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SUMMARY

1. We recorded extracellularly from 420 single units in area 18 in visually
inexperienced kittens aged 7 days and dark-reared kittens aged between 3 and 12
weeks and from 60 single units in area 17 in dark-reared kittens aged 5 and 11
weeks.

2. Visual deprivation generally depressed the maturation of area 18, although
some features were affected more than others and certain developmental improve-
ments still occurred. The percentage of visually responsive units in area 18 increased
from 400 in 7-day-old kittens to about 75% in dark-reared animals 10-12
weeks. At each age a proportion of cells was orientation biased (between 15 and 45 %)
and these neurones appeared to be arranged in a crude columnar fashion. However,
dark-rearing, from birth, prevented the development of a significant proportion of
orientation-selective cells in area 18; no more than 5 % of neurones were orientation-
selective at any age. We found no major bias in the over-all distribution of preferred
orientations of cells in area 18 in dark-reared kittens.

3. Simple cells, which are found in area 18 even in very young, visually
inexperienced kittens, persisted after dark-rearing, although most retained immature
properties. Relatively few complex cells were found in area 18 in visually deprived
animals.

4. The majority of neurones in area 18 of dark-reared kittens were binocularly
driven, many equally well by either eye; evidence for regional variation in ocular
dominance (indicative of a columnar pattern) was found in these deprived animals.

5. A laminar analysis in area 18 showed that percentages of non-oriented and
orientation-biased cells changed little, if at all, in lower laminae (IV, V, and VI) but
increased substantially in upper layers (above layer IV) in the absence of visual
stimulation, over the first 12 post-natal weeks.

6. A comparison of the effects of dark-rearing on areas 17 and 18 indicates that
the normal development of visual responsiveness and specific receptive field
properties is suppressed in both areas during the first 12 post-natal weeks. It is
possible that area 17 has a greater degree of orientation selectivity than area 18 in
young visually deprived kittens and this may reflect a difference in the type of afferent
inputs.

* To whom correspondence should be addressed.
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INTRODUCTION

The normal post-natal development of the visual system of mammals results from
an interaction between innate and environmental factors. Many studies have shown
that the striate cortex of the cat fails to develop normally in the absence of visual
experience of patterned images (Pettigrew, 1974; Blakemore & Van Sluyters, 1975;
Imbert & Buisseret, 1975; Buisseret & Imbert, 1976; Cynader, Berman & Hein, 1976;
Leventhal & Hirsch, 1977; Fregnac & Imbert, 1978; Bonds, 1979; Leventhal &
Hirsch, 1980).

Relatively little is known about the effects of binocular deprivation on extrastriate
visual cortical areas, although this is of interest since these regions lack an input from
geniculate X cells and it has been suggested that visual deprivation affects the X- and
Y-cell pathways differently (reviewed by Stone, 1983). Singer & Tretter (1976) studied
the effects of visual deprivation by binocular eyelid suture on extrastriate cortex and
concluded that areas 17 and 18 suffer to roughly the same extent. However, the extent
to which binocular eyelid suture and dark-rearing (the two frequently employed
methods of depriving animals of visual experience) have similar consequences is not
established (Sherman & Spear, 1982). It is known that cells in area 17 in cats can
be activated by visual stimulation through closed eyelids (Spear, Tong & Langsetmo,
1978) and this is even more likely to be the case for neurones in area 18, as Sclar &
Freeman (1983) have suggested, since cells in area 18 respond best to relatively low
spatial frequencies (Movshon, Thompson & Tolhurst, 1978). It is possible that
binocular eyelid suture results in different degrees of residual visual activity in the
various cortical areas, making comparisons of the long-term consequences of such
deprivation difficult. Furthermore, differences in the effects of visual deprivation on
striate and extrastriate visual areas may only be seen at young ages.
The aim of this study was to examine the effects of dark-rearing from birth on the

maturation of area 18 in kittens during the first 3 months post-natally. Data were also
obtained on the development of neurones in area 17 in these visually deprived
animals, for comparison with results from previous deprivation studies and our own
observations on the effects of dark-rearing on cells in area 18.

Preliminary reports of this work have been published previously (Price, 1985 a, b).

METHODS

A total of seven tabby kittens, bred in an isolated colony, were used in these experiments. On
the day of birth, litters were placed in a dark-room that was checked on several occasions with
photographic paper to ensure that no light entered; before cages were cleaned each day, and when
food and water were being introduced, the kittens were placed in a light-proof box. Five kittens
were reared in this manner until the start of the experiment, and another two normal 7-day-old
visually inexperienced kittens, whose eyelids had not opened naturally, were used; the eyelids of
the two 7-day-old kittens were separated under ketamine hydrochloride anaesthesia (20 mg kg-'
intramuscularly). Area 18 was examined in the visually inexperienced 7-day-old kittens and in
dark-reared kittens aged 3, 5, 10, 11 and 12 weeks (ages on the first day of experiment), while data
from area 17 were obtained from two animals, aged 5 and 11 weeks.

Induction and maintenance of anaesthesia and paralysis, assessment of the animal's anaesthetic
state, surgical procedures, optical preparation, electrophysiological recording methods, the strategy
for sampling single units, receptive field classification and the technique of histological recon-
struction were all identical to those described in the previous paper (Blakemore & Price, 1987).
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RESULTS

In this study we made twelve penetrations through area 18 and studied 420 single
units in visually inexperienced kittens aged between 7 days and 12 weeks; two
penetrations were made through area 17 where sixty units were examined, nineteen
in a 5-week-old and forty-one in an 11-week-old kitten.
The positions of areal borders were located in Nissl-stained (Garey, 1971) and

cytochrome-oxidase-stained (Price, 1985c) sections, and cortical laminae were
defined in cytochrome-oxidase-stained material following the scheme described in
Blakemore & Price (1987). The term 'c.o. layer IV' is used to describe the full width
ofthe dense cytochrome oxidase band that covers layer IV and extends into the lower
part of the cytoarchitectonically defined layer III. The appearance of the visual
cortex in sections stained with cresyl violet or reacted to reveal cytochrome oxidase
activity with indistinguishable in dark-reared and normal kittens.
Area 18

Retinotopic organization. A retinotopic map of the contralateral visual hemifield
has been described in area 18 in adult cats (Tusa, Rosenquist & Palmer, 1979) and
in young kittens (Blakemore & Price, 1987), and such an organization is presumably
also present in dark-reared kittens, since the eccentricity of receptive field centres
in the visual field increased with distance from the area 17/18 border, in coronal
planes that ran orthogonal to this boundary. Visual deprivation, for as long as 12
weeks, does not appear to disrupt the retinotopic organization of those neurones that
are visually responsive, in at least the rostral part of area 18.

Cell types. In the two visually inexperienced kittens aged 7 days, the majority of
units encountered (60 %) were visually unresponsive, 25% were non-oriented, 15%
were orientation biased and none was orientation selective. Although orientation-
selective cells were occasionally found in older kittens that had been reared in total
darkness, no more than a few percent of the sample of neurones studied at any age
were classified as truly orientation selective (Fig. 1). There appeared to be some
increase in the proportion of visually responsive cells in area 18 with age, and the
percentages of both orientation-biased and non-oriented neurones rose (Fig. 1). In
dark-reared kittens aged 10, 11 and 12 weeks 2-4% of cells were orientation selective,
30-45 % were orientation biased, 28-40% were non-oriented and the remaining
22-28 % were visually unresponsive. It seems that some development ofthe properties
of cells in area 18 occurs in the absence of visual stimulation, although normal
maturation (Blakemore & Price, 1987) is clearly prevented, and in particular the
wholesale development of orientation selectivity is suppressed.

Units with oriented receptive fields (that is, orientation-selective and orientation-
biased cells) were classified as simple (or immature simple: see Blakemore & Price,
1987) or complex at each age in dark-reared kittens (Table 1). In all deprived animals
the majority of cells classified in this manner were immature simple, even in kittens
as old as 10-12 weeks, and very few complex cells were found. By contrast, most
oriented cells in area 18 in normal animals aged 4 weeks or more were complex and
none of the simple cells was classified as immature. These results show that both
simple and complex cells can develop in area 18 (albeit usually with poor orientation
tuning) in the absence ofvisual stimulation, but visual deprivation appears to prevent
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complex at various ages in dark-reared kittens and, for direct comparison, in normal kittens aged
4 weeks or more and adlult cats. At all ages a number of cells with an orientation preference were
poorly responsive, especially to stationary stimuli, and could not be classified. Data from animals
aged 10-12 weeks were similar and are pooled. The total number of units (n) in each age group
is indicated

Immature Unclassified
Age Simple simple Complex oriented

(weeks) (%) (%) (%) (%) n
Dark-reared animals

1 0 3
3 0 12 61

3 2 12

14 5 15 61
5 1 9

10 2 15 81
10-12 2 16

18 3 19 217
Normal animals

4 or more 11 0

1 1 48 31 629

the full maturation of the receptive fields characteristic of simple cells and the
appearance of large numbers of complex cells. The proportion of cells with oriented
receptive fields found in dark-reared kittens, at least up until 12 weeks of age, falls
far short of the fraction seen in normal animals aged 4 weeks or more. There seemed
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to be no consistent difference between these dark-reared animals and normal cats and
kittens (Blakemore & Price, 1987) in the proportion of cells with clear length
preference or in the strength of such 'end-inhibition'.

Directionality. At all ages, from 7 days to 12 weeks, the majority of cells that were
orientation selective and orientation biased in area 18 in visually inexperienced
kittens were given directionality values of0 or 1 (that is, they responded to movement
of an oriented stimulus equally or almost equally in the two directions: Table 2). On
the other hand, in normal kittens the percentage of neurones that responded to
movement in only one direction or showed a strong preference for one direction (i.e.
directionality 3 or 2) increased during the first 4 weeks post-natally to reach about
50% in older kittens and adult cats. Visual deprivation appears, then, to prevent the
normal development of selectivity for a particular direction of movement of an
oriented stimulus for cells in area 18.

TABLE 2. Directionality of orientation-selective and orientation-biased cells in area 18 in visually
inexperienced kittens at various ages and, for comparison, in normal kittens aged 4 weeks or more
and adult cats. Percentages of cells with each directionality value and number of units (n) at
each age are shown. Data from deprived animals aged 10-12 weeks were similar and are pooled

Directionality value

Age 0 1 2 3
(weeks) (%) (%) (%) (%) n

Dark-reared animals
1 50 50 0 0 6
3 74 13 13 0 15
5 89 6 5 0 19
10-12 74 16 9 1 77

Normal animals
4 or more 26 21 33 20 484

Re8ponsivene88. As described above, many visually unresponsive units were found
in area 18 in visually inexperienced kittens at all ages, and this contrasts with normal
area 18 where hardly any neurones failed to respond to visual stimulation in kittens
older than 4 weeks (Blakemore & Price, 1987). Even by 10-12 weeks in visually
deprived kittens the majority of units (54 %) were given low responsiveness values
of 0 or 1, although a relatively small proportion (18 %) did have the high respon-
siveness value of 3. On the other hand, in normal animals aged 4 weeks or more most
cells (65 %) had responsiveness values of 2 or 3. In general, therefore, dark-rearing
suppresses the visual responsiveness of area 18 but, nevertheless, a few briskly
responsive cells are found, at least during the first 12 post-natal weeks, in deprived
kittens.

Ocular dominance. In visually inexperienced kittens at all ages ocular dominance
distributions (Fig. 2) were approximately symmetrical around group 4. Most cells in
area 18 in normal kittens at all ages are binocularly activated (Blakemore & Price,
1987), and so it appears that dark-rearing, for as long as the first 12 weeks after birth,
does not disrupt this property of neurones in area 18. Whereas there appeared to be
a slight bias towards the contralateral eye in the ocular dominance distribution of
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cells in very young visually inexperienced 7-day-old kittens, there was an increase
in the over-all influence of the ipsilateral eye with age in dark-reared animals
(Fig. 2), as in normal kittens (Blakemore & Price, 1987).

A Contralateral Ipsilateral

60

10-12 weeks
40-

20

o 1 2 3 4 5 6 7
n
EE 15

7 days

10

5

0 _

1 2-3 4 5-6 7

Ocular dominance
Fig. 2. Ocular dominance distributions of cells in area 18 are plotted for three dark-reared
kittens aged 10-12 weeks (A) and two 7-day-old normal, but visually inexperienced kittens
(B). In the 7-day-old kittens five groups were used, while in older animals cells were
allocated to one of seven groups (see Blakemore & Price, 1987).

Preferred orientations. Data from visually inexperienced kittens of all ages were
pooled, and the frequency distribution of preferred orientations amongst orientation-
selective and orientation-biased cells in area 18 is shown in Fig. 3. These results were
obtained from neurones with receptive field positions that were scattered over much
of the left lower quadrant of the visual field (Fig. 3). All orientations are represented
in the sample, and the biases to horizontal and vertical that we found in normal adult
cats and kittens aged 4 weeks or more (Blakemore & Price, 1987) were not clearly
seen; indeed, if anything, the distribution showed a small trough at horizontal
(90 deg) and a slight peak at one oblique (135 deg), although these biases were not
statistically significant (X2 test). When frequency distributions of preferred orienta-
tions were considered separately at each age in dark-reared kittens, a similar pattern
emerged to that described for the pooled sample, indicating that in these visually
deprived kittens no change occurred with age in the over-all distribution of
orientation preference in the population of cells in the rostral part of area 18. It is
possible that the characteristic bias towards horizontal orientations in the population
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Fig. 3. Left panel: histogram showing the distribution of preferred orientations of cells
(virtually all orientation biased) in area 18 of visually inexperienced and dark-reared
kittens aged 7 days to 12 weeks. The number of cells preferring each orientation is
expressed as a percentage of the total number of all cells in the sample. Right panel: the
positions of the receptive field centres of the oriented units are shown (3*= projection of
the area centralis). The cells studied in these animals were located rostral to the interaural
coronal plane in area 18 and their receptive fields were mainly centred in the left lower
quadrant of the visual field.

Of neurones in rostral area 18 of normal mature cats (Blakemore & Price, 1987) does
not develop in the absence of visual stimulation.
Laminar analysis. A laminar analysis was performed in these visually inexperienced

kittens in a manner similar to that described for normal kittens by Blakemore & Price
(1987). In cytochrome-oxidase-stained (c.o.) sections, superficial laminae (I, II and
III) were distinguished from lower layers (layers VI, V and c.o. layer IV: see
Blakemore &r Price, 1987), and the percentages of orientation-selective, orientation-
biased, non-oriented and visually unresponsive cells at each age were calculated
separately for upper and lower laminae (Fig. 4). In this analysis data from kittens
aged 10}12 weeks were pooled.

In 7-day-old, visually inexperienced kittens almost all neurones (96%) in the
superficial laminae in area 18 were classified as visually unresponsive, and the only
responsive cell found was non-oriented. On the other hand, the majority (64%) of
cells in deeper laminae in these kittens were visually responsive, 39 %/ being
non-oriented and 25 %/ orientation biased.
The proportion of neurones in superficial laminae that were visually responsive

increased with age in dark-reared kittens; initially there was an increase in the
proportion of non-oriented cells, and later on orientation-biased neuronies appeared
and increased in number, but at no age were more than 8 %/ ofcells orientation selective
(Fig. 4A). Comparison of data from these dark-reared animals with results obtained
in normal kittens (Fig. 7 of Blakemore &r Price, 1987) shows that the development
of visual responsiveness in the upper laminae in area 18 proceeds much more slowly
in deprived animals and does not achieve normal levels during the 12 weeks
post-natally, and that, while some cells eventually develop crude orientation
preferences, very few become truly orientation selective.

In deeper layers there was virtually no change at all with age: there was a very
slight increase in the proportion of cells that were visually responsive, and rises in
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Fig. 4. Changes with age in the percentages of orientation-selective (o.s.), orientation-

biased (o.b.), non-oriented (n.o.) and visually unresponsive (v.u.) cells are plotted as in

Fig. 1. The units were recorded in laminae I, II and III (A) and c.o. layer IV, layers V

and VI (B). Data from kittens aged 10, II and 12 weeks are pooled and are plotted at

their average age. The numbers of units studied at the various ages are indicated above

each graph.

the percentages of orientation-biased and non-oriented cells accounted for this small

increase, since the proportion of cells that was orientation selective never rose above

4% (Fig. 4B). The percentage of visually responsive units never reached levels found

in normal kittens (Blakemore & Price, 1987) during the first 12 weeks post-natally;

and, as in -superficial laminae, dark-rearing prevented the appearance of significant

numbers of orientation-selective cells.
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Fig. 5. Left panel: reconstructions of electrode penetrations angled laterally, passing
through area 18 in a single coronal plane in dark-reared kittens aged 12 weeks (A) and
10 weeks (B). The area 17/18 border (arrow), cortical laminae, radial palisades of cell
bodies visible in Nissl-stained sections, and the positions of non-oriented (n.o.) and visually
unresponsive (v.u.) cells are indicated. Right panel: these graphs illustrate the shifts in
preferred orientation along these penetrations. Each recording point has been projected
up the palisade in which it is located to the cortical surface, and preferred orientation is
plotted against the distance across the cortical surface to each projected location (zero
is the point of entry of the most medial track). Progressions of orientation from the two,
separate parallel tracks superimposed quite well for both animals, despite the diluting
effect of large numbers of visually unresponsive and non-oriented units. In A the
penetrations ran roughly parallel to the cortical surface for much of their length, and these
tracks could be directly compared over a considerable distance along the cortical surface.
Data in B, which involved all layers, indicate that the rudimentary orientation columns
extend through much, if not all, of the cortical depth in area 18 of visually deprived kittens.

It appears that, during the first 12 post-natal weeks, the upper laminae can
gradually develop a degree of visual responsiveness and even orientation preference
in the absence of visual stimulation, while the lower layers (which are initially much
more responsive than the upper layers and contain some cells with innate orientation
preferences, even in 7-day-old kittens) paradoxically improve their visual respon-
siveness only very slightly. Neither upper nor lower layers seem able to develop
significant levels of orientation selectivity in deprived animals.
As in normal kittens and adult cats (Blakemore & Price, 1987), the proportions

of monocularly and binocularly driven cells were similar in each cortical layer at every
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age in area 18 in these dark-reared animals. There was no tendency in these samples
for more cells to be monocularly driven in layer IV than in other laminae.

Orientation columns. Despite the fact that lack of visual experience clearly had a
drastic effect on the maturation ofstimulus specificity, area 18 retained the rudiments
of a system of orientation columns, which is detectable in very young normal kittens
(Blakemore & Price, 1987). In all these visually inexperienced kittens, aged between

Ocular dominance
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A Adult B 3 weeks
Fig. 6. Progressions of ocular dominance with depth along oblique electrode penetrations
through area 18 are analysed for a 10-week-old dark-reared kitten (A) and a 3-week-old
dark-reared kitten (B). In the 3-week-old deprived kitten (B) most cells in the superficial
laminae were visually unresponsive. Cortical laminae are indicated to the right of each
graph. We used seven ocular dominance groups in the 10-week-old kitten and five groups
in the 3-week-old animal.

7 days and 12 weeks, the electrode penetrations ran obliquely across the radially
arranged palisades of cells in area 18, and where adjacent units displayed an
orientation preference their optimum orientations tended to be quite similar. Despite
the large number of visually unresponsive and non-oriented units in area 18 in these
kittens, it was often possible to discern some degree of progressive shift of orientation
preference along electrode tracks (Fig. 5). Often we made multiple parallel penetra-
tions that ran obliquely through area 18 in one coronal plane, located rostrally in
area 18 where the radial palisades of cells run vertically in the parasagittal plane.
By studying data from multiple parallel oblique penetrations the preferred orienta-
tions of neurones at different depths within the same radial palisade of cells (or at
least closely neighbouring palisades) could be compared. This was done by projecting
each recording point to the cortical surface along the radial palisade in which the
recording was made, so that progressive shifts in orientation along parallel electrode
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Fig. 7. A, distribution of preferred orientations in area 17 and 5- and 11-week-old
dark-reared kittens. Numbers of cells are expressed as percentages of the total sample
(n =60). B, positions of receptive field centres of these orientation-selective and
orientation-biased cells in area 17 in 5- and 11-week-old dark-reared kittens (-*= pro-
jection of area centralis). C and D, ocular dominance distributions of all responsive cells
in area 17 in an 11-week-old (C) and a 5-week-old (D) dark-reared kitten.

penetrations could be superimposed on the basis of the column of cells to which the
recorded units belonged (Fig. 5), as described by Blakemore & Price (1987). In
dark-reared kittens a sufficient number of orientation-biased cells was found to show
that progressive orientation shifts along parallel oblique penetrations superimpose
well, even throughout the entire depth of the cortex (Fig. 5), indicating that a
primitive system of radial orientation columns is present and can persist in the
absence of visual stimulation.

Ocular dominance columns. In the oblique electrode penetrations made in all the
kittens in this study, adjacent units were often placed in a similar ocular dominance
group. In some penetrations there was little over-all shift in ocular dominance along
electrode tracks, but in many cases progressive changes in ocular dominance were
found (Fig. 6); ocular dominance shifts along electrode tracks were identified in young
(3- and 5-week-old) dark-reared kittens as well as in older (10- to 12-week-old)
deprived animals. These results are similar to those described in normal kittens
(Blakemore & Price, 1987), and suggest that at least a local clustering according to
ocular dominance is present in dark-reared kittens; it seems possible that ocular
dominance columns exist in area 18 in these deprived animals.
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Area 17
Electrode penetrations that ran through both upper and lower layers were made

in area 17 in visually deprived kittens aged 5 and 11 weeks. In a 5-week-old
dark-reared kitten, 16% of cells recorded in area 17 were classified as orientation
selective, 21 % were orientation biased, 53% were non-oriented and 10% were visually
unresponsive (n = 19). At 11 weeks, only 5% of cells were orientation selective, 25%
were orientation biased, 42 % were non-oriented and 28% were visually unresponsive
(n = 41). Dark-rearing clearly prevents the normal development of receptive field

A B Orientation (deg) C Ocular dominance

-\ I/-
go 135 180 45 90 1 2 3 4 5 6 7

17/ 18 01 1 1 1

E 05E Ill

10~~~~~~~~
IV

no 0 o0
2CO 0-

1mm D25V58

- 0~~~~~~~~~~~~~~

3*0

Fig. 8. A, this camera-lucida drawing shows an electrode track in area 17 of the visual
cortex of an 11-week-old dark-reared kitten; the area 17/18 border (arrow), the radial
palisades of cells, cortical laminae and the positions of non-oriented (n.o.) and visually
unresponsive (v.u.) cells are indicated. B, this graph shows the preferred orientations of
cells along the electrode track, reconstructed in A; many cells were non-oriented in area
17 in dark-reared animals, and those that did show an orientation preference were mainly
located in layer IV or below, as described by Blakemore & Van Sluyters (1975). Also note
the predominance of roughly vertical and horizontal orientations along this penetration.
C, this graph plots the ocular dominance of all the visually responsive cells recorded along
the electrode track shown in A. Cortical laminae, indicated on the right in B, apply to
both graphs.

properties of cells in area 17, and it seems likely that there is actually a deterioration
in visual responsiveness and orientation selectivity in area 17 in deprived kittens
during the first 2-3 months after birth, as Blakemore & Van Sluyters (1975) have
suggested.

Fig. 7 shows the distribution of preferred orientations of units in area 17 in two
dark-reared kittens, aged 5 and 11 weeks, and a bias towards horizontal and vertical
is apparent. Similar biases in area 17 in visually deprived cats, towards horizontal
and vertical, have been reported previously (Leventhal & Hirsch, 1977; Fregnac &
Imbert, 1978).

Distributions of ocular dominance in area 17 are shown in Fig. 7 for a 5- and an
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11-week-old kitten. In both cases group 4 contained a larger number of cells than
any other, although many cells were strongly dominated by an input from one eye
in the 11-week-old kitten (Fig. 7 C).
When electrode penetrations were made through area 17 in these dark-reared

kittens, adjacent cells that displayed an orientation preference often responded best
to similar orientations (Fig. 8). Adjacent visually responsive units also often fell into
similar ocular dominance groups (Fig. 8). These results suggest that, as in area 18,
local clustering according to preferred orientation and ocular dominance develops and
survives in area 17 despite dark-rearing. It seems possible that rudimentary
orientation and ocular dominance columns are present in area 17 in these deprived
animals, though we do not have sufficient data from multiple parallel tracks to be
sure about the radial extent of these local clusters in area 17. The picture from single
penetrations (like the one reconstructed in Fig. 8) was compatible with persistent
clusters of orientation-selective cells, lying mainly in layer IV and below.

DISCUSSION

The development of area 18 in dark-reared kittens
In general, dark-rearing for up to 12 weeks from birth has devastating effects on

area 18 of the visual cortex of kittens. However, it appears that some aspects of the
post-natal development of area 18 are disturbed more than others by such
deprivation, and that innate and environmental factors interact to varying degrees
in determining the different features of the organization of area 18.

In the absence of visual experience, orientation selectivity hardly develops at all in
area 18 during the first 12 weeks post-natally, and we think it unlikely that a larger pro-
portion of cells would become orientation selective in older dark-reared animals. On
the other hand, the general level of visual responsiveness does seem to improve quite
passively in area 18 (especially in the superficial layers), even though the proportion
of cells that are visually responsive is still not normal by 12 weeks in deprived kittens.
Furthermore, visual experience does not appear necessary for the generation of
significant numbers of neurones with at least some degree of orientation preference
(that is, orientation-biased cells) in area 18, although dark-rearing seems to prevent
the appearance of a bias towards horizontal and vertical amongst the population of
oriented cells, as is seen in area 18 in normal animals 4 weeks of age or more
(Blakemore & Price, 1987). Therefore, innate factors alone are sufficient to promote
some muted aspects of maturation in area 18 during the first 3 months after birth.
However, it seems likely that the longer-term stabilization of the properties of
neurones does require visual stimulation: Singer & Tretter (1976) reported that only
440 of neurones in area 18 in binocularly deprived adult cats were visually respon-
sive, whereas we found 72-78% of cells responded to visual stimuli in 10- to
12-week-old dark-reared kittens.
Our results indicate that hardly any complex cells develop in area 18 during the

first 12 post-natal weeks in the absence of visual experience, but a larger proportion
of simple cells (almost all with immature receptive field properties) was seen following
deprivation. Blakemore & Van Sluyters (1975) have suggested that in area 17 innate
mechanisms can generate orientation-selective simple cells, whereas the maturation
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of complex cells requires visual stimulation. This seems to be true for area 18 as well,
despite the differences in afferent input to the two areas.
A laminar analysis in area 18 in deprived kittens revealed that although virtually

all cells in the superficial cortical laminae (I, II and III) were unresponsive to visual
stimulation in 7-day-old visually inexperienced kittens, the fraction of visually
responsive units increased substantially over the 10-12 weeks post-natally and
many cells developed a degree of orientation preference. On the other hand, although
the percentage of visually responsive cells in deeper laminae (c.o. layer IV, layers V
and VI) was initially relatively high at 7 days, it increased only slightly over the
following 11 weeks. In neither superficial nor deep layers did the degree of visual
responsiveness reach the levels seen in normal kittens of similar age (Blakemore &
Price, 1987).

It is likely that these differences in the development of superficial and deep cortical
laminae are related to the fact that the predominant inputs to the cortex from the
thalamus terminate in lower rather than superficial layers in both kittens and adult
cats (Garey & Powell, 1971; Anker & Cragg, 1974; LeVay & Gilbert, 1976; Kato,
Kawaguchi, Yamamoto, Samejima & Miyata, 1983; Henderson & Blakemore, 1986).
The input to area 18 from the lateral geniculate nucleus, which consists of axons of
Y (and probably W) cells but not X cells (Stone, 1983), may confer visual
responsiveness to the lower layers and may even bias some cells to stimuli of a
particular orientation in visually inexperienced 7-day-old kittens. These geniculate
Y (and W) cell inputs seem capable of innately providing a degree of visual
responsiveness and orientation preference in the deeper layers of area 18, but visual
stimulation is then needed for the further maturation of neurones in these laminae.
On the other hand, it is clear that the responsiveness and receptive field properties
of cells in the upper layers in area 18 (although initially retarded compared with the
lower layers) can improve greatly even in the absence of visual stimulation. The
afferent inputs to the upper layers that determine this innate ability presumably arise
intracortically, either relayed from the lower layers to the upper, or via cortico-
cortical association projections from area 17, which, as we have already suggested,
might influence the development of superficial laminae in area 18 in normal kittens
(Blakemore & Price, 1987).

It appears that innate factors play a dominant role in determining some major
features of the organization of area 18, which remain relatively undisturbed by
deprivation during the first 12 post-natal weeks. In deprived kittens of all ages the
distributions of ocular dominance for cells in area 18 peaked at group 4, and similar
distributions were found in area 18 in all normal kittens, including visually
inexperienced animals in their first post-natal week. It has been suggested that
those cells in area 17 that receive their main inputs from geniculate Y cells are usually
innately binocularly driven (Blakemore & Van Sluyters, 1975; Fregnac & Imbert,
1978) and this certainly seems to be the case for area 18. Finally, it appears that visual
experience is not required for the production of at least a rudimentary radial
columnar organization in area 18, although, again, visual activity is needed for the
perfection of the columnar system.
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Comparison of the effects of dark-rearing on areas 17 and 18
Data obtained from cells in area 17 in deprived kittens in this study agree well with

results of Blakemore & Van Sluyters (1975) and show that, as in area 18, the normal
post-natal development of many features of the striate cortex is severely depressed
by dark-rearing from birth. However, some differences between the consequences of
deprivation for areas 17 and 18, at least during the first 3 post-natal months, were
suggested by our results.
On the basis of results from this present study and from previous work (Blakemore

& Van Sluyters, 1975; Bonds, 1979; Albus & Wolf, 1984) it appears that a population
of innately determined, clearly orientation-selective cells exists in area 17 in very
young normal but visually inexperienced kittens. Blakemore & Van Sluyters (1975)
suggested that innate orientation selectivity in area 17 is largely determined by inputs
from geniculate X cells. The proportion of such orientation-selective cells probably
decreases during subsequent deprivation in dark-reared animals: Cynader et al.
(1976) reported that in adult cats that had been binocularly deprived from birth,
either by eyelid suture or dark-rearing, 32% of units in area 17 were visually
unresponsive and of the remaining cells 86% exhibited neither orientation selectivity
nor direction selectivity. Thus, Cynader et al. (1976) have shown that in adult
dark-reared and binocularly sutured cats only a very small proportion (about 10 %)
of cells in area 17 show any degree of orientation preference, a considerably smaller
percentage than we found in area 17 in younger dark-reared kittens (30-40 %).
These results from area 17 contrast somewhat with those from area 18. We found

no evidence of a significant proportion of truly orientation-selective cells in area 18
in visually inexperienced kittens at any age. As discussed above it seems likely that
inputs from geniculate Y cells can confer a relatively imprecise orientation
preference on cortical neurones, at least in area 18, in depjrived kittens. It is possible
that levels of orientation selectivity may eventually become very similar in areas 17
and 18 in adult cats deprived from birth (Singer & Tretter, 1976).
The proportion of neurones strongly dominated by one eye may be larger in area

17 than in area 18 in visually deprived animals: indeed, it has been suggested that
cortical cells in area 17 specifically with X-cell inputs cannot develop their normal
mature degree ofbinocularity in the absence ofnormal visual stimulation (Blakemore
& Van Sluyters, 1975; Leventhal & Hirsch, 1977).

Dark-rearing does not prevent the appearance of the basic elements of the modular
structure of the cortex - the orientation and ocular dominance columns - in either
area 17 or area 18. Swindale (1981), using the anatomical technique of transneuronal
autoradiography, found that the competitive segregation of right-eye and left-eye
terminals to form ocular dominance bands in layer IV is grossly retarded by
dark-rearing. It is intriguing, then, that it does not seem to interfere with the
appearance of physiological ocular dominance clustering throughout the layers of the
cortex.
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