromosomes in 
every cell except for egg and sperm cells, which carry only one strand of each 
of the !". The male sex chromosomes (XY) are shown here but not the female 
sex chromosomes (XX). (B) The relationship between chromosomes, DNA, 
and the base pairs that link the two strands of DNA. Genes are segments 
of DNA on the chromosomes. Only about #.$ percent of the genes on these 
chromosomes (about !%,%%%) code for proteins, while other noncoding seg-
ments are involved in regulating the genes that do code for proteins and in 
other functions not yet well characterized.  Courtesy: National Human Genome 
Research Institute.
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compulsive subjects. On the other hand, obsessive-compulsive 
subjects showed reduced cognitive #exibility, as measured by 
the changes in strategy during a game where the rules changed 
periodically. That is, obsessive-compulsive subjects were much 
slower to shift to the new strategy to match the new rules than 
were trichotillomania subjects. For another example, metham-
phetamine addicts show reduced capacity for response inhibition 
in experimental settings and a reduced intensity of gray matter 
in the inferior prefrontal cortex.!!

".! Highly simpli!ed illustration of the main components of the reward 
system, as seen from the medial aspect. Notice particularly the projections 
between subcortical structures and the prefrontal cortex. Not shown are the 
amygdala, which plays a crucial role in emotional responses, including 
learning what to fear, and the hippocampus, which is essential for learning 
about speci!c events. Working memory, which also !gures in reward system 
learning, involves the cortex, especially the prefrontal region on the lateral 
aspect.  Drawn from a Motifolio template.

The subcortical structures include the various components of 
the reward system (Figure ".!). Pleasure and pain are associated 
with dopamine release, which in turn is important for learning 
which action to repeat and which to avoid. The relevant sub-
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strong stimuli, such as a loud noise. When you are awake and 
alert, you are aware of what is going on around you, of motives 
and intentions and thoughts. These differences between deep 
sleep and the waking state are re0ected in the recordings (elec-
troencephalograph, or EEG) taken when electrodes are placed 
on the scalp. In deep sleep, the EEG waves are long and slow. 
In the awake state, they are sharp and fast. What exactly these 
differences mean in terms of the activity of the neurons under 
the scalp is, at this stage, only partially understood. The basic 
point is that the waveforms re0ect an aggregate of the activity of 
many millions of neurons.

Is Scotty just acting out his dreams? No, as it turns out. The 
evidence for this judgment rests on several observations. First, 
a special cap 1tted out with electrodes capable of recording 
large-scale brain events shows that Scotty’s sleepwalking does 
not occur during dreaming (Figure 2.3). How do we know that? 

2.3 The photo on the left shows a child sleeping with EEG electrodes on her 
face and scalp as her sleep stages are recorded. The photo on the right shows 
an EEG cap with the electrodes already !xed in place, which is a little more 
convenient than attaching the electrodes directly to the scalp.  Left photo cour-
tesy of Rebecca Spencer, University of Massachusetts Amherst. Right photo courtesy 
of Neal Dach, Harvard University.

In the mid-twentieth century, sleep scientists noticed an inter-
esting correlation: During certain times when you are asleep, 
your closed eyes will rapidly move back and forth. If, during 
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those periods, you are awakened, you will likely report that you 
have been having visually vivid dreams. Further study showed 
that rapid eye movements (REM) do not occur during deep sleep, 
which scientists therefore referred to as non-REM sleep. For a 
time, sleep scientists suspected that rapid eye movements were 
a behavioral signature that you were probably dreaming. That 
would have been convenient indeed, but more penetrating stud-
ies revealed that subjects awakened during non-REM sleep are 
frequently apt to report mentation of some kind, though not typ-
ically as visually vivid as during REM sleep. Subjects awakened 
during non-REM sleep might say that they were thinking about 
writing an exam, for example. Or they might say that they were 
aware of nothing. (See Figure $.! for the sleep stages and the tran-
sitions between them.)

Time (hours)

B

A

$.! The di!erent stages of sleep. (A) The distinct patterns of activity 
recorded using EEG during the four stages of sleep and during the awake 
state. Stage IV is also known as deep sleep. REM refers to rapid eye move-
ments, which are characteristic of dreaming sleep. REM periods are indi-
cated by the black bar. (B) The approximate time spent in each of the stages 
at di!erent points during the "-hour sleeping period. Notice that deep sleep 
tends to occur only very early in the sleep cycle, whereas dreaming (REM) 
is infrequent early in the night but increases as the night goes on. There is 
much variation between individuals and within individuals from birth to old 
age. Adapted from Edward F. Pace-Schott and J. Allan Hobson, “The Neurobiology of 
Sleep: Genetics, Cellular Physiology and Subcortical Networks,” Nature Reviews Neu-
roscience ! ("##"): $%&–'#$. Copyright © "##", rights managed by Nature Publishing 
Group. With permission. 
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Those are the so-called contents of consciousness: awareness 
of speci0c events.

Nicholas Schiff is a neurologist studying disorders of con-
sciousness. He wants to 0gure out what goes wrong when we 
cease to be aware of anything at all. His explorations have led 
him to the central thalamus and its incoming and outgoing 
pathways.12 According to Schiff’s hypothesis, to be conscious of 
anything requires activity from a ribbon of neurons in the middle 
of the thalamus, whose activity is itself regulated by neurons in 
the brainstem, an evolutionarily very old structure (Figure 3."). 
Called the central thalamus (also called the intralaminarnuclei of 
the thalamus), its neurons have pathways, though sparse, to the 
top layer of every part of the cortex. That organization is unique 
and suggests that consciousness involves the upregulation of 
the entire cortex, whereas the reverse, loss of consciousness, 
is related to downregulation. In both cases, the changes are 
dependent on the activity of neurons in the central thalamus. 

3." Highly schematic characterization of the central thalamus (a ring of 
linked nuclei within the thalamus, here shown as dotted) and the projection 
pattern to the upper layers of the cortex.  Courtesy Paul Churchland.
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0.1 Pathways from the retina to the optic chiasm, where the pathways 
cross, to the lateral geniculate of the thalamus. From the thalamus many 
!bers travel to the !rst visual area of cortex, V". Auditory signals, not 
shown, go from the ear to the medial geniculate of the thalamus, and then 
to the !rst auditory area of the cortex, A". A similar pathway pattern is also 
seen for touch and for taste. © !""" Terese Winslow, with permission.

Collectively, here is what the clues suggest: the ribbon of neu-
rons that is the central thalamus is controlled by activity in the 
brainstem and in turn regulates the cortical neurons to ready 
themselves for conscious business. Activity in this three-part 
arrangement—brainstem + central thalamus + cortex—is the 
support structure for being conscious of anything at all. 

Damage to the central thalamus has serious consequences 
for consciousness. If a lesion occurs on one side of the central 
thalamus, then the person tends not to be conscious of or attend 
to events related to the affected side (which is always on the 
opposite side of the body, because in the brain there is a cross-
over of pathways—right brain controls left side and vice versa). 
What happens if there is damage on both sides? The person is 
in coma. This was the 2rst clue that the central thalamus has a 
special role in consciousness. If the lesion is small, the coma is 
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$.% Lateral aspect of the human brain, showing subregions of the pari-
etal lobe, temporal lobe, and frontal lobe.  Adapted from Gray’s Anatomy, public 
domain. Originally printed in Churchland, Patricia S. Braintrust. Princeton University 
Press. Reprinted by permission of Princeton University Press.

Before answering the question, I should mention that masking 
is not the only paradigm for addressing the questions concern-
ing consciousness of perception and the brain. There are other 
visual setups, as well as analogous setups in other modalities. 
Here, however, I shall con&ne the discussion to visual masking, 
noting that there is impressive convergence of results across 
other paradigms and modalities.

So what is the difference in the brain between conscious pro-
cessing and unconscious processing of a stimulus as revealed by 
the masking technique and brain imaging? Here is the simpli&ed 
answer: When the visual signal dog is masked (not consciously 
perceived), only early visual areas (in the back of the brain) 
show activation. By contrast, when the visual signal is consciously 
seen, the posterior activity has spread to more frontal regions, 
including parietal, temporal, and prefrontal areas (Figure $.'). 
Dehaene and Changeux refer to this as global ignition. This 
pattern of posterior to anterior spreading of activity seems to 
uphold Baars’s hunch that conscious perception involves global 
connectivity in the brain, whereas unconscious perception is 
restricted to a smaller region.
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/.0 Schematic representation of the events leading to conscious access. 
(A) Schema illustrating the main di!erences between subliminal and con-
scious processing. During feedforward propagation, sensory inputs progress 
through a hierarchy of sensory areas in a feedforward manner. Multiple 
signals converge to support each other’s interpretation in higher-level corti-
cal areas. Higher areas feed back onto lower-level sensory representations, 
favoring a convergence toward a single coherent representation compat-
ible with current goals. Such a system exhibits a dynamic threshold: if 
the incoming activity carries su"cient weight, it leads to the ignition of a 
self-supporting, reverberating, temporary, metastable, and distributed cell 
assembly that represents the current conscious contents and broadcasts it to 
virtually all distant sites. (B) Simulation of two single trials in which an 
identical pulse of brief stimulation was applied to sensory inputs. Fluctua-
tions in ongoing activity prevented ignition in the left diagram, resulting in 
a purely feedforward propagation dying out in higher-level areas. In the right 
diagram, the same stimulus crossed the threshold for ignition, resulting in 
self-ampli#cation, a global state of activation.  Adapted from Stanislas Dehaene 
and Jean-Pierre Changeux, “Experimental and Theoretical Approaches to Conscious 
Processing,” Neuron !" (#"$$): #""–##!. With permission from Cell Press.
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neuron, to a different feeder neuron, and then to a new local 
neuron (Figure 0.1).

Rich Club Node

Rich Club Connection

Feeder Connection

Local Connection

Communities
(Modules)

Node
Edge

Hubs Rich Club Core

B

A

Non–Rich Club Node

0.1 (A) The relationships between rich club neurons and non–rich club 
neurons. Neurons in the local interconnected populations can access infor-
mation from other local populations by going through the rich club routes. 
(B) Network communities (modules) consist of groups of densely inter-
connected neurons. The existence of several communities is characteristic 
of modular networks. Within-module connections tend to be shorter than 
between-module connections. In this way, spatial modules help to conserve 
costs related to wiring and communication, and improve the local e!ciency 
of specialized neural computations. Functional integration between modules 
requires the addition of high-cost long-distance axonal projections to inter-
connect spatially remote brain regions. This gives rise to connector hubs, 
which receive a disproportionate number of long-distance, intermodular 
connections, have a high participation index, and occupy a topologically 
more central or “potential bottleneck” role in the network.  Part (A) adapted 
from Martijn P. van den Heuvel, René S. Kahn, Joaquín Goñi, and Olaf Sporns, “High-
Cost High-Capacity Backbone for Global Brain Communication,” Proceedings of the 
National Academy of Sciences !"#, no. $% ($"!$): !!&'$–''. With permission. Part (B) 
adapted from Ed Bullmore and Olaf Sporns, “The Economy of Brain Network Organi-
zation,” Nature Reviews Neuroscience !& ($"!$): &&(–)#. With permission.
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