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INTRODUCTION

A number of visual deficits have been observed in
animals reared in darkness or “Jiffuse light. Dark-reared
rats show deficits in depth perception and the discrimin-
ation of letters and geometric forms, which in many in-
stances may be overcome With experience in a lighted en-
vironment (Michels, Bevan and Strasel 1958, Tees 1968a,b,
Walk and Bond 1968). Visually resttricted primates and
carnivores also reveal severe retardation in the discrim-
ination of depth, movement or geometric pattern, which
following extended restriction from infancy might prove
irreversible (™iesen and Aarons 1959, Piesen 1965a, Ganz
and Fitch 1968, Dews an? Wiesel 1970). These visual
feficits show many similarities to those observed in
animals deprived of visual cortex (e.g. as reported by
Lashley 1931, Kluver 1941, Meyer 1963, VWetzel, Thompson,
Horel and Meyer 1965, Schneider 1967).

Fecently, characteristic morphological changes in
visual cortex, such as alterations in dendrites and Jden-
dritic spines, as well as, cellular hypotrophy have been
described as a result of light restriction in a number of
mammalian species (Globus and Scheibel 1967a,b, Valverde
1967,1968, Coleman and "iesen 1968, Fifkova 1968). Further-
more, the same restriction proce“ures induced such neuro-
physiological changes in visual cortex as; a Jdecrement in

the primary negative wave of the direct cortical response,



a decrement in the later negative wave of the evoked
potential and the number of cortical units responding

to light stimuli, increased fatiguability and unpredict-~
ability of cortical units, as well as a loss of precise
receptive field definition (Wiesel and Hubel 1963b,1965a,
Ganz et al., 1968, Hubel and Wiesel 1970, Zislina and
Arkhipova 1970).

While anatomical and biochemical changes in the peri-
pheral receptor and subcortical visual stations have also
been found to be consequences of visual restriction in a
variety of species (Brattgard 1952, Riesen 1960, Gyllensten
and Malmfors 1963,1965, Rasch, Swift, Riesen and Chow 1961,
Fifkova and Hassler 1969, Maletta and Timiras 1967, Wiesel
and Hubel 1963a), electrophysiological changes in these
structures (e.g. as reported by Zetterstrom 1956, Ganz, Fitch
and Satterberg 1968, Cornwell, Sharpless and Kanor 1962,
Riesen 1965, Wiesel and Hubel 1963%b, Burke and Hayhow 1960,
Wickelgren and Sterling 1969a,b) have been less than an-
ticipated, and seem insufficient, to account for the severe
behavioral alterations observed.

The cortical anomalies following restriction, coupled
with the similarity of behavioral dysfunction following
visual restriction and ablation of visual cortex (and the
limited electrophysiological dysfunctions at the receptor
and subcortex) suggest the behavioral deficits following
restriction may reflect the altered functional capacity

of the visual cortex.
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The method of intracranial electrical stimulation (ICS)
introduced by Loucks (1938) seems well suited to further ex-
plore the cortical dysfunctions produced by wvisual restriction.
Mogenson (1962) reported retarded acquisition of a conditioned
emotional response to ICS presented to the visual cortex of
orbitally enucleated rats., Rats enucleated at infancy or
maturity showed equal retardation in this task situation.
However, the effects of such surgical deafferentation may
differ from those of light restriction (Goodman 1932, Riesen
1966) and Mogenson's findings may have reflected the direct
atrophic effects of enucleation rather than the effects of
visual restriction per se. Furthermore, Mogenson's (1962)
data failed to reveal whether these effects were limited to
the primary cortical projection area, as only the visual
cortex was tested. In light of changes in "extravisual"
cortical areas coincident with visual restriction (Xrech et
al., 1963, Gyllensten et al., 1966) one might expect altered
responsiveness to intracranial electrical stimulation in
these areas as well, In addition, it has recently been noted
that auditory deficits are induced by auditory restriction
(Batkin and Ansberry 1964, Tees 1967a,b, Batkin, Groth,
Watson and Ansberry 1970) which, in many respects, are
similar to those resulting from ablation of auditory cortex
(e.g. as reported by Diamond and Neff 1957). Assuming a
fundamental similarity of sensory systems, one might expect

functional changes in auditory cortex resulting from auditory
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restriction to approximate those in the visual cortex as
a result of visual restriction.

The present study employed ICS in an attempt to explore
these possibilities in animals who retained their peripheral
receptors, ©Specifically the questions of interest were:

1. Will visual or auditory restriction affect the

ability to utilize intracranial electrical
stimulation of cortex as a discriminative

stimulus? If so, -

2. Will such influences be limited to the primary
cortical projection area? And

3. Will the age at which restriction is initiated
or the duration of restriction differentially
affect such utilization?
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LITERATURE REVIEW

Many investigators have employed sensory restriction
in an attempt to determine the contributions made by early
sensory experience to later sensory function. The bulk of
the data is in the area of visual function; therefore, the
visual mocality will be stressed here. BSince a variety of
species (e.g. mouse, rat, rabbit, dog, cat, monkey, chimp-
anzee) as well as different methods (e.g. dark-rearing,
diffuse-light rearing, rearing with contact occluders, lid-
suturing, orbital enucleation) have been employed in the
study of visual restriction, the following review will draw
from a number of different species and procedures in an
attempt to describe how early sensory experience affects

later sensory function in the visual and auditory modalities,

Behavioral Consecguences of Sensory Restriction

Many early studies attempting to compare the visual
capacities of dark- and light-~reared animals were conducted
to resolve issues concerning the genesis of sensory capacities.
Using a Jjumping-stand apparatus, Lashley and Russell
(1934) compared the ability of dark-reared rats with that of
normally reared rats to graduate the force of their jumps to
a distant stand., They concluded that the ability to Judge
distance developed independently of antecedent visual

experience., The evidence assembled later on visual cliff
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performance supported this conclusion (Walk, Gibson and
Tighe 1957, lealey and Edwards 1960). While all these in-
vestigators demonstrated that the capacity for the percep-
tion of distance is present in wvisually naive animals, no
graced tests of this capacity were administered to determine
whether experience served to refine the existing mechanism,
More recently such graded tests have revealed a persistent
deficit in depth perception in dark-reared rats, thereby
suggesting the importance of visual experience for the de-
velopment of fine discriminative performance (Walk and Bond
1968), The importance of this contribution is more readily
observed in visually naive cats (Walk and Gibson 1961, Ganz
and Fitch 1968) and monkeys (Riesen, Zamsey and Wilson 1964)
than in rats. These data taken together suggest that ex-
perience is of increasing import in the visual behavior of
more advancec species.

While these investigations indicated that a perceptual
deficit was present in visually restrictec animals, it might
appear that such factors as oculomotor maladjustment, emo-
tional disturbances and intellectual impairments may have
confounded the data, Few systematic studies have been con-
ducted for the express purpose of eliminating these pos-

sibilities. However, investigations have shown that visually

naive rats can: a) orient to a source of light ©b) discriminate

lights of differing intensities c¢) discriminate between ho-
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rizontal and vertical striations and &) discriminate fine
differences in the orientation of rectangles (Turner 1935, .
Hebb 1937, Woodruff and Wickens 1951, Woodruff and Slovak
1965, Tees 1968a,b). While discriminations such as those
listed above are readily acquired, form discriminations
(e.g. geometric figures, letters) present great difficulties
for such animals (Michels, Bevan and Strasel 1958, Tees 1968a,
b). These findings make it improbable that oculomotor dis-
turbances can explain the defects in animals restricted of'
vision. Furthermore, it seems that the perceptual deficits
are task specific rather than based upon difficulty per se.
This is best illustrated by two studies conducted by Tees in
1968,

In these investigations, light- and dark-reared rats
were compared with respect to their ability to learn
orientation-, intensity- and pattern- (N versus X) discrimi-
nations using a shock-avoidance paradigm. In the first of
these investigations, no superiority of light over dark-
reared subjects was demonstrated on the intensity dis-
crimination (luminous flux), in contrast to an earlier study
by McAllister (1955) (however McAllister may have required
a luminance rather than a luminous flux discrimination).

The intensity discriminations were of two levels of difficulty;
"easy" (1.5 versus .01 mL.) and "hard" (1.0 versus .5 mL.).

The second study revealed no differences in the ability of
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dark- or light-reared rats to learn a vertical-oblique
orientation discrimination. However, in both of these
studies light-reared animals were clearly supebior to dark-
reared subjects on an "N" versus "X" discrimination, despite
the fact that such a discrimination was found to be easier
for these animals than either the "hard" intensity dis-
crimination or the vertical-oblique orientation discrimination.
These data indicate that the visual deficits exhibited by
fark-reared rats were relate”? to specific stimulus chara-
cteristics rather than task difficulty per se. Therefore,
any hypothesis which would predict poorer performance of
visually naive subjects on the basis of intellectual and/or
emotional impalilrments fails to receive any support from these
studies.

It is evident that visual experience in the rat is not
crucial for the discrimination of fine differences in light
intensity, nor is such experience necessary for the dis-
crimination of lines (striations) or the orientation of such
lines., However, once these latter stimuli are arranged to
formra figure, and configuration becomes the discriminative
stimulus, an obvious performance deficit may be observed in
visually restricted subjects. These findings indicate that
patternes-light experience may be a necessary precondition
for discriminations based upon the organizational properties

of visual stimuli.
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We have used the term "pattern" in this review several
times and must point out that it has long been recognized that
specifying just what a "pattern" or a "pattern discrimination"
is, is a cifficult task (Weiskrantz 1963). Although few in-
vestigators have dealt with thils problem directly, Dodwell and
Freedman (1968, pp 559-560) stated that,

"...one can define a pattern discrimination largely
by exclusion; it must be a visual discrimination not
based on differences in brightness, brightness gra-
dient, or position, In asdition it is desirable to
choose patterns that are Jdrawn in outline, so that
contour becomes the primary cue, and that are sym-
metrical about horizontal and vertical bisectors of
the shape so that general orientation is not available
as a2 cue... 1o establish that the discrimination is
base? on differences in pattern ner se it is neces-
sary to run some transfer tests, to show whether or
not part-figure “iscrimination occurs, and to find
out whether other stimulus parameters affect the
discrimination."

Cespite the “ifficulties encountered with this term its
usefulness in expressing the idea apparent in the paragraph
above, remains. Therefore, investigators will continue to use the
term an? we will do so here with its Jifficulties in mind.

Investigations with dark- or diffuse-light-reared pri-
mates have yielded findings similar to those already noted in
rats. Lack of patterne’-light stimulation from birth does not
preclute hea” orientation to light passe’ across the retina nor
does it interfere with the acquisition of light intensity dis-
crimination, whereas pattern discrimination is significantly

retarie” (Riesen 1947,1958,1961,1965a, “iesen, Chow, Semmes and

Vissen 1951), Riesen (1950) reported that dark-reared
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chimpanzees will react to changes in illumination and to slow-
ly moving light but show no initial reactions to complex pa-
tterns of light. Senden (1932) described the arduous process
involved in learning to discriminate geometric figures, follo-
wing the removal of congenital cataracts in human subjects,
Visuai acuity and thumb-finger opposition also appear to be
dependent upon patterned light stimulation in primates, although
less so than visual placing and visual cliff performance (Riesen,
Ramsey and Wilson 1964, Wilson and Riesen 1966, Riesen 1965a).
Wilson and Riesen (1966) also reported that visual acuity was
very poor in restricted monkeys early in testing, but showed

a developmental course similar to that which has been reported
for the normal infant monkey (Lashley and Watson 1913, Foley
1934, Mowbray and Cadell 1962),

Data derived from visually restricted cats supports the
findings obtained with restricted rats and primates. While an
intensity discrimination is readily learned by dark- or diffuse-
light-reared cats (Riesen and Aarons 1959, Aarons, Kitsui and
Riesen 1960) a pattern or movement discrimination is impaired
(Riesen and Aarons 1959, Riesen 1965a, Ganz and Fitch 1968).
Recently it has been shown that these disturbances are absent
if such restriction is begun at maturity, and it is now apparent
that there is a definite developmental period during which kit-
tens are sensitive to the effects of visual restriction. This

period beglns at approximately the second month of life and
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declines thereafter until termination at approximately the
fourth month of 1life (Dews and Wiesel 1970). As will be seen
later in this paper, a corresponding period of sensitivity to
visual restriction exists for electrophysiological changes.
Sensory restriction in infancy may have long-lasting
consequences. Thus, Wolf (1943) and Gauron and Becker (1959)
reported that rats undergoing short periods of wvisual or au-
ditory restriction in infancy were less efficient in their
responses to signals presented in the previously deprived moda-
1lity. As Hunt (1961) stated "... it appears ... that a rela-
tively brief period of receptor deprivation in infancy leaves
the lowly rat with a lessened readiness to utilize information
from the deprived receptor modality." Permanent behavioral
deficits following early visual restriction have also been re-
ported in cats (Wiesel and Hubel 1965b, Dews and Wiesel 1970).
Following monocular training, normal animals will readily
show appropriate responses when the training stimulus is pre-
sented to the untrained eye (interocular transfer). This capa-
city for interocular transfer demands that the visual system
process altered sensory inflow in such a manner as to allow for
the same response., Some evidence has been offered which indicates
that monocular rearing can limit visual defects to the deprived
eye with a resulting impairment in interocular transfer.
Riesen, Kurke and Mellinger (1953) reported that pat-

terned-light restricted cats failed to show interocular trans-
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fer when brightness (luminance) was the discriminative stimulus.
The possibility that transfer was impaired due to the asymmetry
of the visual environment during rearing rather than to patterned-
light restriction per se seems implausible, as Riesen and
Mellinger (1956) showed that stimulating both eyes simultaneou-
sly is not a necessary precondition for later interocular tran-
sfer. However, visually restricted cats will show immediate
interocular transfer of intensity (luminous flux) discriminations
(Riesen and Aarons 1959). It may be noted that the learning of,
or interocular transfer of, an intensity discrimination does not
require the presence of visual cortex (Aarons, Kitsul and Riesen
1960, Aarons, Halasz and Riesen 1963). Thus, even the extensive
cortical changes (to be described later in this paper) produced
by visuval restriction might not be expected to affect the inter-
ocular transfer of such a discrimination. Chow and stsen (1955)
have also demonstrated that visually restricted chimpanzees will
fail to transfer color, orientation or form from the trained to
the untrained eye.

A recent study by Meyers and McCleary 51964) did show
immediate transfer of a pattern disqrimination (circle versus
cross) in dark-reared cats. They suggested that earlier studies
failed to show transfer due to the presence of visuo-motor
deficits which were minimized by the use of a leg~flexion response
in their study. However, this suggestion fails to explain why

intensity discriminations may be transferred while brightness
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discriminations are not (in form deprived cats) when the respon-
ses involved require an integration of motor elements (as in the
studies of Riesen, Kurke and Mellinger 1953 and Riesen and Aarons
1959), In addition, the findings of Dews and Wiesel (1970) are
at odds with the suggestion of Meyers and McCleary (1964) as they
revealed an absence of persistent visuo-motor deficits following
monocular visual restriction in cats. TFurthermore, Meyers and
McCleary have not demonstrated convincingly that transfer was on
the basis of a pattern discrimination rather than on the basis

of the spatial distribution of 1light.

Since sensory restriction has been shown to result in retar-
ded discerimination, one might expect sensory enrichment to facili-
tate such discrimination. A number of studies have indicated that
animals reared with complex visual stimuli may later show enhanced
discriminative performance to complex visual stimuli (Forgus 1956,
1958a,b, Gibson and Walk 1956, Gibson, Walk, Pick and Tighe 1958,
Gibson, Walk and Tighe 1959, Walk, Gibson, Pick and Tighe 1958,
1959, Cool and Hake 1965, McCall and Lester (1969), It is interes.
ting to note that multimodal experience with stimulus complexes ma:
be most effective in facilitating pattern discriminations within
the visual modality (Meir and McGee 1959, Held and Hein 1963),

Investigations have also indicated that specific visual restri
ction during development may produce specific visual deficits at
maturity. Thus, the discrimination of hue may be dependent upon

experience with this stimulus dimension under some developmental
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conditions (e.g. as reported by Ganz and Riesen 1962, Peterson
1962, Malott 1968).

Thus far we have been dealing almost exclusively with the
visual modality. Assuming a fundamental similarity of sensory
systems we might expect the development of auditory sensitivity
to be dependent upon experience with auditory cues. Such an ex-
pectation receives some support from a preliminary report by
Batkin and Ansberry (1964) which indicated that decreased audi-
tory activity in rats resulted in insensitivity to sound, as
well as lack of pinna-reflex development. On the basis of
findings in the visuval system it might be expected that the
greatest deficits would occur when the animals who have been
sound restricted early in life are called upon to utilize complex
auditory signals., Two studies by Tees in 1967 have confirmed
this expectation. In the first of these investigations it was
demonstrated that rats reared under conditions of auditory res-
triction readily learned a frequency discrimination (4,000 cps,
versus 2,000 cps) but were significantly inferior to normal ani-
mals when a pattern discrimination was required. Two pattern
discrimination problems were employed: high-low-~high Qersus
low-high-low and high-~high-high and low~low-low versus high-
low-high (high = 4,000 cps, low = 2,000 cps). In the second study
rats were raised either in an emvironment impoverished with re-
spect to auditory cues, or with the addition of two hours of

white noise per day. While intensity discriminations did not
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3id not appear to be any more difficult for these two groups

of animals than for normal controls, both groups were inferior

to controls on a duration discrimination problem. Thus, pat-
ternef-auditory stimulation appears to play a role somewhat
similar to that played by patterned-light stimulation as both
make later pattern discrimination possible within their respective

modalities.

Restriction~Produced Changes at Petina and Subcortex

The exclusion of wvision in infancy has been shown to result
in refuced retinal cholinesterase, retinal enzymes, protein and
nuclear protein fractions in rodent, carnivore and primate
(Brattgars 1952, Shimke 1959, Rasch, Swift, Riesen and Chow
1961, Piesen 1960, Liberman 1962). On the other hand, intense
stimulation has similar effects upon some of these measures
possibly due to a transient depletion of metabolic stores
(e.g. as shown by Carlson 1902/3, Gomirato and Baggio 1962).
Anatomical changes at the retina such as ganglion cell degeneratir
collapse of the inner plexiform layer, and changes inoptic Zisc
and nerve have also been shown to accompany visual restriction
in a number of species (Chow, Riesen and Newell 1957, Weiskrantz
1958, Gyllensten and Malmfors 1963) and it has been suggested
that primates, as compared to other species, are most sus-
ceptible to these effects (Riesen 1965Db),

The fact that the integrity of the retina is dependent
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upon visual experience indicates that the perceptual deficits
already described may reflect a functionally inadequate neural
system. MHodification of centrally located visual centers has
also been found to follow visual restriction.

The earliest studies of visual restriction-produced changes
in subcortical visual stations involved eﬁucleation of the eye.
These reports revealed transneuronal “egeneration in the lateral
geniculate body following monocular camage to, or enucleation
of the eye in monkey (Minkowski 1913,1920, Le Gros Clark 1932,

Le Gros Clark and Penman 1933%-4, Glees and Le Gros Clark 1941,
Mathews, Cowan and Powell 1960). Transneurocnal changes following
enucleation or damage to the eye have also been noted in mice,
rabbits, rats, guinea pigs and cats (Goodman 1932, Tsang 1937,
Cook, Walker and Barr 1951, McClure 1958, Hess 1957,1958,1960,
Terry, Roland and Race 1962, Maraini, Carta, Frangaellis and
Santori 1963, Altman and Das 1964, Gyllensten and Lindberg

1964, Miller, Heller and loore 1969).

The choice of restriction procedure depends upon the interest
of the investigator and the tasks required of the subject.
Enucleation of the eye is employed only when later visual be-
havior is not observesd., Aside from eliminating activity ini-
tiated by visual stimuli, this procedure eliminates the influence
of spontaneous retinal activity upon centrally located structures,

nd may also produce direct degnerative changes in the next

©

order nerve cell, Therefore, it might be expected that the
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effects, upon centrally located visual centers, of this pro-
cedure are not equivalent to those produced by ocular occlusion
or dark-rearing. An early study by Goodman (1932) specifically
investigated whether or not different restrictive methods
produced Aifferent effects on optic centers in the rabbit. In
this study, the methods of monocular enucleation, lid-suturing
and ﬁark-rearing were compared. After three months of such
sensory restriction he found no effect of the latter two methods
on the structure of the eyes, optic nerves, superior colliculi,
lateral geniculate bodies or pulvinar, whereas enucleation re-
sulted in Jdegenerative changes in the optic tract and these
primary optic centers. At this time the prevailing view of the
nervous system was one excluding functional contributions to

its “evelopment (Tsang 1937, Weiss 1950) and the Goodman findings
were taken as further support for this position. Investigations
since 1932, however, using more refined histological and micro-
scopic techniques, as well as a number of different species, have
pointed to anatomical, biochemical and electrophysiological
changes (as have already been noted in retina) resulting from
ocular occlusion, lid-suturing and dark-rearing which are similar
although not equivalent to those produces by enucleation (Riesen
1966). Consistent with the view that similarities So exist be-
tween the effects of light-restriction and enucleation is the
finding that atrophy in the lateral geniculate body is a con-

sequence of either lid-closure or enucleation in kittens (Kupfer
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and Palmer 1964) and the finding that dendritic spines are
sensitive to light-restriction and enucleation (Globus and
Scheibel 1967a,b, Valverde 1967,1968).

In recent years an increasing number of investigators have
been employing light-restriction methods in the study of modi-
fications in subcortical visual structures. Examination of the
lateral geniculate nuclei of visually restricted cats, rats and
mice have reveale? atrophic changes, volumetric Zecreases, de-
creases in internuclear material an® reductions in acetyl-
cholinesterase, as well as a decrease in the number of axon
terminals (Wiesel ans Hubel 1963a, Gyllensten et al., 1965,
Maletta ans Timiras 1967, Cragg 1969, Fifkova and Hassler 1969).
In agreement with the behavioral findings, changes in the LGB
of mature animals restricted for equivalent periods are con-
spicuously absent (Wiesel and Hubel 1963a, Maletta and Timiras
1967, Hubel and Wiesel 1970).

On the basis of restriction-induced changes in the peripheral
an? subcortical visual system electrophysiological anomalies
might also be expected., Recent evidence has been offered to
show that these changes are less than those anticipated. Tor
example, while the "b" wave of the ERG is the component most
sensitive to light-restriction, its development is retarded but
not blocked by dark-rearing or lid-suturing in cat (Zetterstrom

1956, Ganz et al., 1968, Baxter and Riesen 1961, Cornwell,

Sharpless and Kanor 1962) or monkeys (Riesen 1965a), and no
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changes in receptive field organization or cellular respon-
sivity have been noted in the lateral geniculate body or its
radiations in cat (Wiesel and Hubel 1963b, Burke and Hayhow
196@, Ganz et al., 1968) despite findings of obvious atrophy
(Wiesel and Hubel 1963b). The alterations in retina and sub-
cortex following visual restriction, thus, seem less than
anticipated to account for the severe visual deficits that

have alrea“”y been described, When the consequences of visual
restriction are viewed at the cortical level, however, the
hypothesis that neural changes in the visual system underlie the

behavioral changes noted becomes more plausible.

Restriction~-Produced Changes at Cortex

Ablation Studies

Despite the fact that removal of visual cortex may disrupt
a preoperatively established light-dark habit under some con-
ditions (Lashley 1935, Thompson 1960) and that some permanent
loss of intensity discrimination may occur (Gunin 1960), such
discriminations may be relearned, If spatial cues are minimized
when the initial intensity discrimination is being established,
no postoperative loss may be encountered - indicating that ear-
lier studies failed to take into account the use of different
cues by normal and posterior neodecorticate animals (Bauer and

Cooper 1964, Bland and Cooper 1970). It is generally agreed that

the visual cortex i1s essential for the perception of patterns and
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that subcortical structures may support visual localization,
following and intensity discriminations (Kluver 1941, Pasik and
Pasik 1965,1968,1969, Schneider 1967). Thus, Lashley (1931)
found that the visual cortex was essential for pattern vision

in the rat, and Schneider (1967) reported that although visual
localization could be accomplished in the hamster in the absence
of wisual cortex, its presence was required for pattern vision.
Primates have also been shown to fail on tasks involving pat-
terned light discriminations, but may still acquire intensity
discriminations following destruction of wvisual cortex (Kluver
1941, Orbach 1959). It appears, however, that a rudimentary
"contour'" discrimination, based upon total retinal activity
(length, flicker, movement and total luminous flux) is still
possible in such animals (Weiskrantz 1963, Humphrey and Weisk-
rantz 1967) and may explain the isolated report of "pattern per-
ception' in the rat following visual cortex removal (Lewel-

lyn 1969).

Investigations of the effects of ablation of the visual
cortex of cats have yielded results somewhat similar to those
described above for rodent and monkey. Adult cats deprived of
visual cortex are severely retarded in the acquisition of a
pattern discrimination (Meyer 1963, Wetzel, Thompson, Horel and
Meyer 1965). Although, Winans (19A7) reported that adult cats
could discriminate an erect from an inverted triangle in the ab-

gence of visual cortex, this may have been a discrimination of
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the spatial distribution of luminous flux (Winans 1967, Dodwell
and Freedman 1968, Buchtel 1969). Striatectomy in cats has also
been shown to impair photic frequency and brightness discrimina-
tions (Tucker, Kling and Scharlock 1968)., As in rats and monkeys,
intensity discriminations are easily mastered following visual
cortex resection in cats (Smith 1937) Meyer 1963),

While some investigators have reported that infant cats
undergoing posterior neodecortication may show indications of
pattern vision as adults (Doty 1961, Wetzel et al., 1965) similar
studies in rat have shown no greater recovery of pattern vision
following early as compared to late lesions (Bland and Cooper
1969).

Taken as a group, these studies indicate that the neocortex
is intimately involved in the perception of form, and unless
flux or "contour" cues are available, visual pattern perception
does not occur in the absence of the geniculo-striate systen.

In view of these findings, neocortical alterations resulting from
visual restriction may exert a significant effect upon the
capacity to react to patterned light. The fact that visual
cortex removal does not preclude the formation of intensity
discriminations is also in accord with the restriction studies
which have indicated that visual experience is not necessary for
the performance of Intensity ~iscriminations.

Auditory cortex has also been removed in an effort %o
Aescribe the tasks not requiring its presence and the deflcits

in audition following its removal., These investigations have
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revealed that the cat can learn to respond to the onset of
soun’ (Kryter and Ades 1943), make frequency discriminations
(Goldberg Diamond and Neff 1958) and intensity discriimina-
tions (Neff 1961) in the absence of auditory cortex. How-
ever, Diamond and Neff (1957) reported that such animals could
not discriminate changes in the temporal pattern of tones

(i.e. different frequencies presented in sequences such as
low-high-low versus high-low-high). In addition, such neo-
cortical lesions destroy the ability to discriminate changes in
the “uration of pure tones (Scharlock and Neff 1959). Similar
findings have been reportes for the monkey (Jerison and Neff
195%). As in the visual system of cat, lesions in the auditory
cortex of infant kittens have a less “eleterious effeét upon
later auditory discrimination than when comparable lesions are
performed at maturity (Scharlock, Tucker and Strominger 1963).
The above ablation studies in the cat les to the behavioral in-
vestigations following auditory restriction in the rat (Tees
1967a,b). His findings (described earlier) can be viewed as
consistent with damage to the primary cortical projJection area.
The fact that intensity Jiscriminations are possible following
either cortical ablation or sensory restriction may reflect the
capacity of subcortical areas to support such behavior in spite

of restriction-produced structural modifications in the neocortex,.
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Biochemical and Anatomical Effects at Cortex

Many studies concerned with the effects of "enriched"
or "impoverished" environmental conditions on the development
of young animals, have noted that the biochemical and neural
constituents of cortex are sensitive to manipulations of this
environment (Xvech, Posenzweig and Bennett 1962,1965, Rosenzweilg,
Krech, Bennett and Diamond 1962, Diamond, Law, Fhodes, Lindner,
Rosenzweig, Krech and Bennett 1966, Diamond 1967). Hence one
might expect specific manipulations of the visual environment
to be reflected in a similar manner, It has been reported that
mice raise® in the dSark until 60 days of age had decreased levels
of cortical TNA, while animals raised in thelight to 60 days of
age ha? intermediate levels of “NA but, highest "NA levels
were found in a group Jark-reared to 60 days of age and then
brought into light for one hour prior to sacrifice (Riesen 1967).
Just why this latter group showed such dynamic changes is, at
present, unknown. However, similar findings have been reported
by TeBold, Firsheim, Carrier and Leaf 1967).

Although cholinesterase levels may be increased in visual
cortex (rodents) by enriched visual experience (Singh, Johnston
and Klosterman 1967), blinding or dark-rearing does not lower
cholinesterase or acetylcholinesterase levels (Krech, Rosenzweig
and Bennett 1963, Maletta and Timiras 1967). These findings
together with findings of increased cholinesterase activity in

the visual cortex of enucleate” animals reared under '"enriched"
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environmental conditions (Krech et al., 1963) indicates that the
visual cortex may serve nonvisual as well as visual functions.
Initial attemptsto determine if changes in cortex would resul
from visual restriction were rather crude, and early investigatior
reported negative findings (Goodman 1932, Tsang 1937, Hess 1957).
As investigator and instrument sophistication increased, however,
it became evident that the cerebral cortex was quite sensitive
to manipulations of the organism's visual history. One of the
first descriptions of cortical changes following visual restrictic
directed at cell bocies was reportec by Gyllensten (1959). He
raised mice in darkness from birth to 20 or 30 days of age.
After 20 days cell nuclei and internuclear material were re-
duces in laminae II/IIT and IV of striate cortex, resulting in
increased packing “ensity and relative vascularity of that area,
After 30 “ays, however, no such differences were apparent, sug-
gesting a normalization of neural processes., This suggestion
was supporte? by Gyllensten, Malmfors and Norrlin (1965) who
also noted that similar hypotrophic changes in subcortical st-
ructures showes no such normalization. Adults placed in dark-
ness for equivalent periods showed no changes in nuclear dia-
meter although a reduction in internuclear material was evident.
Cortical thickness was also found to be reduced in mice reared
from birth in darkness but not in adults. These findings are
in agreement with behavioral, anatomical and electrophysiolo-

gical findings indicating the importance of the interaction
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of the age of the nervous system and the effects of sensory
restriction,

The fact that extensive cellular normalization in dark-
reared mice was reportes by Gyllensten et al., in 1965 (although
a conspicuous an’ unexplained absence of normalization follows
enucleation - Gyllensten, Malmfors and Norrlin-Grettve 1967),
suggested compensation by means of the activity of nonvisual
afferents, The possibility that increased activity of other se-
sory systems may result from visual restriction leads directly
to the hypothesis of compensatory functioning of these systems
to aid in behavioral adaptability. While no substantial be-
havioral verification of such a suggestion has been forthcoming
Gyllensten et al., (1966) have reported hypertrophic changes in
the auditory cortex of visually restricted mice. Other resear-
chers have also postulated the operation of compensatory mec-
hanisms following sensory restriction. Xrech et al., (1963)
have described a greater “evelopment of somesthetic cortex
following ocular enucleation, and in addition, increased cho-
linesterase activity has been reported in the cortex of one
hemisphere following lesioning of the other (Krech, Rosenzweig
and Bennett 1960). Enhancement of the evoked potential (extr-
primary) to photic stimuli in nonvisual cortical areas following
visual restriction has also been described (Scherrer and Fourment
1964), To account for the increased activity and development

in these areas Gyllensten et al., (1966) have also offered the
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suggestion that the underdeveloped visual cortex removes an
inhibitory influence on neighboring cortical areas (morphogenetic
inhibition).

In recent years a number of specific and quantitative e-
valuations of restriction-produce? cortical changes have been
reporte®. Coleman and Ziesen (1968) reared cats in darkness
from birth to six months of age, whereupon “endritic branchings
were measuresd in visual cortex and posterior cingulate gyrus
(because of possible involvement in visual function - Harman
and Berry 1956, Hughes 1959, Ingvar and Hunter 1955, Cuenod,
Casey and MacLean 1965, MacLean 1966). Dark-reared animals were
found to have significantly fewer numbers of dendritic branches
on stellate cells (layer IV striate cortex). The basal den-
“ritic processes of the pyramidal cells in the posterior cin-
gulate gyrus showed similar changes. Stellate cell changes
following blinding have also been reportec by other investigators
in rabbit and cat (Gomirato and Baggio 1962, Dzidzishvili 1963),.
The probability of dendritic branching has also been related to
environmental enrichment or impoverishment (Holloway 1966).
Since the stellate cells in layer IV of striate cortex are ge-
nerally recognized as receiving <direct visual afferents, redu-
ctions of cell size and/or changes in dendritic ramifications
may recduce the capacity to react to visual stimuli, On this
basis, increases in cellular size and/or integration might prove

to be behaviorally a“vantageous. Interested in this possibility
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Clendennin and Eayrs (1961) induced cellular hypertrophy, as

well as greater numbers and lengths of cortical dendrites in

rats by the a“ministration of growth hormone during gestation
and found these rats to be superior to normal controls on spatial
learning tasks. Similar findings of behavioral advantage fol=-
lowing growth hormone administration have been reported by Block
and Essman (1965).

A number of recent investigations have looked more closely
at dendritic processes ané have note? changes in dendritic spines,
now recognizes as postsynaptic sites (Gray 1959, Colonnier 1968,
Scheibel an® Scheibel 1968, Valverde an” Puilz-Marcos 1969).
Globus and Scheibel (1967a) reporte” that unilateral enucleation
or lesions of LGB significantly reduces the number of spines
along the apicadl shaft of the pyramidal cell in striate cortex
in rabbits. Spine loss on these dendrites has also been repo-
rted following enucleation of the eyes in the mouse (Valverce
1968), It is important to note that the receptor nees not be
remove” for similar changes to occur. Thus, Globus and
Scheibel (1967b) reporte? that spine-“eformity was a conseguence
of “ark-rearing in rabbits, Valverde (1967) found a ZJecrease
in spine density following dark-rearing in the mouse, and Tifkova
(1968) noted a decrement in the population of spines in layer-
IV-V of the contralateral wvisuval cortex of rats following mono-
cular li“-suturing.

Valverie an3 “uiz-Marcos (1969 p 280) stated "... that the
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specific afferents in the visual cortex synapse on the dendrites
of short axon cells. The results of Colommier (1966) support our
contention that a great number of contacts over apical Jdensrites
of layer V pyramidal cells might derive from cortical cells...
The specific geniculo-cortical fibers woul< affect indirectly the
apical “endritic spines through those cortical cells." It would,
thus, appear that a decrement in spine population and stellate
cell dendritic ramification wouls have far-reaching consequences
with respect to intracortical organization.

It is interesting to note that the largest increase in
spine numbers in the striate cortex of the mouse occurs at
10-19 days of age, the approximate time of eye opening when there
is a marked increase in the intensity and quality of photic
stimulation (Valverde and “uiz-Marcos 1969). These data further
inticate that spine formation along the apical dendrites of wvisual
cortex is intimately relate? to the visual history of the orga-
nism. Such dendritic structures have also been shown to increase
in numbers in the visuo-auditory area of cortex following in-
creased multi-“imensional stimulation from birth (Schapiro and
Vukovich 1969), an® the size and number of synaptic sites in
the visual cortex have been reported to depend upon photic
stimulation (Cragg 1967).

On the basis of these reports it does not seem unreasonable
to expect that these "ecreases in synapses, cell numbers, sizes

and processes, following visual restriction alter the ability
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of the organism to respond to visual stimuli.

Electrophysiological Changes At Cortex

Electrophysiological investigations have revealed some of
the functional consequences of early visual restriction. TFor
example, Zislina and Arkhipova (1970) have reported Secreases
in the primary negative wave of the direct cortical response.
Furthermore, while four fifths of the cells in the striate
cortex of the normal cat can be “riven by stimulation of either
eye. (Hubel an” Wiesel 1962), only about seven per cent of these
cells can be influence” through the restricted eye after 10-12
weeks of monocular visual restriction (binocular influences
upon cortical units may also be reduced by strabismus or al-
ternating monocular experience, -~ Hubel and Wiesel 1965). These
cortical units are rea”ily fatigued, unpredictable and lack
precise receptive fiel”s (Wiesel and Hubel 1963b,1965a, Ganz
et al., 1968, Hubel and Wiesel 1970). In view of the finding
that the infant kitten does not differ markedly from the adult
cat with respect to these measures (Wiesel and Hubel 1963b) a
“isruption of function rather than a developmental failure
appears to have been produced by visual restriction. The varia-
bility or unpre~ictability of the cortical units of visually
restricte” organisms must be viewed in conjunction with the
variability of evoked potentials (“ox, Inman and Glisson 1968) and
Jeniritic processes (Globus and Scheibel 1967b, Coleman and Fiesen

1968), perhaps indicating that neuronal maturation is in some
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way “irected by visual experlence so as to maximize behavioral
adaptability. A recent report by Hirsch and Spinelli (1970)
suggeste” that predictable changes in the orientation of re-
ceptive fiel” s of cells in the visual cortex of kittens may be
profuce” by environmental stimuli, thus, lending support to the
above suggestion.

The behavioral literature has indicates a paucity of effects
when sensory restriction is begun at maturity. Generally,
stuiies involving anatomical, or electrophysiological measures
following sensory restriction are in good agreement with the
behavioral literature. In addition.to age, duration and severity
of the restrictive conditions (amount of light restricted) have
been foun” to be relevant variables, with greater effects obtaine
with young animals severely restricte” for relatively long perio”d
(e.g. as reporte” by Wiesel and Hubel 1963b, 1965a, Fox et al.,
1968). Hubel and Wiesel (1970) have recently indicate” that ther
is a sensitive perio to the effects of visual restriction in
cats beginning at about the fourth week of life and ending
before the fourth month of age. During this period only several
‘ays of visual restriction will severely reduce the effectiveness
of photic stimulli upon cortical neurons, Iurthermore, longer
restrictive pe 1ods encompassing greater portions of this sensiti-
perio’ result in virtually irreversible effects, while shorter
restrictive periods allow some electrophysiological recovery.
These neurophysiological changes have been related to behavioral

changes in kittens with similar histovies (Tews and Wiesel 1970).
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On the basis of neurophysiologlcal findings with monocular
visual restriction it was expected that binocular restriction
would result in a cortex almost totally unresponsive to photic
stimuli. However, contrary to expectation, 41% of the cortical
cells responded normally in binocularly restricted cats even
after several months of visual restriction (Wiesel and Hubel
19652). The greatest changes appeared to be in the presence of
a large number of unresponsive cells (27%) and a number of cells
showing unpredictability, lack of orientation specificlty, voor
receptive field definition and response sluggishness (32%). The
authors concluded that "... the functional ‘integrity of the visual
pathway may depend not only on the amount of afferent impulse
activity, but also on the interrelationships between the various
sets of afferents" (Wiesel and Hubel 1965a, o 1038).

Evoked potential changes followling visual restriction have
also been recorded in monkeys (Lindsley, Wendt, Lindsley, Fox,
Howell and Adey 1964) and rats (Fhodes and Fleming 1969). How-
ever, no gross abnormalities in the spontaneous EEG have been
observe? in visually restricted kittens, although repetitive
photic stimulation may induce atypical EEG responses (Baxter
1966, Satterberg and CGanz 1967).

2ecently, Scherrer and Fourment (1964) demonstrates that
the latency of the primary responses of the evoked potential in

the occipital area is longer for dark-reared than for normally
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reare’ rabbits and that the amplitude of this response was
diminishe” in the visual cortex. Large amplitude responses with
shorter latencies were recorded in somesthetic and motor areas

to light stimulation. In adfition, dark-rearing appeared to have
increase” the amplitude of the evokes responses to auditory

anc somesthetic stimuli in the occipital area of these animals,
Whether or not this indicates the action of more sensitive
nonvisual sensory systems through some sort of compénsatory
mechanism remains to be determined,

Unfortunately, very little is known about the electro-
vhysiological consequences of auiditory restriction. The one
reporte’ study in“icates a loss of responsiveness as measured
by threshold determination for au“itory evoked potentlals in

the rat (Batkin, Groth, Watson and Ansberry 1970).

Intracranial Stimulation

Since Loucks (1938) demonstrate? that electrical sti-
mulation of the visual cortex could serve as a conditiones
stimulus for leg-flexion or saliVary responses ih dogs, numerous
studies using similar methods have been conducted. These in-
vestigations have failes? to reveal any unconditionable cortical
loci in the cerebral cortex of the cat or monkey (e.g. as reported
by Doty, Rutledge and Larsen 1956, Doty and Futledge 1959,

Doty 1965a,1967,1969). Such cortical stimulation appears to be
discriminable with respect to stimulus frequency an< to whether it

is appiieﬁ centrally or peripherally (Schuckman 1966, Schuckman
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and Battersby 1966). In adsition, cortical locus has been shown
to be discriminable in the monkey (Doty 1963,1965b,1967, Fantl
and Schuckman in preparation). In rats, electrical stimulation
of the cortex has also been shown to serve as a conditione?
stimulus and stimulus parameters, as well as cortical loci

may be Jiscriminate’ (Mogenson 1959,1962, Grosser and Harrison
1960, Weinberg 1968).

Generalization from peripherélly.to centrally applied stimuli
has generally been found to be absent thus suggesting a lack of
stimulus equivalence (Doty 1969, Toty and Rutledge 1959, Schuck-
man 1966,Schuckman and Battersby 1966). Although Kitai (1965,
1966) 3id report generalization in rats from a steady light to
a test cortical or optic chiasm stimulus, Doty (1969, p 308)
criticized these findings by pointing out that "... random inter-
trial pressing, especially in resvonse to onset of extinction
procesures, may have influenced the outcome..."

Thus, a method for stimulating the cortex without first
involving the various peripheral and subcortical structures
has been developed. Such a metho  appears acmirably suited for
an evaluation of the status of the cortex following sensory
restriction. Only one such study has been reported. Mogenson
(1962) found retarded acquisition of a conditioned response to
an electrical stimulus “elivered to the visual cortex of or-
bitally enucleate” rats, However, as noted earlier, the effects
of surgical “eafferentation may ~“iffer from those of light-

restriction, and these findings may have been due to the direct
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atrophic effects of enucleation rather than to the effects of
light-restriction per se, Furthermore, these data failed to
reveal whether the effects were restricted to the primary
cortical projection area, as only the visual cortex was
stimulate®., On the basis of reports indicating possible com-
pensatory mechanisms in restricted animals we might expect
visual restriction to facilitate acquisition of a conditioned

response to electrical stimulation of auditory cortex.
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Subjects

The subjects were 43 laboratory raised Long Evans hooded
rats. Each animal was assigned to one of seven groups as lis-

ted in Table I. Group I contained seven rats while the other

groups contained six.

Sensory Festriction

Visuval restriction was accomplished by means of eyelid
suturing. Animals in group I had thelr eyelids surgically
separated and then sutured together at 13 days of age. At 22
days of age these animals were fitted with tape hoods to pre-
vent them from removing the sutures and to restrict stiil fur-
ther the passage of light to the eyes. Groups II and III under-
went lid-suturing and were fitted with hoods at 40 days of age
(see Table I).

Auditory restriction was accomplished by placing cotton
into the external meatus of each ear and covering the cotton
liberally with collodion so as to form a hard fibrous plug.

It was necessary to change these plugs periodically since the
animals would loosen or remove them on occasion. Animals in
group IV were fitted with these plugs at 13 days of age, while
animals in groups V and VI recelved the plugs at 40 days of age.

All animals were remove® from the mother and housed indi-

vidually at 22 days of age. Electrode implantations were
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Table I

Experimental Groups and Treatments

Age at Age at
Group N Modality Restricted Restriction Training
(Days) (Days)
I 7 Visual 13 45
II 6 Visual 40 45
III 6 Visual 40 85
Iv 6 Auditory 13 45
v 6 Auditory 40 45
VI 6 Auditory 40 85
VII 6 Unrestricted -- 45
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conducted at 40 days of age and restrictive conditions were

maintained throughout training.

Surgery

For impantation, animals were anesthetized with sodium
pentobarbital (35 mg per kg ~iluted with 1/2 cc of saline,
a’ministered intraperitoneally) and also received atropine
at the time of surgery to Jry mucous passages (.01 cc).

Overations were conducte”® under asceptic conditions., A
midline incision was made in the scalp extending from app—‘
roximately 4 mm in front of the bregma to approximately 4 mm
behind the lamb’foid suture. TFollowing the insertion of 5-7
anchoring screws a craniectomy was performed., The dura was
incised and reflectec and the electrode assembly was set in
place with the visual cortex electrodes approximately 5 mm-
posterior to and 1 1/2-2 1/2 mm lateral to the bregma. These
placements were determine” on the basis of the anatomical
stufies of Waller (1934), Lashley (1941) and Krieg (1946),
which designates the '"visual" and "auditory" areas of the rat
neocortex. The exposed area was packed with gelfoam and co-
vere? with ~ental acryiic in orfer to hol? the assembly in
place by securing it to the skull ani the anchoring screws.

Electrodies were constructesd of .001 inch tungsten wire
insulated with vinyl enamel and presoldered to a subminiature

connector, The connector was designed especially for this
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purpose by Mi-¥ro Connector Corp. The complete connector as-
sembly consisted of four monopolar electrodes, two for auditory
cortex and two for visual cortex. Electrode tips were bent at
an angle of 65-75 degrees, were approximately 1 mm apart, 3/4-

1 mm in length and were imbe~ded in the cortex.

Apparatus

Behavioral training was accomplished using a Lehigh Valley
Testing Chamber. The chamber containe® two steel levers (only
one of which was operative) ans a dipper located between the
levers which woul® deliver water., A blower circulated air and
masked extraneous sounds,

The output from a Grass stimulator (Model S-4) to a
Stimulus Isolation Unit (Model SIU 4678) and a Constant Current
Unit (Mofel CCU 1A) delivered intracranial electrical stimula-
tion. Current was monitored by two Lafayette milliameters
connected in series with the stimulating circuit. Stimulation
and reinforcement were controlled by means of a BRS Electronics
prgramming unit. The stimulus consisted of a 3 second train of
rectanzular pulses at 60 pulses per second (pulse “uration was

.% msec).

Irocedure
Following a five day post-operative recovery period the
animals were “eprivesd of water for 23 hours and then shaped to

press a lever to obtain water. Daily records were kept of the
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number of responses emitte? during a 15 minute free-responding
period until stabilized responiing was notes (the total number
of regponses per period differing by less than 10% on three
consecutive sessions). Threshold for overt movement resulting
from stimulation “delivered to each cortical area was then de-
termined. Overt movement consiste” of a neck-flexion response
in all subjects.

Following response stabilization and overt threshols
determination, training was begun. During training, lever-
press responses “uring intracranial stimulation of either the
visual or the auditory cortex were followed by water delivery.
The intertrial interval varie? between 16 and 20 seconds, and
responses in the absence of stimulation resulted in a recycling
of the intertrial interval, delaying stimulation for at least
16 seconds. Animals received 25 stimulations of each area per
day and were trained six days per week. The Gellermann ovder
was employed to program the orfer in which the two cortical
areas were stimulated. Initial training current was set at
80% of the current intensity necessary to evoke threshold
responses. A correct response was ~“efined as a depression of
the lever during cortical stimulation. When correct responiing
reached a level of 80% or more, for five consecutive days, the
animal was considered to have reache” criterion for that area.
Stimulation was continued in either area until criterion was
reache? for both areas. Unless the criterion was reached at

the same time for both areas, a period of reestablishment was
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institutes such that both areas were again stimulated until

80% correct responses to stimulation of both areas was attained,
Number of correct responses to stimulation of visual and au-
2itory cortex was plotted as a percentage of blocks of 25 train-
ing trials in all figures presenting individual “ata. Group
fata was replotted on the basis of the mean number of blocks of
trials required to reach and maintain or surpass four successive
levels of training (20,40,60 and 80% correct responses). TFol-
lowing criterion performance at a current intensity of 80%

of behavioral threshold curvent was reduced to 65% until the
séme criterion was reache” and then again to 50% until criterion
was reached. The number of correct responses and incorrect
regponses at each current intensity level were noted.

Following termination of all training and testing, 28 of
the subjects were sacrificed and their brains were perfused with
saline followe” by 10% formalin. The brains and eyes were re-
moved and place? in formalin. Electrode locations were confirmed
by visual observation and the eyes of visually restricte” and
control animals were sectioned and stained (haemotoxylin an?

eosin) for histological examination of the retinae.



- 41 -

RESULTS

Behavioral Threshold

Table II presents the mean current intensities necessary to
evoke threshold (behavioral responses) neck-flexion in all
groups. Current intensities ranged from a low of 2,5 ua to a high
of 100 ua (see Table XI in Appendix). This range of currents
was somewhat wider than that reported by Mogenson (1962). He
indicated a range of from 30 to 80 ma, but was unclear as to
whether this range represented the current values for threshold
behavioral response or the stimulating currents employed. (65% of
threshold). It was also unclear as to whether this was a within-
or between-subjects range. However, the mean threshold currenﬁ
obtained here (24,8 jma) fell just below the range he reported.

Although thresholds were somewhat higher in the . visual
cortex of 68% of the subjects, within-group t tests failed to
reveal significant Aifferences between the current values ob-
tained in the visual and auditory cortex of any of the seven
groups. Furthermore, no significant experimental-control group
differences in the threshold currents obtained in either corti-
cal area were found. These data are summarized in Tables II

and IIT,

Cortical Conditioning In Unrestricted Control Animals

The individual acquisition data for unrestricted control

animals (group VII) to stimulation of visual and auditory
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Table II

Within-Group Comparisons Of The Current Magnitudes
Required To Evoke Threshold Behavioral Responses

Mean Current Magnitude (mpa)

Group Visual Cortex Auditory Cortex t
I 36,28 29,00 0.39
II 28,80 14,50 1.34
III 22,00 28.80 0.46
Iv 31.25 26,08 0.33
\' 12.08 23,66 0.95
Vi 29,67 19.83 0.60
VII 26,92 18,58 0.80
¥ p £.05

#*#p £.01
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Table III

Experimental-Control Group Comparisons Of The Current Magnitudes
Required To Evoked Threshold Behavioral Responses

Control (VII) Visual Cortex Auditory Cortex
versus GroubD... t t
I .52 .27
II .15 .54
I1I .38 .81
IV 45 .46
v 1.68 « 57
VI .16 .16
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cortex are shown in Fig 1. In the figure the percent correct
regponses made by each group VII animal (unrestricted con-
trols) to stimulation of visual and auditory cortex are plét-
ted as a function of successive blocks of training trials., It
is evident from these figures that there were no Jifferences
in the acquisition of intracranial stimulation as a discrimi-
native stimulus in either cortical area of these animals,

Fig 2 presents the pocled data for the entire group of un-
restricted control animals replottied on the basis of the mean
number of blocks of trials required to reach (and maintain or
surpass) accuisition levels of 20, 40, 60 and 80% correct
responses. This figure shows a good deal of similarity in the
two functions. A treatments x treatments x subjects statisti-
cal analysis (Winer pp. 289-290) showed no significant 4if-
ferences between these two functions (F=M1.00, 4f=1,5). The
variability of these functions was also found to be highly
similar (F=1,03, af=6,6 -~ Snedecor 1937),

The results obtained here are also relevant to data other
than those dealing specifically with changes in the central
nervous system of sensory restricted animals. Thus, the findings
that equal ICS current magnitudes may evoke movement when pre-
sented to the visual or aucitory cortex of the rat, and that
electrical stimulation of either cortical area is an equally
effective CS, are in agreement with previous findings in other
species (Hughes 1956, Doty et al, 1956, Lilly 1958, Doty and

Rutledge 1959, Doty 1965a, 1967),
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Fig 1A-D, Discriminative stimulus acquisition for group
VII - inAdividual data., Percent correct responses made by
each group VII animal (unrestricted controls) to stimulation
of visual and auditory cortex as a function of successive
blocks of training trials. The horizontal line at 80 per
cent correct represents the criterion level employed. The
number in the upper left corner of each graph indicates
the individual animal represented.
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Fig 1E~F, Discriminative stimulus acquisition for
group VII - indivicual Aata. For explanation of the
figures see Fig 1A-D,



- 48 -

e = VISUAL CORTEX

AUDITORY CORTEX

o=

1
9

i

1
V7

|
15

1
13

i

76

o Qo

[
o
Q ©

SASNOCGSIY LDIYIOD LIN3IDY3d

40 ¢=

21

19

13 15

BLOCKS OF 25 TRIALS

n

17



- 49 -

Fig 2. Discriminative stimulus acquisition for group
VII - group cata. Percent correct responses made by group
VII (unrestricted controls) to stimulation of visual and
auditory cortex “uring training. The figure is base? on the
mean number of blocks of trials required to reach and main-
tain or surpass four successive levels of training (20, 40,
60 and 80% correct responses). Standard deviations for each
voint are represented by dotted vertical lines to the right
(auditory cortex) and solid vertical lines to the left
(visual cortex) of plotted mean values.
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Effects Of Visual Restriction Upon Cortical Conditioning

Barly Visual Restriction - Early ERun

Fig 3A-G present the individual data obtained from animals
paranatally restricted of vision (eyelid suturing was conducted
at 13 days of age) and trained at 45 days of age (group I).

These figures reveal consistent differences in the responsiveness
of the visual and auditory cortices. Per cent correct responses
to stimulation of the auditory cortex were usually greater, while
trials require” to reach criterion were usually fewer., This
difference between visual and auditory cortex in group I animals
was not apparent during initial training, but emerged coincident
with experience in the training situation.

Although all group I animals showed cifferences in the easge
with which stimulation of visual and auditory cortex could serve
as “igscriminative stimuli, these differences were-not uniform.
Thus, two animals (14 and 15) performe? better in response to
stimulation of the auditory than to stimulation of the visual
cortex in the latter half of training, while four animals (12,
18,19 and 11) showed consistent verformance differences throughout
training. One animal (17), on the other hand, showed a perfor-
mance reversal from initially superior performance in response
to stimulation of auditory cortex to a somewhat better performance
recor? in response to stimulation of visual cortex. Although this
variability between animals was present, it appears that early

visual restriction consistently rendered these animals more
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efficient in the development of appropriate responses when
stimulation was delivered to the auditory cortex than when
presented to the visual cortex,

Fig 4 presents the pooled data for group I plotted in the
same fashion as was fig 2, This figure reveals that greater
numbers of blocks of trials were required to reach the suc-
cessive performance levels of 20, 40, 60 and 80% correct re-
sponges when stimulation of visual cortex served as the dis-
criminative stimulus. This acquisition difference showed a
progressive increment across these levels and statistical
analysis reveale” this Jdifference to be significant (F=13,05,
8f=1,6, p= £.05), while no variability differences between the
functions attaines statistical significance (7=1.50, 4f=6,6).

These figures an”® analyses revealed that early visual
restriction somehow modified the capacity of these animals
to acquire a discriminative stimulus based upon electrical

stimulation of the cortex.

Late Visual Restriction - Early Run

To test the possibility that restricting photic stimula-
tion during training would modify the acquisition of intra-
cranial stimulation as a discriminative stimulus, animals in
group II were visually restricted at 40 days of age an® trained
at 45 days of age. I'ig BA-F present the individual data ob-

tained from these animals. It is apparent from these figures

that while two animals (23 and 25) showe? somewhat better
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¥ig 3A-C Discriminative stimulus acquisition for group
I - individual Zata. For explanation of the figures see
¥ig 1A-D.
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ig 3D-E Discriminative stimulus acquisition for
group I - indivicdual “~ata, For explanation of the figures
see Fig 1A-D,
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Fig 3F-G, Discriminative stimulus acquisition for group I -
individual data, For explanation of the figures see Fig 1A-D,
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Fig 4., Discriminative stimulus acquisition for group I -
group data. For explanation of the figure see Fig 2,
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performance in response to stimulation of auditory cortex, no
consistent performance difference between areas was reflected
in the performance of the rest of the group.

Fig 6 presents the pooled data for group II plotted in the
same fashion as was Fig 2., Although a small difference between
functions generated for the wvisual and auditory cortex appeared
to indicate superior performance in response to stimulation of
the auditory cortex, such differences failed to attain signi-
ficance (F=X)1.00, 8f=1,5). These functions were also tested
for possible variability differences which might be a consequence
of experimental coniitions but no such differences were obtained
(F=1.13, ar=6,6).

On the basis of these Jata it may be stated that the
restriction-produced modifications in the acquisition of intra-
cranial cortical stimulation as a discriminative stimulus re-
vealed by group I reflected more than the absence of adequate
stimulation during conditioning, and that a relatively short
period of wisual restriction failed to distinguish between

experimental and control animals,

Late Visual Restriction - lLate 2un

In order to investigate the possibility that the duration
of visual restriction might be the critical factor in modifying
cortical responsiveness rather than the age at which such re-
striction was initiated, animals in group III were visually
restricted at 40 days of age and trained at 8% days of age.

Pig TA-F present the individual Zata obtained from these
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Fig BA-D., Discriminative stimulus acquisition for group
IT - individual data. For explanation of the figures see Fig
1A-D,
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7ig S5E-F, Discriminative stimulus acquisition for group
II - individual cata. For explanation of the figures see Fig
1A=-D,
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Fig 6. Discriminative stimulus acquisition for group II -
group fata. For explanation of the figure see Fig 2.
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animals and reveals no group trend., Thus, two animals (31 and
32) showed better performance (greater percentages of correct
responses and fewer trials to criterion) in response to stimu-
lation of auditory cortex, two animals (34 and 35) had better
performance records in resgponse to stimulation of visual cortex
and two animals (33 and 36) revealed no performance differences
in response to stimulation of these areas,

When these fata were pooles across animals as in Fig 8 and
replotte” as in Fig 2, it was apparent that as a group the ease
of acquiring electrical stimulation as a discriminative stimulusg
737 not differ between the cortical loci tested. This observation
wags supporte” by the lack of statistical difference between these
funections ("=NX1.00, ¢f=1,5), Furthermore, no difference be-
tween the variability of the two functions was obtaines (F=1,38,
ar=6,6).

The data presentes thus far reveals that visual restriction
can affect the acquisition of a discriminative stimulus based
upon electrical stimulation of the cortex, rendering acquisition
easier in the auditory cortex., These effects, however, are
Jepenient upon the age at which restriction is begun.

One of the purposes of this investigation was to test the
possibility that sensory restricétion in the auditory modality
might have similar effects upon the responsiveness of its primary
cortical projection area, Therefore, three groups of animals
restricted of audition at ages, an for durations, corresponding

to those of groups I-III were employed to investigate this
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Fig 7A~D. Disc-iminative stimulus acquisition for group
TII - individual fata. Tor explanation of the figures see "1ig
1A=-7,



» = VISUAL CORTEX
o = AUDITORY CORTEX

!
[}
o
!

- )

L

P E

-

-0

atd v
© ™
| R N | |
[~ 2 = ] [~ ZE = ]
s 8 8 8 8 B
-
-2
[
q -t b

80 =

40

20 =

1"

00

80

o
«©

SISNOCSIY LOIYWOD LNIDYAd

(=3 (=4

1
o
e

l. ON....

60 =

BLOCKS OF 25 TRIALS

e e e g

v b e e



- 71 -

Fig TE-F. Discriminative stimulus acquisition for group
III - indivicual data. TFor explanation of the figures see I'ig
1A-D,
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Fig 8. Discriminative stimulus acquisition for group III -
grouv data, Tor explanation of the figure see ig 2.
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possibility.

Effects Of Auditory Restriction Upon Cortical Conditioning

Early Aulitory Testriction - Early Run

Fig OA-F present the individual <cata obtaines from animals
whose hearing was restricte? beginning at 13 days of age and who
were trained at 45 days of age. As was true of the comparable
visually restricted group, these animals reveale? consistently
superior performance when the nonrestrictes cortical area wa.s
stimulate’, so that greater numbers of correct responses per
block of trials, as well as fewer blocks of trials required to
reach criterion, were found in response to stimulation of visual
cortex, This difference was negligible during initial training,
but grew coincident with experience in the training situation.

The difference between “iscriminative stimulus acquisition
in visual and auditory cortex is more clearly apvarent in fig
10, which presents the group “ata obtained from these animals
(replottes as in Tig 2). Superior performance in terms of
fewer blocks of trials require” to reach these successive per-
formance levels was evidence” in response to stimulation of the
visual cortex, This Jisparate performance is more pronounced
at the 40 and 60 per cent levels, than at the 20 and 80 per cént
levels. These acquisition differences were found to be statis-
tically significant (F=13,18, df=1,5 p= £.05) and no variability
differences between Tunctions were statistically significant

(F:1035, ’qf:6,6)o
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Fig 9A-D, Discriminative stimulus acquisition for group
IV - individual “ata., Tor explanation of the figures see Fig
1A-D,
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Fig 9E~F. Discriminative stimulus ecquisition for group
IV - iniividual data, For explanation of the flgures see Fig

1 A‘D'
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Fig 10. Discriminative stimulus acquisition for group
IV - group Jdata. For explanation of the figure see Fig 2.
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Both early visuval and early auditory restriction have the
capacity to modify the ability of the organism to utilize
stimulation as a cue for a lever-press response so that acqui-
sition is facilitate” in the nonrestricted as compared to the

restricted cortical projection area.

Late Auditory Restriction - Early “un

Group V animals were employed for the same purpose as were
group II animals - to test the possibility that e withdrawal of
a“equate stimulation “uring training was a significanﬁ contributor
to the performance “ifferences in response to stimulation of
visual and aucitory cortex observed in group IV. Therefore,
animals in group V were restricte” of hearing at 40 “ays of age
an? traines at 45 days of age. Fig 11A-F present. the incivi-iual
Jata for these animals and shows that no consistent “ifferences
between responses to stimulation of visual and auditory cortex
were obtained.

Fig 12 presents the group data for these animals (replottes
as in Tig 2). Although there appears to be a small “ifference
between the functions in the number of blocks of trials required
to reach the successive performance levels “esignates, statistical

-

analysis reveals this Jifference to be nonsignificant (. =5.29,

Af=1,5). Similarly, no significant differences between the

variability of these functions was obtained (F=1,06, if=6,6).
Apparently, auditory restriction at maturity for a com-

paratively short period of time has no greater effect upon the



- 8% =

Fig 11A-D. Discriminative stimulus acquisition for group
V - individual data. Tor explanation of the figures see Fig 1A-D.
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Fig 11E-F., Discriminative stimulus acquisition for group
V - individual fata., TFor explanation of the figures see Fig 1A-D,
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Fig 12. Discriminative stimulus acquisition for group
V - group ‘ata. For explanation of the figure see Fig 2.
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acquisition of a discriminative stimulus based upon cortical
stimulation than doeg a similar period of visual restriction at

maturity.

Late Auditory Restriction - lLate Run

Animals within this group (VI) were included in the present
stuiy to test the possibility that auditory restriction for a pro-
longe” perio”? at any age may induce changes in the effectiveness
of cortical stimulation., Therefore, these animals were de-
prive® of hearing at 40 “ays of age and trained at 85 days of
age.

Fig 13A-I present the individual data obtained from group
VI. As was true of group III, group VI appeared to have a
rather nonuniform composition. While three animals (65,66 and
62) showe?l markesly better performance in response to stimu-
lation of auditory cortex, one animal (63) performed better in
response to stimulation of visual cortex, while two animals (61
an® 64) responded equally to stimulation of either cortival area.
The performance of animals 65,66 ans 62 which showed considerably
better performance in response to stimulation of the restricted
cortical projection area was similar to the performance of animals
34 and 35. This lack of group consistency shown in groups III
an?d VI may be a function of age rather than of restriction.

While the group cifferences represented in Fig 14 (re-
plotted as in Fig 2) indicates superior performance of these
animals in response to stimulation of auditory cortex, this

performance “ifference failed to achieve statistical significance
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Fig 13%A-D, Discriminative stimulus acqulisition for group
VI - incdividual “fata. For explanation of the figures see Fig
1A-D.
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Fsg 13E-F, Discriminative stimulus acquisition for group
VI - individual “ata, Tor explanation of the figures see Fig
1A-D,



- 03 o

PERCENT CORRECT RESPONSES

100

80

40

20

100

80
60
40

20

66

e = VISUAL CORTEX
o = AUDITORY CORTEX

1 | I . ] | A

AR A

| -

A

n 13 15

17 19

21



- 94 -

Fig 14, Discriminative stimulus acquisition for group
VI - group data. For explanation of the figure see Fig 2.
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(F=1.79, df=1,5). Variability between the functions also failed
to show a significant difference (F=1.,49, df=6,6).

These data indicate that paranatal sensory restriction
modified cortical responsiveness so that acquisition of an
intracranial electrical stimulus as a discriminative stimulus was
easier in response to stimulation of the nonrestricted as com-
pare” to the restricted primary cortical projection area.

Clearly these effects are dependent upon the age at which res-
triction was initiated and animals with histories of adequate
sensory stimulation during infancy are resistant to these effects
even when the restriction period, during adulthood, is extensive,
These within-group comparisons- -of discriminative stimulus ac-

guisition are summarized in Table IV.

Experimental~-Control Group Comparisons

On the basis of the analysis presented thus far, it is not
possible to determine whether the observed modifications in
performance of groups I and IV were due to a decrement in the
ease of Jdiscriminative stimulus acquisition in the restricted
cortical area, or fue to an increase in acquisition ease in the
nonrestricte? cortical area, Furthermore, the performance of
groups II, III, V an?® VI may have differe”s from that of unre-
strictes controls in both cortical areas “espite failure to
cbtain within-group “ifferences when these areas were compared,
Therefore, comparisons between experimental and control groups were

carrie” out by means of a two-factor mixe? “esign with repeated
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Table IV

Within-Groups Comparisons Of Discriminative Stimulus Acquisition
In Response To Stimulation Of Visual And Auditory Cortex

Group ¥
I 13.,05%
II 1,00
I1I 21,00
IV 13,18%
v 5.29
VI 1.79
VII D 1,00
* p £05

#% p .01
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Table V

Experimental-Control Group Comparisons Of Discriminative Stimulus
Acquisition In Zesponse To Stimulation Of Visual Cortex

Control (VII)

Tersus GroUDe . F
I 1.97
IT 1.15
ITT 1,82
IV :;1.00
v 1,00
VI 1.69
* p £.05

®% p £,01
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Table VI

Experimental-Control Group Comparisons Of Discriminative Stimulus
Acquisition In Response To Stimulation Of Auditory Cortex

Control (Vi)
versusS GroUD...

7!

I A 1.00
IT 2.44
ITI 1.72
Iv - 1,00
v 1.27
VI N 1,00

* p £.05
#% p £,01
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Table VII
Experimental-Control Group F Tests For Restriction-Produced
Variability
Control (VII) Visual Cortex Auditory Cortex
versus Group... r v

I 1.09 1.42

II 1.69 1.98

Iv 1.45 Te11

v 1.06 1.08

Vi 1.28 1.19
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measures on one factor (Winer 302-312), These data are summarized
in Tables V and VI, The performance of each group in response

to stimulation of a particular cortical locus was compared with
the performance of unrestricted controls in response to stimu-
lation of that same area. Despite the significant within-

group “ifferences obtained in groups I and IV, there were no
significant differences between the verformance of any experiments
group when compare” to unrestricted controls, However, Fig 15
and Fig 16 suggest that unimodal sensory restriction influences
the acquisition of cortical stimulation as a cue when that
stimulation was presented to, or outside of, the primary cortical
pro jection area., In the case of group I this took the form of
retarie” learning (greater numbers of trials to successive
performance levels) in response to stimulation of visual cortex,
and somewhat facilitated learning in response to stimulation of
au“itory cortex., In group IV this took jJjust the opposite form,
with learning in response to stimulation of visual cortex showing
enhancement while responses to stimulation of auditory cortex
were retarced, These data suggest the possibility of compen-
satory mechanisms, or facilitated learning in nonrestricted
gensory modalities,

On the other hand, groups II, III, V and VI showed neither
within-groups <ifferences, nor ~ifferences in comparison to
unrestricte? controls in discriminative stimulus acquisition
(see Tables V ani VI). Variability analyses were also conducted

and revealed no significant differences between experimental and
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Fig 15, Mean number of blocks of trials required by ani-
mals in groups I and VII to reach and maintain or surpass
levels of 20,40,60 and 80 per cent correct responses. The
abbreviation E.V.R, - E.R. denotes Early Visual Restriction -

Early "un (group I) while UNRESTR. <enotes unrestricted con-
trols (group VII).
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Fig 16. Mean number of blocks of trials required by ani-
mals in groups IV and VII to reach and maintain or surpass
levels of 20,40,60 an? 80 per cent correct responses, The
abbreviation E.A.2.~ E.R. denotes Early Auditory Restriction -
Early “un (group IV) while UNRESTR. denotes Unrestricted
controls (group VII).
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control groups (see Table VII). It was also noted that within-
groups analysies failed to reflect significant variability dif-
ferences in any of the groups employed in the present study.

It may now be firmly stated that treatment effects were
reflected only in the experimental groups experiencing sensory
restriction in infancy, with better performance being shown in
response to stimulation of the nonrestricted as compared with

the restricted primary cortical projection area,

Effects Of Decreasing Stimulus Intensity Upon Cortical Conditionir

Following criterion performance in response to stimulation
of both visual and auditory cortex with a current intensity of
80% of behavioral threshold, current intensity was reduced to
65%., This was done first to test the possibility that a de-
crement in stimulus intensity would reveal treatment effects
not observable at higher current intensities, and secondly, to tec
the possibility that transfer of training or stimulus generaliza-
tion would be less efficient in groups I and IV,

Only 14 of the 30 animals surviving to be tested at a
current magnitude of 65% of behavioral threshold failed tc: reach
criterion performance immediately (80% correct responses per
block of trials for the first 5 blocks of trials). Table VIII
presents the data for these animals, Of these 14 subjects, two
(25 and 34) failed to reach criterion within the 15 blocks of
trials limit set for such performance. Of the remaining 11

animals failing to reach criterion immediately, 9 showed below
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Table VIII

Number Of Blocks Of Trials On Which Performance Was Below
Criterion At A Current Intensity Of 65% Of Behavioral

Threshold
No, Of Animals

Animal Visual Cortex Auditory Cortex Tested
Group I 5

15 1 4
Group II 5

22 3 5

24 1 1

25 15 15

26 1 B 1
Group III 5

33 3 3

34 12 15

25 0 1
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Table VIII (Con't)

No. Of Animals

Animal Visuval Cortex Auditory Cortex Tested
Group IV 3

41 1 1

44 0 : 1
Group V 3

53 0 2
Group VI 5

63 1 1

64 1 0]

65 2 0

Group VII 4
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Table IX

Mumber Of Blocks Of Trials On Which Performance Was Below
Criterion At A Current Intensity Of 50% Of Behavioral
Threshold

Of Animals

Animal Visual Cortex Auditory Cortex Tested
Group I 4
14 0] 2
17 0 1
Group II 4
21 o] 6
26 1 15
Group III 3
33 13 13
Group IV 3
42 -0 1
44 0 2
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Table IX (Con't)

‘ ‘ o, Of Animals
Animal Visual Cortex Auvditory Cortex Teste?

Group V | 5
52 0 1

Group VI 4
64 6 0

Group VII 3

72 2 0
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eriterion performance on only two occasions in elther cortical
area, In short, these Aata failed to discriminate between groups
on the basis of transfer of training or task difficulty.

Of the 24 animals surviving to be testes at a current mag-
nitude of 50% of behavioral threshold, only 10 faile” to reach
criterion immediately. These “ata are presente? in Table IX.
Only two of these animals faliled to reach criterion within the
alloﬁteﬁ 15 blocks of trials (animals 26 and 57). Six of the
remaining eight animals failing to reach criterion immesiately
performe” at criterion or better on all occasions but two.
These “ata faile”® to discriminate between groups. Apparently
once criterion performance is shown in response to current in-
tensities 80% that of behavioral threshold a <fecrement in
stimulus intensity to 65 and 50% has a negligible effect upon

verformance.

Histological Tetinal Examination

The eyes of 15 animals were examined for possible pathologica
changes produce? by experimental conditions. These subjects
include? all group I animals, three group 1II and three group III
animals, as well as one group V and one group VII animal, No

evidence of gross pathological changes was obtained.

Other Observations

In or“er to investigate the possibility that a lowered
lever-pressing ten‘ency might be a consequence of the experimental

conditions, and that this might contribute to later performance
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differences in the training situation, numbers of lever-presses
to obtain water in a 15 minute free responding situation were
obtained prior to training animals with intracranial stimulation.
Table X presents the mean number of such responses at stabili-
zation (three consecutive 15 minute periodés not differing by
more then 10% in the number of responses emitted) for each group
of animals., A significantly lower lever-pressing tendency was
noted in groups I and VI(by two-tailed t tests) in comparison

to unrestrictes controls. However, lever-pressing rates were
relatively high in all groups and response rate could in no way
have predictes the double dissociation phenomenon present in
groups I and IV. FPFurthermore, while group VI animals ha® a
significantly lower lever-pressing tendency than controls, no
performance “ifferences were obtained in the later training

situation.
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Table X

Two-Tailed t Tests For Mean Number Of Lever-Presses Per 15
Minute Interval

Group VII versus Mean Number Of Lever
GroupPe « » Presses t
I 322,57 B 13%%
IT 391,17 22
ITI 416,06 .95
Iv 409,22 1,11
\ 394,00 .20
VI 325.90 BRG]
VII 385.06 ——
* p £.05

%% p £,01
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DISCUSSION

The present study revealed that normal rats utilized intra-
cranial electrical stimulation as a discriminative stimulus
equally well when stimulation was presented to either the visual
or the auditory cortex. However, ability to utilize electrical
stimulation of a primary cortical projection area as a discri-
minative stimulus was affected by early restriction of the
corresponding peripheral receptor organ, Karly visual rest-
riction resulted in significant retardation in learning when
visual cortex as compared to aulitory cortex was stimulated;
auditory restriction had the opposite effect.

Since restriction begun at day 13 resulted in significant
modifications in cortical responsiveness, but restriction begun
at day 40 for a minimum of 45 days had no effect, it may be
concluded that sensitivity to the effects of restriction ter-
minated between 13 and 40 days of age. It must be noted in this
context that early visual and early auditory restriction was
initiated just prior to (or in some cases coincident with) eye
or ear-opening. Thus, we have no way of determining if the age
at which restriction was begun or the failure to experience
vision was the critical factor, as the effects of these variables
could not be separately evaluated,

The results of the present study also suggest that periphe-
ral sensory restriction does not produce a permanent deficit in

the ability to use intracranial stimulation as a cue, This is
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supported by the fact that while the acquisition of a discri-
minative stimulus was retardjed in the restricted cortical pro-
jection area of animals restricte” of vision or audition in
infancy, all animals within these groups reaches a high level
of performance (80% correct responses or better), Furthermore,
changing the cdiscriminative stimulus by lovering stimulus in-
tensity revealed that restricted animals were in~-istinguishable
from normals in their ability to make the appropriate responses
to altere® stimulus conditions.

It would seem, therefore, that extended experience with
intracranial stimulation may overrice the effects of visual or
auditory restriction, as may experienée with visual or au“itory
cues in a variety of species and circumstances (e.g. as reported
by Tees 1967a,b,1968a,b, Ganz and Fitch 1968, Riesen 1965a,
Dews and Wiesel 1970),

The speed with which experimental and normally reares
rats acquired wvisual cortex stimulation as a ~“iscriminative
stimulus was also compared. Similarly experimental-control
comparisons were carried out for auditory cortex. Despite
statistically significant within-group “ifferences obtaine” in
groups I and IV. no experimental-control group differences
attaine” significance. However, there appeare” to be some
facilitation in the nonrestricte” an® some retarfation in the
restricte” primary cortical projection areas of these animals.,
While the facilitation an? retarcation alone were too small to

attain significance when compare? to controls, statistical
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significance was attained when compared to each other.

Other factors possibly accounting for failure to obtain
experimental-control group differences may have been the small
sample siZe or the choice of the task itself. With an N of
six or seven and great variability large differences in ac-
guisition between experimental and control groups were required
to obtain statistical significance. Ha? sample size been greater,
experimental-control group differences may have attaine® sig-
nificance.

Perhaps a less obvious factor accounting for failure to
obtain significant experimental-control group “ifferences
was the type of Jiscrimination recquires of the animals. Es-
sentially this task requires the animals to respond to the pre-
sence of intracranial electrical stimulation. Earlier it was
note~ that sensory restriction produces rather task-specific
deficits., Thus, while 1little Fifficulty is encountere? in the
discrimination of the presence, intensity or location of adequate
stimuli by sensory restricted animals, a "pattern" discrimination,
appropriate to the restricted modality, is exceedingly difficult
for such animals to acquire (Senden 1932, Turner 1935, Hebb 1937,
Michels, Bevan an” Strasel 1958, =~iesen 1958,1965a, Riesen and
Aarons 1959, Tees 1967a,b, 1968a,b). It should be recalled that
these behaviors are similar to those shown by animals “eprive’s of
the relevant primary cortical projection area (e.g., as reported
by Lashley 1931, Kluver 1941, Wetzel, Thompson, Horel and leyer

1965, Schneider 1967)., Therefore, the sifficulty in <iscriminatin
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‘pattern, present in sensory restricted animals, may be intimately
related to the characteristic morphological (Gyllensten 1959,
Gyllensten et al., 1965,1967, Cragg 1967, Globus ansd Scheibel 1967
b, Valverie 1967,1968, Valverde and Esteban 1968, Coleman ans
Riesen 1968, Ruiz-Marcos and Valverde 1970), an® electroph-
ysiological (Wiesel and Hubel 1963b,1965a,b, Scherrer and
Fourment 1964, Ganz et al., 1968, Fox et al.,, 1968, Batkin et
al., 1970, Hubel and Wiesel 1970, Zislina and Arkhipova 1970)
restriction-produced changes in the primary cortical projection
area. These changes may reduce the efficiency with which the
cortex may “eal with patternes stimuli. Although this is
speculative, one means of testing such a deficit, without first
passing through the receptor and the various subcortical sensory
stations, is to require a pattern discrimination based upon
intracranial stimulation of cortex. A "go", "no-go" paradigm
couls be employed using two different patterns of stimulation pre-
sented to the restrictes an® nonrestricted cortical areas.
On the basis of the present study and the above suggestion,
a restriction-produced deficit on this test might be expecters
to be greater than on one requiring a discrimination of the pre-
sence or absence of stimulation. Such a go, no-go, test might
reveal a statistically significant retar~cation in the restricted,
an? a statistically significant facilitation in the nonrestricted
cortical area in comparison to normal controls.

The suggestions of facilitates discriminative stimulus

acquisition in the non“eprive” cortical area of groups I and IV
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support the possibility of cerebral compensation., The idea

of cerebral compensation is Jerived from studies showing
hypertrophic cellular changes in the auditory cortex of vi-
sually restricted mice (Gyllensten et al., 1966) and increases
in the weight an® cholinesterase activity of the somesthetic
cortex of rats following orbital enucleation (Krech et al.,
1963%), In addition, enhanced evoked potentials to acoustic and
somesthetic stimuli in the cortex of ~“ark-reared rabbits have
been reported (Scherrer and Fourment 1964)., However, these
stu“ies were in“irect as they failed to ~“emonstrate behavioral
advantages accruing from these cortical changes.

Some behavioral evi‘ence has been offere” by Gamboni (1964),
who reported that ~“ark-reare’ rats, when brought into the light,
showe? a strong preference for nonvisual rather than visual
cues in the solution of maze problems. While it would certainly
be to the asvantage of -“ark-reares animals to develop a greater
capacity to use spatial cues (ans Gamboni points to possible
neurological changes in somesthetic cortex as providing a basis
for this modification of cue preference), these animals may
simply have attende” to familiar rather than unfamiliar cues
(perceptual set). Spigelman and Bryden (1967) have also reported
that enucleated rats may perform non-spatial auditory learning
tasks better than normally reared animéls. These performance
“ifferences were not clear cut, they not only faile? to reach
statistical significance, but results similar in magnituse and

opposite in “irection, were obtained when an auiitory localization
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task was employed. Thus, compensatory cerebral mechanisms must
remain an intriguing possibility without experimental confirmation.
The fact that deficits in acquisition were only revealed
in animals whose restriction was initlate® in infancy is in
contrast to the findings of Mogenson (1962) who reportes that
both paranatal and mature blinde’ rats (enucleates) were equally
retar“e® in the acquisition of a conditione® emotional response
to intracranial electrical stimulation of visual cortex., The
“iscrepancy between Mogenson's findings and those of the present
study raises the question considered both by Goo“man (1932) and
by Piesen (1966): can enucleation be considered an appropriate
method with which to study the effects of light restriction?
These investigators cautiones against equating the effects of
enucleation with those of light restriction as unlike restriction
the “egeneration initiated by enucleation may induce direct
atrophic effects on the next orfer nerve cell, Therefore, the
“eficits obtaines in Mogenson's mature blinde? animals may be
attributable to the direct atrophic effects of enucleation
rather than to the exclusion of vision per se. This would be
congruent with the results of studies indicating that light
restriction at maturity has negligible behavioral and electro-
physiological consequences (Wiesel and Hubel 1963b, Iox et al.,
1968, Dews and Wiesel 1970, Hubel and Wiesel 1970). To test
whether the conflict between the present findings and those of
Mogenson were 7ue to the task or the method of restriction

employe”, one might substitute enucleation for lid-suturing in
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the experimental paradigm employed here and compare the results
of such an investigation with those obtalned in the presen£
study.

In the present context we cannot ignore the fact that
cortical stimulation may have subcortical conseqguences by means
of spread of current, and more probably by ortho- and antidromic
impulses, Thus the results obtained here may have been mediated
by subcortical rather than cortical mechanisms, Both the visual
and the auditory cortex of the rat have numerous direct efferent
projections to subcortical nuclei. Visual cortex has been shown
to project to LGB, nucleus lateralis posterior thalami, pretectal
region, superior colliculus, zona incerta and pons (MNauta ang
Bucher 1954, Iund 1964,1966) while auditory cortex sends pro-
jections to the inferior colliculus and MGB (Krieg 1947). It is
likely that stimulation of visual or auditory cortex influences
the activity of these subcortical structures. However, electro-
physiological evidence indicates that visual restriction appears
to have little functional impact upon the primary subcortical
visual station, the lateral geniculate body (Burke and Hayhow
1960, Wiesel and Hubel 1963a), and while electrophysiological
changes in the superior colliculus have been related to visual
restriction, these changes are dependent upon the cortical
anomalies produced by such restriction (Wickelgren and Sterling
19692,b). Unfortunately, no such investigations have been con-
ducted in the auditory modality.

While these findings suprort a conclusion that the effects
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obtained in this study were due to restriction-produced cortical
changes (at least in the case of visually restricted animals)
atrophic changes, volumetric decreases and biochemical alterations
have been found to result from visual restriction in the lateral
geniculate, superior colliculus and pulvinar in rodents and car-
nivores (Wiesel and Hubel 1963%a, Gyllensten, Malmfors and Norrlin
1965, Maletta and Timiras 1967, Fox et al., 1968, Fifkova and
Hassler 1969). In light of these changes we cannot conclude that
subcortical structures maintain their functional integrity, des-
rite failure to reveal electrophysiological anomalies therein.
Furthermore, brain stem activation by means of spread of current
from cortically applied stimulation may have also been involved
in the learning situation. Therefore, while a conclusion that
cortical dysfunction underlies the results obtained in the present
study is most attractive, we must await experimental confirmation
(including lesioning and recording from subcortical structures
during cortical stimulation of restricted animals) before we can
exclude the possibility that they contribute to the modifications
in the acquisition of an intracranial electrical stimulus as a

discriminative stimulus in gensory restricted rats,
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SUMMARY

The present study was concerned with the effects of sensory
restriction on the ability of rats to utilize intracranial ele-
ctrieal stimulation as a discriminative stimulus.

Forty three laboratory-reared hooded rats were assigned
to one of the following seven groups: a) restricted of vision
or audition at 13 days of age and trained at 45 days of age
(groups I and IV), b) restricted of vision or audition at 40
days of age and trained at 45 days of age (groups II and V),
¢) restricted of vision or audition at 40 and trained at 85
days of age (groups III and VI), and d) unrestricted controls,
trained at 45 days of age (group VII).

Prior to training with intracranial stimulation all animals
learned a lever~press response to obtain water and were allowed
to reach stabilized responding in a free responding situation.
Stimulating current was then determined on the basis of 80% of
the current intensity necessary to evoke a threshold behavioral
response,

Animals were then trained to a criterion of 80% correct
regponses on 5 consecutive blocks of 25 trials., Following cri-
terion performance at a current intensity of 80% of behavioral
threshold, current was reduced to 65% until criterion perfor-
mance was observed and then again reduced to 50% until criterion
was reached at this level,

An analysis of discriminative stimulus acquisition in



- 123 -

response to stimulation of visual or auditory cortex revealed
that paranatal sensory restriction had a deleterious effect

upon such acquisition when stimulation was presented to the re-
stricted, as compared to the nonrestricted, cortical projection
area, There were suggestions of facilitation in the nonrest-
ricted and retardation in the restricted cortical projection area
in comparison to normal controls but these differences were too
small to attain statistical significance.

Decreasing the stimulus intensity failed to discriminate
between groups, indicating that experience in the training
situation had rendered early sensory restricted animals in-
distinguishable from controls on this task.

These findings were discussed with respect to restriction-

produced changes in the cortical projection area.
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APPENDIX
Table XI

Current Intensities For Threshold Behavioral Response In
Both Cortical Loci IFor All Subjects

Animal Current Intensity For Threshold Response (ua)
Group I Visual Cortex Ausitory Cortex

11 35 24

12 a5 22

14 3 80

15 6 3.5

17 20 7.5

18 5 6

19 90 60
Group I1II

21 17 7

22 17 13

23 6 11

24 13 14 -

25 65 32 B

26 55 10
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Table XI (Con't)

Animal Current Intensity For Threshold Response (ua)

Group III Visual Cortex Auditory Cortex
31 65 35
32 40 45
33 4 17
34 15 70
35 3 2.5
36 5 345

Group IV
41 42 12
42 26 7
473 22 8
4h 12.5 5.5
45 8 100

46 46 24
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Table XI (Con't)

Animal Current Intensity For Threshold Response (ua)
Group V Visuel Cortex Auditory Cortex

51 10 60

52 8 8

53 6 4.5

54 N 19.5 60

55 16 5.5

56 13 4
Group VI

61 8 18

62 | Te5 31

63 4 4

64 100 31

65 8.5 10

66 50 25
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Table XI (Con't)

Animal Current Intensity For Threshold Response (ua)
Group VII Visual Cortex Auditory Cortex

71 25 13

72 4 9

73 53 50

T4 12,5 9.5

75 15 8

76 52 P2
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