1 BRAIN” EXPERIMENT LLFTY CENTS

Jonuary 1964

11963 gy
CIENT
IFIC AME!ICAN, INC, ALL RIGHTS RESERVED
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Link the Voices of the World
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Via vast radiotelegraph, radiophone, fac-
simile, marine, and video networks, these
electron tubes enable man to talk to man,
business to communicate with business,
government to keep in touch with govern-
ment—from virtually any point on earth.
Linking the voices of man around the
olobe is another dramatic way in which
RCA electronic components and devices
play an indispensable role—in world
commerce, in science and in international
understanding
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n the two halves of the

ctions betw
berebrum: the upper part of the brain.
fihe cercbial hemispheres are linked by
Qiscrete bundles of nerve fibers, called

pommissures, that form re

iprocal con-
pctions between parallel centers in the
o hemispheres. By far the most promi-
ent of these bridges is a broad cable
known us the great cerebral commissure

, more technically, as the corpus cal-
um (see illustration on pages 44 and
). This massive structure, which is
puticularly large in primates and largest
i nan, contains most of the millions of
fenve fibers that connect the two halves
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al for the proper per
formance of the brain’s functions. Mapy
years ago, however, brain surgeons dic.
covered to their surprise that when the
corpus callosum was cut

into (as jt
sometimes had to be for

medical req-
sons), this severing of fiber connectio,
between the cerebral cortic
little or no noticeable
patients’ capacities
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es produced
change in the
The same was trye
in the rare cases of individuals who
lacked the corpus callosum because of
a congenital failure in development. Ex.
periments in severing the corpus cal
losum in monkeys tended to confirm the
apparent harmlessness of the ope

ration.
Accordingly in the lte

1930s surgeons
tried cutting the entire corpus callosum
in some cases of severe epilepsy as 4
measure to prevent the spre

ad of epilep-
tic seizures from one

brain hemisphere
to the other. Efforts to pinpoint losses of
function in this series of cases were again
unsuccessful, )
Exactly what purpose the corpus cal-
losum served became more and more o
mystery. In 1940 the nerve physiologist
Warren S. McCulloch, then working at
the Yale University School of Medicine,
summarized the situation with the re.
mark that its only proved role seemed
to be “to aid in the transmission of
epileptic seizures from one to the other
side of the body.” As recently as 1951
the psychologist Karl S. Lashley, director
of the Yerkes Laboratories of Primate
Biology, was still offering his own jocular
surmise that the corpus callosum’s pur-

pose “must be mainly mechanical ... ie.,
to keep the hemispheres from sagging.”
The curious capacity of the brain to carry
on undisturbed after the destruction of
what s by far its largest central fiber
system came to be cited rather widely
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The technique essentiall

¥ consists in
the study or application, in

various ways
of the split brain: a brain divided surgi.
cally so that the performance of cach
half can be tested separately. It has
entailed a serics of experiments with ani
mals, starting with cats and continuing
with monkeys and chimpanzees. The
findings are not confined to animals
there has also been opportunity to study
human patients who had been operated

on for severe epilepsy and emerged from
the operation with a split brain but
freed of convulsive attacks and still in
possession of most of their faculties.

The split-brain studies have borne out
the earlier observation that the cutting
of the entire corpus callosum causes
little disturbance of ordinary behavior
This is generally true even when the
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diameter of 500 light-years. Mrs. Basinski
and I have estimated the total mass of its
stars at about 24,000 solar masses, with
an uncertainty of no more than 20 per
cent. Faulkner has estimated the total
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sl hemispheres, with the position of the corpus callosum in- right half of the brain as scen from the midline; the connecting
show the brains of a cat (left), a monkey (center) and ated in color. Lhe hottom drawings are sectional views of the structures cut in splitbrain invesuguions are designated in color.

CORPUS CALLOSUM and the other commissures connect the two

halves of the mammalian brain. The drawings on these two pages being (right). In each case the top drawing shows the to

enory. [t can o this in either of two  quired, by way of the corpus callosum.  grams in only one of its hemispheres.
as: by transmitting the information By cutting the corpus callosum after Thanks to a wide variety of experi-
the time the learning takes place,  learning, and by other methods of in-  ments with cats and monkeys, involving
by supplying it on demand later. In vestigation, it is possible to determine  one-side training and testing of various
ams, or memory  which of these two memory systems is  eye-limb and other combinations, we are
wes, of what s learned are laid down  used in different learning situations and  now beginning to get a fairly detailed
i the dircetly trained hemisphere — in different species. It appears from pres-  picture of the functions of the corpus
b0, by way of the corpus callosum, in  ent evidence that the cat tends to form  callosum, It is needed for corelating
be ller hemisphere as well. In other  engrams in both hemispheres when i images in the left and right lulwf of
il intercommunication via the cor-  learning something. In man, where one  the visual field; for integrating sensations
cllsun at the time of learning re-  hemisphere is nearly always dominant,  from paired limbs,orforlearning that rc-
“inthe formation of a double set of the single-engram system tends to pre-  quires motor co-ordination of the lu;dx:-.
incach half of the  vail, particularly in all memory relating  for unifying the cerebral processes o at-
2 01 sel T age. Th y s to fall h'nliun.mda\vau'ms).uudfur.mumlxr
hialished | a ‘nlufnlyv\um to languag 'Ihe monkey seems to O el activles that nvolve
™ Il‘l:i\m:l"t in lluidnc‘clly lr..uucd somewhere in between. It sunll:-llmes Zi,:;.t:m:m"o" *f the hemispheres.
the e | .nvmm.nlmn is u\"‘.lll.\blo he dnublf'-'vngr.mn system, x?( ntu- (e more the corpus allosum seems
t hemisphere, when it is re-  der other conditions it may lay downen- - Further
45

John S. Stamm and I trained cats to get  learning of a motor task, such
the pair of symbols was seen through  food by using a paw to choose correctly  tern of finger or paw moveme
one eye. After learning was complete the  betwecn a hard pedal and a soft one, or  sary to push a lever or open the
eye patch was shifted and the animal  a rough pedal and a smooth one, or two  cover of a food well. Wh'nt
was taught with the other eye to reject  pedals of different shapes [sce illustra-  with one hand or paw fails, a
the squ nd pick the circle. This tion on page 47). With the corpus cal-  to carry over to the other i
reversed training through the separate  losum intact, an animal trained to use  pus callosum has been sever
eyes gave rise to no sign of interference  one paw is generally able to carry out the  a cat, a monkey, a chimpanzee
or conflict, as it does in an animal with  learned performance when it is made to
an intact corpus callosum. use the untrained paw; normally the ln short, it appears from
Subsequent  studies, many dealing  training transfers from one side to the lated evidence that leam
with forms of learning other than the  other. But when the corpus callosum has  hemisphere is usually inacee
visual—discrimimation by touch, motor  been cut beforehand, the training of one  other hemisphere if the com
learning and so on—support the same  paw does not help the other; on shifting  tween the hemispheres are
conclusion. For example, in a special — from the first paw to the second the cat  This means that the corp
training box in which the animals could  has to learn discrimination by touch all  the important function
not see what their forepaws were doing, — over again. The same applies to the  two hemispheres to sha

first trained to choose the square when

e finst case the e

e
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VISUAL FIELDS and the visual centers of the brain are related as shown in this diagram
of the monkey brain. Cutting optic chiasm and corpus callosum leaves each eye feeding in-
formation to one side of the brain only and eliminates the normal overlap of visual fields.

to play important roles of a more gen-
eral nature. Its absence slows down the
rate of learning, at least in some situa-
tions. And, like other large nerve-fiber
tracts, it has a general tonic effect on the
brain cells to which it feeds impulses.

\ I any of these findings in animals have
. been checked and confirmed re-
cently in studies conducted on a human
patient in whom the hemispheres were
surgically separated in an effort to con-
trol intractable epileptic convulsions.
The seizures had been building up for
10 years in this man after a brain injury
sustained in World War II. Philip |
Vogel and Joseph E. Bogen, surgeons at
the Institute of Nervous Diseases of
Loma Linda University in Los Angeles,
cut through the corpus callosum and
other commissures. The operation was
remarkably successful in ending the at-
tacks. Moreover, the patient, a 49-year-
old man above average in intelligence,
was left without any gross changes in his
personality or level of intellect. In the
months after the operation he comment-
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ed repeatedly that he felt much better
than he had in many years. In casual
conversation over a cup of coffee and a
cigarette one would hardly suspect that
there was anything at all unusual about
him.

With the collaboration of the patient
and his physician, Michael S. Gazzaniga
of our laboratory has carried out a series
of careful tests probing the man’s per-
formances with one or both sides of the
brain and body. Like most people, the
patient is right-handed, and his domi-
nant cerebral hemisphere is the left one.
He 15 able to perform quite normally
most activities involving only the left
brain and right side of the body. For
example, he can easily read material in
the right half of his visual field, name
and locate objects in that half, execute
commands with his right hand or foot
and so on. He does, however, have cer-
tain difficulties with activities on his
left side.

Up to a point the left side of his body
can function normally: he appears to see
clearly in the left half of his visual field

and has good se
good motor funct
in any task th
interpretation based on |
is stored only in hig left
sphere, he F-Iourly shows the ¢ e
cerebral dlsconnection. ][,;( =
any material that f
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folded. While blindfoldeq hc(' 3 ‘)li"‘ﬂ;
to say where he has |,  Unghj
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the position or Movements of p;c
left hand. In fact, if the domingn l O
sphere of his brain is occupieq \].e
task, anything happening to the | a o |
of his body may g0 co o cltsigy
. mpletely,
noticed. When his dominant left |
sphere is questioned about Nonverld ¢
activities that have just been carrieq '._
successfully by the left | :
right hemisphere, it cannot recall thent
this is often the case even when both' 4
his eyes have been open and their vig
fields unrestricted. Evidently the dom
nant hemisphere of the brain ety
knows nor remembers anything abou
the experiences and activities of the ot
er hemisphere.
The separation of the two hemisph §
is further indicated by certain speci
tests. For instance, when the skinof -
one side of the subject’s body is ligh
tapped with the point of a pencil
can locate the point touched with the”
hand on that side but not with the o -'~'
hand. When a spot of light is flashed o
a screen in one half of the patienti™
visual field, he can point to it only will
the hand on the same side. In generd
ized motor activities his left hand usu
ly co-operates with the right, but nota
ways. At times the left hand may gool..
in a distracted way on independent ai
even antagonistic activities of its 0.
which can be troublesome.
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all recovery picture is even bettert' ﬂ :
was for the first patient. In partic 5
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TACTILE DISCRIMINATION is tested with the apparatus ~|m.\\‘n in the photograph llo!n
and in the diagram (bottom). The animal is trained to (li.\lillgllls.ll between l\.\n pedals w |l.h
different shapes or surface textures. In a normal cat, w hulcvcr.ls learned with on.-kp.'n\ is
transferred to the other one. But in a split-brain animal each side must learn a task anew.
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half preserves intact its internal organ-
ization, the inflow of sensory messages
and the outflow of motor commands.
Each retains its full set of cerebral con-
trol centers and the potentiality for per-
forming nearly all the functions of a
whole brain. Even the human brain, in
spite of the normal dominance of one
side, can adapt itself to carry on fairly
well when one hemisphere is eliminated
early in life because of a tumor or an
injury. A monkey with one cerebral
hemisphere removed gets along better
than a man in a comparable condition,
and a cat does much better than a mon-
key.

Because of the independence of the
two halves of the bisected brain, it is
possible to study nearly all brain func-
tions by concentrating on one half while
the animal carries on normally with the
other half. The situation %ords certain
uniquely helpful experimental condi-
tions. Since the experiments are per-
formed with one hemisphere, the iden-
tical opposite hemisphere can serve as a

ADJUSTABLE
HEAD RESTRAINTS

SPECTACLES

built-in control for comparison. More-
over, the fact that one half of the brain
suffices to deal with the animal’s needs
makes it possiblc to remove or isolate
parts of the experimental half, withm}t
disabling aftereffects to the animal, in
order to identify the functions of each
part. ;

A first question to arise in this con-
nection is: How far can the brain be
divided without grossly disrupting
brain-mediated processes? We have al-
ready noted that cutting the cerebral
commissures does not seriously interfere
with the functioning of the two hemi-
spheres. In monkeys the bisection has
been carried down through the roof of
the brain stem and completely through
the cerebellum, leaving intact for cross
communication only the tegmentum, or
floor of the brain stem [see illustration
on opposite page]. Such monkeys show
some motor unsteadiness, weakness and
uncertainty, but they eventually recover
their strength and stability. Deeper splits
through the tegmentum into the upper
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PERCEPTUAL CONFLICT in split-brain monkeys is tested with the a atus i
the .top drawing. It presents a different image to each eye, as seen in thppl';"-dm5 s}’."“’“ *
Whlle‘ one of the animal’s isolated eye-brain systems learns that pushin (:h o dl?gmm'
cross is rewarded by food, the other eye-brain system learns to .pu~lf lh: l:?::jela ‘f“}: u:ie
s instead.
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of light. Thomas H. Meikle and ]eri? ;
Sechzer of the University of Pepy 1. )
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rljhere are types of cross communica-
tion that can take place in a split -
brain because both sides of the brain are
directly connected to the motor system
or sensory organ involved. For example,
each brain hemisphere receives sensory
messages from both the right and the left
sides of the face and other parts of the
head; consequently the separation of the
hemispheres does not interrupt the com=
munication of sensations between theto-
sides of the head. Hearing in each ear is
likewise extensively 1‘epresented in both
cerebral hemispheres. The same may g
ply in lesser degree to certain sensations
in the limbs and the rest of the bO"jY;Y
this may explain why learning involving
hand and arm movements in monkeyS .
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DEGREE OF SEPARATION amon
cal procedures discussed by

the visual inflow is confined to one hemi-
sphere and the only hand in use is the
one governed primarily from the other
hemisphere.

Certain other performances under
study in our laboratory that appear to
involve cross integration in the divided
brain are even harder to explain. For ex-
ample, Colwyn B. Trevarthen and I have
found that a split-brain monkey can
learn to select the larger (or smaller, as
the case may be) of two circles of dif-
ferent sizes presented separately to the
two brain hemispheres, the larger to one
and the smaller to the other. To make the
relative size count, the circles are select-
ed from a series of five graded sizes. It
would seem that to make the comparison
successfully the two hemispheres, al-
though cut apart, must collaborate in
some way. Similarly, I have found that
split-brain monkeys grasping two han-
dles separately, one in each hand, can
pick the larger or the rougher of the pair.
Here again five different sizes zu.1d five
degrees of roughness are paired in ran-
dom right-left position.

Difficult as it is to avoid the conclu-
sion that the two brain hemispheres are
working together in these cases, the
strong evidence of many exPe.nments on
the independence of the divided heml-’
spheres suggests that one shf)uld sefel\-
other explanations. It is conceivable, for

\

THALAMUS

CEREBELLUM

g th? higher brain centers that is produced by the surgi-
the author is shown in this semisectional

diagram of the brain.

example, thata combination of independ-
ent strategies used by the two hemi-
spheres might have produced a high
score without any real exchange of infor-
mation. The discrimination of handles by
touch might have been aided by cross
communication through related sensa-
tions of movement or from motor feed-
back. It is also possible that the appar-
ent communication between the hemi-
spheres may have been achieved by way
of interactions taking place in the lower
brain stem or even in the spinal cord.
These and other possibilities are being
investigated.

Alother group of observations revealed
an interesting and significant dif-
ference between animal and human
brains. The tests had to do with the abil-
ity of one side of the body to respond to
visual cues received only by the cerebral
hemisphere that directs the opposite side
of the body. For example, with the cor-
pus callosum divided and with vision re-
stricted to one hemisphere, the animal is
trained to reach out and pick by vision
the correct one of two objects; can the
subject do this when allowed to use only
the hand or paw that normull'\'.ls asso-
ciated with the unseeing hmmsph.ou-.’
The cat proved to be able to use eltlf(‘r
. under these conditions with

forepaw
I ase. The monkey does not

about equal e
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HAND-TO-HAND CO-ORDINATION is tested in this experiment. The split-brain monkey
cannot see the plastic divider that prevents contact between its hands. By groping, it finds a
peanut with its upper hand. It can retrieve the peanut only by poking it down through
a hole and catching it with its lower hand. The only cues it has for placing the lower hand
are based on a joint-and-muscle sense of the position and movement of the upper hand.

do so well; sometimes it can co-ordinate
its motor response with the visual mes-
sage and sometimes not. In human pa-
tients, M this ability is
severely disrupted by the severing of the
corpus callosum. As we have already
noted, in the split-brain patient who was
extensively tested the left hand generally
is unable to respond correctly to com-
mands or visual stimuli presented only to
the left cerebral hemisphere. The patient

without prior brain injury does some-
what better, but even so the performance
is markedly poorer than that of the mon-
key.

The same applies to stimuli of other
kinds. For instance, when the human
patients are blindfolded and hold a pen-
cil in one hand, the other hand is un-
able to find the end of the pencil if the
hand holding the pencil shifts its angle or
cllunges its position in some other way.
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When monkeys whose corpus callosum
had been cut were put to similar tests by
Richard F. Mark and me, however, they
performed almost normally [see illustra-
tion above]. And when all the cross con-
nections down through the roof plate of
the midbrain, with the exception of the
corpus callosum, were cut, the perform-
ance also went well, Subsequent cutting
of the corpus callosum in this last situa-
tion finally abolishes the performance,
showing the participation of the corpus
callosum. Even so, the difference be-
tween man and monkey in the expend-
ability of the corpus callosum for such
hand-to-hand activities remains striking.

Here we are probably seeing a reflec-
tion of the evolution of the brain. The
appearance and development of the cor-
pus callosum in evolution parallels the
appearance and development of the
cerebral cortex. As in the course of evolu-
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representative apparatus for the mo
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a number of trials conducted with several mon-

the right eye the square, Here the split-
brain munlw} learns, remembers and
performs as if it were two different in
dividuals, its identity depending on
which ]I(‘llli\])ll(‘l'(' it ]l;ll)])('lb\ to be us-
ing at the moment.

What if the two hemispheres are asked
to learn these mutually contradictory
answers silnlllt;uwmlsl_\' instead of one
at a time ;111('1‘11;1t<-l)'? Can each hemi-
sphere attend to its own lesson and file
one answer in its memory while the
other is filing a (-on“icling answer in
its memory?

Trevarthen found a way to investigate
this question by intr()ducing p()];lrizing
filters to present reversed pictures simul-
taneously to a monkey with both eyes
open [see illustration on page 48]. A pair
of patterns (say a cross and a circle,
but any pair of patterns or colors will
do) is projected separately to the two
eyes. To one eye it appears that the
food reward is won by pushing the
cross; to the other eye it seems that the
circle is being pushed. In other words,
for one hemisphere the correct answer

is “cross” and for the other it cle
but the pane | that i yushed the
in both cases. After the monke

ing both eyes, has learned

correct panel 90 per cent of the time
I I

is tested with each e ye separatel

It turns out that there is st
tendency for one he misphere (usu
the one governing the arm that is first
used to push the panels) to learn the
answer sooner and more fully than the

other. This suggests that active atten-
tion by one hemisphere tends to weak-
en the attention of the second, although
the activities of the two have no direct
connection. Trevarthen has found, how-
ever, that sometimes both hemispheres
learn their respective answers fully and
simultaneously. That is, the split-brain
monkey in these cases divides its at-
tention between the two hemispheres, so
that it masters the two contradictory
problems in about the same time that
a normal, single-minded monkey would
be learning one problem.

This doubling of attention is also man-
ifest in Gazzaniga’s tests on the split-

keys over a period of time. The animals work at their tasks at their
]vi;unn moving to apparatus affixed to the rear of their cages.
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brain human patient discussed earlier.
The test consisted in asking the man
to pick a certain figure out of a pair
of figures flashed very briefly (for less
than a tenth of a second) and simul-
taneously in each of his visual fields—
one pair in the left field and one pair
in the right. The subject abruptly points
to the correct figure in the left field with
his left hand (governed by the non-
dominant hemisphere) and at the same
time indicates the correct figure in the
right field verbally or by pointing (this
act being governed by the dominant
hemisphere, which controls language
and speech). Discussing such rvsl;onses
afterward, the patient typically has no
recollection of having pointed with his
left hand; the dominant hemisphere
seems completely ignorant of what went
on in the other one.

These remarkable indications of a
doubling of the psychic machinery in
the brain raise a number of new (ines—
tions about the roles played in the learn-
ing process by attention, perception and
motivation. There are also many intri-
guing philosophical implic;itions: When
the brain is bisected, we see two separate
“selves”’—essentially a divided organism
with two mental units, each with its own
memories and its own will-competing
for control over the organism. One is
tempted to speculate on whether or
not the normally intact brain is some-
times subject to conflicts that are attribut-

RHESUS MONKEYS whose brains have been bisected perform well
in most general play and exercise tests. These animals with split
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able to the brain’s double structure.

How does an animal with a split brain
resolve the dilemma of being conditioned
1]i|‘vct1)‘ opposite answers to a
m? Suppose it is confronted
on in which it must make

to two
given pmhlo
with a situati
a choice between two “correct” answers?
Can it master the conflict, or is it para-
lyzed like the pl’()\'orl)iu] donkey be-
tween a bag of oats and a bale of hay
The kind of answer that is usually
obtained is illustrated in an extension
of the experiment with polarizing filters.
After the split-brain monkey has been
trained so that one hemisphere con-
siders as correct the panel marked by
a cross and the other hemisphere con-
siders as correct the panel marked by a
circle, one of the eye filters is turned 90
degrees. Now instead of the images be-
ing reversed in the two eyes, both eyes
see the pair of symbols in the same
way—say the cross on the left and the
circle on the right. Will the animal, with
both eyes open, choose the cross or the
circle or waver in confusion between
the two? In such tests the monkeys, after
only a little indecision and hesitation,
make a choice and adhere to it: they
consistently select the cross or the circle
for a series of trials. That is, one hemi-
sphere or the other takes command and
governs the monkey’s behavior. This
dominance may shift from time to time,
each hemisphere taking its turn at con-
trol, but it would appear that no serious
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