Receptive Field Development
and Individual Experience

Visual experience begins before development is over

and may participate in assuring adaptive outcomes.

Paul Grobstein and Kao Liang Chow

For more than 10 years, investigators of
nervous system development have known
that samples of neurons in the striate cor-
tex of cats which have had abnermal early
visual experience may display a quite dif-
ferent spectrum of receptive field proper-
ties from those with normal visual experi-
ence. The original observation was that the
proportion of binocular neurons was dra-
matically reduced when kittens received in-
congruous experience through their two
eyes (/). Later it was reported that, when
kittens received visual experience restrict-
ed to lines of a single orientation, it was
not possible to detect neurons specific for
orientations very different from those ex-
perienced (2, 3). In the past few years, it
has been claimed that a number of other
aspects of receptive field organization may
also be affected by abnormal early visual
experience (4). These observations have
reawakened interest in a classical hypothe-
sis of developmental neurobiology: that in-
dividual experience participates to some
extent in patterning the intricate inter-
connections of the nervous system. The ob-
servations have not, however, established
the proposition as an accepted principle of
nervous system development.

Basically, there are three reasons for res-
ervations. One is that the observations
have to do with the responses of cortical
neurons to visual stimulation; the exten-
sion to neuronal interconnections is infer-
ential. We will not, in this article, treat the
legitimacy of this inference, but simply
note that it is not entirely unsupported by
anatomical studies (4). The second reason
for reservation, particularly in the case of
restricted orientation experience, is that
there has been some doubt whether the ob-
served changes in distribution of receptive
field properties actually indicates that indi-
vidual neurons have been modified in the
relevant properties. Finally, and most gen-
erally, there is considerable uncertainty as
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to whether the processes responsible for
abnormal distributions of receptive field
properties in abnormally experienced ani-
mals actually operate during normal devel-
opment. This uncertainty, in turn, is large-
ly due to two conclusions drawn from the
original investigation of sensitivity to ab-
normal visual experience in the cat: that
the visual pathways are essentially fully de-
veloped before visual experience begins
and that the effect of abnormal visual ex-
perience is to produce a deterioration of
the fully developed state (5). From this per-
spective, during normal development, visu-
al experience may be necessary to main-
tain the developed state but it certainly is
not responsible for producing it.

For the past several years, we have been
studying the development of receptive field
organization in the rabbit visual cortex (6)
and the role of sensory experience in the
process (7, 8). This work has produced
quite different conclusions about the de-
gree of receptive field development present
before first visual experience occurs and
about the effects of subsequent abnormal
visual experience. The similarity between
our results in the rabbit and recent results
in the cat (9) suggest that a new perspective
may be warranted, one which recognizes
receptive field development as continuing
well into the time of, and being significant-
ly influenced by, initial visual experience.
In this article, we attempt to justify this al-
ternative point of view, sketch its broad
outlines, and indicate where uncertainties
still remain.

Rabbit Receptive Field Development

The rabbit differs from the'cat in having
laterally placed rather than frontally
placed eyes, so that very little visual field is
seen by both eyes. As might be expected
from this, the retinal projections are al-

most fully crossed and the great bulk of the
visual corteéx contains neurons that are ex-
clusively activated by the contralateral eye
(10), unlike in the cat where most neurons
are binocularly activated (/1). Our studies
have been restricted to areas of rabbit visu-
al cortex which represent visual field seen
only by the contralateral eye (/2). This has
allowed us to focus attention on the role of
visual experience through one eye, without
the complication, present in the cat, of in-
teractive effects between two eyes. A sec-
ond difference between the cat and the rab-
bit is that in cats most neurons require a
properly oriented stimulus bar or edge for
maximal activation (I1), whereas this is
true for only about one-third of the neu-
rons in rabbits (/0). Most of the remainder
of the neurons in the rabbit are maximally
responsive to stationary spots of light, to
moving spots of light, or to spots moving in
a particular direction (/3). Several things
follow from this. One is that we have rou-
tinely distinguished between directional
and orientation specificity, which has only
recently been done in cat (9). A second
consequence of the diversity of receptive
field types is that the original investigators
of adult cortex were motivated to describe
the relative frequencies with which neurons
falling into them were encountered (/0).
This allowed us to pose our questions in
terms of the developmental time courses
over which these frequencies were attained.
Finally, the presence of both orientation-
specific and nonorientation-specific neu-
rons in the rabbit cortex made it possible
to recognize an involvement of visual expe-
rience restricted to the development of
orientation specificity.

In our initial developmental studies (6),
we concentrated on the relative numbers of
orientation-specific, direction-specific, and
nonorientation-specific  receptive  fields
present at various ages. In particular, we
were concerned with ages in the vicinity of
about 10 days, when rabbit pups normally
open their eyes and patterned visual expe-
rience first becomes available. Figure |
shows the time course of receptive field de-
velopment in rabbit visual cortex. It illus-
trates the general conclusion that the pro-
cess is not complete when the animals open
their eyes. Specifically, neurons displaying
orientation specificity were not detectable
until after eye-opening, and they increased
in relative numbers over the subsequent
several weeks. The same was true of direc-
tional cells. Nonoriented cells, on the other
hand, are present before eye-opening in
frequencies near levels characteristic of
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Fig. 1. Normal development of receptive field organization in rabbit
visual cortex. The four curves illustrate changes as a function of age in
the properties of samples of cortical neurons recorded in rabbits under-
going normal development. The abscissa represents age in days after
birth. The ordinate represents the percentage of the total number of
neurons recorded at any given age. Shading indicates the age at which
rabbits open their eyes. The upper curve shows the percentage of the
neurons encountered which were responsive to visual stimulation of any
kind. The lower three curves indicate the percentage of neurons encoun-
tered which were categorized as nonoriented, oriented, or indefinite
as described in the text and in (/3). Direction-selective neurons are not

shown [modified slightly from (6)].

adult animals. A second difference between
young animals and normal adults was the
high percentage of neurons (indefinite
cells) which, while visually responsive,
were too unreliable in their response prop-
erties to place in any of the standard recep-
tive field categories. These declined in fre-
quency over a period quite similar to that
for the appearance of orientation-specific
neurons. Finally, in the young animals, of
all the neurons encountered, a slightly low-
er proportion than in adults were respon-
sive to any form of visual stimulation.

These findings prompted us to reexplore
the effects of visual deprivation on recep-
tive field organization in rabbit striate cor-
tex (7). It was already known that animals
deprived by lid suture of patterned visual
experience from birth for 3 months or
more were indistinguishable from normal
adult animals in terms of frequencies of
various receptive field types (8). We were
interested, however, in whether the devel-
opmental time courses we had observed in
normal development would be affected by
delaying eye-opening, in particular wheth-
er the events that normally occur during
the 2 weeks subsequent to eye-opening
would occur during that time if eye-open-
ing was prevented. The nearly complete
crossing of the visual pathways in the rab-
bit already alluded to provided us with the
opportunity for an internal control against
systemic effects of visual deprivation. We
closed one eye by suturing before eye-
opening but allowed the other eye to open
normally. Both the control cortex, con-
tralateral to the open eye, and the experi-
mental cortex, contralateral to the sutured
eye, were sampled in animals 20 to 25 days
of age, a time when most of the changes af-
ter eye-opening in normal animals have oc-
curred.

The histograms in Fig. 2 show that the
visually deprived and visually experienced
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cortices differ in percentages of responsive
neurons, of neurons with oriented and non-
oriented receptive fields, and of indefinite
neurons. The lines extending to the left
show the chronological ages at which these
percentages would be found in normally
developing animals. These cluster around
20 days for the experienced cortices and
around 10 days for the deprived cortices.
This we take as strong evidence that the ef-
fect of delayed eye-opening (early visual
deprivation) is not to produce deteriora-
tion of a fully developed cortex, but instead
to delay an ongoing developmental pro-
cess. For the sake of the comparison below
with the cat, it is worth mentioning one ex-
ception to this rule. Directional cells are
present, in normal percentages, in the de-
prived cortices (7).

In the rabbit, then, receptive field devel-
opment spans the time when visual experi-
ence first becomes available. Before that
time a significant number of neurons lack
normal receptive field organization; these
are either indefinite or nonresponsive. Sub-
sequent to eye-opening, cells with oriented
fields appear, coincident with a decline
in indefinite and nonresponsive neurons.
These two correlated events can be de-
layed, but not prevented, by delaying eye-
opening.

Methodological Considerations

Before we consider the generality and
significance of these findings, we call atten-
tion to an important methodological as-
pect of these studies. We have attempted to
focus on the cortex as a complete neuronal
population by emphasizing quantitative
changes in the percentages of neurons in
various receptive field categories. The rea-
son for this is that the number of neurons
in the visual cortex of a mammal is enor-
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mously large compared to the number ac-
tually observed by microelectrode sam-
pling. To draw meaningful conclusions by
comparing microelectrode samples from
animals of different ages or subjected to
different experience regimes, it is necessary
to assume that the samples adequately rep-
resent the same population of neurons in
the different animals. In the present in-
stance, we are inclined to the conclusion
that many indefinite and nonresponsive
neurons in the animal before eye-opening
subsequently develop into neurons with
oriented receptive fields. An alternate pos-
sibility is that we are sampling different
populations of neurons in, for example, 10-
day-old and 25-day-old animals.

A sampling bias may come about in sev-
eral ways. One is a subtle form of experi-
menter bias. Unless an investigator is alert
to the likelihood of neurons with atypical
response characteristics, he may discard
them. Moreover, neurons in young animals
generally have low levels of spontaneous
activity. Because neurons must fire to be
detectable with a microelectrode, non-
responsive neurons (particularly those with
low spontaneous activity) may be missed
altogether. In our studies, we are careful to
take note of every neuron encountered, no
matter how atypical its response. It was
this that made us recognize indefinite neu-
rons as a significant component of the cor-
tical population prior to eye-opening in the
rabbit and to detect the correlation be-
tween the decline of indefinite neurons and
the appearance of orientation-specific neu-
rons. We also make it a practice, particu-
larly in quite young animals, to advance
the electrode slowly, with long waits; even
so, we may have underestimated the fre-
quencies of nonresponsive neurons.

A second source of sampling bias is elec-
trode bias. An increase in size of neurons

- of a particular class, for example of orien-
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tation neurons, might bring them above
the level of detectability with an electrode.
One might erroneously conclude that the
class has newly developed, when in fact, it
was present all along but simply not de-
tected. This can never be absolutely ex-
cluded as a possibility; a careful population
analysis may, however, indicate that such
an explanation is unlikely. To account for
our rabbit data on this basis would, for ex-
ample, require an involved and ad hoc
scheme of correlated adjustments in the
detectability of other classes. In particular,
there is only a small increase in the per-
centage of visually responsive units during
the time that oriented units appear, so
there would have to be a decrease in detect-
ability of some other class. Neurons in the
indefinite class are candidates, but then
there should be an increase in percentage
of nonoriented units, which does not in fact
occur.

In short, there do indeed seem to be
changes in the response characteristics of
individual cortical neurons in the rabbit,
the time course of which, in the case of ori-
ented neurons, can be affected by abnor-
mal visual experience. The question of
sampling bias in connection with the ef-
fects of more sophisticated paradigms of
abnormal visual experience used in cats, as
well as with regard to the degree of devel-
opment in the cat visual cortex before eye-
opening, is discussed below.

Development in Cat and Monkey

The degree of receptive field devel-
opment at the age when visual experience
first becomes available, and the effects of
delaying the onset of visual experience,
have recently been investigated in the mon-
key (/4) and reinvestigated in the cat (9).
The recent results in the cat are strikingly
similar in several ways to those we have
obtained in the rabbit. Those from the
monkey differ somewhat. We will consider
the cat first and then go on to discuss the
monkey. Like the cat, the monkey is large-
ly a binocular organism. For the moment,
we ignore results bearing specifically on
binocularity and treat only aspects of re-
ceptive field organization which have par-
allels in the rabbit.

Cats, like rabbits, open their eyes during
the second week after birth. The original
investigation of receptive field organiza-
tion at this age involved recordings from a
single animal (5). Many fewer neurons
were isolated in a penetration than in
adults and some isolated neurons displayed
less selectivity to line orientation. The in-
vestigators chose, however, to emphasize
the existence of neurons as specific in their

354

orientation selectivity as adult units. The
legitimacy of this characterization has
been called into question by Barlow and
Pettigrew and by Pettigrew (9), who point-
ed out that directional selectivity is con-
founded with orientation selectivity when
moving bars are used as stimuli. With data
from more animals, they report that direc-
tional neurons first appear about the time
of eye-opening in the kitten. Orientation
specificity, in the strict sense, is not ob-
served until 2 weeks after eye-opening. Di-
rectional specificity is present in 2- to 6-
week-old animals despite prevention of
eye-opening by lid suture. Occasional ori-
entation-specific neurons are found, but
their frequency is much lower than in nor-
mally reared animals of the same age.
There is still some uncertainty as to wheth-
er any neurons in the cat are orientation-
specific before eye-opening (/4). What
does seem clear, if all units encountered by
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Fig. 2. Effects of short-term delayed eye-opening
on receptive field development in the rabbit visu-
al cortex. The histograms on the right show
the percentages of responsive neurons and of
neurons falling into nonoriented, oriented, and
indefinite categories in the deprived (closed
bars) and control (open bars) cortices of 20- to
25-day-old rabbits in which one eye was pre-
vented from opening by lid suture. Horizontal
lines extending to the left intersect the curves
redrawn from Fig. I, indicating the ages during
normal development when the values indicated
by the histograms would be expected. The
clustering of these intersections above 17 days
(open circles) for the control cortices and below
12 days for the deprived cortices (closed circles)
indicates retardation of development [modified
slightly from (7)].

an electrode are included, is that many
neurons develop orientation specificity af-
ter eye-opening and that this development
can be prevented from occurring at the
normal time by delaying eye-opening.

It is worth entertaining the possibility
that the parallels between cat and rabbit
development encompass more than the late
development of orientation selectivity and
its sensitivity to delayed eye-opening. In
binocularly deprived cats of 2% to 4V
months of age, 27 percent of the neurons
are nonresponsive, 32 percent are ““abnor-
mal” but responsive, and 41 percent are
“normal” (I5). The high percentages of
nonresponsive and poorly responsive neu-
rons have been interpreted as being in-
dicative of deterioration due to depriva-
tion. In the deprived rabbit, however, high
percentages in these categories are in-
dicative of retarded development; they are
highest at the age when eye-opening would
normally occur and decline with time un-
der delayed eye-opening, although more
slowly than with normal visual experience.
Conversely, orientation-specific neurons
increase as a percentage of the population.

The percentage of nonresponsive neu-
rons in kittens before eye-opening is not
known. However, a penetration through
the cortex of a young kitten encounters 10
percent or less of the number of neurons in
an adult cortex (5). One possible ex-
planation is that there is a quite high per-
centage of nonresponsive neurons having
very low spontaneous activity. A small
sample of neurons in 12- to 18-month-old
binocularly deprived cats yielded 12 per-
cent nonresponsive (/6), so that the value
for binocularly deprived 24 to 4'/>-month
animals (27 percent) may well be on a de-
clining curve. It is more difficult to ascer-
tain whether percentages of orientation-
specific and atypical neurons are increas-
ing or decreasing under continued depriva-
tion, since available information about
long-term deprivation comes from experi-
ments that predate the attempt to distin-
guish between directional and orientation
specificity. However, some neurons exhibit
orientation specificity in the strict sense in
a 6-week-old deprived cat (9). In 12- to 18-
month deprived cats, 88 percent of the neu-
rons respond to only one or two of four
tested directions of movement (/7), a value
higher than the 41 percent “normal” in the
intermediate age animals.

These data are very suggestive that in
the cat, as in the rabbit, some orientation-
selective neurons will develop, albeit later
than normal, despite delayed eye-opening.
It is within the realm of possibility that all
of the results in 2/4- to 4'>-month binocu-
larly deprived cats represent an inter-
mediate point in a lengthened devel-
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opmental sequence, rather than a deterio-
ration. If this should turn out to be the
case, two things would follow. One is that
27 percent is an absolute lower limit for the
number of nonresponsive neurons present
at the age when eye-opening normally oc-
curs. The other is that the delay in devel-
opment caused by deprivation is much
longer in the cat than in the rabbit (16).

The monkey differs from the cat and
rabbit in that it is born with its eyes open.
Recordings have been made from a single
2-day-old animal as well as from 3- to 4-
week-old animals binocularly deprived es-
sentially from birth (/4). In the latter, 10 to
15 percent of the neurons were poorly re-
sponsive or had less than normal orienta-
tion selectivity. In the former, of 23 neu-
rons, none were unresponsive, sluggish, or
nonoriented. In this case, there is no strong
evidence that visual experience affects the
development of orientation selectivity. In-
deed, the presence of atypical neurons in
the binocularly deprived animals and their
absence, together with the presence of neu-
rons displaying normal selectivity in the 2-
day-old animal, might lead one to the con-
clusion stated generally earlier that orien-
tation selectivity develops in advance of vi-
sual experience and is subject only to sub-
sequent degradation by abnormal visual
experience.

We believe, however, that it is pre-
mature to conclude that the monkey is
qualitatively different from the cat and
rabbit in these ways. It certainly appears to
be the case that some orientation-specific
neurons are present at an earlier age in the
monkey than they are in the cat or rabbit.
What is not clear is whether there is an ad-
ditional population of neurons that devel-
ops orientation selectivity subsequently,
over a time course which can be prolonged
by visual deprivation. This question can be
settled only by experiments like those in
the cat and rabbit which determine the per-
centage of cortical neurons displaying ori-
entation specificity as a function of age
during normal development and then look-
ing for deprivation effects against this
baseline. The possible existence of a reser-
voir of nonresponsive neurons of low spon-
taneous activity in the young monkey
makes it unclear whether atypical neurons
in the older deprived animals have lost pre-
viously typical receptive field character-
istics or instead have failed to develop
them.

To summarize the available devel-
opmental studies, the development of ori-
entation-selective cells in the rabbit and of
at least some in the cat follows the onset of
visual experience. For both the cat and the
rabbit, the development does not occur at
the normal time if eye-opening is delayed.
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These results imply, at a bare minimum,
that visual experience participates in the
normal development of functional con-
nectivity related to orientation specificity;
it is not accurate to say that it functions
only to maintain previously established
functional circuitry. On the other hand, the
evidence on normal development and the
effects of delayed eye-opening do not per-
mit the conclusion that visual experience
influences the pattern of functional con-
nections which represents some end state
of development, since orientation selectiv-
ity may develop, albeit later than normal,
despite continued deprivation.

Development of Binocularity

In addition to orientation specificity,
there is a second aspect of receptive field
organization, binocular specificity, which
has been shown to develop over a time
course that can be modified by delayed
eye-opening. For most striate cortical
neurons in the adult cat, a visual stimulus
must be precisely placed on both retinas to
elicit the maximal response. One measure
of this is the size of the region on one
retina which gives a maximal response
when stimulated simultaneously with a
fixed position on the other. Pettigrew has
shown that this area is quite large for
neurons in cats before eye-opening and
narrows to adult levels over succeeding
weeks. The narrowing fails to occur in
animals binocularly deprived to 6 weeks
9).

The recognition of binocular specificity
is relatively recent. However, recognition
of binocularity—the fact that cortical neu-
rons are activated through either eye from
roughly the same region of visual space—is
older, and the phenomenon has played an
important part in studies of the role of ex-
perience in visual system development. In-
deed, it was the phenomenon of binocu-
larity, rather than that of orientation speci-
ficity, that most clearly exemplified the
perspective of a nervous system fully devel-
oped before the onset of visual experience.
At present, these original studies, coupled
with the newer studies on the development
of binocular specificity, provide the strong-
est evidence that the final pattern of func-
tional circuitry in the visual system is nor-
mally influenced by visual experience.

The original observation by Hubel and
Wiesel was that kittens before the onset of
visual experience display approximately
the same pattern of binocular neurons as
do normal adults (5), whereas kittens sub-
jected to early monocular deprivation have
an enormous, and nearly irreversible, re-
duction in the percentage of neurons that

can be activated by the deprived eye (/).
Monocular deprivation, of course, may
lead to a developmental retardation of the
kind described above in the rabbit. In the
cat, the fact that both eyes project ulti-
mately to the same cortex adds the com-
plication that there may be a retardation of
development of functional circuitry of one
eye relative to the other. If the majority of
cortical neurons will accept functional con-
nections related to either eye, this alone
may account for the effects of monocular
deprivation (18).

Two additional abnormal experience re-
gimes, however, indicate that relative re-
tardation of development is not the sole
factor influencing binocularity. Animals
reared with day-by-day alternation of the
deprived eye exhibited a severe reduction
of binocularly activated neurons, without
any relative loss of either eye’s ability to
activate neurons and without the presence
of nonresponsive or indefinite neurons
(19). More strikingly, the same effect was
seen in animals with a surgically induced
strabismus, so that both eyes were simulta-
neously activated but were looking at quite
different parts of visual space (19).

An important link between these early
experiments and the more recent devel-
opmental studies was provided by Shlaer,
who inferred from the earlier work that
stable binocular connections onto single
neurons were established when the affer-
ents representing the two eyes were simul-
taneously activated by the same stimulus
in visual space (20). He tested this infer-
ence by raising kittens with prisms over
their eyes which displaced the visual world
a small amount on one retina with respect
to the other. He then determined the posi-
tion on the retinas of the receptive fields of
cortical neurons through each eye with re-
spect to a retinal landmark (the nerve
head). In normal animals, he found the re-
ceptive fields to be located roughly the
same distance from the nerve head on both
retinas. In the prism-reared animals the
fields were shifted in such a way as to tend
to compensate for the displacement pro-
duced by the prisms (20). These experi-
ments, unfortunately, have never been fully
reported and need to be confirmed with the
use of the same measure of binocular spec-
ificity as in the more recent developmental
studies. They are, however, concordant
with the more recent studies which show a
gradual increase in the precision of binocu-
lar fusion with age and visual experience.
Together, it seems to us, they establish a
fairly strong case that, during normal de-
velopment, it is left to individual experi-
ence to establish exactly which pairs of ret-
inal regions activate single cortical neu-
rons.
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If we assume that this tentative conclu-
sion about the development of binocularity
withstands further experimental test, there
are two implications about the role of indi-
vidual experience in nervous system devel-
opment which we propose may have gener-
al applicability. One of these we might call
the principle of restricted potential. By this
we mean to emphasize that the developing
nervous system is not a tabula rasa, free
to reflect whatever individual experience
dictates. Rather, the development of the
nervous system is a process sharply con-
strained by a genetic program. At certain
points, the genetic program permits a
range of possible realizations, and individ-
ual experience acts only to specify the out-
come within this range.

We deduce this principle from the obser-
vations of Shlaer and Pettigrew on the
one hand and those of Hubel and Wiesel
on the other, particularly those with stra-
bismic animals. The difference between
prism-reared animals and those with a sur-
gically induced strabismus is largely one of
degree. Both have a relative displacement
of the visual world on the two retinas. In
prism-reared animals, the relative dis-
placement is rather small (4° to 6°) and a
compensating adjustment of inputs to cor-
tical neurons appears. In strabismic ani-
mals, the relative displacement is much
larger and binocular connections largely
break down. Thus there appears to be a
small range within which individual experi-
ence operates to assure proper binocular
fusion. The displacements induced by
Shlaer were of the order of the size of bi-
nocular facilitation fields found by Petti-
grew in naive animals; it would be inter-
esting to know if these fields define the
permissible range. For displacements
greater than the permissible range, the
system breaks down (21).

The second principle we propose at-
tempts to define the circumstances in
which such windows to individual experi-
ence are likely to be present in the genetic
program for nervous system development.
Many experiments in developmental
neurobiology have led to the conclusion
that individual experience does not affect
nervous system development. What is
special about binocular specificity, it seems
to us, is that individual experience is
probably indispensable in its develop-
ment. The two eyes have independent
developmental histories; their relative
positions, optics, and retinal structures are
presumably all subject to minor variations.
Under these circumstances, to determine
which pairs of retinal regions are actually
stimulated by a single region in visual
space seems not possible, except by trying
out the system. In short, genetic informa-
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tion is probably intrinsically inadequate to
assure functionally appropriate con-
nections. It is in such cases, we propose,
that developmental programs contain a
mechanism for incorporating ‘‘ontogenetic
information” into the developing nervous
system.

Development of Orientation Specificity

We now return to the question of the
role of visual experience in the devel-
opment of orientation specificity. As we in-
dicated previously, the developmental
studies indicate that, in the cat and the rab-
bit, orientation specificity does not develop

-at the normal time if eye-opening is de-

layed. This indicates that visual experience
is normally involved in the development of
this aspect of receptive field organization.
We can add now that this implies that
there are two processes sensitive to visual
experience. One is concerned with match-
ing inputs through the two eyes. The other,
since it is present in the nonbinocular por-
tions of rabbit cortex, must not be. In fact,
the conclusion we arrive at is that it is not
clear what the adaptive value of the latter
process is.

There have been two independent re-
ports of dramatic effects of rearing kittens
in ways that restricted their experience to
either horizontal or vertical bars. Hirsch
and Spinelli (3) reared kittens whose only
visual experience was through goggles
which presented vertical stripes to one eye
and horizontal stripes to the other. Many
cortical neurons in these animals were acti-
vated monocularly and had receptive fields
oriented in accord with the orientation of
the bars the eye had experienced. In addi-
tion, Hirsch and Spinelli found some neu-
rons lacking oriented fields and noted si-
lent regions of cortex in which neurons
were not encountered. Blakemore and
Cooper (2) reared kittens with visual expe-
rience restricted to periods inside tubes
with either horizontal or vertical stripes on
the walls. In these animals, neurons were
normally binocular, but no neurons had
orientation specificity for the non-
experienced orientation. Silent regions
were reported not to be present.

There are several possible inter-
pretations of these experiments. One is
that orientation specificity itself is a prod-
uct of visual experience, that neurons
tend to be responsive to linear contours be-
cause linear contours are common in the
environment. This seems highly unlikely,
in view of the fact that orientation selec-
tivity develops in the deprived rabbit, is al-
ready present in the neonatal monkey, and
probably is present in the visually naive

cat. A much more likely interpretation, in
analogy with the development of binocular
specificity, is that there is some genetically
determined range of possible orientation
specificities for an individual neuron within
which the actual orientation specificity is
realized by experience. The experimental
evidence, however, is less compelling than
in the case of binocular specificity.

In the case of goggle-reared animals,
there is considerable question whether the
failure to find neurons selective for non-
experienced orientations indicates that all
neurons have become selective for the ex-
perienced orientation. The finding of neu-
rons with no orientation selectivity as well
as of silent cortical regions, which may
contain nonresponsive neurons, makes it
possible that a sampling bias accounts for
the lack of neurons selective for non-
experienced orientations. By this we mean
that there may be a relative retardation of
the developmental time course of neurons
which would normally be specific for non-
experienced orientations. There is some
support for this in the finding that goggle-
reared animals, after a subsequent period
of normal binocular experience, do not
have silent regions, possess more binocular
units, and seem to have a wider scatter of
orientation selectivities (22).

Goggle-reared animals, however, un-
doubtedly are displaying several effects, in-
cluding some related to asymmetry of in-
puts to the two eyes. In tube-reared cats,
which have the opportunity for synchro-
nous binocular input, silent areas have not
been found nor have significant numbers of
indefinite neurons. In these animals, the
evidence strongly suggests that the orienta-
tion selectivity of individual cortical neu-
rons can be influenced at least within a
small range (roughly 45° of orientation se-
lectivities, centered around the non-
experienced orientation, is missing) by
visual experience (23).

The question then is the significance of
this observation for normal development.
It has been suggested that the process may
operate to increase the proportion of neu-
rons selective to orientations which are
prevalent in the environment in order to in-
crease visual acuity for such orientations
(2). This seems unlikely on both experi-
mental and theoretical grounds. Rabbits
do not show the dramatic effects of tube-
rearing obtained in cats (24). Very young
monkeys show the ordered progression of
orientation selectivities across cortical col-
umns characteristic of adults (/4). In the
former there is no evidence that propor-
tions of neurons selective for particular
orientations is influenced by visual experi-
ence and, in the latter, it seems unlikely.
Even in cats, there is evidence for estab-
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lishment of a range of orientation specific-
ities not matched to visual experience.
Leaving aside the previously considered
questions of the existence of orientation
specificity prior to visual experience and of
its development despite delayed eye-open-
ing, it has been reported that exposure to
restricted orientations, if done at a time
later than in the experiments previously
described, results in development of a full
range of orientation specificities (25).

On theoretical grounds, it seems unlike-
ly that a process making use of individual
visual experience to match the visual sys-
tem to the environment in this way would
be particularly useful (and hence unlikely
that it would have evolved). The environ-
ment, after all, has not been notably vari-
able in the prevalence of particular orien-
tations. If a match of neuronal orientation
selectivities to environmental prevalence is
useful, one would expect such a match to
be produced by genetic information. In
short, the interpretation does not satisfy
our proposed principle that individual ex-
perience participates in nervous system de-
velopment only when genetic information
is inadequate to assure functionally appro-
priate connection patterns.

An alternate interpretation which does
satisfy the genetic inadequacy principle is
that there is a certain potential range of
orientation selectivities left by genetic
mechanisms in order to assure that inputs
from the two eyes have matched orienta-
tion specificities (26). This may be true for
the cat, although it is experimentally un-
supported. The interpretation does not,
however, account for the situation in the
predominantly monocular rabbit cortex
where, as in the cat, development of orien-
tation specificity is delayed by delayed eye-
opening. It is possible that the similarities
between cat and rabbit in this regard are
coincidental; indeed, we have already
noted that it is apparently less possible to
influence orientation selectivity by selec-
tive orientation rearing in the rabbit. The
similarities are striking, however, and
there is mounting evidence of other kinds
for effects of abnormal sensory experience
in circumstances where binocular inter-
actions are not present (27).

We are left therefore with the uncom-
fortable feeling that there is a role played
by visual experience in the normal devel-
opment of orientation selectivity, but that
we have no good notion of what it is. It is
probably not the creation of line detectors
and probably not the matching of acuity to
common orientations. Perhaps it is some
more subtle role, such as aligning some
fundamental retinal axes, against which
orientation selectivities are defined, with
body axes or some other axes relevant to
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motor control. If this is the case, then the
apparent identity of the developmental end
state reached by normally experienced and
longer term deprived rabbits reflects our
failure to use assay techniques appropriate
to reveal their differences (28).

Summary and Conclusions

We believe that the trend of experimen-
tal evidence, as exemplified by studies re-
viewed in this article, as well as others (4),
is toward establishing that individual sen-
sory experience is a creative factor in es-
tablishing the functional organization of
the mammalian visual pathways. At the
present time, however, as we have attempt-
ed to make clear, there are varying degrees
of uncertainty associated with the support-
ing arguments. .

Our strongest conclusion is that the nor-
mal adult functional organization is not
present in cat or rabbit cortex before the
age at which eye-opening normally occurs.
We emphasize the presence of high per-
centages of atypically responsive and of
nonresponsive neurons as evidence for this,
but note as well that two particular aspects
of receptive field organization, binocular
and orientation specificity, are either not
present or are present in a much smaller
fraction of neurons than in normal adults.
We conclude with equal assurance that, in
both the cat and the rabbit, the time course
of the appearance of normal percentages
of orientation-specific units is markedly
delayed by delaying eye-opening. The
same is true for binocular specificity in
cats, which may be prevented altogether
from developing. Accompanying the de-
layed development of orientation specifici-
ty in rabbits are elevated percentages of
atypical and nonresponsive neurons. These
represent a retention of the neonatal state,
not a deterioration. The same may be true
in the cat.

The effect of these findings on normal
development and delayed eye-opening is to
remove one barrier to acceptance of the
proposition that individual experience par-
ticipates in visual system development. So
long as it seemed that the visual system
was fully developed in advance of visual
experience, the effects of subsequent ab-
normal visual experience could only be in-
terpreted as destructive. It now appears
certain that development normally contin-
ues well into the time when visual experi-
ence becomes available and that at least
some of the effects of abnormal visual ex-
perience, in particular delayed eye-open-
ing, should be interpreted as a retention of
the developmental state present before the
initiation of visual experience.

While this allows the strong conclusion
that visual experience normally partici-
pates in development, we explicitly note
that it does not allow the conclusion that
the end state of the developmental process
is normally influenced by individual expe-
rience. The development of orientation se-
lectivity in the rabbit, and perhaps in the
cat despite continued deprivation, is a case
in point. It is necessary to show that the
end state reached differs when individual
experience differs. In particular, it is neces-
sary to show that the behavior of individ-
ual neurons has been influenced by visual
experience; possible sampling bias must
have been excluded.

There are two aspects of receptive field
organization for which we believe this has
been accomplished, both in the cat. Stra-
bismic animals reach an end state charac-
terized by a vast reduction in binocularity,
and tube-reared animals reach an end state
with an absence of neurons selective for
nonexperienced orientation. Even this,
however, is not sufficient to establish that
visual experience influences the end point
in normal development. This final step in
the argument requires the demonstration
that there is some element provided by ex-
perience, what we have termed ontogenetic
information, which is essential to the cor-
rect functioning of the system.

At this point, the conclusions are, unfor-
tunately, more tentative. In the case of
binocularity, we believe the critical piece of
ontogenetic information has probably been
identified: which pairs of retinal regions
are in fact stimulated by single regions in
visual space. While further experimental
verification is needed, it seems likely that
this is indeed 4 ¢ritical piece of ontogenetic
information, that genetic information
alone cannot assure appropriate function.
On the other hand, if our interpretation of
this body of evidence is correct, the in-
corporation of ontogenetic information is
not unbounded; it occurs by selection of
one realization within a genetically de-
termined range.

In the case of orientation specificity, the
critical piece of ontogenetic information is
simply not clear and we regard this as the
principal challenge at the present time. We
have suggested that there is probably a
common phenomenon in the cat and the
rabbit, despite the lack of a dramatic re-
sponse to selective orientation rearing in
the latter. The lack may reflect a smaller
potential range of variations in the rabbit,
or a difference in its manner of interacting
with the selective environment. Perhaps
one of the key problems, if the hypothesis
of a common phenomenon is correct, is to
establish the differences between a normal-
ly reared and a visually deprived rabbit.

357



References and Notes

1. T. N. Wiesel and D. H. Hubel, J. Neurophysiol. 26,
1003 (1963).

2. C. Blakemore and G. F. Cooper, Nature (Lond.)
228, 447 (1970).

3. H. V. B. Hirsch and D. N. Spinelli, Science 168,
869 (1970); Exp. Brain Res. 13, 509 (1971).

4. In this article, we will not attempt to provide a
comprehensive literature review, but rather will
focus on what we think are the important examples
illustrative of the points we are trying to empha-
size. In so doing, we concentrate on physiological
studies of the development of cortical neuronal re-
ceptive field organization and of the effects of ab-
normal visual experience on binocularity and ori-
entation specificity. For more comprehensive re-
views of the effects of abnormal visual experience
on neuronal physiology, see J. D. Pettigrew, Ann.
N.Y. Acad. Sci. 228, 393 (1974); C. Blakemore,
Br. Med. Bull. 30, 152 (1974); P. Grobstein and K.
L. Chow, in Development of Neural and Behav-
ioral Specificities, G. Gotilieb, Ed. (Academic
Press, New York, in press). For a review of the ef-
fects of abnormal visual experience on anatomy,
see R. W. Guillery, in Essays on the Nervous Sys-
tem, R. Bellairs and E. G. Gray, Eds. (Clarendon,
Oxford, 1974).

5. D. H. Hubel and T. N. Wiesel, J. Neurophysiol. 26,
994 (1963).

6. P. Grobstein, K. L. Chow, P. D. Spear, L. H.
Mathers, Science 180, 1185 (1973) L. H Mathers
etal., Exp. Brain Res. 19,20 (1974).

7. P. Grobstein, K. L. Chow, P. C. Fox, Proc. Natl.
Acad. Sci. U.S.A. 72,1543 (1975).

8. K. L. Chow and P. D. Spear, Exp. Neurol. 42, 429
(1974).

9. H. B. Barlow and J. D. Pettigrew, J. Physiol.
(Lond.) 218, 98P (1971); J. D. Pettigrew, ibid. 237,
49 (1974).

10. K. L. Chow, R. H. Masland, D. L. Stewart, Brain
Res. 33,337 (1971); A. Hughes, Doc. Ophthalmol.
30, 33 (1971).

11. D. H. Hubel and T. N. Wiesel, J. Physiol. (Lond.)
160, 106 (1962).

12. For studies on the small region of rabbit cortex
containing binocular neurons, see R. Van Sluyters
and D. L. Stewart, Exp. Brain Res. 19, 196 (1974).

13. In practice, we place neurons in one of nine cate-
gories depending on their responses to visual stim-
ulation. Of these categories, seven are well-defined
receptive field types: uniform, concentric, motion,
directional, simple, complex, and oriented-direc-
tional. For detailed descriptions, see (/0). ““Orient-
ed-directional’” has replaced the earlier name “hy-

NEWS AND COMMENT

percomplex” [see (6)]. Of the seven receptive field
types, the last three require properly oriented lin-
ear contours for maximal response; they are here
collectively termed “‘oriented.” The first three do
not require oriented stimuli and are here collec-
tively termed ‘“‘nonoriented.” These collective
terms have been adopted as a result of our recent
deprivation studies (7) and differ respectively from
the “‘asymmetric” and “‘symmetric” super-
categories used earlier (6) only in that the direc-
tional receptive field type has been excluded from
the former and is treated independenlly. The two
remaining categories are ‘‘nonresponsive,” mean-
ing unaﬂ"ecled by visual stimulation, and “‘indefi-
nite,”” meaning responsive to visual stimulation but
too unpredictable to identify as one of the seven re-
ceptlve field types.

14. T. N. Wiesel and D. H. Hubel, J. Comp. Neurol.
158, 307 (1974).

15. ,J. Neurophysiol. 28, 1029 (1965).

16. Our intention in this analysis of the effects of long-
term deprivation is to call attention to the possi-
bility that they may represent in part delayed de-
velopment rather than degradation of previously
developed behavior. We wish to explicitly note,
however, that in addition to delaying development,
continued deprivation may subsequently cause
degradation. Separation of these two effects may
require a well-resolved temporal analysis of the
percentages of the cortical neuronal population ex-
hibiting various behaviors in binocularly deprived
animals.

17. L. Ganz, M. Fitch, J. A. Satterberg, Exp. Neurol.
22,614 (1968).

18. There are two somewhat distinct ways that retar-
dation of development could yield the observed re-
sults of monocular deprivation, that is, the virtual
domination of neurons by one eye. They differ with
respect to the fate of the binocularly activated neu-
rons present before eye-opening. One possible in-
terpretation is that these neurons are unaffected by
the deprivation but that the hypothesized large
population of nonresponsive neurons all develop
mputs only from the open eye. The observed result
would then be largely a sampling effect and should
not be interpreted as deterioration. The other is
that the developmental retardation puts the de-
prived eye at a disadvantage even in maintaining
functional inputs to neurons it was once capable of
activating. Because of the sampling problem, these
are not distinguishable interpretations at present.

19. D. H. Hubel and T. N. Wiesel, J. Neurophysiol. 28,
1041 (1965).

20. R. Shlaer, Science 173, 638 (1971).

21. There is a second difference between prism-reared

Sakharov: Scientists Welcome
Award of Nobel Peace Prize

Soviet physicist Andrei D. Sakharov
achieved a form of secular sainthood on 9
October when the Norwegian parliament
announced that he had won this year’s No-
bel peace prize. Reportedly, the Norwe-
gians passed over an Indian nun, the Inter-
national Boy Scouts, and a number of
prime ministers in favor of Sakharov. Af-
ter helping to develop the Soviet hydrogen
bomb in the 1950’s, Sakharov began a one-
man campaign against nuclear testing,
against the Cold War arms race, and in fa-
vor of individual liberties, activities which
have incurred him the hostility of the So-
viet authorities.

American scientists, many of whom
when in Moscow pilgrimage to see him as
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all people.” At the height of détente, in late
1973, Handler led the NAS in protesting
an official Soviet anti-Sakharov campaign,
despite the fact that official U.S. policy
was to downplay what had been happening
(Science, 28 September 1973).

Victor F. Weisskopf, former chairman
of the physics department at the Massa-
chusetts Institute of Technology, reacted
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with enthusiasm to word of the award. “‘I
think it’s wonderful that he got it. He does
something for peace, you know. His con-
stant preaching of openness, that only
openness in every respect will bring peace,
is wonderful. Openness is the credo of the
scientific world as well.”

Also delighted was Marvin Goldberger,
chairman of thé physics department at
Princeton, which has invited Sakharov for
a sabbatical but received no reply. Gold-
berger, a former high-level government de-
fense consultant, says, “Sakharov has been
a forthright and fearless opponent of the
Soviet military industrial complex. He has
fought for arms control and international
cooperation . . . in the face of extreme pres-
sures from his government. One can only
hope that, in similar circumstances, one
would be as brave.”

The presentation of the award will prove
a test of Soviet sincerity about the Helsinki
accords, signed last summer, which are
widely interpreted as pledging the Soviets
to show greater respect for human rights,
including the right of travel. The Soviet
government may allow Sakharov to go to
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