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Abstract. Consciousness derives from a neural process that requires
unceasing metabolic support, and probably involves only a select popula-
tion of neocortical elements. The essential process must operate for
roughly more than 100 msec for sensorial registration (Libet). It is highly
unlikely that the essence of the process lies in its computational logic
and hence it can never be produced by inanimate machines. Since the
process is thus unique to neurons, and since the consciousness of the left
hemisphere normally communicates with that of the right (and probably
vice versa) via the forebrain commissures, at least some portion of the
nerve impulse traffic across the commissures must possess a wholly mys-
terious property enabling its transcendent compilation into a unified
conscious experience. Comprehending the nature of this property which
couples ionic fluxions into mentality is the quintessential problem of
science. The forebrain commissures may ultimately provide the clues for
its solution.

The mystery of consciousness unites all humankind as does no other
experience or phenomenon. The deepest aspirations of religion are to
enhance or to preserve it. For science it is the ultimate solipsism, so far
wholly inaccessible, yet undeniable. The thesis of this essay is that the

1 To the memory of Jerzy Konorski, brave pilot of the waters skirted here.
I can vividly imagine the zest and skill with which he would have responded, to
elaborate, to clarify, to refute, to immerse himself vigorously in the arguments I
now present. May the verve, the devout honesty and ceaseless creativity he brought
to neuroscience remain forever with its practitioners.
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neurophysiological analysis of consciousness is perhaps not as hopeless
as it presently seems. What more challenging quest than to learn how
the multimillioned shuttling of damp sparks can weave a comprehending
self within the fatty fabric of the brain!

Man has pondered his consciousness throughout recorded history,
but the first dim clue as to where the focus should be placed came at the
end of the sixth century B.C. This was somehow a remarkable period
that saw from one end of the civilized world to the other an intellectual
revolt against the follies of religion as well as the materialism of the
State. Zoroaster (born ca. 628 B.C.), Ezekiel (exiled from Jerusalem to
Babylon ca. 597 B. C.), Mahavira Vardhamana, he last of the 24 Tirthan-
karas (born ca. 599 B.C.), Siddhartha Gautama the Buddha (born ca. 563
B.C)), K'ung-fu-tzu (Confucius, born ca. 551 B.C.) and Pythagoras (in
Kroton ca. 525 B.C.) each strove mightily to alter man’s concepts. All
founded or were associated with great religions or philosophical systems;
all but that of Pythagoras surviving until today, albeit in wildly distort-
ed forms. Yet with Pythagoras somehow went the more certain light.
Perhaps it was the mathematics. Perhaps it was a rumor from the Orient.
Whatever, it was the pupil of Pythagoras, Alkmaion, who at Kroton ca
500 B.C. first discerned and left recorded the fact that mind originates
in brain (5). From here on within the Western world consciousness was
perceived as focused, as requiring a physical vehicle.

The Doric experimenters must also have known the other cardinal
fact about the physical requirements for consciousness, that the brain
needs blood. Since the circulation of the blood and its oxygenation were
to go unrecognized for another 2,100 years, the full significance of the
observation undoubtedly escaped them, yet the word “carotid”, from
xagovy (to stupefy), unequivocally indicates they knew the quick conse-
quence of pressure on these arteries (see 30).

Each of the 1,500 mitochondria within a large neuron needs 10 atoms
of oxygen each microsecond for normal function (28). If oxygen is cut
off, consciousness is lost within 10 sec, and most of the latency can be
attributed to the circulation time. Consciousness thus cannot be created
without a ceaseless flame of chemistry.

Yet it is the process not the material which produces the conscious
state. The basic physical materials can confidently be considered as im-
mutable. As I write these lines my thoughts depend upon oxygen atoms
once exhaled by great belugas, white ghosts beneath the arctic sea, by
the Pithecanthropoid cannibals of Chou-k’ou-tien, by Gautama the Bud-
dha, perhaps even the atoms that passed through his cerebral mitochond-
ria on that night of the full moon in May when he attained knowledge
of all his former existences. Here is an atomic transmigration beyond
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even the wildest dreams of the prophets of karman. With each breath
my neurons imbibe about 400,000 atoms of oxygen once used by neurons
of the Buddha, of Pythagoras, of Ashurbanipal, of Lavoisier; by neurons
of all creatures whose brain required a total of 4 X 1028 molecules of
oxygen throughout their lifetime 2. But use imparts nought to the atoms,
Teilhard de Chardin (36) notwithstanding. This transmigration has no
imprint of the past, and Christ’s atoms nourish equally the fires of Nero
as corrode the steel of the Khanate hordes, the bark of the sequoia as
the suffering of the saints.

Emphasizing then, that consciousness is a process and not derivative
from the past history of the participating atoms, it becomes necessary to
identify the essential features of this process. It has been a popular pseu-
doscientific pastime to claim that consciousness could be attributed to
computers were they but sufficiently complex. Were this true, the signi-
ficant process would perforce be merely one of computational logic. While
it might be preferable before deciding the question to await the building
of a computer that would properly scan its sonnets and artfully argue
its philosophy, a gedanken experiment may adumbrate the outcome, and
significantly shorten the wait. The appeal of the computer, of course,
is that its processes, like those of brains, are digital, and exquisitely rapid.
However, it is the logic not the speed which is the essence of the com-
putational process. Babbage’s “analytical engine” though mechanical
would yield the same answer as its electronic counterpart. Suppose, then,
that knowing all the computational events that occur in retina and cent-
ral nervous system upon the perception of “red”, the nations of the world
set about constructing a vast clockwork which, with its gears and cables,
would exactly duplicate the millions of digital escapements and transmis-
sions which occur for the eye and brain. Obviously, the temporal domain
must be expanded many thousand fold, but the intervals can all be pre-
cisely and proportionately preserved, as could any of the analog retinal
processes required. The system is set in motion to tick away the idle
interval of darkness, great armies of atom-driven steam engines apply-
ing power at the appropriately designated moments. Now shines the light,

2 The calculations are as follows. In man at rest 250 ml 0y/min are required
of which 1/5 is utilized by brain (19). In 26.28 X 108 min (50 years) this=6 X106
liters 0, = 3 X 105 moles = 18 X 102 molecules of 0, per “lifetime”. At a respiratory
rate of 12/min the brain will obtain 4 ml 0y/breath = 1.2 X 102 molecules 0,. The
atmosphere contains 11.8 X 102 grams 0, (23) = 22 X 104 molecules 0,. Each life-
time thus uses 2 X 10—15 of the total atmosphere and each breath 5 X 10—24, Assum-
ing total mixing and ignoring fixation in nonatmospheric forms, each breath will
include from the fraction utilized by each former “lifetime” in the atmosphere
pool 220,000 molecules 0y [(5 X 10—2%) (2 X 10—15) (22 X 1042 molecules 0,)].
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a great pure red. The “retinal” network shifts, cables transmit; minutes,
hours, days or years later the million “lateral geniculate” gears turn a new
pattern, that which conforms to red in the corresponding million human
neurons. These cables in turn transmit, the cortical gears respond, the
surface of the earth shudders as mile upon mile the cogwheels churn
throughout the mountainous machine, pursuing their ponderous, ineluc-
table logic. But despite the accuracy of its imitation of the human com-,
putational state can anyone really believe that this fantastic contraption
experiences a sensation of “red”!? Yet if not, why not?

Is it the millisecond timing, an element of randomness, the com-
pactness, the fluid medium, the lipoproteins, the electron exchange with-
in the mitochondria that is essential to the human neuronal machine
to yield the transcendent quality of “red”; where following equal logic
pipe and gears or silicon wafers, however many billion byted, remain
devoid of “sense”? The conclusion seems inescapable that the neuronal
interchange exceeds manifestations of its logic because of some inte-
grative process capable of concurrent evaluation of the state of the en-
tire system. By their mere ability to construct the clockwork imitation
of the visual system the designers, of necessity, knowing beforehand
the state. of the gears corresponding to “red”, could incorporate a means.
of sampling the condition of their geared mechanism. This integrated
read out informs an external observer when “red” occurs. However, no
such external integrative mechanism is known for brain, and this is
the heart of the problem: either to invent one, as in the dualist concep-
tion of an external soul that supernaturally scans and manipulates neu-
rons, or to discover the true nature of the internal integration of neural
activity which proceeds within the brain. '

There are, of course, many human beings who also will never ex-
perience “red” by reason of their lacking the requisite receptor or neuro-
nal machinery. This, however, is but another example of the fact that
without neural processes subjective experience is impossible. The “blind
spot” of the visual field does not betray its presence, since without neu-
rons to represent the corresponding portion of the world nothing exists
therein. When a scintillating scotoma migrates slowly across my field
of view, objects which pass into it enter the same state of nonexistence
as objects behind me. The neurons of my striate cortex that should re-
gister the presence of the object are otherwise occupied in creating a non-
sensical, flickering cloud. The neurons are there, but the process is awry.
So too is it with the unseeing eye of sleep. The neurons of the sleeping
visual cortex fire as often as they do awake, yet their pattern differs (11).
They have slipped out of control by the eye and are instead given into
the command of some other system, perchance to dream (Fig. 1 and 2).
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Fig. 1. “Release” of striate cortex in the
macaque during sleep. All records from
same point in striate cortex, monitoring
its excitability directly to electrical sti- AWAKE A ASLEEP

mulation of optic radiation (upper traces)
and, 250 msec later (lower traces), indi-
rectly to excitation of optic tract. In the LIGHT
alert state in the light (A) the response
is greatest to input arriving from optic

tract, i.e., lateral geniculate nucleus is
“on”. Excitability is diminished in dark-

C
ness (C, “Chang effect”). In slow wave :
sleep, in the light or dark (eyes closed; .
B, D) the lateral geniculate nucleus is ’ |
“off” but striate cortex is highly excitable DARK
(compare upper with lower traces). Cali-
bration: 200 wv; 4 msec. From Bartlett y —_I
et al. (3)

The transition in control of the striate cortex with sleep, so clearly
seen in blind monkeys (Fig. 2), is probably attributable to action of the
centrencephalic system (see 37). Penfield (27) conceived this system to
be “that system within the diencephalon, mesencephalon and probably
rhombencephalon which has bilateral functional connections with the
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Fig. 2. Transition from sleep to wakefulness (arrows) in squirrel monkey 53 days
after blinding by increased intraocular pressure. The EEG of striate cortex (lower
two traces) is isoelectric for long periods in the alert state, as is usual in the
blind monkey. In both slow wave (4) and REM (B, note electroculogram, upper
trace) sleep, however, the pattern in striate cortex is very similar to that in these
states in normal monkey except that amplitude is greater. Monkey aroused by
had clap at arrows. Calibration: 200 wv, precentral cortex (L-MOT); 400 wv, striate
cortex. From H. Sakakura and R. W. Doty (unpublished).
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cerebral hemispheres” (note the pronounced symmetry in the EEG of
right and left striate cortex in Fig. 2). He tentatively proposed that the
centrencephalic system might represent the highest level of cerebral
activity. There are also suggestions that it functions principally in the
control of sensory input (e.g., 2, 3, 7), thus relating it to attentive mecha-
nisms. In any event, it was tempting to look upon this system as provid-
ing the unifying, integrative internal monitoring which, as noted above,
is an essential feature of the mechanism of consciousness. As is well
known, relatively small lesions within the mesencephalic portion of this
system in animals or man produce a permanent loss of consciousness
(e.g., 17). However, there are a number of facts which now indicate that
the centrencephalic system is not the primary focus of consciousness.
First, in 19 patients undergoing angiography of the vertebro-basilar ar-
terial system Alema et al. (1) were able to affect mesencephalic activity
directly and quite exclusively by injecting amobarbital into the verteb-
ral artery without altering consciousness. The pupils dilated, corneal
and pupillomotor reflexes disappeared, horizontal nystagmus occurred,
all indicating a profound, localized curtailment of mesencephalically con-
trolled activity, yet consciousness and memory for the procedure were
unimpaired. The converse observation, by Obrador (25) is that injecting
amobarbital into the carotid artery ipsilateral to the surviving hemisphere
in two cases of hemispherectomy produced an immediate loss of con-
sciousness. All this strongly suggests that the forebrain rather than the
midbrain is the more critical structure for consciousness. Indeed, for the
cat the activity of the mesencephalic reticular formation is itself de-
pendent on input from the forebrain, for it essentially ceases when these
connections are interrupted (38). The decisive evidence, however, for
a cortical seat of consciousness, is provided in the analysis by Sperry
and his colleagues (24, 32-34) of patients in whom the forebrain commis-
sures have been transected. Here the centrencephalic system is intact
(except for the massa intermedia) but fails to integrate the conscious
experience of the two hemispheres.

The deleterious effect of midbrain lesions must thus be tentatively
assigned to interruption of trophic influences which derive from the pro-
digious ramification of the brain stem monoaminergic systems (12, 18,
22, 26). In this regard it should be noted that Ingvar and Sourander (17)
observed a striking atrophy of the cerebral cortex in a patient surviving
3 years after a midbrain lesion; and, correlating with the data in Fig. 2,
the atrophy was largely confined to the occipital lobes.

This seems to leave the unity of consciousness to be arranged by
the forebrain commissures. There is, of course, the possibility that the
unity might arise only because of the restrictions on motor activity. If
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the conscious mechanism consists largely in the flow of sensory informa-
tion into motor output, it is readily apparent that the latter is unified
by its very nature; movement can proceed in only one direction at
a time. There are, however, several reasons for believing that the motor
system is not the primary focus of consciousness. First is the mainte-
nance of learned posture or movement in the absence of consciousness,
as in the common instance of patients preserving the position of an arm
with an intravenous catheter while they sleep; or the case, with better
documentation of the true depth of sleep, where human subjects can
continue pressing a switch upon a given signal even though fast asleep
(15).

Performance is thus not equivalent to consciousness nor is con-
sciousness always required for performance. Indeed, the motor system
is, to a large degree, served by an extensive sensory system exclusively
its own which operates wholly at the subconscious level. Afferents from
the muscle spindles produce no sensation in man (13, but see 16) nor,
apparently, in cats (35). Similarly, stimulation of the cerebellum, whose
primary function is the organization of movement and its control by
proprioceptive and other sensory input, has no immediate conscious ef-
fects in man (31, and R. S. Snider, personal communication), and in cats
cannot be used as a conditional stimulus for the performance of a learn-
ed behavior (4). The latter inability to support effects available from
all other sensory systems is seen as well for electrical excitation of nuc-
leus ventralis lateralis in the thalamus of the cat (J. E. Swett, personal
communication). Large potentials can be evoked in the sensorimotor
cortex, thus having a demonstrable neural effect, yet as a signal for per-
formance by the cat it remains undetected; and the same feature appears

in man (Fig. 3).
j S
¥ v

Fig. 3. Average of 250 responses to electrical stimulation of ventral posterolateral
nucleus of the thalamus (VPL) and skin (S) at 1.8/sec recorded from somatosensory
cortex in locally anesthetized human patient. None of the stimuli to VPL were
felt even though each was six times the threshold strength for detection of a train
of stimuli at 60 Hz. Each of the stimuli to the skin were twice threshold for
detection of single pulses. Note that in the stimuli which were not detected the
primary evoked potential (first downward deflection, VPL) is larger than for those
which were (S), and that the detected stimuli produced a much larger “late”
response. Calibration, 50 uv; total trace, 125 msec. From Libet et al. (21).
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Thus, not only in sleep but in wakefulness as well certain forms of
neural activity, even at cortical levels (see also below), are not necessarily
reflected in consciousness. There is a peculiar dichotomy here in data
for monkey vs. man. A macaque can detect the application of electrical
excitation at about the same level of current at any neocortical locus
and can perform a learned act in response thereto (6, 8, 9). The data sug-
gest that it is the most excitable cortical elements (and definitely not
trigeminal afferents) whose stimulation constitutes the signal. Yet in man
application of much stronger currents through implanted electrodes at
numerous loci yields no subjective sensation. There is thus either: a) a ra-
dical and hence unlikely difference in the basic properties of the neocor-
tical systems in man versus macaque, b) an automatism in the monkey
such that the learned response is made consequent to processing of the
cortical signal without its ever attaining a level of awareness, or c) in
monkey as well as man an initial “subjective silence” to unnatural direct
excitation of cortical elements, which only enters awareness as a conse-
quence of learning. There is, of course, the possibility that a human
subject, trained as is the macaque to electrical excitation of a cortical
locus which initially yields no report of subjective experience, might learn
to press a lever for reward each time this locus was stimulated, and still
be unable to report why the response was made. Such an outcome would
be but another example of a learned motor response that could proceed
in the absence of consciousness.

Libet and his colleagues (20, 21) are unique in having most carefully
and ingeniously examined these questions of the relation of cortical
neural activity to human conscious experience. Working with the sen-
sorimotor cortex of unanesthetized patients undergoing various neuro-
surgical procedures, they have clearly demonstrated that only certain
components of the potential evoked by peripheral or central stimuli
are associated with conscious perception (Fig. 3). The concept of con-
sciousness as a process here receives direct support since a certain “utili-
zation time” is required before stimuli, demonstrably effective in excit-
ing neurons, produce sensation. In other words, single or slowly repeat-
ed stimuli applied directly to the cortex, each of which evokes an elec-
trical response, may remain ineffective until delivered within a span of
time where their action can summate to attain the threshold for con-
sciousness. Furthermore, activity initiated by stimuli which would or-
dinarily yield a conscious experience can be interrupted (“masked”) at
any time up to roughly 200 msec after its onset, thereby aborting both
the process and the experience. As Libet (20) remarks, the process of
consciousness appears to behave in an all or none fashion. This can also
be perceived in ordinary life. It is a common experience for me, lying
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abed in the morning, to begin counting the strokes of our chiming clock
only to awaken as the echo of the last stroke dies away, realizing that I
have fallen asleep between the strokes five and seven (or was it five
and eight!). In other words, consciousness can be turned off and on with-
in a second or two, deleting or reinstating the registratoin of iterative,
identical sensorial events. This fact, combined with the data in Fig. 3
on the critical electrical events at a cortical locus, and knowledge that
these critical events must develop for ~125-500 msec (20) to reach con-
sciousness, clearly point to the possibility that the neural activity speci-
fically associated with conscious perception can be identified.

There is, however, a perplexing complication in the idea of a “thres-
hold”; for the threshold for conscious perception is by no means concep-
tually identical with that for consciousness per se. While some might
argue that “consciousness per se” is meaningless (consciousness devoid
of content; lacking immediate or recalled sensation!?), there are condi-
tions (“lost in thought” or the claims made for “meditation” by certain
cults) which suggest that the phenomenon of consciousness is not en-
tirely related to sensorial processing. The “threshold” for a “pure” con-
sciousness independent of sensation then becomes a difficult neurophy-
siological problem. What are the conscious concomitants of increasing
the relevant neural activity beyond the threshold level? There are,
perhaps, degrees of consciousness, but their quantification in relation
to the numbers of participating neurons is indefinable. The same pro-
blem is faced with the phylogenetic and ontogenetic evolution of con-
sciousness. At what point in the development of the nervous system
is the threshold of consciousness attained? Even if it is agreed that
consciousness arises in association with the action of only certain clas-
ses of neurons, how many such neurons are required? Suppose in one’s
present state these neurons necessary for consciousness suddenly began
to behave like radioactive nuclei and, with a short half life, started to
disappear one by one. At what point would consciousness be lost? Would
certain qualities of consciousness, e.g., the appreciation of color, of odor,
etc. be lost more rapidly than others? Or, perhaps, in such circumstan-
ces the threshold for consciousness would prove to be a myth, and the
level of awareness would simply deteriorate gradually.

While the foregoing questions may appear futile, the fact that they
can be specifically phrased in terms of neurons and consciousness sug-
gests that the problem is not wholly intractable. There may, however,
be a more direct means of access to it. Sperry (32) has astutely remark-
ed that the omly way one brain can communicate directly with the con-
sciousness of another is through the corpus callosum; meaning, of
course, that the separate consciousness exhibited by right and left
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hemispheres in man after section of the forebrain commissures must,
in the intact individual, intercommunicate. The argument obviously
centers on the finding that the aphasic, illiterate right hemisphere of
split brain man is conscious. Eccles (10) has vigorously argued that it
is not, but rather that the linguistically skilled hemisphere is the unique
and exclusive source of human consciousness, indeed that this con-
sciousness is focused in activity in the temporal lobe area of Wernicke
that is so enlarged in the “dominant” hemisphere (14). He states: “It
is demonstrated that the minor cerebral hemisphere with its on-going
activities that can be categorized as displaying memory, understanding
even at a primitive verbal level, and concepts of spatial relations does
not give any conscious experiences to the subject, who remains in con-
scious liaison only with neural events in the dominant hemisphere”
(10).

Obviously there is something very special about the left, linguis-
tic hemisphere; but need Descartes be followed from the pineal gland
into the left temporal lobe? Eccles himself shows (10) the picture from
Nebes and Sperry (24) of a commissurotomy patient, in whom langu-
age processes were well developed in both hemispheres, writing the
word “book” with his left hand, correctly recording what his right
hemisphere had seen, while the left, speaking hemisphere reports that
“cup” is being written. His remark is “that the conscious subject was
completely unaware of events in the right hemisphere” (10); leaving
the implication that the correctly written response to the perceived
word “book” was being accomplished by an unconscious subject! Surely
the remarkable specialization of the left hemisphere for linguistic
manipulation, on which rests almost the entire edifice of human accom-
plishment, can be conceded without at the same time insisting that con-
sciousness does not exist without language. Indeed, from what is pre-
sently known (e.g., 34) one would not wish to enter a more mundane
edifice in which the architect had not had the ability to utilize the non-
linguistic skills of his right hemisphere in the analysis of its spatial
relations. There is also the likelihood that for languages like Chinese
and Japanese which are written in complex characters requiring highly
sophisticated analysis of spatial relations for their interpretation, the
right hemisphere is dominant for reading and writing these characters
(29). Nor are aphasic patients considered to be unconscious, nor would
a physiologically normal, alinguistic human being who had been nur-
tured to adulthood wtihout benefit of human contact. It seems, clear ther-
efore, that language is not the sine qua non of consciousness, and that the
right hemisphere in split brain man lives a separate conscious existence.
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This being true, is it not likely that for intact man also the two
hemispheres have separate experiences that are unified by mutual com-
missural interchange? When a red light flashes in my left visual field,
does not my right hemisphere experience the “red”, as it would with-
out the commissures, even though it is the left that speaks the word?

Throughout this essay I have refrained from defining “conscious-
ness’”’, as it is a futile task; those who lack it are beyond such explica-
tion, and those who possess it need no further definition. But there is
an additional inference that now needs stipulation. If consciousness
arises from neural processes, then it will be present wherever those
neural processes exist. In my opinion the brains of all mammals have
a sufficient similarity that some type of consciousness must be inferred
for all; at least to date no fundamental qualitative distinction can be
made in the neuroanatomy and neurophysiology of animals and man.

Proceeding then on this assumption, I can ask significant questions
concerning “the monkey’s consciousness” in the following situation (9).
All of the forebrain commissures are severed save the splenium, the
right optic tract is cut to render that hemisphere “physically” blind,
and the left amygdala is removed to make the other hemisphere “emo-
tionally” blind. So long as the splenium is intact, the monkey is norm-
ally fearful of man, since the left hemisphere communicates with the
right across the splenium to interpret the significance of the input over
the left optic tract. When the splenium is cut, such interpretation can
no longer be made. Now, when the splenium is present, is it only the
right hemisphere that experiences the fear? Would it not “know’” some-
thing of the image cast into the left hemisphere? And does the left he-
misphere while the splenium is intact have knowledge of the fear?
Is there a “whole monkey” in the conscious state of this neural system,
or is it fragmented? Certainly the behavior is not fragmented and it
seems a reasonable assumption that the traffic of nerve impulses across
the splenium is somehow unifying the conscious experience of this anim-
al as it does within ourselves. Of course the experience of the monkey
is forever outside our own, but the traffic across its splenium may pre-
sent a reasonable approximation to that in man, to that which conveys
consciousness from one hemisphere to another.

In speculating on how the hundreds of millions of nerve impulses
traversing the commissures each second are compiled into the flow of
being which each man experiences, it seems inescapable that Nature’s
most profound secret lies hidden here. Some wholly unsuspected pro-
cess must be at work, coupling the prosaic flux of ions into a domain
far beyond our present ken. Science, however, advances in direct rela-



802 R. W. DOTY

tion to the precision of the questions which it can formulate. The dis-
covery that the processes of consciousness traverse the forebrain commis-
sures should significantly sharpen the question as to how neurons fashion
the miracle of mind.

Research from this laboratory, reported herein, was supported by USPHS
Grant NS03606 from the National Institute of Neurological Diseases and Stroke,
National Institute of Health.
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