Chapter 1

Prolegomenon to the Study of
consciousness

Consciousnesss what makesthe mind-body problemreally intr actable. . . Without conscious-
nessthe mind-body problemwould be much lessinteresting. With consciousnesst seems
horeless.

From Thomas Nagel'sessg \What Is It Like to Be a Bat?"

In ThomasMann's un nished novel, Confessionsof Felix Krul I, Con dence Man, Profes-
sor Kuckuck commerts to the Marquis de Venostaon the three fundamertal and mysterious
acts of creation. Foremostis the creation of something|namely , the universe|out of noth-
ing. \Nothing" appearsto be the most natural state of being. Why is there anything at all?
Today's deepthink ersareno closerto answering this questionthan Sacrates,Plato, or Aristo-
tle were 2,300yearsago. The secondact of creationis the onethat begatlife from inorganic,
dead matter. While the exact sequenceof ewverts that establishedself-replicating systems
4 billion yearsagois likely to remain shroudedin the fog of time, prebiotic chemistry has
made rapid advances,and plausible hypothesesare being tested experimertally. The third
mysteriousact is the creation of consciousnessand consciousbeingsout of organic matter,
beingsthat canre ect upon themsehes. Humansand at least someanimals not only detect
light, move their eyes, and perform other actions, but also have \feelings" assaiated with
theseewens. This is a remarkable feature of the world that cries out for an explanation.
Consciousnesgemainsone of the key puzzlesconfrorting the scierti ¢ worldview.

1The word consciousnesslerives from the Latin conscientia, composed of cum (with or together) and
scire (to know). Until the early severteerth certury, consciousnessvas usedin the senseof moral knowledge
of right or wrong, what is referred to today as consciene.
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1.1 What Needs to Be Explained?

Throughout recordedhistory, men and womenhave wonderedhow we can see,smell, re ect
upon ourseles, and remenber childhood everts. How do thesefeelingsarise? The funda-
mertal questionat the heart of the mind-body problem is how doesthe feeling mind arise
out of electro-dhiemical interactions in the body? to the salty taste and crunchy texture of
potato chips, the deepblue of the alpine sky, or the feeling of hanging on tiny ngerholds
on a wall a coupleof metersabove the last securefoothold? Philosophershave traditionally
called these di erent sensoryqualities qualia More broadly put, the puzzleis how can a
physical systemhave qualia?

Furthermore, why is a particular quale the way it is and not di erent? How comered
feelsthe way it does,quite distinct from the sensationof seeingblue? Theseare not abstract,
arbitrary symbols, they represen somethingmeaningful to the organism. Philosopherstalk
about intentionality ; the mind's capacity to represem or to be about things. How meaning
and intentionality arisesfrom electrical activity in the vast neural networks making up the
brain remain a deep mystery. The structure of these networks, their connectivity, surely
plays a role, but how so?

How is it that humans and many animals have experiences? Why can't peoplelive,
beget, and raise children without consciousness?From a subjective vantage point, this
would resentle not being alive at all, like sleepvalking through life. Why, then, from the
point of view of ewlution, does consciousnesg&xist? What survival value is attached to
subjective, mental life?

In Haitian lore, a zonbie is a deadpersonwho, by the magical power of a sorcerer,must
act out the wishesof the personcortrolling him. In philosopty, a zombieis an imaginary
being who behaves and acts just like a normal person, but has absolutely no experiences:
no conscioudife, no sensationsand no feelings. A particularly insidious zonbie might even
claim that sheis experiencingsomething,whenin reality sheis not.

The fact that it is sodi cult to imaginesud a scenariais living proof of the fundamertal
importance of consciousnesso daily life. Following Rene Descartes'sfamous remark|

2No consensualsageof objective and subjective terms has emergedacrossdisciplines. | adopt the follow-
ing convertion throughout the book: detection and behavior are objective terms that can be operationalized
(as in \the retina detects the red ash, and the obsener moves her nger in response"). Detection and
behavior can occur in the absenceof consciousness.l use sensation, perception, seeing, experience, mind,
and feeling in their subjective sensesasin \conscious sensation" and so on. While I'm on the topic of con-
vertion, onelast one. Throughout the book, | useawarenessand consciousnesgor aware and conscioug as
synoryms. Somesdolars distinguish betweenthesetwo on ontological (Chalmers, 1996), conceptual (Blo ck,
1997) or psydological (Tulving, 1993) grounds. At this point, there is little empirical evidencejustifying
such a distinction. | might have to revisethis standpoint in the future. Curiously, the contemporary scierti ¢
literature discouragesthe usageof consciousnesswhile awarenessis acceptable. This is more a re ection of
sociological trends than deepinsight.

3The exact relationship between consciousnessand intentionality is unclear (see the anthology by
Chalmers, 2002). Philosophers disagree over whether the features which render consciousnesguzzling,
gualia, are themsehesintentional. Someassumethat intentionality is a property of all mental states, both
consciousand unconscious.
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made in the cortext of establishing his existence|l can ascertainwith certainty that \I
am conscious."Not always, not in a dreamlesssleepor while under anesthesia,but often:
when| read, talk, climb, think, discuss,or just sit and admire the beauty of the world.*

The mystery deeenswith the realizationthat much of what goesonin the brain bypasses
consciousness. Electrophysiological experimerts prove that furious activity in legions of
neuronscan fail to generatea consciouspercept or memory In a re ex action, you will
instantly and vigorously shale your foot if you detect an insectcrawling over it, eventhough
the realization of what is happening only comeslater on. Or your body reactsto a fearful
sight, a spider or gun, beforeit's been consciouslyregistered: the palms becomesweaty,
the heartbeat increasesplood pressurerises,and adrenalineis released.And all this before
you know that you are afraid and why. Many relatively complex sensory-motorbehaviors
are similarly rapid and unconscious.Indeed, the point of training is to teach our bodiesto
quickly executea complexseriesof movemert|suc h asreturning a serwe, evading a punch, or
tying sheelaces|without thinking about it. Unconsciousprocessingextendsto the highest
edelonsof the mind. Sigmund Freud argued, for example, that childhood experiences|
often of a traumatic nature|can profoundly determineadult behavior without any conscious
insight into this in uence. Much high-level decisionmaking and creativity occurs without
consciousthought, a topic treated in more depth in Chapter 18.

So much of what constitutes the ebb and ow of daily life takes place beyond the pale
of consciousness.Someof the best evidencefor this comesfrom the clinic. Considerthe
strangecaseof the neurologicalpatient D.F. Sheis unableto seeshapesor recognizepictures
of everyday objects yet can catch a ball. Eventhough shecan't tell the orientation of a thin
mail box-like slit (is it horizontal?) shecan rapidly and e ortlessly post a letter into the
slit. By studying sud patients, neuropsytologists have inferred the existenceof zombie
agentsin the brain that bypassawarenessthat is, they don't give rise to consciousnes§as
| pointed out in the rst footnote to this chapter, | equate awarenesswith consciousness).
Theseagers are dedicatedto stereoypical tasks, sud as shifting the eyes or positioning
the hand. They usually operate fairly rapidly and don't have accesgo explicit memory. I'll
return to thesethemesin Chapters12 and 13.

Why, then, isn't the brain just a large collection of specialized, unconsciousagers?
Life might be boring if it were, but sincesud ageris work e ortlessly and rapidly, why is
consciousnesaeededat all? What is its function? In chapter 14 | arguethat consciousness
is a general-purpseprocessingmode for planning, slover to activate than the zonbie agerts,
and assaiated with explicit memory.

Consciousnesss an intensely private matter. A sensationcannot be directly corveyed
to somelody elsebut is usually circumscribed in terms of other experiences.Try to explain

4Strictly speaking, | don't know whether you are consciousor not. You might even be a zormbie! However,
becauseyou act and speakjust asl do, becauseyour brain is similar to mine, and becauseyou and | sharethe
sameewlutionary heritage, | sensibly assumethat you are also conscious. At presen, the proper scierti ¢
understanding of consciousnesss insu cien t to prove this, but everything about the natural world appears
compatible with this assumption. Solipsism deniesthis and arguesthat only the subject himself is truly
consciouswhile everybody elseis a zonmbie. This seemsimplausible and alsorather arbitrary. After all, why
should I, out of all peoplein the world, be singled out for consciousness?
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your experienceof seeingred. You'll end up relating it to other percepts,suc as\red asa
sunset” or \as a Chinese ag" (this task becomesnext to impossiblewhen communicating
to a personblind from birth). One can talk meaningfully about the relationships among
di erent experiencesbut not about any singleone. This too needsto be explained.

This then is the charter for our quest. To understandhow and why conscioussensations
emergeout of the brain, why they are structured the way they are, how they acquiremeanings
and why they are private, and, nally, how and why do so many behaviors occur in the
absenceof consciousness.

1.2 A Spectrum of Answ ers

Philosophersand scientists have ponderedthe mind-body problemin its preser form since
the publication of Descartes's\T raite de 'homme" in the mid-se\ernteerth certury. Until
the 1980s,however, the vast majority of work in the brain sciencesnade no referenceso
consciousnessin the last two decadesphilosophers,psydiologists, cognitive scierists, clin-
icians, neuroscietists, and even engineershave publisheddozensand dozensof monographs
and books aimed at \discovering," \explaining,” or \reconsidering" consciousnessMuch of
this literature is either purely speculative or lacks any detailed scierti ¢ programfor system-
atically discovering the neuronal basis of consciousnesand, therefore, doesnot cortribute
to the ideasdiscussedn this book.

Beforeintroducingthe approat FrancisCrick and | havetakento addressheseproblems,
| will survey the philosophical landscape to familiarize readerswith someof the possible
categoriesof answersthat peoplehave considered.Keepin mind that only cartoon like and
abbreviated pocket sketchesof thesepositions are provided here?>

Consciousness Depends on an Immaterial Soul

Plato, the patriarch of Western philosopty, is widely credited with the conceptof a person
as an immortal soul imprisonedin a mortal body. He also proposedthat ideashave a real
existenceand are eternal. These\platonic" viewswere subsequetly absorbed into the New
Testamen and form the basisof the classicalRoman Catholic doctrine of a soul The belief
that at the heart of consciousneskes a transcendemn and immortal soulis widely sharedby
many religions and faiths throughout the world.®

5| can't possibly do justice to the sophisticated nature of these argumerts. Anyone interested in all the
subtle twists and turns is urged to consult the philosophical anthologies by Block, Flanagan, and Gezeldere
(1997) and by Metzinger (1998). The textb ook by the philosopher Patricia Churchland (2002) overviews
contemporary mind-brain problems with an emphasison the relevant neuroscience.l also recommendthe
compact and readable monograph by Searle (1997). For the reverberations of these discussionsamong
theologians, seeBrown, Murphy, and Malony (1998) and the thoughtful McMullin (2000).

6Being raisedin a devout Roman Catholic family, | have much sympathy for this point of view. Flanagan's
book (2002) exploresthe clash betweenthe notion of soul (and free will) and the modern scierti ¢ view that
tends to deny both (seealso Murphy, 1998).
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In modern times, Descartesdistinguished betweenres extensgsuc h asthe animal spir-
its that run through nervesand Il the muscles,substanceswith spatial extertjand res
cogitangthinking  substances.He arguedthat res cogitans are unique to humansand give
riseto consciousnessDescartes'sontological division into two categoriesconstitutesthe very
de nition of dualism Weaker forms of dualism had beenproposedearlier by Aristotle and
by Thomas Aquinas. The most famous modern defendersof dualism are the philosopher
Karl Popper and the neuroptysiologist John Eccles,who was honoredwith the 1963 Nobel
Prize in Physiology or Medicine for his discoseriesconcerningthe ionic medanismsinvolved
in excitation and inhibition at the nerve cell membrane.

While logically consisten, strongdualist positionsare dissatisfyingfrom a scierii ¢ view-
point. Particularly troublesomeis the mode of interaction betweenthe soul and the brain.
How and where is this supposedto take place? Wouldn't this interaction have to follow
the laws of physics? This, however, would require an exchange of energythat needsto be
accourted for. And what happensto this spooky substance,the soul, onceits carrier, the
brain, dies? Doesit oat aroundin somehyperspaceJike Casper the Friendly Ghost?

The conceptof an immaterial essencecan be saved by postulating that the soul is im-
mortal and completely independernt of the brain. This leaves it as something ine able,
undetectable,a \ghost in the madine,” to usea phrasecoinedby Gilbert Ryle, outside of
science.

Consciousness Cannot Be Understo od by Scientic Means

Quite a di erent philosophicaltradition is the \mysterian™ position that claimsthat human
beingsareunableto comprehendconsciousnesgecauset is just too complex. This limitation
is either a principled, formal one (how can any systemcompletely understanditself?) or a
practical one, expressedn a pessimismabout the human mind's inability to perform the
necessarymassive conceptual revisions (what chance does an ape have of understanding
generalrelativit y?).8

Other philosophersassertthat they don't seehow the physical brain can give rise to
consciousnessTherefore,any scieri ¢ programto explorethe physicalbasisof consciousness
is doomedto failure. This isanargumer from ignorance:the current absenceofa compelling
argumert for a link betweenthe brain and the consciousmind cannot be taken as evidence

"Popper and Eccles (1977) argued that brain-soul interactions will be camou aged by Heiserberg's un-
certainty principle, accordingto which it is impossibleto know preciselythe position and the momertum of
a microscopic system, such as an electron, at the sametime. In 1986, Ecclespostulated that the conscious
mind interfereswith the releaseprobability of vesiclesat synapsesn a way that doesnot violate consenation
of energyyet is su cien t to in uence the brain's behavior. Theseideashave not beenreceived with ernthu-
siasmby the sciertic community. Yet what is refreshing about the Popper and Eccles(1977) monographis
that they take consciousnesseriously They assumethat sensationsare a product of ewlution that criesout
for somefunction (see,in particular, Eccles,1989). This is a remarkable sertiment after somany decadesof
behaviorism that disregardedconsciousnesertirely.

8The term mysterian originates with Flanagan (1994), who used it to characterize the approades of
Lucas (1961), Nagel (1974), and McGinn (1989).
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that sud a link doesnot exist.

Although it is possiblethat sciertists will be unableto fully comprehend|evenin prin-
ciple, let alone in practice|the workings of brains and the genesisof consciousnessit is
premature to concludeso now. Systemsneurosciencds a young discipline, accunulating
new knowledgewith ever-more-re ned methods at a breath-taking pace. Beforemuch of this
dewelopmernt hasrun its course,there is no reasonto cometo this defeatist conclusion. Just
becauseone particular sdolar is unable to understand how consciousnesmight arise does
not meanthat it must be beyond all human comprehension!

Consciousness Is lllusory

Another type of philosophicalreactionto the mind-body dilemmais to dery that thereis any
real problem at all. The most lively contemporary exponert of this rather courterintuitiv e
notion|originating in the behaviorist tradition|is the philosopher Daniel Dennett from
Tufts University in Massatwsetts. In Consciousnes&xplainal, he arguesthat consciousness
is an elaborateillusion, mediatedby the sensesn collusionwith motor output, and supported
by sacial constructionsand learning. While acknowledgingthat peopleclaim that they are
consciousand that this persistert, but erroneous,belief needsto be explained, he denies
the inner reality of the ungraspableaspects of visual qualia. Dennett seeksto explain the
third-personaacount of consciousneswhile rejecting thoseaspectsof the rst-p ersonaacount
that renderit resistart to reduction.®

Having derntal pain is about expressingor wanting to express.certain behaviors: to want
to stop chewingon that sideof the mouth, to run away and hide until the pain hassubsided,
to grimace,and soon. These\reactiv e dispositions," as he callsthem, are real. But not the
badnessof the pain. That elusive or ine able aspect of it doesn't exist. To anybody who
hasewer su ered from an excruciating toothache, this comesas rather surprising news®

Given the certrality of subjective feelingsto ewveryday life, it would require extraordi-
nary factual evidencebefore concludingthat qualia and feelingsare illusory. Philosophical
argumerts, basedon logical analysiscoupledto introspection, are not powerful enoughto
deal with the real world with all of its subtletiesin a decisive manner. The philosophical
method is at its best when formulating questions,but doesnot have much of a track record

9A third-p ersonaccourt recognizesonly objective everts, suc aslight of a certain wavelength impinging
upon the retina, causingthe personto exclaim\l seered," while the rst-p ersonaccourt is concernedwith
subjective everts, sud asthe sensationof red. The late Francisco Varela labeled the program of mapping
rst-p ersonexperiencesonto the brain neurophenomenolgy (Varela, 1996).

10] refer the reader to Dennett's book (1991), and to Dennett and Kinsbourne (1992). SeeRyle (1949)
for an antecedent in the behavioral tradition. For an update on his views, consult Dennett (2001). In
his 1991 book, Dennett rightly takesaim at the notion of a Cartesian theater, a single place in the brain
where consciousperception must occur (note that this doesnot exclude the possibility of a distributed set
of neuronal processeghat expressconsciousnesst any one point in time). He proposesa \m ultiple draft"
model to accourt for various puzzling aspects of consciousness.Dennett's writing is characterized by his
skillful use of colorful metaphors and analogies,of which he is overly fond. It is dicult to map theseonto
speci ¢ neuronal mecanisms.
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at answering them. The approad | take in this book is to considerthe rst-p ersonaccours
as brute facts of life and seekto explain them.

Consciousness Requires Fundamen tally New Laws

Somehave called for new scierti ¢ laws to explain the puzzle of consciousnesgather than

just more facts and principles about the brain. RogerPenrose,at Oxford University, argues
in the wonderful The Emperor's New Mind that presen-day physicsis incapableof dealing
with the intuition of mathematicians|and, by extension,|p eopleat large. Penrosebelieves
that a yet-to-be-fornulated theory of quantum gravity will explain how human conscious-
nesscan carry out processeshat no possibledigital (Turing) computer could implemert.

In conjunction with the anesthesiologistStuart Hamero, at the University of Arizona at

Tucson,Penrosehas proposedthat microtubules, self-asseibling cytoskeletal proteins found

throughout all cellsin the body, are critically involvedin mediating cohereh quartum states
acrosslarge populations of neurons?!?

While Penrosehas generateda vigorous debate regarding the extert to which mathe-
maticians can be saidto have accesgo certain noncomputabletruths and whetherthesecan
be instantiated by computers,it remainsutterly mysterioushow quantum gravity could ex-
plain how consciousnesarisesout of matter. Both consciousnesand quantum gravity have
enigmatic features,but to concludethat oneis thereforethe causeof the other seemgather
arbitrary. Given the lack of any positive evidencefor macroscopicquantum-medanical
e ects occurring in the brain, | will not pursuethis idea further.

The philosopherDavid Chalmers,at the University of Arizona at Tucson, has sketched
an alternative proposalin which information hastwo aspects, one physically realizablethat
is usedin computers,and a phenomenalor experiertial aspect that is inaccessibldrom the
outside. In his view, any information-processingsystem, from a thermostat to a human
brain, can be consciousn at least somerudimentary sense(although Chalmersadmits that
it probably doesn't feel like much \to be a thermostat"). While the audacity of endowving
all systemsthat represen information with experiencehas a certain appeal and elegance,
it is not clear to me how Chalmers's hypothesis could be tested scieni cally . For now,
this modern-day \panpsychism" must be acceptedas a belief. Over time, though, a theory
coudied in the languageof probabilities and information theory might well prove necessary
to understandconsciousnessEvenif Chalmers'sframework is accepted,a more quartitativ e

penrose'sbhooks (Penrose, 1989, 1994) are among the most lucid and best-written accourts of Turing

machines, Gedel's theorems, computing, and modern physics | have encourtered. Howewer, given that

both monographs nominally deal with the human mind and brain, they are equally remarkable for the

almost complete absenceof any seriousdiscussionof psyciology and neuroscience.Hamero and Penrose
(1996) outline their proposalthat microtubules, a major componert of cellular sca olding, are critical to the

processesinderlying consciousnessThe Achilles' heel of this idea is the lack of any biophysical medanism
that would permit neurons, and not just any cells, to rapidly form highly specic coalitions acrosslarge
regions of the brain on the basis of quantum-coherency e ects. All of this is supposedto take place, of
course, at body temperature, a rather hostile environment for sustaining such everts over macroscopic
scales.
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framework must be worked out. Do certain typesof processingarchitectures, sud asmassie
parallel versus serial, facilitate the dewelopmen of consciousness?Does the richness of
experiencerelate to the amourt or organization of memory (shared or not, hierarchical or
not, static or dynamic memory, and so on)?*?

While | cannot rule out that explaining consciousnessay require fundamenally new
laws, | currertly seeno pressingneedfor sud a step.

Consciousness Is an Emergent Prop erty of Certain Biological Sys-
tems

The working hypothesisof this book is that consciousnesemergesfrom neuronal features
of the brain.*® Understandingthe material basisof consciousness unlikely to require any
exotic new physics but rather a much deeper appreciation of how highly interconnected
networks of a large number of heterogeneousieuronswork. The abilities of coalitions of
neuronsto learn from interactions with the ervironment and from their own internal activ-
ities are routinely underestimated. The individual neuronsthemsehesare complexertities
with unique morphologiesand thousandsof inputs and outputs. Their interconnections,the
synapsesare molecular madinesthat comeequipped with learning algorithms that mod-
ify the strength and dynamics of synapsesacrossmary timescales. Humans have no real
experiencewith sud vast organization. Hence, even biologists struggle to appreciate the
properties and power of the nervous system.

A reasonableanalogy can be made with the debateraging at the turn of the twentieth
certury concerningvitalism and the medanismsunderlying heredity. How can mere chem-
istry store all of the information neededto specify a unique individual? How can chemistry
explain how splitting a single frog enbryo at the two-cell stage givesrise to two tadpoles?
Doesn't this require somevitalistic force, or new law of physics as Erwin Sdredinger was
postulating?

The certral di cult y facedby researbersat the time wasthat they could not imaginethe
great speci city inherert in individual molecules.This is perhapsbest expressedy William
Bateson,one of England's leading geneticistsin the early part of the twertieth certury. His
1916review of The Mechanismof Mendelian Heredity, a book by the Nobel laureate Thomas
Hunt Morgan and his collaborators, states:

The properties of living things are in someway attachedto a material basis,per-
hapsin somespecialdegreeto nuclearchromatin; and yet it is inconceiable that

12] de nitely recommendat least browsing through Chalmers's (1996) book, in particular his Chapter 8.
For a theoretical approac towards consciousnes®asedon measuresof complexity and information theory,
seeTononi and Edelman (1998) and Edelman and Tononi (2000). Nagel (1988) examinespanpsydism.

13] useememene in the sensethat the initiation and propagation of the action potential in axonal b ers,
a highly nonlinear phenomenon,is the result ofland can be predicted from|the attributes of voltage-
dependert ionic channelsinserted into the neuronal membrane. In this sensethe laws of heredity arise from
a consideration of the properties of DNA and other macromoleculesin a lawful, reducible manner. For a
generalintroduction to the problem of emergence seeBedkermann, Flohr, and Kim (1992).
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particles of chromatin or of any other substance,however complex, can possess
those powers which must be assignedto our factors or gens. The supposition
that particles of chromatin, indistinguishablefrom ead other and indeedalmost
homogeneousinder any known test, can by their material nature conferall the
properties of life surpasseshe range of even the most corvinced materialism.

What Batesonand othersdid not know at the time, giventhe technology available, wasthat
chromatin (that is, the chromosomes)is only homogeneousstatistically, being composed
of roughly equal amourts of the four nucleic bases,and that the exact linear sequenceof
the nucleotidesencales the secretsof heredity. Geneticists underestimatedthe ability of
these nucleotidesto store prodigious amourts of information. They also underestimated
the amazing speci city of protein molecules,which hasresulted from the action of natural
selectionover a few billion yearsof ewlution. Thesemistakes must not be repeatedin the
guestto understandthe basisof consciousness.

The hypothesisof this book assumeghat consciousness an emergen property arising
out of the speci c interactions amongneuronsand their elemerts. That is, consciousness
fully compatible with the laws of physicsbut not easyto predict from them.

1.3 Our Approac h Is a Pragmatic, Empirical One

In order to make progresson thesedi cult questionswithout getting boggeddown in di-
versionary skirmishes,| will have to make someassumptionswithout justifying them in too
much detail. Theseare provisional working hypothesesthat might well needto be revised
or evenrejectedlater on. The physicist turned molecularbiologist Max Delbreck advocated
\The Principle of Limited Sloppiness"whenit comesto experimerts. He recommendedry-
ing things in a rough and ready mannerto seewhether or not they might work out. | apply
this principle to the realm of ideasabout the brain.

A Working De nition

Most ewveryone has a generalidea of what it meansto be conscious. According to the
philosopherJohn Searle,\Consciousnessonsistsof those states of sertience, or feeling, or
awarenesswhich beginin the morning when we awake from a dreamlesssleepand continue
throughout the day until we fall into a comaor die or fall asleepagain or otherwisebecome
unconscious.* If | ask you to describe what you seeand you respond in an appropriate

The de nition, taken from Searle(1997), leavesout an ertire domain of consciousexperiencesthat are
usually not remenbered: vivid dreamsthat can't be distinguished from real life. More elaborate de nitions
of consciousnessare not more helpful. For instance, Schi and Plum (2000), two neurologists who treat
sewerely neurologically impaired patients, state: \At its least, normal human consciousnessonsists of a
serially time-ordered, organized, restricted, and re ectiv e awarenessof self and the ervironment. Moreover,
it is an experienceof graded complexity and quartity." While useful clinically, this de nition presupposes
notions of awareness,the self, and so on. The Oxford English Dictionary is not much more helpful, having
8 entries under 'consciousnessand 12 under ‘conscious.'
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manner, | will assumefor now that you are conscious.In terms of psydiological processes,
focal attention and someform of brief memory are su cient for perceptual avareness->
Operationally, consciousnesss neededfor complex, nontrained tasks that demand short-
term memory.

Although this is fairly vague,this working de nition is good enoughto get started. As the
scienceof consciousnesadvancesthe de nition will needto bere ned and expressedn more
fundamenal neuronalterms. Until the problemis understood much better, though, a more
formal de nition of consciousnesss likely to be either misleadingor overly restrictive, or
both. If this seemsevasive, try de ning agene Is it a stableunit of hereditary transmission?
Doesa genehave to code for a singleenzyme?What about structural and regulatory genes?
Does a genecorrespnd to one cortinuous segmen of nucleic acid? What about introns?
And wouldn't it make more senseto de ne a geneas the mature mRNA transcript after
all the editing and splicing have taken place? So much is now known about genesthat any
simplede nition is likely to be inadequate. Why shouldit be any easierto de ne something
asine able asconsciousness$?

Historically, signi cant sciertic progresshas commonly been achieved in the absence
of formal de nitions. For instance, the phenomenologicallaws of electrical current ow
were formulated by Ohm, Ampere, and Volta well before the discovery of the electron in
1892by Thompson. For the time being, therefore, | adopt the above working de nition of
consciousnesand will seehow far | can get with it.

Consciousness Is Not Unique to Humans

It seemgplausiblethat somespeciesof animals|mammals, in particular|p ossessome,but
not necessarilyall, of the featuresof consciousnesgshat they see,hear, smell, and otherwise
experiencethe world in ways not too dissimilar from people. Of course,eat specieshasits
own unique sensorium,matchedto its ecologicalniche. But | assumehat theseanimalshave
feelings,subjective states. To believe otherwise seemsoresumptuousand ies in the face of
all experimertal evidencefor the cortinuity of behaviors betweenanimals and humans. We
are all Nature's children.

This is particularly true for monkeys and apes, whosebehavior and brain structure are
remarkably similar to those of humans (it takesan expert to distinguish a cubic millimeter
of monkey brain tissuefrom the samechunk of human brain tissue). In fact, the best model
currently available for studying stimulus awarenessat the neuronal level is the visual sys-
tem of the macaquemonkey. Given this likeness,appropriate experimerts on non-human
primates|carried out in a humaneand ethical manner|are necessaryto discover the med-
anismsunderlying consciousnes¥.

15psychophysical evidenceforcesme to concludethat focal, top-down attention is not strictly necessary
to see(Chapter 9).

165eeKeller (2000) for a concisemonograph on the intellectual history of genes.

17 few words on someof the approximately 200 primate species,of which we are but one member. The
order of primates is divided into two suborders, prosimians (literally , \b efore monkeys") and anthropods,
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Of course,humansdo di er fundamertally from all other organismsin their ability to
talk. True languageenableshomo sapiensto represemn and disseminatearbitrarily complex
concepts. Languageleadsto writing, represemative demacracy, generalrelativity, and the
Macintosh computer, activities and invertions that are beyond the capabilities of our animal
friends. The primacy of languagefor most aspects of civilized life has given rise to a belief
amongphilosophers linguists, and othersthat consciousness impossiblewithout language
and that, therefore, only humans can feel and introspect. While this might be true, to
a limited extent, about self-consciousnesgs in, \I know that | am seeingred”), all of
the evidencefrom split-brain patients, autistic children, ewlutionary studies, and animal
behavior is fully compatible with the position that animals can experiencethe sights and
soundsof life.18

At presen, it isunknown to what externt consciougperceptionis commonto all animals. It
is probablethat consciousnessorrelatesto someextent with the complexity of the organism's
nervous system. Squids, bees,fruit ies, and even roundworms are all capable of fairly
sophisticatedbehaviors. Perhapsthey too possessomelevel of awarenessperhapsthey too
canfeelpain, experiencepleasure,and smell. | will discussexperimerts to test this assertion
later on in the book.

How Can Consciousness Be Approac hed in a Scientic Manner?

Consciousnessakes many forms, but it seemsbest to begin with the form that is easiest
to investigate. Studying vision has se\eral advantages over studying other sensesat least
when it comesto understandingconsciousness.

First, humansare visual creatures. This is re ected in the large amourt of brain tissue
that is dedicatedto the analysisof imagesand in the importance of seeingin daily life. If
you have a cold, for instance,your nosebecomesstuy and you may loseyour senseof smell,
but this impairs you only mildly. A transient lossof vision, asoccursduring snow blindness
on the other hand, will devastate you.

Secondyvisual perceptsare vivid andrich in information. Pictures and moviesare highly
structured yet easyto manipulate using computer-generatedyraphics.

Third, there is a sheerendlessnumber of illusions that directly manipulate visual ex-
perience. Take motion-induced blindness: a bunch of randomly moving blue lights are su-

encompassingmonkeys, apes and humans. There are two superfamilies of monkeys, which have distinct
geographicaldistributions, New World and Old World monkeys Old World monkeys, which include batoons
and macagues have larger and more corvoluted brains than New World monkeys, are easily bred in captivity,
and are not endangered. They are popular as a model system for human brain organization. Goril las,
orangutans and the two speciesof chimpanzees constitute the great apes Given their highly deweloped
cognitive abilities and kinship to humans, little invasive researt is carried out on apes. Most of what is
known about their brains derivesfrom postmortem studies.

18The position that only humans possessonsciousnesand that animals are mere automatons, advocated
most famously by Descartes,usedto be widespread. After Darwin and the rise of ewolutionary explanations,
it becameless so. Howewer, even today some argue that languageis a sine qua non for consciousness
(Macphail, 1998).
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perimposedonto three highly saliert but stationary yellow spots. Fixate anywhere on the
display, and after a while one, two or even all three disks simply disappear!® Gone! It is
an amazing sight: the swirling blue cloud wipesthe yellow spots from sigh even though
the spots cortinue to stimulate the retina. Following a brief eye movemern the spots reap-
pear. While sud sensoryphenomenaare far removed from \in tentionality,” the \ab outness
of consciousness,\free will," and other conceptsdear to philosophers,understandingthe
neuronalbasisof visual illusions canteach much about the physical basisof consciousnesm
the brain. In the early days of molecular biology, Max Delbreck focusedon the geneticsof
phages,simple virusesthat prey on bacteria. You might have thought that the way phages
passinformation on to their descendats is irrelevant to human heredity. Yet this is not the
case.Likewise,Eric Kandel's beliefthat the lowly marine snail Aplysia hasmuch to teadc us
about the molecularand cellular strategiesunderlying memory hasprovento be prophetic.?°

Last, and mostimportant, the neuronalbasisof many visual phenomenaand illusions has
beeninvestigated throughout the animal kingdom. Perceptual neurosciencehas advanced
to sudh a point that reasonablysophisticatedcomputational models have beenconstructed
and have proven their worth in guiding experimertal agendasand summarizingthe data.

| therefore concenrate on visual sensationor awareness.Antonio Damasio,the eminert
neurologist at the University of lowa, refersto sud sensoryforms of awarenessas core
consciousnessand di erentiates these from extende consciousnes$! Core consciousness
is all about the here and now, while extended consciousnessequiresa senseof self|the
self-referetial aspect that for many people epitomizesconsciousness|and of the past and
the anticipated future.

My approad neglects,for now, theseand other aspects sud aslanguageand emotions.
This is not to say that theseare not critically important to humans. They are. Aphasics,
children with sewereautism, or patients who have lost their senseof selfare se\erelyimpaired,
con ned to hospitalsor nursing homes. For the most part, howeer, they canstill seeand feel
pain. Extendedconsciousnesshareswith sensoryconsciousneste samemysteriousstance,
but it is much lessamenableto experimertal investigationssincethesecapabilitiescan't easily
be studied in laboratory animals, making accesdo the underlying neuronsdi cult.

Underlining my choiceis the tentativ e assumptionthat all the di erent aspects of con-
sciousnesgsmell, pain, visual awareness self-consciousnessnd so on) employ one or per-
hapsa few commonmedanisms. Figuring out the neuronalbasisfor onemodality, therefore,
will simplify understandingthem all. From an introspective point of view, this is quite a
radical hypothesis. What is the communality betweena sound, a sight, and a smell? Their
content feelsquite di erent, yet all three have that magical buzz about them. It is possible
that the subjective sensationsass@iated with ead are causedby similar neuronal everts

19The motion-induced blindness phenomenonwas discovered by Bonneh, Cooperman, and Sagi (2001).

20Kandel (2001).

2lseeDamasio'sbook (1999). A pithy formulation of his ideascan be found in Damasio (2000). The cogni-
tiv e psydhologist Endel Tulving at the University of Toronto refersto perceptsasinvolving noetic (knowing)
consciousnessn contrast to autoneetic (self-knowing) consciousnesthat is characteristic of episadic memory
(Tulving, 1985). Edelman and Tononi (2000) refer to primary and higher-order consciousness.
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and circuits.

| allude to other promising lines of work, too, sut as olfaction and Pavlovian condition-
ing, particularly if they have featuresthat make them easyto study in the laboratory. Given
the desirability of relating consciousnes® the ring activity of individual neuronsand their
arrangemeitts, it will be imperative to carry out relevant experimerts in behaving mice. The
amazingdewelopmern of ever-more-powerful molecularbiology tools permits sciertists to ma-
nipulate rodert brainsin a deliberate, delicate, and reversible manner, somethingcurrently
not possiblein primates.

Altered statesof consciousnesh ypnosis,out-of-body experience,lucid dreaming, hallu-
cination, meditation, and soon|are not coveredin this book. While they are all fascinating
casestudies of the human condition, it is di cult to accesgheir underlying neuronal rep-
resenations (can a monkey be hypnotized?). A comprehensie theory of consciousneswill
ultimately have to accoun for theseunusual phenomena??

1.4 The Neuronal Correlates of Consciousness

Francisand | focuson discovering the neuronal correlatesof consciousnesgNCC). Wheneer
information is represeted in the NCC you becomeconsciousof it. The goal is to discover
the minimal set of neuronal everts and medanismsthat givesrise to a speci ¢ conscious
percept (Figure 1.1). The NCC involvesthe ring activity of neuronsin the forebrain?® As
detailed in the next chapter, by ring activity | meanthe sequencesf pulses,about a tenth

of a volt in amplitude and 0.5-1 msecin duration. Thesebinary spikesor action potentials
can be treated as the principal output of forebrain neurons. Stimulating the relevant cells
with someundiscoreredtechnologythat replicatestheir spiking pattern, or spiking discharge,
should give rise to the samepercept as using natural images,soundsor smells.

Our approad assumesthat some neural activity is both necessaryand su cient for
biological sertience. Note this important point: consciousnessloes not depend on any
behavior. Empirical support for this fact derivesfrom many sources.In dreaming, a highly
consciousstate, almost all voluntary musclesare actively inhibited.?* Too many patients
are unfortunate enoughto lose the use of their motor system, either during short-lived

22Blackmore (1982), Grusserand Landis (1991), and Blake et al. (2002) have cortributed to the psychology
and neurology of out-of-body experiences,a fascinating phenomenonthat has, until recertly, been almost
ertirely co-optedby new agemystics. Manford and Andermann (1998) review complexvisual hallucinations
from a clinical vantage point.

Z3A three sertence primer on grossbrain architecture. | follow a tripartite division of the vertebrate brain
into the forebrain, the midbrain and the hindbrain. The forebrain consists,by and large, of the neocortex,
the basal ganglia, hippocampus, amygdala, olfactory bulb and the thalamus and its assaiated structures.
The brainstem includes the midbrain, ponsand medulla.

24Rewvonsuo (2000) overviewsthe form and putativ e functions of phenomenaldream cortent.
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episales® or permanertly,?® yet without losing the ability to experiencethe world. Direct
brain stimulation with electrodesor magneticpulsestriggers simple percepts,suc as ashes
of coloredlight, the basisfor ongoingreseart in neuroprosthetic devicesfor the blind. |
therefore concludethat motor action is not necessaryfor consciousness.

TN
(T

O q
Outside Wc;;ld Inside he brain Conscious percept
Figure 1.1: The Neur onal Correla tes of Consciousness

The NCC is the minimal set of neural ewens|here syndronized action poten-
tials in neccortical pyramidal neurons|that give rise to a specic consciouspercept.

The notion of the NCC is signi cantly more subtle than illustrated by the cartoon and
must alsospecify over what rangeof circumstancesand data the correlation betweenneuronal
ewverts and consciousperceptholds. Is the relationship true only whenthe subject is awake?
What about dreamsor various pathologies? Is the relationship the samefor all animals?
Thesecomplicationsare taken up in Chapter 5.

Using the NCC in this way implies that if | am aware of an evert, the NCC in my head
must directly expressthis. There must be an explicit correspnden@ betwesn any mental
event and its neuronal correlates Another way of stating this is that any changein a

25A transient form of paralysis is one of the characteristic features of narcolepsy a neurological disorder.
Triggered by a strong emotion|laugh ter, embarrassmen, anger, excitemert|the aicted subject suddenly
loosesskeletal muscletone without becomingunconsciousnessSeverecataplectic attacks canlasts for minutes
and leave the patient collapsedon the o or, utterly unable to move or to signal, but fully aware of her
surroundings (Guilleminault, 1976; Siegel,2000).

26The most dramatic of these have locked-in syndrome (Feldman, 1971;see,also, Celesia,1997). Take the
caseof Jean-Dominique Bauby, the editor of the French fashion magazine Elle, who retained nothing but
the ability to move his eyesup and down following a massiwe stroke. He composedan entire book on his
inner experiencesusing eye movemerns as a form of Morse code. Bauby's 1997 Le Saphande et le Papillon
(translated as The Buttery and the Diving-Bell) is a strangely uplifting and inspirational volume written
under appalling circumstances. If his last link with the world, his vertical eye movemeris, had beensewred,
Bauby would have beencondemnedto living a fully conscioudlife while appearing all but dead! He and other
such patients appear to seemuch like normals, although this has never beensystematically studied. Frozen
addicts, discussedn Chapter 7, are yet another living proof that completelack of mobility and consciousness
can coexist.
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subjective state must be ass@iated with a changein a neuronal state.?’ Note that the
converse need not necessarilybe true; two di erent neuronal states of the brain may be
mertally indistinguishable.

It is possiblethat the NCC is not expressedn the spiking activity of someneuronsbut,
insteadfor example,in the concettration of free,intracellular calciumionsin the postsynaptic
dendrites of their target cells?® Or the invisible partners of neurons,glia cellsthat support,
nurture and maintain nerve cellsand their ervironmert in the brain, might play a direct role
(although this is unlikely?®). But whatever the correlatesare, they must map directly, rather
than indirectly, onto consciousperception becausehe NCC givesrise to consciousness

At this point, it becomesmecessaryo distinguish betweenthe di erent kinds of neuronal
activities, which can looselybe termed pre-NCC, NCC, and post-NCC activities.

All of the nerve cell activity responsible for extracting \meaningful" information from
the sensoryapparatusand processingt in an elaborate mannerbeforeit is expressedn the
NCC is pre-NCC. Theseelaborate neuronaloperationsare often thought of ascomputations.
A prototypical example of the pre-NCC is the ewerts in the retina that are not directly
responsiblefor visual awareness.

The activity of a privileged subsetof operations that take placein the brain givesrise
to a consciouspercept. It is possiblethat the NCC is assaiated with somespecial type of
activity in one or more setsof neuronswith somespecial pharmacological,anatomical, and
biophysical properties that must exceedsomethreshold and last for someminimal amourt
of time.

Becausel beliewe that consciousnesss not a mere epiphenomenonbut enhancesthe
survival of the organism, the NCC activity must, in turn, aect other neuronsin some
manner. This post-NCC activity must in uence other neuronsthat can ultimately cause
somebehavior to occur. This activity canalsofeedbadk to the NCC neuronsand to previous
stagesin the hierardy, signi cantly complicating matters.

2TThis stanceimplies that in the absenceof a physical carrier, consciousnesgan't exist. Put succinctly:
no matter, never mind.

28The proposition that the NCC is closely related to subcellular processess not as outlandish asit may
sound. Cellular biophysicists have realized over the past few years that the distribution of calcium ions
within dendrites represernts a crucial variable for processingand storing information (Ko ch, 1999). Calcium
ions enter spinesand dendrites through voltage-gated channels. This, along with their di usion, bu ering,
and releasefrom intracellular stores,leadsto rapid local modulations of the calcium concerration within the
dendritic tree. The concertration of calcium can, in turn, in uence the membrane potential (via calcium-
dependert membrane conductances)and|b y binding to bu ers and enzymesjturn on or o intracellular
signaling pathways that initiate plasticity and form the basisof learning. The dynamics of calcium in thick
dendrites and cell bodies spansthe right timescale (on the order of hundreds of milliseconds) for perception.
Indeed, it has been established experimentally in the cricket that the concerration of free, intracellular
calcium in the omegainterneuron correlates well with the degreeof auditory masking, a time-dependert
modulation of auditory sensitivity in theseanimals (Sobel and Tank, 1994).

29Glia cells are as numerous as neuronsbut are rarely talked about. Their behavior is sluggishand they
show little of the elaborate sensitivity assaiated with forebrain neurons(Laming et al., 1998). This is why
they are unlikely to play a direct role in perception. Someglia cells exhibit all-or-none propagating calcium
everts, akin to action potentials, exceptthat they occur over seconds,(Cornell-Bell et al., 1990; Sanderson,
1996).
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Discovering the NCC would constitute a major step forward on the roadto a nal under-
standing of consciousnesddenti cation ofthe NCC will enableneuroscietists to manipulate
its cellular substrateon the basisof pharmacologicalintervertion and geneticmanipulations.
For instance,it may be possibleto fashiontransgenicmice whoseNCC can be rapidly and
safelyswitchedon and o. Sud \zombie" roderts could provide oneanswer to the question
Freud famously asked, \how much behavior is unconscious”(as well asleadingto a newand
powerful classof anesthetics).

Eventually, a theory that bridgesthe explanatory gap, that explains why activity in a
subsetof cells givesrise to a particular type of feeling, is required. This theory needsto
make comprehensiblevhy the activity meanssomethingfor the organism(e.g., why doesit
hurt?) and why qualia feelthe way they do (e.g., why doesred look oneway, quite di erent
from blue?)3°

For now, it is bestto concenrate on identifying the NCC in the mammalian brain and
interfering with it both speci cally and delicately.

1.5 Recapitulation

Consciousnessesidesat the nexus of the mind-body problem. It appears as mysterious
to twerty- rst certury sdolars aswhen humans rst started to wonder about their minds
seeral millennia ago. Newertheless,sciertists today are better positioned than ewer to in-
vestigatethe physical basisof consciousness.

My approad is a direct one that many of my colleaguesconsidernaive or ill-advised.
| take subjective experienceas given and assumethat brain activity is both necessaryand
su cien t for biological creaturesto experienceanything. Nothing elseis needed.l seekthe
genesisof phenomenalstateswithin brain cells, their arrangemers and activities. My goal
is to identify the speci ¢ nature of this activity, the neuronalcorrelatesof consciousnessnd
to determineto what extent the NCC di er from activity that in uences behavior without
engagingconsciousness.

The focusis on sensoryforms of consciousness|vision, in particular. More than other
aspects of sensation,sensoryawarenesss amenableto empirical investigations. Emotions,
language,and a senseof the self and of others are critical to daily life, but thesefacets of
consciousnesare left for later, when their neural baseswill be better understood. Similar
to the questto understand life, discovering and characterizing the molecular, biophysical,
and neuroplysiologicaloperationsthat constitute the NCC will likely help solwe the certral
enigma,how ewerts in certain privileged systemscan give rise to feelings,

It would be contrary to ewlutionary cortinuity to believe that consciousnesis unique to
humans. Instead, | assumethat the human mind sharessomebasic properties with animal
minds|in particular, with mammalssud as monkeysand mice. | ignore niggling debates

30There is no guarartee that sciencewill discover a nal, objective theory of consciousnessAs Chalmers
(1996) and others have argued, one might have to settle for somesort of nonreductionist physicalist accourt
of consciousnesor for an ontological dualism with rigorous, quartitativ e bridging principles linking the
domain of subjective experienceswith objective reality. Only time will tell.



Prolegomenon 23

about the exact de nition of consciousnesand whether or not my spinal cord is conscious
but is not telling me. These questionsmust be answered evertually, but today they only
impedeprogress.You don't win a war by ghting the most arduousbattle rst.

Blunders will be committed and oversimpli cations will be made in the courseof this
colossal,long-term undertaking, but thesewill only becomeapparern astime passes.For
now, scienceshouldrise to the challengeand explorethe basisof consciousnesm the brain.
Like the partially occludedview of a snav-covered mourtain summit during a rst ascer,
the lure of understandingthis puzzleis irresistible. As Lao Tsu thoughtfully remarked many
yearsago,\A journey of a thousand miles beginswith a single step."

Now that we have started, let me acquairt you with somekey conceptsthat will guide
our quest. In particular, | will needto esh out the notions of explict and implicit neuronal
represemations, essetial nodes,and the various forms of nervous activity.



