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SUMMARY 

1. The normal post-natal development of visual cortical functions was studied by 
recording extracellularly from 61 2 single neurones in the striate and parastriate cortex 
of anaesthetized and paralysed kittens, ranging in age from 6 to 24 days. Analyses 
have been made of laminar differences in the developmental trends of receptive field 
properties such as orientation specificity and spatial organization of 'on ' and 'off' 
zones. 

2. At the beginning of the second post-natal week the majority of neurones (76 %) 
only respond to light 'off' (unimodal 'off' neurones). Only later does the frequency 
of occurrence of unimodal ' on ' neurones and of bimodal or multimodal neurones (with 
spatially segregated ' on ' and ' off' zones arranged side by side) increase so that, by 
the middle of the fourth week, about equal numbers of these three receptive field types 
are found. The proportion of 'on-off' neurones (with spatially coincident 'on ' and 
' off' zones) remains low (between 9 % and 12 % ) during the early post-natal period. 

3. In layers 4 and 6 of areas 17 and 18 the frequency of occurrence of visual 
neurones is quite normal even in the youngest kittens, whereas the probability of 
recording neurones in layers 213 and 5 in kittens less than 14 days old is remarkably 
low and only gradually improves up to the middle of the fourth week. A very 
rudimentary order in the spatial arrangement of orientation-specific neurones and 
ocular dominance distribution is observed even in very young kittens. This order 
improves rapidly and reaches adult levels during the fourth post-natal week. 

4. In visually inexperienced kittens, on average 11 of all responsive neurones are 
selective for the orientation of elongated visual stimuli, and 58 are biased. The 
proportion of orientation-selective cells begins to increase rapidly about two days 
after lid opening, and proportions of orientation-selective cells similar to that in the 
adult are reached by the end of the fourth post-natal week. Orientation-selective 
neurones in kittens less than 10 days old are only found in layers 4 and 6 and the 
lower part of layer 3. In layers 213 and 5 they are first seen in larger proportions by 
the beginning of the third post-natal week. 

5. Our results show that, during the first post-natal month, the time course of the 
functional development of visual cortical neurones depends on receptive field type 
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and on intracortical location. Implications of our findings for the development of 
intracortical connectivity and the generation of ' simple ' receptive fields are discussed. 
In addition, possible mechanisms for, and functional implications of the late 
generation of ' complex ' fields are suggested. 

INTRODUCTION 

Previous studies concerned with the development of the functional organization 
of the kitten's visual cortex have produced conflicting results. Hubel & Wiesel(1963) 
found receptive field types and functional properties such as orientational and 
directional specificity to be well developed, although neurones responded only 
sluggishly to visual stimuli and did not follow repetitive stimulation. On the other 
hand Pettigrew (1974) found no cell in the early post-natal period having orientational 
selectivity and only some possessing selectivity for the direction of stimulus motion. 
Other investigators have claimed that, shortly after birth, a small proportion of 
neurones in the kitten's visual cortex respond specifically to stimulus orientation and 
that, as a function of a developmental process, the immature cortex reaches a 
functional state similar to that in the adult cat by the beginning of the second 
post-natal month - provided that the kitten has experienced a normal visual 
environment (Blakemore & Van Sluyters, 1975; Buisseret & Imbert, 1976; Fr6gnac 
& Imbert, 1978; Bonds, 1979). 

The conclusions drawn from these studies about the functional development of the 
immature cortex of kittens less than 12 days old have, however, relied on small sample 
sizes. In  addition, little attention has been paid to receptive field structure and 
laminar distribution of visually responsive neurones. Hubel & Wiesel(1963) identified 
receptive fields in an 8-day-old kitten resembling the simple and complex fields 
described in adult cats (Hubel & Wiesel, 1962). In  a 9-day-old kitten, Blakemore & 
Van Sluyters (1975) found orientation-specific neurones from layers 4 to 6 with simple 
receptive fields. 

Our aims in conducting this study were therefore: (1) to reinvestigate the 
development of orientation specificity and other functional properties of neurones in 
the visual cortex of very young kittens by applying quantitative analysis to a 
representative sample of cells, (2) to give particular consideration to classification of 
receptive field types by evaluating response to stationary stimuli and assessing 
summatory behaviour, and (3) by establishing the laminar distribution of classified 
cells to gain some understanding of the development of afferent and intracortical 
connectivity. 

A preliminary report of our experiments has been published previously (Wolf & 
Albus, 1981). 

METHODS 

Animals and surgical preparation 
The experiments were performed on thirty-one normal kittens ranging in age from 6 to 24 days 

(Table 1). Four of the nine kittens studied in the youngest age group (6-9 days) had their eyes still 
closed at the beginning of the experiment, one kitten (6 days) had one eye partially and the other 
fully opened, whereas the remaining four had had their eyes open for at least one day. As eye opening 
takes place in the normal animal between days 6 and 9 post-natally, all the older kittens had a t  
least two days visual experience by the start of the experiment. 



POST-NATAL DEVELOPMENT OF VISUAL CORTEX 

Surgical anaesthesia was induced with an intraperitoneal injection of pentobarbitone (40 mg kg-l 
body weight). In some cases this was supplemented by 0-4-0-8 % (v/v) fluothane in oxygen delivered 
through a mask. After one of the jugular veins was catheterized and a cannula inserted into the 
trachea, gallamine triethiodide (4-6 mg) was administered I.V. and the kitten was artificially 
ventilated with a mixture of 67 N,O, 30% On, and 3% CO,. Throughout the experiment, 
pentobarbitone (2 mg k g 1  h l ) ,  gallamine triethiodide (15 mg k g 1  h l ) ,  prednisolone (0-6 mg h l ) ,  
and laevulose (l00 mg h l )  in Ringer solution was given intravenously a t  a rate of 1.2-3.0 ml h'l. 
The electrocardiogram was continuously monitored and cardiac accelerations to noxious stimuli 
were not observed during the experiments. End-expiratory CO2 was monitored and held a t  about 
5-5 (v/v) by adjusting the stroke volume of the ventilation pump (40 strokes min1).  The animals' 
temperatures were maintained a t  38 OC by a thermostatically controlled heating blanket and 
monitored via a rectal thermistor. After the nictitating membranes were retracted with neo- 
synephrine, the pupils dilated with atropine, and neutral contact lenses applied to protect the 
corneae from drying, the kitten was mounted in a stereotaxic frame (Horsley & Clarke, 1908). The 
head was retained in stereotaxic coordinates by a metal bar fixed to the skull with dental acrylic 
which additionally formed a reinforcing layer on the skull. A small opening was then made above 
the visual cortex, from stereotaxic coordinates A4 to P I  and L0 to L5. Around the craniotomy a 
well of acrylic was made. After cutting a small hole in the dura, the electrode tip was lowered to 
the pia1 surface and the brain covered with 4 % agar in Ringer solution to reduce cerebral pulsation. 

Recording methods and visual stimulation 
Extracellular recordings from single cells were made with tungsten micro-electrodes insulated 

with glass and having impedances of 7-1 1 MQ a t  1 kHz a.c. (exposed tungsten 4-6 pm, diameter 
a t  the exit from the glass 2 4  pm). The spikes were conventionally amplified, displayed on an 
oscilloscope and monitored aurally. As the electrode was advanced through the cortical layers a t  
an oblique angle in a rostro-caudal direction, a hand-held projection lamp was used to produce 
moving and stationary light stimuli of different sizes and shapes (spots, bars, edges) on a dimly 
illuminated tangent screen (luminance 1-2 cd m 2 )  positioned a t  a distance of 57 cm from the 
kitten's eyes. The luminance of the light stimulus was normally 1-2 log units above background. 
Neurones which were evident only by their spontaneous activity and could not reliably be activated 
by visual stimulation, or which were silent and produced only injury discharges when impaled by 
the electrode, were classified as visually unresponsive. 

On isolation of units, monocular receptive fields were mapped as 'minimum response fields' 
(Barlow, Blakemore & Pettigrew, 1967). Orientational and directional asymmetries in the response 
to moving and/or stationary bars and edges, as well as velocity response range, were then 
qualitatively determined for the dominant eye. In  order to assess the summation properties of the 
neurones, bars of different lengths and widths were used and the spatial extent of excitatory 
subregions was evaluated with small flashing spots. When possible, the receptive field in the 
non-dominant eye was also investigated and binocular interactions were examined. 

For quantitative analysis of response characteristics, we employed a computer-controlled 
stimulation and spike-acquisition programme. With this programme, moving or stationary stimuli 
could be presented with direction and velocity of movement, presentation time and interstimulus 
interval being adjustable. The orientation of an elongated moving stimulus was always orthogonal 
to the direction of movement. To compensate for response variability, stimuli were interleaved (the 
method of Henry, Bishop, Tupper & Dreher, 1973). For assessment of orientation specificity, a t  
least four different stimulus orientations (i.e. eight different directions of movement) including the 
optimum orientation determined manually and the orientation orthogonal to it, were presented 
quasi-randomly a t  least five times. Using these data, the computer was able to construct orientation 
tuning curves. To assess receptive field structure, stationary stimuli were flashed a t  each position 
in the receptive field and the responses so obtained were averaged over ten presentations. 

There was some uncertainty in determining the eccentricity of the receptive fields in relation to 
the area centralis, since the cloudy optic media during the early post-natal phase (Thorn, Gollender 
& Erickson, 1976) prevented us from plotting optic disks and other retina1 landmarks for younger 
animals in our sample. To measure the eccentricity of the receptive fields for kittens younger than 
18 days, the perpendicular projection of the kitten's nose on to the tangent screen was considered 
as the centre of gaze. We estimate the error with this method to be less than 10 deg, based on 
comparisons with measurements of eccentricity from receptive field positions and stereotaxic 
coordinates of the recording electrodes. 
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Cell classification 
On the basis of the division of the receptive field into 'on' and 'off' zones, cells were divided 

into three groups: (i) neurones responding exclusively to light on or to light off are classified as 
unimodal 'on' or unirnodal 'off' cells respectively, (ii) neurones having receptive fields with both 
(or several) 'on' and 'off' zones, generally arranged side by side, are described as bimodal (or 
multimodal) cells, (iii) if there was no spatial segregation between 'on ' and ' off' discharge areas, 
i.e. if the neurone responded to both phases of a flashing stimulus anywhere in its field, it was 
classified as an 'on* ' neurone. 

For those cells investigated quantitatively, an orientation specificity index (OSI) was calculated 
from the mean response to stimulation with an optimally oriented slit or bar (optimum response) 
moved in the preferred direction of movement (for moving stimuli), or flashed on and off at  the 
optimum orientation (for stationary stimuli), and the mean response (for moving stimuli, the 
average of the responses to both directions of movement) to the same stimulus orthogonally 
oriented (+I- 15 deg) to the optimum (non-optimum response), through an application of the 
formula, 

OS1 (in %) = (1 -non-optimum response/optimum response) X 100, 

where response rates have been corrected for spontaneous activity. Cells with an orientation 
specificity index of greater than or equal to 90 % were classified as orientation selective, those with 
an index in the intermediate range (50-90 %) as orientation biased, and cells with an index of less 
than 50 as orientation non-specific. The same scheme for classification of orientation specificity 
was applied by Bonds (1979). Since both orientation-selective and orientation-biased cells display 
orientation specificity, though to different degrees, they are grouped together as orientation specific 
in the following discussion, in contrast to the non-specific or non-oriented cells. 

For cells which could only be qualitatively tested for orientation specificity a slightly different 
scheme was found necessary. Neurones unresponsive to the orientation orthogonal to the optimum 
were considered to be orientation selective and those displaying a clear-cut preference for one 
orientation but without an orientation at  which they did not respond were considered to be 
orientation biased; those neurones which showed either no preference or only a slight preference 
for one orientation were classified as orientation non-specific. None of the neurones classified 
qualitatively as orientation selective required reclassification upon subsequent testing with the 
quantitative method. Discrepancies arose only in some cases between cells falling into the biased 
and non-specific classes. In these cases, the neurones in question were placed into the non-specific 
category. Whereas all orientation-specific neurones were also tested with small spots of light, only 
a small number (less than 3 X) were found to have similar tuning properties for both spots and bars 
of light moving across their receptive fields. Some of these neurones displayed directional selectivity 
and, because of their small number, they are combined with the group of orientation-specific cells. 

Direction specificity was defined in relation to responses in the preferred and non-preferred 
directions for an optimally oriented slit. A direction specificity index (DSI) was calculated by 
applying the same formula as for computation of the orientation specificity index and allowed three 
groups to be defined; direction selective (DSI 2 90 %), direction biased (DSI = 50-90 X), and 
direction non-specific (DSI < 50 X). 

Examples of quantitative tuning functions of neurones from 6- and 7-day-old kittens are shown 
in Fig. 1. These curves have been selected in order to demonstrate that all variations of orientation 
specificity are present in the kitten's cortex as early as at  the end of the first post-natal week. The 
limited number of orientations in these cases are not a reflexion of the testing of the total popu- 
lation; for most neurones in kittens older than 10 days, the response was determined at eight or 
more different orientations. Neurones in A and E are non-specific to stimulus orientation, cells in 
B, C, F and G are orientation biased, and cells in D and H are orientation selective. The cells in 
A-C were classified as directionally non-specific, the others as direction biased. 

We used a 5-point scale to classify cells for ocular dominance (0.d.). The 0.d. group 1 neurones 
could be stimulated through the contralateral eye and the 0.d. group 5 cells through the ipsilateral 
eye only. The other units responded to stimulation of both eyes: those in 0.d. group 2 responded 
more to contralateral, in 0.d. group 4 more to ipsilateral, and in 0.d. group 3 equally well to ipsi- 
and contralateral stimulation. Neurones responding only to binocular stimulation were also 
classified as 0.d. group 3. 




























































