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quired, by way of the corpus callosum.

By cutting the corpus callosum after
learning, and by other methods of in-
vestigation, it is possible to determine
which of these two memory systems is
used in different iearning situations and
in different species. It appears from pres-
ent evidence that the cat tends to form
engrams in both hemispheres when it is
Iearning something. In man, where one
hemisphere is nearly always dominant,
the single-engram svstem tends to pre-
vail, particularly in all memory relating
to language. The monkey seems to fall
somewhere in between. It sometimes
uses the double-engram system, but un-
der other conditions it may lay down en-
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right half of the brain as seen from the mid-line; the connecting
structures cut in split-brain investugucions are designated in color.

grams in only one of its hemispheres.

Thanks to a wide variety of experi-
ments with cats and monkeys, involving
one-side training and testing of various
eye-limb and other combinations, we are
now beginning to get a fairly detailed
picture of the functions of the corpus
callosum. It is needed for correlating
images in the left and right halves of
the visual field; for integrating sensations
from paired limbs, or for learning that re-
quires motor co-ordination of the limbs;
for unifving the cerebral processes of at-
tention and awareness, and for a number
of other specific activities that involve
direct interaction of the hemispheres.
Furthermore, the corpus callosum seems
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to play important roles of a more gen-
eral nature. Its absence slows down the
I 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.

\ [un) of these findings in animals bave
Meen 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 Angcles,
it through the corpus callosum and
other commissures. The operation was
IT;R‘;TL{‘II:)IS'kSlvlc.'t.'vssful in.cnding the at-
L m;-m .l]L)O\,(,l , tvhc. pnuf:nt., a ~f%)-'\'c;u'-
- Hor “-m(])\ (t .'1\ c'xugc in 1ntel.1gf*nu?,

Boersonality ()"“l ).1?1) gross changes in liis

B ihct .-T evel of .mtellccl. In the

alter the operation he comment-
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VISUAL FIELDS and the vicual centers of the brain are related as shown in this diagram
of the monkey Drain. Cutting optic chiasm and corpus callosum leaves each eye feeding in-
formation Lo one side of the brain only and eliminates the normal overlap of visual fields.

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-hunded, and his domi-
nant cerebral hemisphere is the left one.
He 1s 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 Jocate objects in that half, execute
commands with his right hand or foot
and so on. He does, however, have cer-
tuin difficulties with activities on his
left side.

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

BUVL UL suinc G,
TRV

in any t i g
P )

ask thy; e e
i.ntcrprctuti()n l:':serg(g::r]?ncl:(:.g,m(nlt .or
is stored only in his left c:r(:l,cr:i \]\ jlc-h
sphere, he clearly shows the effe I<t= ];“;l-
cerebral disconnection. He ¢ gy
. : - He cannot read
imf\ 1141;1te1'1n.] that falls in the left half of
b e e
easilv, Nor can he )\:S - lﬂlu\]t_\'.and S
meau.lingful with his lrc’;f ]“"‘_‘ t]hmg i
he cannot carry out v -]l;n;( edtioes
R erba con'nn;\nds

] q v left leg, When an
object is presented solely in the left half
of his visual field, he may react to it ap-
propriately but he cannbt name or de-
scribe it. The same is true of an object
placed in his left hand when he is blind-
folded. While blindfolded he is unable
to say where he has been touched on
the left side of the bodv or to describe
the position or movements of his own
left hand. In fact, if the dominant hemi-
sphere of his brain is occupied with a
task, anything happening to the left side
of his body may go completely un-
noticed. \WWhen his dominant left hemi-
sphere is questioned about nonverbal
activities that have just been carried out
successfully by the left hand via the
right hemisphere, it cannot recall them;
this is often the case even when both of
his eyes have been open and their visual
fields unrestricted. Evidently the domi-
nant hemisphere of the brain neither
knows nor remembers anything about
the experiences and activities of the oth-
er hemisphere.

The separation of the two hemispheres
is further indicated by certain specific
tests. For instance, when the skin on
one side of the subject’s body is lightly

tapped with the point of a pencil, he

can locate the point touched with the
hand on that side but not with the other
hand. When a spot of light is flashed on
a screen in one half of the patient’s
visual field, he can point to it only with
the hand on the same side. In general-
ized motor activities his left hand usual-
ly co-operates with the right, but not al-
ways. At times the left hand may go off
in a distracted way on independent and
even antagonistic activities of its own,
which can be troublesome.

rr hese findings are gcner;\]]_\' confirmed
in work begun with a second patient
who has more recently recovered from
the same kind of Drain operation. The
results in this individual are not com-
plic;ltcd by an ewlier brain injury, and
two months after the operation the over-
all recovery picture is even better than it
was for the first patient. In particular,
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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 possible to remove or isolate

parts of the experimental half, without

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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%?ER(:EPTUAL CONFLICT in split-brain monkeys is tested with the apparatus shown in

* 19 drawing. Tt presents a different image to each eye, as seen in the bottom diagram.
y 1 animal’s isolated eye-hrain systems learns that pushing the panel with the
warded by food, the other eye-brain system learns to push the circle instead.

part of the pons have been made in the
cat by Theodore Voneida of our labora-
tory. A curious blindness ensued, but it
clc.ared up after several weeks and the
animals made 5 good recovery. The ef-
fects on learning and perception of these
dccpest bisections have not yet been
§tudxcd in detail. In general, however,
it C:'ln be said that the two halves of the
bx"a.m function well even when they are
divided down into the upper regions of
the brain stem, provided that only cross
connections are cut,

The effect on behavior of severing the
Cross connections between the two
halves of the brain is not always simple
and unambiguous. An animal with a
split brain sometimes behaves as if the
two hemispheres were still in direct
communication in one way or another.
Some of these cases can be explained
without difficulty; others are puzzling
and call for further investigation.

One case involved the ability to re-
spond to differences in the brightness
of light. Thomas H. Meikle and Jeri A.
Sechzer of the University of Pennsyl-
vania School of Medicine trained cats to
discriminate between brightness differ-
ences seen with one eye and then tested
them with the other eye. With the corpus
callosum severed the cats were able to
transfer this learning from one hemi-
sphere to the other when the brightness
distinctions were easy to make, but not
when they were fairly difficult. The
transfer disappeared, however, when
cross connections in the midbrain, as
well as the corpus callosum, were cut.
This case therefore appears to be ex-
plainable on the basis that in the cat the
process involved is simple enough to oc-
cur at a level lower than the corpus cal-
losum. In the monkey and in man, how-
ever, the corpus callosum seems to be
required for the transfer of even the sim-
plest brightness or color discrimination.

here 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 the two
sides of the head. Hearing in each ear is
likewise extensively represented in both
cerebral hemispheres. The same may ap-
ply in lesser degree to certain sensations
in the limbs and the rest of the body;
this may explain why learning involving
hand and arm movements in monkeys
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1do so well; sometimes it can co-ordinate
its motor response with the visual mes-
sage and sometimes not. In human pa-
tients, on the other hand, this ability is
severely disrupted by the severing of the
@pus callosum. As we have already
oted, in the split-brain patient who was
f’nensi\'cl'\' tested the left hand generally
5 unable to respond correctly to com-
Bands or visual stimuli presented only to
s left cerelyra] hemisphere. The patient
?ﬂ"’“t prior brain injury does some-
n:tll)ke::]?\r but even so the performance
ke ¥ poorer than that of the mon-
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applies to stimuli of other
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" Instance, when the human
wre blindfolded and hold a pen-
1 one |,
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abl. |, find ‘1]“(], the other hand is un-

114 the end of the pencil if the
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dln“g "g the penci] shifts its angle or
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Position iy some other way.

'BAND-TO-HAND CO-ORDINATION is tested in this experiment. The split-brain monkey
‘cannot <ee the plastic divider that prevents contact between its hands. By groping, it finds a
peznut with its upper hand. It can retrieve the peanut only by poking it down through
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.

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 perfor'm-
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'spch
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 th(,z
appearance and development of the
cerebral cortex. As in the course of evolu-
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nore Cl’itic\] S
4. 50

do the vhe g also
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e > €aming equally
each capable of serving bg ; ‘ .
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. monkey the two

lﬂiyﬂer? ::pp]urently somewhat
ahzed. As the ace i
memories, or the storage ;;l::;:l;:lz?o:f

comes more important iy, the };i he;
animals, the duplication of memor rgﬁ]es
in the two braip hemispheres i givien u
for a more efficient system: the divisiog
of labor by the assignment of specialized
ﬁ]e§ and functions to cach hemisphere,
This evolution has culminated in the hy-
man brain. Here 3 distinct separation of
functions prevails: language is the task
of the dominant hemisphere and lesser
tasks are largely taken over by the other
hemisphere.

The question of dominance is crucial
for the effective functioning of the brain
as the master control system. Bear in
mind that the brain is composed of twin
hemispheres, with a full set of control
centers in each hemisphere that enables
it to take command and govern the gen-
eral behavior of the animal. \What hap-
pens, then, if the two halves of an ani-
mal’s split brain are taught to give
completely conflicting responses to a giv-
en situation?

and p

more speci

The devices developed in our labora-
+ tory allow a great variety of experi-
ments, using all sorts of combinations of
brain control centers with the sensory
and motor organs of the body. T hey can
restrict the animal to the use of one eye
or the other with one hand or the other,
to the tactile sense without vision, to vi-
sion in one brain hemisphere and the
tactile sense in the other, and so on. A
representative apparatus for the mon]\:ey,
designed for experiments involving visu-
al stimuli and responses with the hand,
is shown in the illustration on page 43.
The monkey stations itself behind a bar-
rier that can be adjusted to let it sce with
both eves or the right eye or the left eye
or ncit'hcr, and to let it use both hands
or only the right or the left. ]?)' the use
of lig];t-pu]uri'/.ing filters, the visual stlm.-
ulus (for example a circle) can be split
and the two images projectcd s.cpm'.ately
to the two halves of its \'isn;ﬂ. field in or-
der to determine if the sub,]cct caw ip-
them. The monkey’s responses

tegrate ; -
L"()Tl\'i\‘l in pressing buttons, pulling levers
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the right eve the square. Here the split-
brain monkey learns, remembers l;md
performs as if it were two different in-
dividuals, its identity depending on
which hemisphere it happens to be us-
ing at the moment.

What if the two hemispheres are asked
to learn these mutually contradictory
answers simultancously instead of one
at a time alternately? Can each hemi-
sphere attend to its own lesson and file
one answer in its memory while the
other is filing a conflicting answer in

Trevarthen found a way to investigate
this question by introducing po]ari;ing
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 scems that the
circle is being pushed. In other words,
for one hemisphere the correct answer

ing
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but the panel th
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& sually
one governing the arm that is first

used to push the panels) to learn ¢l
answer sooner and more fully tir l]c
o}her. This suggests that b
tion by one hemisphere tends to weak
en the attention of the second s
the activities of the two have’
connection. Trevarthen has found. ho-
ever, that sometimes both hcmis,here
le;arn their respective answers fulg' ang
simultaneously. That is, the split-brain
monkey in these cases divides its at-
. tention between the two hemispheres, so
that it masters the two contmdict;r\'
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-

active atten-

although
no direct
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?dupted to tabulating and record-
tials conducted with several mon-
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keys over a period of time.

leisure, moving to apparatus a

The animals work at their tasks at their
fixed to the rear of their cages.
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test const ed m asking i
ick a cortain figure out of a pair
poures flashed very briefly (for less
a tenth of a second) and simul-
usl\' in each of his visual fields—
B in the left field and one Pnir
he right. The sub.ject abruptly points
o the correct figure in the left field with
is left hand (governed by the non-
- dominant hemisphere) and at the. same
'n'me indicates the correct ﬁgm:e in th'e
right field verbally or by pointing ‘(tlns
act being governed by the dominant
emisphere. which Fontro]s language
Bt speech) . Discussing su_ch responses
afterward, the patient typically has no
recollection of having pointed with his
Jeft 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 ques-
tions about the roles plaved in the learn-
ing process by attention, perception and
motivation. There are also many intri-
quing philosophical implications. \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-
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resolve the dilemma of being conditioned
to two dircct]y opposite answers to a
given problem? Suppose it is confronted
with a situation in which it must make
a choice between two “correct” answers?
Can it master the conflict, or is it para-
lyzed like the proverbial 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 eve filters is turned 90
degrees. Now instead of the images be-
ing reversed in the two eyes, both eves
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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RHESUS MONKEYS whose brains have been bisected perform well
in most general play and exercise tests. These animals with split

brains are hardly

B S

ability to meve about,

T NS y o
tween the separated hemispheres 15 oc-
casionally seen in tests given the human
patients. Incorrect responses by the left
hand may so exasperate the more sophis-
ticated dominant hemisphere that it
reaches across with the right hand to
grab the left and force it to make the
correct choice. Or conversely, when the
literate hemisphere and right hand fail
in a block-arrangement test—one of the
few things that the left hand and non-
dominant hemisphere generally do bet-
ter—impatient twitches and starts oc-
cur in the left arm, which may have to
be restrained to keep it from intercept-
ing the right. As in split-brain cats and
monkeys, however, one hemisphere or
the other generally prevails at any giv-
en time. Any incompatible messages
coming down from the other hemisphere
must be inhibited or disregarded.

The experiments discussed in  this
article are a sample of the large vari-
ety of studies with the split brain that
are being carried on by our group at
Cal Tech and by others in laboratories
elsewhere. Work with the split brain has
enabled us to pinpoint various centers
of specific brain activity, has suggested
new concepts and new lines of thought
and has opened up a wealth of new pos-
sibilities for investigating the mysteries
of the mind.
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distinguishable from normal monkeys in their

find and retrieve food and do acrobatics.
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