by Kart H. Pribram

and the words had a delightful Scan-

dinavian accent. The occasion was a
UNESCO meeting on the problems of
research on brain and human behavior.
The fateful words were not spoken by a
blonde beauty, however; they were
generated by a small shiny metal device
in the hands of a famous psycholinguist.

The device impressed all of us with
the simplicity of its design. The loud-
speaker was controlled by only two
knobs. One altered an electronic circuit
that simulated the tension of the vocal
cords; the other regulated a circuit that
simulated air puffs striking the cords.

Celis. This simple device could be
relevant to man’s study of himself. All
behavior might be generated and con-
trolled by an equally simple neural
mechanism. Perhaps the nervous sys.
tem works as a two-knob dual-process
mechanism.

To understand how a dual-process
mechanism could account for brain
function, we must first understand the
units that make up the nervous system.
In the last part of the 19th Century a
great controversy raged in neurobiol-
ogy about whether brain tissue is made
up of units—cells—as are all other tis-
sues of the body. The controversy has
been settled so conclusively that the ex-
istence of neurons—nerve cells com-
pletely separated from one another hy
. membranes—is no longer considered
“InMcBuoch. Empadiments of wina. 1545 theoretical, Yet, paradoxically, even

Uwvn vou.” It was spring in Paris,
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today no one has ever “seen” a neuron
in brain tissue—that is, no one has
traced its entire extent and shown it to
be truly separate from its neighbors.

Using the spinal cord as a mode}, Sir
Charles Sherrington was struck by the
paradox that the “wire” part of neurons
could not account for the complexities
of reflex behavior. He proposed that -
the neurons were slightly separated
from each other, and coined the term
“synapse” for the junction hetween one
neuron and another. He then endowed
the synapse with the capability to proc- .
ess neural signals in such a way as to ex-
plain the reflex hehavior he observed.

Barrier. Sherrington's theoretical in-
sight has been largely ignored by
newrophysiotogical and neurobehavio-
ral scientists. Attention has been fo-
cused on the existence and the
properties of the synapse and these
have been amply documented by elec-
tron microscopy and by recordings of
junctiona! electrical and chemical ac-
tivities. But interpretation of these re-
sults has almost invariably been within
the framework of the question “How
does the conduction of nerve impulses
pass the barrier of the synapse?” Refer-
ence restricted to cell discharge of im-
prlses and the conducting properties of
synaptic pathways is often viewed as
adequate and sufficient.

Few scientists have followed Sher-
rington’s thesis that the complexity of
hehavior {and of psychological proc-




Karl Pribram, a Irlm, soft-spokan man. relishes
paradoxas, They spica his eMort to understand
how the brain functions. In teaching at Stan-
tord Univarsity, Pribram often cites exparimen-
tal rasults that cannpt be explained by
coenvantonal thaorles. Over the years, his en-
countars wilh paradoxes produced a serles of
_related hypotheses that eveniually coalesced
Into a coharent thecry. Hae describes his vision
of how tha brain warks In his new book, Lan-
guagas of the Brain {Prenlice-Hall}. In the
process, ha challenges many a cherished
dogma. Tha book covers a large terrltory —
how nerve celis communicale with each
cother, the role of the brain In psychological
process, neural control and moditication of
behavlar, a philosophical treatise on commu-
nicalion between brains and braln-mind di-
cholomy. This article adapts from the book
Pribram’s holographic theory of memaory,
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junctional (synaptic) mechanisms in the
- central nervous system.

Following Sherrington’s lead, I pro-
pose that a microstructure of junc-
tional slow potentlals Is responsible for
“computing” the interactions among
neighboring neural elements that de-
termine behavior and that the junc-
tional mictostructure is the key to the
mystery of merdory and perception.

Boootor. Paradoxically, when an
electrical nerve impulse reaches a sy-
napse, it slows down and becomes so
weak that a chemical booster is neces-
sary to trigger an electrical change In
an adjoining neuron, Even then, the
electrical change 15 not # nerve im-
pulse, but a slowly moving charge of
~ low amplitude.

The slow, graded electrical changes
generated beyond the synapse con-
stitute, along with propagated nerve
Impulses, the two-process mechanism
of brain function. The neural junction,
tather than the neuron, is the unit
around which this second powerful
process is constituted.

Post-synaptic electrical and chem-
lcal events form a microstructure of
electrical potentials that influences the
brain tissue in which the microstruc-
ture occurs. It is these influences that
can account for the modification of the
brain during learning,

Growth, One of the paradoxes of
memory storage by the brain s that ata
_ person’s birth s brain nlrenfﬁ' contains

" practically all the neurons that it will
ever have. Elsewhere in the body, there
Is growth and reproduction of tssue
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adjacent cells. Trylng to explain how
memory grows during learning in the
absence of neural reproduction is like
trying to explain how a child could
grow in the absence of the ability of the
cells of his bones to divide.

In 1950 Karl Lashley—an American
pioneer in brain research—reached the
point of near despair after 30 years of
searching unsuccessfully for engrams,
memory traces in the brain. He wrote:
"I sometimes feel . ., that the necessary
conclusion is that learning is not pos-
sible at all. Nevertheless, in spite of
such evidence against it, learning does
sometimes oceur,”

Since Lashley made this statement,
and especlally in the 1960s, a great deal
of mnatomical and biochemical work
has been done on the memory problem.
I have gathered together the evidence
from this and embryological research
in a model of & memory storage mecha-
ttl}ilsm. The model goes something like

fs.

Leng, Most embryological tissue is
equipotential; it can develop into any
body part. For example, embryonic
head skin In contact with an eye vesicle
forms a lens. If the eye vesicle is re-
moved the skin will not form a lens,

At first it was thought that the head
skin already is predisposed to form a
lens and that the eye vesicle simply
scted as a trigger. But if the eye vesicle
{s transplanted to the flank, the flank
skin will form a lens. And if head skin
that normally forms a lens is put in con-

tact with an ear inductor, it will form -

an ear: If the head skin is combined

velop a myriad of structures is or 3
dinarily repressed. A paradox is en-§
countered, however, when biochemicalj
analysis is made of what substances!
serve best to overcome this repression§
The best substances are much moref
general in their action than would haveg-
been suspected. Endocrine secretions}
and an extremely interesting substance;
BNa, are the best known chemical in:¥
ductors. {aNa is the chemical that trani}
scribes the inherited potential cond
tained in nNA, the genetic memory;
molecule, Into the proteins that com:}
pose the protoplasm of adult cells.) The
paradox has not been completely re-
solved—either in embryology or for the '
memory mechanism. 2
Sslamendsr. These chemicals can"
act on tissues from a different specles,%
genus or even order. ’NA from cnlfs%
liver can cause a lens to form In a rat’s;
eye. And when flank skin of a frog em-;
bryo {s transplanted onto the head Hs-;
sue of a salemander, the resulting?
embryo develops a salamander head;
with the horny jaws and other features
of e frog.
Perhaps the memory mechanism ln ,
the brain follows a similar course. A3

the fact that nerve cells do not repro- ¥
duce. But this does not preclude a mul-:f
tiplication of nerve fibers and therefore 3
the junctlons among them. That an In-
crease In the number of neural junc- '\
tions does occur when rats are exposed 8
to an enriched environment has been 3%
demonstrated by Mark Rosenzweig and
his colleagues at the University of Cali
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fornia, Berkeley. How this increase in
connectivity can occur is most readily
demonstrated by peripheral nerves,
However, experimental destruction of
layers of cells in the brain cortex with’
resulting regrowth of fibers indicates
that the establishment of connections .
is not altogether different in the pe-
ripheral and central nervous systems.

Tangle. We know that after an in-
jury, a nerve fiber degenerates back to
the cell body from which it originated.
Immediately, a special type of cell al-
ready present in the sheath of the nerve
begins to multiply and take up the
space left by the dying fiber, These cells .
make a column of tssue that actsesa - -
place-holder for the nerve fiber. Thus,
when the nerve begins to regenerate, 8 -
pathway is ready for the growing tip of
the nerve fiber to follow. When the tis-
sue column is not present, the nerve's
growth cone pushes off in every direc-
tion and forms a nonfunctional tangle
that is often painfully sensitive.

Similar place-holding cells, cailed
glia or neuroglia form & sheath for neu-
rons in the central nervous system,
These glia ordinarily encass the tip of
nerve fibers and preclude growth,

There is now good evidence ob-
tained by Holger Hydén in Géteborg,
Sweden, that when a nerve impulse
reeches a synapse, it triggers the pro-
duction of specific aNA molecules, Just
a3 in embryonic tissue, anva Induces (or
at least is correlated with) marked met-
abolic activity in the glial cells that
envelop the neurons. repetition of

attern could cause
the glial cells to (ﬁvide. thus leaving
the tips of neurons free to grow be-
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The brain may ba the originaling power of -

the parceptions of hearing and glght and
smell, and memory and opinfon may come
i'rom thars, and oclance may be based on
memory and opinlon,

~PLATO (e, 427-34T B.C.)

tween the daughter glial cells to make
new contacts with neurons beyond.

This is one way that the junctional
microstructure with its electrical and
chemical characteristics can become
modified by experience. Once this has
- occurred, of course, subsequent behav-
ior is determined by the modification of
brain tissue.

Storage. Let us now change pace
and tirn to a specific memory process—
- recognition—for ' additional insights
into the properties of the brain’s mem-
ory store.

First, it is obvmus that recognition
depends on memory storage. What is
not so obvious is that most perception is
based on the state of current neyral or-
ganization, the current brain state. A
considerable part, though by no means
all, of this organization is built into the
‘brain. How much experience modifies
what we perceive is evident from ex-
perimental results obtained a decade
ago by Eugene Sokolov at the Moscow
State University,

Sokolov performed a simple demon-
stration that uncovered one of those
frujtful paradoxes that guide experi-
mentation in the neurobehavioral sci-
ences. When a person is exposed to the
beep of a horn, he ordinarily starts and
tumns toward it. But should the horn
beep be repeated frequently, his reac-
tions diminish markedly. The subject is
said to be habituated to the stimulus.

This lack of reaction to the contin-
uing beep turnsg out to be deceptive,
however. Actually e great deal is still
By plose
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The braln In all animats is bloodiess, devold

of veing, and naturally cold to the touch. .. .

From the eye there go three ducts to the
... natura haa contrived the bralnas .

braln.

A counterpoloa to the reglon of the hearl with
lis contalned heat. . . , The braln, then, tam-
pers the heat and gesthing of the heart. . . .
Ot alt animalg, man has the larges! brain in
proportion e hlc olze; and it s larger In

men than In women. Thlg Is because tha
reglon of the head and of the lung I hotter
and richer in blood In man than in any other
enimal; and In men than In women,

—AmcTomLa (384-322 8.C)

reactioos recur. This is the paradox.
Until Sokolov's demonstration, psy-

chologists and physiologists assumed -

that habituation simply made the nerv-
ous system less sensitive to input. But
Sokolov’s findings indicate that the per-
son who has habituated must be match-
ing the present sound against a stored
representation of prior tone beeps.
Habituation thus does not indicate
loss of sensitivity by the nervous sys-
tem; it shows that the brain develops a
neural model of the environment, a
representation, an expectancy against
which inputs are constantly matched.
Netrosurgeons and neurophysiolo-
gists have in their own way demon-
strated that a brain state needs to be or-
ganized before perception occurs.
They have explored the surface of liv-
ing human brains using mild electrical
stinntlation. When the electrical probe
touches the brain in some locations it
produces movements of parts of the
body (on the side opposite to that stim-
ulated} or n other locations, sensations
of body parts. Benjamin Libet of the
University of California Medical Cen-
ter in San Francisco recently has
shown, however, that the awareness
produced by stimulation is not immedi-
ate. It takes from half a second to five
seconds before the person has an ex-
perience to report. 1t thus appears that
electrical stimulation gradually orga-
nizes a state in the brain tissue, and

only when the brain reaches that state -

does the person become aware. The
nerve impulses generated by the elec-

Dya i B Wimans  bical stimodation are not 52 and of  lege besed bis Gestalt argmnents
Yemeenes  Teussfver wonibile o boedinte B cenysBetded) B5Es oull et
Qﬁamﬁ:‘&ﬁhmm rrTEsEe T S b i ramlee X o g

' To Imagine that the brein wao crea
becausa of the naturel heat of the hear, 19

is wholly absurd. [ ¥
Under all condlitions ong tinds the brs o

ganization, the brain state, that isy
coordinate with perceptual awareness? .

derstandmg the neural organization ol'
perception—especially of the recogm,.
tion process—incisively in his classic}
volume The Organization of Behavior.%
He states: “One must decide whether}
perception is to depend 1) on the exci—l‘_
tation of specific cells or 2} on a pattern}
of excitatlon whose locus is unimpor-§
tant.” Hebb makes his choice: “A par-§
ticular perception depends on the3
excitation of particular cells at some
point in the central nervous system.””

Research during the past decade ap-g
pears to have vindicated his choice. Mi-3
croelectrode studies such as those of}
David Hubel and Torsten Wiesel at}
Harvard University have identified}
neural units that respond to one dis-3
tinctive feature of visual pattern, such"ﬁ
as direction of movement, tilt of line,:
etc. Today, the body of neuropbysio-;

"logical opinion would agree, 1 belleve,

with Hebb that one percept corre~_;
sponds to one neural unit.

D.C. However, it seems to me that’
Hebb’s choice may be a Hobson's.
choice. When Hebb wrote his book
there were two general views of how
the nervous system might operate. The
well-substantiated view dealt with the’
genetation of nerve impulses and their
transmission across' connections be-
tween nerves, The other view dealt
with fields of electrical potentials.
Wolfgang Kohler of Swarthmore Col-
o
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that destroys half or more of his visual ' objects, Each point;on,

nize half his family. The organization ing point in the’ photagraphqd

out. The information In memory ap-.' from every. point in: tht} scepe ll$
pears to be distributed over large areas'-- tributed (diffused) to many point; Y

developed.;
In his search for a hypothesis to ex-.  visible pictures or image appt;' i

over discrete paths could be converted !arger swirls; interference pattq
into a general field of activity that func- ook like a piece of moiré slk}: .-e,lm
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nothing but nerve impulses to work  an object or scene aiidtheiy vqrged;‘q'i .
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Holograph. The two-process mecha- ference patterns, <5}

tion of the interference pattern hy-. the hologram has been constriscted
- pothesis. Further, a specific physical - itially by directing both be,ﬂm__at} )
model of the interference process has 1ects using -each as a refereﬁ_ K th

ma from the moa} bntertad part of 1o braln g
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g MAKING A
1 HOLOGRAM. A laser - !
beam s splli, part of
tha fight directed to a I
pholographic ptate
] and the other parl !
retiected from an
object to the piate.

ENLARGED other, then both objects can be “im-
HOLOGRAPHIC aged” when only one is re-illuminated.
PLATE. Reault of Holograms thus possess the property of
Interferance petterns o
L from object and from associative recall. We have all expe-
ML olerence beam, rienced the phenomenon of revisiting
an old neighborhood after many years
and suddenly remembering shops and
doorways and even placements of Fur-
piture in the apartment we lived in.
Had we been asked to recall these !
memories without the input from the
“reference” objects, the streets and .
buildings of the neighborhood, we ' l
would have been unable to do so. '
Further, the image from 2 hologram
has true three-dimensional perspective.
By moving his head, a viewer can look
around and behind objects in the pic-
ture, just as if he were looking at a real
scene from different positions.
Fragment. But as a model for brain R
function in perception, most pertinent .
is the ease with which information be-
comes distributed and retrieved in !
holography. The holographic film can i
— be cut into fragments and each frag- !
ment when it is illuminated, will pro-

e R
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RECONSTRUCTING
THE HOLOGRAM.

[ S

Light trom the
reconstruction
beam ia

dittused by the plate

in the same way light

from tha object was

ditfused by the plaie.

duce the entire image. Damage to any
part of the film—even a large part—will
not visibly degrade the image recon-
structed from the remainder. Tear an
ordinary photograph of your family in
half and half the family disappears. Do
this to a hologram and recognition re-
mains unimpaired.

In addition, the hologram has a fan-
tastic capability to retrievably store in-
formation. Many different interference
patterns can be super-imposed in one
hologram, Some 10 billion bits of infor-
mation have been stored holograph-
fcally in one cubic centimeter! Dis-
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tributed information and the incredibly
large storage capacity—two properties
of the brain mechanism in recogni-
tion—are thus accounted for by the
model.

Systems. Holography does not de-
pend on the physical presence of light
waves even though the mathematical
equations that describe holograms are
derived from wave mechanics. Com-
puter simulation of the holographic
process has been achieved and prom-
ises to be an important aid to present-
day information-processing systems.

This tndependence of holography
from actual physical wave production
is important to understanding the neu-
ral holographic process since there is
considerable doubt whether brain
waves such as those recorded by the
electroencephalograph (E£c) could be
the basis of holographic information
processing, although they may indicate
that such a process is taking place. The
amount of information storage is an in-
verse function of wave tength and ordi-
nary brain waves are rather long.

Arrlvel. But the junctional micro-
structure of slow potentials provides
the rich substrate demanded by a ho-
lographic process. Consider the arrival
of neural impulses at a set of synapses.
When the arrivals converge from at
least two sources, they create inter-
ference patterns. Such patterns have
been demonstrated to occur in the
cerebellar cortex and therefore are
most ltkely in other cortical tissue.

Experiments by Fergus Campbell
and his associates at Cambridge Uni-
versity hive provided some direct sup-
port for a neural holographic process.
Campbell used differently spaced dif-
fraction gratings and showed that vis-
ual potentials evoked by a grating with
one spacing will be habituated to =
range of spacings. This indicates that
the brain mechanism tnvolved is sensi-
tive not to the spacing per se, but to a
transformation that encompasses the
range of gratings. Such a transforma-
tion is mathematically identical to
those that are used to make holograms,
Campbell’s experimental result ac-
counts for the fact that a child who has
leamned to identify the letters of the al-
phabet by sight can recognize them no
matter what size they are. The child
readily identifies a 20-foot letter “A” on
a billboard even if all the A's he has
seen before then have been a quarter of
an inch in height.

Angle. Just recently these experi-
ments have been taken a step further by

G0 rsvouoiray topay, Seotermbar 1971

David Pollen at Harvard University.
Pollen has shown that “the striate cor-
tex transforms the topographic repre-
sentation of visual space in the lateral
geniculate body into a Fourier trans-
form or spatial frequency representa-
tion at the complex cell level via the
intermedtary simple cell [line sensitive]
stage of ‘strip integration.’” In short,
the brightness distribution falling on
adjacent reactive fields is “effectively
decomposed Into a set of sine wave
gratings at ali possible position angles
and covering a wide range of cycles per
degree of visual angle” fulfiliing Camp-
bell’s experiment promise.

If recognition is a holographic proc-
ess, then the visual system separates the
percelved spatial frequencies of an ob-
ject into Independent channels and uses
the ratlo of these frequencies—the in-
terference pattern—to identify the ob-
Lect. In such a process, the relative

armonic content would be sorted in
the memory system, making the abso-
lute size of the object irrelevant, If ev-
ery size of every object had to be filed
in the memory system, both storage and
retrieval would be complicated.

The study of visual perception in in-
fants also supports the holographic
hypothesis. Contrary to the widely held
views based on Hebb's theorles, size-
and-shape constancy do not emerge
from a combination of prior and pre-
sumably more primitive perceptions.
Hebb's suggestion was based on experi-
ments and clinical observations in
which subjects were reared under con-
ditlons of sensory deprivation. He as-
sumed that experience was necessary
for the proper development of brain
function in perception. But experi-
ments by Thomas Bower at Harvard
University have shown that six-week-
old infants already display size and
shape constancy and that these con-

stancy phenomena are dependent on.

parallax (seeing one object move in
front of another). What simpler mech-
anfsm for sensitivity to parallax exists
than the three-dimenstonal perspective
provided b ( holography?

Eye. Electrophysiological experi-
ments by Hube!l and Wiesel have also
shown that the mechanisms for feature
detection are already well developed in
the brains of mammals at birth and that
they deteriorate as a consequence of
sensory deprivation. Further, when
deprivation is Hmited to one eye the
electrophysiological deterioration s
much greater than when both eyes are
deprived despite the fact that each cor-

tical feature detector is connected i
both eyes. Thus, sensory deprivaticy
does not affect the development of fe#
ture detector function. Either ' 'f
mechanism atrophies through lack of
use or the malfunction induced by
deprivation actively suppresses it 1
either case, the mechanism involves b
connectivity among detectors, thel ¥
junctions, not the detector neuron
themselves. And as we have already} g
seen, there is ample evidence that thj %
junctionat microstructure is hlghly sexry
sitive to modification by experience. ‘% 3

#ode. My account of perception his} J
been one-sided. I have singled out thé} j
visual mode and anatyzed only one asf
pect of it. The holographic hypothesis -
with modifications, must hold for other$
sensory modes if it is to be generaily
useful. i

The models of the audjtory and sense
of touch processes proposed by Georgy
von Békésy of the University of Hawaij
use identical equations to those that de.
scribe the holographic process. Appli-y:
cation of the holographic hypothesis to )
studies of auditory and somato-sensory %
brain processes, therefore, should be}
both feasible and rewarding. S

As yet, too little is known about the §
neurological processes of taste and}
smell to allow more than a guess that §
the holographlc model may be appli-§
cable. But again B&késy has shown how {
this might be done, and unit analysis of '-
neurons in the olfactory bulb by
Jerome Lettvin of the Massachusetts
Institute of Technology suggests that
the approach is reasonable,

When the holographic model is %
taken seriously, many paradoxes re-
garding brain function in perception
become understandable. This does not !
mean that ali brain function can be re- |
duced to a holographic process, or that !
all the problems of recognition yield to -
holographic analysis.

The neural hologram is used to ex-
plain the psychological function of per-
ception and the distributed memory
mechanism in the braln. It does not fol-
low that memory is distributed helter-
skelter all over the brain—and memory
mechanisms other than those that fit
the holographic model must play =
role—even in perception and certalnly
in recognition.

The outlines of the neural hologra-
phic process are only now coming into
focus—yet at least outlines are before

us—where not so long ago, only vague
hobbits inhabited the land of neuro-

mythology. 9

4|






