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INTRODUCTION

The aim of the present study is to examine the
neural representation of eimple visual stimuli. An un-
derstanding of how visual information is represented in
the nervous system would help in explaining the mechanisms
of some of the perceptual phenomena which depend on visg-
ual input.

filoet modern theories of pattern recognition
postulate stimulus analyzing mechanisme which detect
- specific features in the visual array. These analyzers
extract information about eize, contrast, movement, and
position of simple contours. The outpute of the analyz-
ers may be successively combined, forming & hierarchical
procese in which the outpute of one level of analyzers
converge on the analyzers of the next level, Higher le-
vel analyzers would represent more complex patterns. Pre-
~sumably the types of analyzers are limited, but the ways
in which they can be interconnected are not (Sutherland,
1968; Norman, 1969; Wickelgren, 1969).

Clearly the neural make-up of these analyzers
ie most important. It defines the features abstracted
and thus describes the visual world to the brain: the

brain does not see the world as it is, but as it ies re-



presented by the neural input.

Current explanatione of the neural bases of pat-
tern recognition (Sutherland, 1968; Thompson, 1969; and
Wickelgren, 1969) rely heavily on thé work of Lettvin,
Maturana, Pitts & McCulloch (1961) and Hubel and Wiecel
(1959, 1962, 1965). These works emphasize the very spe-
cific stimulus preferences of individual nsurons. More-
over, braFerrad gstimuli may be highly organized percep-
tual units. There are neurons in the optic tectum of
the frog which respond selectively to small, black,
moving objecte (Lettvin, et al, 1961). The stimulus re-
quirementes of these neurons fit very well the descrip-
tion of a common fly cruising past the nose of a frog
at a distance of about ten inches. These neurons have
(appropriately f) been called bug detectors and assigned
the major function of providing the frog's brain with the
information that there is a morsel of food within strik-
iné distance. Thus the activity of an individual neuron
might indicate whan a member of a particular class of
etimuli is present in the environment. These naurons not
only satisfy many of the requirements of a pattern re-
cognition mechanism but, further, seem to perform the
actual pattern recognition function itself,

The cat, more versatile than the frog, can make
a large variety of very fine discriminations and has a

sophisticated general purpose visual system. In the



primary visual cortex (area 17 of Talbot & Marshall) of
the cat a neuron will respond to a straight line or edge
having a particular orientation and movement at a partic-
ular position in the visual fiseld. Hubel and Wiesel
(1965) suggest that such neurons are the basic slements
of the pattern recognition system. Higher in the nervous
system (areas 18 and 19) a neuron responds only to a fig-
ure composed of two line segments having certain orienta-
tions and epecific movement and position (Hubel and Wie-
gel, 1965). The numerous projections of the neurons in
area 17 suggest that a given neuron might be involved in
the representation of several different complex stimuli,
each of which contains the basic feature to which it re-
esponds selectively.

The findings of Lettvin and his colleagues and
Hubel and Wiesel have been interpreted as supporting a
strictly anatomical basis of pattern raéognition (Hubel
and Wiesel, 1965; Sutherland, 1968; Thompson, 1969; and
Wickelgren, 1969). Such "place" theories imply that
stimulus identification corresponds in a one-to-one way
with locus of activity. Both Thompson and Wickelgren
claim that even very complex stimuli and concepts are
represented by individual neurons. Thompson (1969) has
found neurons which respond to the geventh stimulus in a
repeated series of stimuli regardless of whether the

stimulus is visual or auditory and over a wide range of



inter-stimulus intervals. He suggests that thesge neurons
code the abstract concept of the number seven and other
neurons might represent general clasces of objects such.
as doge or automobiles.

In a.recognition system based solely on locus of
activity, or sc-called detector neurons, the acuity of
the neural system depends on the acuity of the detectors.
Thus, those afferent connections which determine the or-
ientation preference of a cortical neuron also determine
the orientation range over which the neuron will respond.
If only locus of activity is considered, as is done in a
place theory, then a given neuron represents not simply
ite preferred orientation, but all those orientations
to which it responde. Campbell, et al (1968) find that
neurons in the cat's cortex respond over a range of at
least thirty degrees orientation. Such neurons would
hardly account for fine discriminations. Humans can dis-
criminate orientation changes of three dagrees’(Andrews[
1969) and rabbits can discriminate changes of about ten
degrees (Van Hof & Wiersma, 1967). It seems likely that
the cat's ability to discriminate orientation changes
would fall somewhere in between these values.

The notion that pattern recognition is based on
csome type of feature analysis is supported by several
kinde of behavioral evidenca:. backward masking, cross-

adaptation, stabilized images and after images (see re-



view by wgisstain, 1969). 1In feature analysis, complex
etimuli are broken down by the nervous system into a num-
ber of basic stimulus elements. The analyzers are cells
in the brain which respond only to certain features of
visual stimuli but not to others. Using human observers
Gilingky & Doherty (1969) found that a masking stimulus
was most effective when presented at the same orientation
and retinal locue as the test stimulus and progressively
lese effective as the orientation difference between the
magking and test stimulus increased, The masking effect
reached zero when the orientation difference was 45 de-
grees, Gilinsky and Doherty suggest that the effect is
mediated by neurons which are sensitive to the orientation
of contoure similar to the neurons found by Hubel and Wie-
sel in the cat cortex.

A stabilized retinal image of a simple line dis-
appears and reappears completely as a unit while the lines
comprising a more complex figure disappear and reappear
independently of each other (Pritchard, Heron and Hebb,
1960). "“Each separate element of the more complex figure,
howsver, dicsappears and regenerates as a unit" (Hecken-
mueller, 1965). These findings are consistent with the
notion that there are independent feature analyzers to

represent basic stimulus elemente.



The present study investigates the preferential
responcse of neurons in the cat's visual cortex to partic-
ular stimuli. The activity of these neurons is influen-
ced differentially by eeveral different aspects of a vis-
val stimulus such as orientation (Hubel & Wiesel, 1959,
1962), position (Hubsl & Wieeel, 1959; Burns, Heron &
Pritchard, 1962), intensity (Jung, 1961), and movement
(Hubel & Wiesel, 1962).

For those aspects of the stimulue (dimensions)
which have been studied systematically, reqular relation-
shipes have been found between different values of a dimen-
eion and the average number of spikes elicited from 2 neur-
on. For most dimensions of the stimulus, the relation-
ehip ie an inverted U function. For example, a given neur-
on will respond most strongly to a stimulue at a particu-
lar position in the visual field. At positiones progress-
ively further away from this position weaker and weaker
responses are evoked (Hubel & Wiesel, 1959; Burne, Heron
& Pritchard, 1962). Similarly an orientation of the
stimulus can be found which elicits the strongest reeponse
and progressively weaker responses are obtained when the
stimulue is rotated away from this orientation (Hubel &
Wieeel, 1959; Campbell, Clelland, Cooper & Enroth-Cug-
ell, 1968). The stimuli which evoke maximal responses are

etraight edges, lines or simple combinationg of thecse



(Hubel and Wiesel, 1962). A simple light-dark edge ie the
most basic. Apparently the stimulus preferences of indi-
vidual neurons are sufficiently distributed so‘that there
are neurons for every orientation at all positions in the
visual field (Hubel and Wiesel, 1962; Burns, et al, 1962).
The point of interest about stimulus dimensions having an
inverted U relationcship to firing rate is that different
cells respond maximally to different values on these di-
mensions i.e. cells do not all prefer the same stimulus
value. |
The relationehip between stimulus intensity and
response of a single neuron seems to be quite different
from an inverted U function. Both the total level of
illumination and the relative intensity (contrast) may
effect the activity of a cell. Using diffuse flashe:'s of
light Jung (1961) found that one group of neurons (pre-
sumed to be cortical neurones) respond most strongly to
the brightest flacsh, dimmer flashes yielding weaker re-
sponses; the activity varying approximately with the log-
arithm of stimulus intensity. Baumgartner and Hakas (19-
62) report similar results using patterned light (see
Jung, 1961). But Hubsl (1960) argues that cortical neur-
ons respond weakly, if at all, to diffuse light flashes
and that those neurons recorded from the cortex which do
give a response to diffuse flashes are geniculate cells

whose axons terminate in the cortex. Spinnelli and Bar-
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rett (1969) claim that cortical neurons are relatively un-
affected by changes in the total level of illumination of
a patterned stimulus. Despite these different findinge it
ies clear that the mutually antagonistic regioqs of their
receptive fielde make cortical units egpecially sencsitive
to relative intensity in different parts of their fields
(Hubel, 1963). If the rasponce of a cortical unit is
based on a summation of the effects from excitatory and
inhibitory regions and within each region intensity has a
monotonic effect i.e. increasing the intensity of the light
falling on an excitatory region increases the response and
increasing the intensity of the light falling on an inhi-
bitory region decreases the response (Hubel and Wiesel,
1959; Poggio, et al, 1970), then the highest contrast
should produce the strongest response.

The intensity-frequency principle, demonstrated
for é great variety of sensory nervees, states that the
rate of firing of a fiber will increase with the stimulus
intensity up to a limit imposed by the refractory period
(Adrian, 1928). If the principle holds for cortical
neurons, they would all prefer high intensity stimuli.
There ie little data on this issue, but what there is
suggests that cortical cells are either unaffected by in-
tensity or increase firing rate with intensity. There is
no evidence of neurons which respond maximally to stimuli

at various intermediate contrasts or illumination - those



most often encountered in normal surroundings. This is
markedly different from stimulus orientation which is re-
presented by various neurons preferring different orien-
tations.

The effects of changing orientation and intensity
might be seen in a single neuron. We would like to know
if the response changes are qualitatively (temporal pat-
tern of firing) or quantitatively (number of spikes) dife
ferent for the two stimulus aspects. If such differences
exist they would constitute a possible basis on which the
nervous system discriminates stimulus changes along one
of these dimensions as different from changes along the
other., If no esuch differences exist in a single neuron
then other forms of g¢timulus coding muet provide the in-
formation necessary for such a discrimination to be made.

Perkel & Bullock (1968) have described a number
of (candidate) neural codes which may be in use. There
is one or more candidate codes based on each of the fol-
lowing questions: Which cell is active? How much is the
cell firing? There are also multicell candidate codes
which include all the combinations of thece questions
applied to more than one cell. We can chooese among the
possible codes by obeerving the effects of various man-
ipulations of the stimulus. If a stimulus change pro-
duces an effect as measured by a code then that code re-

maine as a candidate. If the etimulus change produces
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no change as measured by a code, and if the stimulus changa
is shown to be capable of controlling behavior, then that
code is eliminated as a candidate for carrying information
about that stimulus change in the particular neural units
investigated. There are further restrictions imposed on
the candidate codes by the variable response of individual
neurons to repeated presentations of a etimulus. A code
specifying a different neuron to represent each stimulus
would be rejected on the basis of insufficiency if a neur-
on responded infrequently to the stimulus it was supposed:
to represent. Additional evidence enabling us to choosse
among candidate codes comes from reports of lesion exper-
iments and ;timulus generalization experimente found in
the literature.

If orientation changes aoffect a neuron's response
end illumination changes also affect the response, then
there may be a 'trade-off' between these effects: various
combinationé of orientation and illumination might produce
the same response. There is a well known trade-cff be-
tween illumination and stimulus area in optic nerve fibers
of the frog (Hartlins, 1940), corresponding to the percep-
tual trade-off observed in humang (Ricco's Law, see Osgood,
1954), But there is no perceptual trade-off between il-
lumination and oriantationf The different combinationg of
illumination and orientation which might yield the came

neural response are clearly distinguishable perceptually.’
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Thie implies that not only are stimuli not identified by
which neuron is active, but neither are they identified by
adding the information of how etrongly the neuron is fifn
ing.

For a number of other sensory systems it has been
sugéasted that individual neurons are not specific enough
in their stimulus requiremente to represent stimuli dis-
tinctively (Milner, 1958; Melzack & Wall, 1962; Erickson,
1968). Melzack and Wall poiﬁt out that individual recep-
tors in the skin respond to a broad spectrum ofcutaneous
stimuli. They conclude that stimuli must be represented
by the activity across several éfferent fibers. Analogous
observations and interpretations have been made for the
gustatory system (Erickson, 1968).

Presuming thse intensity-frequency principle to
be generally applicable both Milner and Erickson suggest
that the firing rate of an individual néuron is an ambig-
uous indicator of stimulus values in many modalities.

Here again it is suggested that stimuli are represented
by the activity across several neurons.

The purpose of the present study ie to test the
ability of the place theory in describing the neural re-
presentation of a simple visual stimulus. The resulte are
expacted to show that the sams quantitative response is
obtained for different stimuli - stimuli which are readily

discriminated behaviorally. The findings will be uced to
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evaluate come of the candidate naural codes for representing
stimuli. It is expected that the resulte will indicate that
particular combinations of neurons are necessary to unaduiv~
ocally identify a particular stimulus.

If simple stimuli such as edges are the basic ele-
ments of pattern recognition then a clear understanding of
how they are represented in the brain might aid in elucida-

ting the neural mechanisme subserving pattern recognition.



METHODS

Biological Praparation

Cats were initially anesthetized with ethyl chlo-
ride and ether or with halothane and an endotracheal tube
coated with five percent Xylocaine ocintment was inserted.
An opaque contact lens was p;aced on the right eye. The
left eye was irrigated with one percent atropine sulphate
in physiologiéal saline to dilate the pupil and a trans-
parent contact lene slipped over the cornea. An artifi-
cial pupil of four millimeters aiameter wae placed in
front of the contact lens. The contact lens prevented
the cornea from drying and held the nictitating membrane
away from the field of vision. The right saphenous vein
was cathetsrized to allow for intravenous administration
of drugs.

Aften a midline scalp incision the skin and fas-
cia were retracted. Two small holes, two millimeters in
diameter, were drilled through the skull at least seven-
teen millimeters posterior of bregma and just to the right
of the midline. Thus the two holes were directly above
the lateral and postlateral gyri. The holes wesre filled
with bone wax. The scalp incision was irrigated with two
percent Xylocaine and general anasthesia discontinued.

13
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Cate were then paralyzed with intravenous gallamine (Flax-
edil) 40 mg/hr. and artificially respirated (Gross, Schil-
ler, Wells and Gerstein, 1967). The expired air was mon-
itored by a Harvard CO, analyzer and CO0p content was main-
tained at 2.8 - 3.2 percent. Temperature was maintained
at 37°C. Four cats were anesthetized with nitrous oxide

during the experiment.

Recording System

Neuronal activity was monitored by a microelec-
trode in line with a Grass DP9-B preamplifier which was
equipped with band pass filters. Activity was recorded
on one channel of a Tandberg stereo tape recorder (Mo-
del 64). The stimulus events were simultansously record-
ed on the second channel. Visual and auditory displays
were available to the experimenter on a Tektronix 502A
oscilloscope and a gated loudspeaker, respectively
(Fig. 1).

Neurons were isolated by using glass coated, gold
plated tungsten microelectrodes with tip resistances
ranging from 0.5 to 7.0 megohms and tip size of about 3
microns, made by Hamilton Research Instruments Ltd.

The microelectrodes were 25 mm. long and the upper 15
mm., were uninsulated.
The electrode tip was inssrted into the bone

wax in aone of the holes in the skull., A hollow glass
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cylinder (2 cm. long X 1 cm. diameter) was placed on the
ekull concentric to the electrode (Fig. 2). Melted paraf-
fin was poured into the cylinder fo a height of about 15
mm. When the paraffin hardened the remainder of the cyl-
inder was filled with physiological saline. (The upper
portion of the microelectrode was uninsulated and thus
exposed to the saline.) A lead wire dipped into the sa-
line in the cylinder gave access to any electrical ac-
tivity picked up by the microelectrode. The clamp which
held the cat's head in place was used as the indifferent
electrode. The paraffin block allowed the microelectroda
to be driven along its axis by a hydraulid microdrive
but held the microelectrode firmly in place when a neuron
was located. The use of a closed skull recording system
kept puleations of the cortex due to heart beat and res-
piration to a minimum (Burns and Robson, 1960; Mountcastle,
Davies & Berman, 1957). In addition, the paraffin served

to dampen any high frequency vibrations,

Optical Stimulation

Collimated light from a 500 watt tungsten source
was directed onto a 35 mm., slide of a light rectangle on
a darker background. The light passed through a projection
lens and was reflected by a mirror and through a dove priem

onto a back projection screen. The resulting image was a
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light rectangle on a darker background. The long and ¢hort
sides of the rectangle subtended visual angles of 60 and
40 degrees respectively at the cat's retina. The effective
stimulue was the light-dark border at one of the long eides
of the rectangle since cortical receptive fielde are knouwn
to be much smaller than thie figura (Hubel and Wiesel, 19-
62 Jones, 1970). The mirror, mounted on the coil of a gal-
vanometer, moved in responge to signals from a square wave
generator. Thus the image on the screen was oscillated at
3 cycles per second and 0.5 degrees arc amplitude, imitating
phyeiological nystagmue. The slide in the projector could
be translated in two perpendicular planes by micromanipula-
tors and tHa projected beam rotated by the dove prism. In
this way the light-dark bordaer could be projected in any
desired poceition and orientation. Intensity of the pro-
jected beam was varied by means of Wratten neutral-dencsity
filteres over a range of two and one-half log unite. The
Filtar§ changed the intensity of both the rectangle and the
background simultaneocusly.

In a second set of experiments in which the ef-
fects of relative intensity were of primary interest a
pair of polarizing filtere were used. An image of the
edge of one filter was focused on the screen. Since the
light passing through the two filters depends on the rel-
ative orientation of their polarizing planes rotation of

the eecond filter, held parallel to the first, varied .
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the relative intensity acroses the edge. In this way rel-
ative intensity (contrast) was reduced in stepes from 91 to
33 percent:

contrast = brightness 1 - brightness 2 X 100
brightness 1 '

Average luminancé increased slightly, Froh «23 to .57
foot lamberte, as contrast decreased.

The cat was placed about 40 cm. from the screen.
The light-dark border on the screen was focused onto the
cat's retina by an anciilary lens, accomodation having been
paralyzed. To check the focus, the image of the border on
the retina was observed directly with a beam splitter held
between the encillary lens and the cat's eye. Minor ad-

justments were made as they were necessary.

Procedure

After the surgical preparation was completed and
the.optics adjusted, the microelectrode was mounted in the
wax holder. The microelectrode was then pushed through
the dura and slowly advanced through the cortex while the
light-dark border was oscillated at many different positions
and‘orientations in the visual field. When a neuron was de-
tected the microelectrode was stopped in place and the or-
ientation and position located thét gave the maximum re-

sponse on the audiomonitor.
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The border was then oscillated repetitively at various or-
ientatione surrounding that estimated to be most effective.
The number of different orientations depended on the ap-
parent celectivity of the response and the length of time
the neuron was hald., This procedure yielded data on the
orientational selectivity of a nsuron's response.

At each orientation four to seven luminance levels
were tected in a decreasing series. Each combination of
orientation and luminance was tested for thirty seconds,
during which ninety stimulus cycles occurred.

The effect of decreasing the contrast acroes the
border (the relative intensity of the light and dark areas)
was examined in six neurons.

As time would permit, samples were obtained of
neuronal activity during steady, diffuse illumination at
two luminance levels. Several nsurons were also tested
with flashing diffuse light to assess the response to this
form of etimulation.

Data was stored on magnetic tape for future analysgis.



RESULTS

Recordings of extracellular discharges were ob-
tained from 56 individual neurons in 31 cats. An effective
stimulue was found for each of these neurons. Threa other
neurons were isolated but no effective stimulus was found
despite a prolonged search of the visual field with sever-
al stimulus patterns. Experiments were carried out only
on neurong which clearly responded to a etimulus. In ad-
dition, a large number of neurons were rejected becaucse
their diecharges could not be isolated from the discharges
of neighboring neurons. The 56 selected neurons were
thoroughly examined with regard to the effects of changes
in stimulus orientation and intensity. Several neurons
(38) also provided information about the effecte of differ-
ent levels of diffucee illumination.

The neuron sample was located in the lateral and
postlateral gyri within two millimetere of the midline and
between 17 and 21 millimeters posterior of bregma. Neurons
in this portion of the cortex have receptive fields in or
near the area centralis of the retina (Hubel & Wiesel, 19-
62; Jones, 1970). Such a sample is presumed to be involved

in pattern recognition functions because of its sensitivity

ol 3
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to the various aspects of visual form (Hubel & Wisesel, 19-
65) and because destruction of thic area aboliches pattern

recognition (Kluver, 1942).

Uriantation

In the preliminary search the receptive field of
the neuron was located and the stimulue orientation which
produced the strongest response was determined. The effects
of orientation changee in tha frontal plane were determine
ed. Three major blood vessels on the retina provided an
estimate of the orientation of the eye in the paralyzed
state and were used as a reference., Selective orientation
effecte were exhibited by all responding neurons. Figure
3 shows the effecte of changes in stimulus orientation on
the recponcses of six different unite: (a) and (b) are
very selective units, (c) through (f) are units display-
ing rather broad orientation effects. Similar responses
for other units are illustrated in the Appendix. Units
dieplaying very broad orientation effects were tested on
only ona side of the response peak. The firing rate at
the preferred stimulus orientation varied from cell to
cell ranging from 58.6 to 3.7 spikes per second., At
stimulus orientations progressively further away from the
preferred orientation the firing rate graduzlly decreas-
ed, approaching the spontaneous rate. The decline of

firing rate with orientation changes varied considerably
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between cells, The moet selective unit reached ite epon-
taneous firing rate when the stimulus was oriented only
twenty degrees away from the preferred orientation, while
other unite continued to respond at sixty degreess away.

For a few cells the firing rate at the leact
preferred orientations did not reach the gpontaneous rate.
The firing rates of a few other cells went below the spon-
taneous rate at some orientation away from the preferred
orientation.

The distributioh of preferred stimulus oriesnta-
tions for the present sample of cells shows a preponder-
ance near the vertical and horizontal axes (Fig. 4). None-
theless preferred stimulus orientations are widely distrie
buﬁed.

In summary, all responding neurong were sensitive
to stimulus corientation, the most sensitive neurons contin-
ued to respond to a stimUIUﬁ whose orientation varied over
a'ranga of at least twenty degress. More neurons had ore-
ientation preferences near the vertical and horizontal

axes than near the obliques.

Spontaneous Activity

Spontaneous activity was measured at two levels
of steady, diffuse illumination: 6.00 Ft.L. and 0.01 Ft.L.
These are the two extremes of the illumination used in the

e

subsequent experimente with moving light-dark borders.
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Yet there waes little difference in activity under these
steady state conditions for most cells, Figure Slcompares
the two spontansous levels of activity. It appears that
even large differences in diffuse illumination are not

signalled by the firing rate of these neurons.

Intensity

The stimulus intensity wes varied over a range of
two and a half log units and the effect on each neuron's
activity wae studied. Averags luminance of the oscillating
light-dark stimulus was decreased in steps from 3.26 to
0.02 Ft.L. by means of neutral-density filters. The con-
trast at tﬁa border was 91 percent. Genesrally tha‘Firing
rate increased as stimulus intensity increased. The effect
varied from those cells which approximated a logarithmic
relationship between firing rate and inteneity (Fig. 6)
to those which were relativaly unaFFactad at higher ine
tencities but decreaced firing at low intensities (Fig. 7)
and a few which showed little change in activity with
stimulus intensity (Fig. 8). These are not categorical
differences, but they indicate the range of effects ob-
tained. The response of individual cells was often highly
variable but general trende were usually apparent. None cof
the cells showsd a conzistent decrease in activity as stim-

ulue intensgity increased.
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The effect of changes in average luminance

on the response rate of a single nauron to

an oscillating lightedark border. Intensity
of luminance: 100 = 3.26 Ft.L. Each curvs
reprecents the effact of luminance on a neur-
on at its preferred stimulus orientation.
Figuregs 6 through 8 illustrate the range of
effecte obtained from the varicus neurcns.
Figure 6 shows two nourons in which firing
rate increases approximately as the logarithm
of intensity., Figure 7: two neurong rela=-
tively unaffected at higher intensities.
Figure 8: two neurons relatively unaffected
by intensity changes.
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The large majority of the celle increased firing
with intensity, but four of the 56 calls showed little or
no systematic change in firing rate with intensity. Ffor
two of the four celle the firing rate during stimulation
was higher than the spontanecus rate wheareae the firing
rate for the other two cells wags about the came during
stimulation and spontaneous activity. The latter two cells
respohaed to stimulaticn with a redietribution of spikes
relative to the time of stimulus movement. Rather than
increase their overall rate of firing they increzsed fir-
ing during certain periods following tha stimulue movement
and decreased it at other times. These effects are illus-
trated in the post-stimulus histograms of cell discharges

(Fig. 9).

Contrast

In addition to the primary experiment, a small'
number of cells (eix) were examined with a lightedark bor-
der across which contrast wae decreacsed from 91 to 33 per=-
centvwhile average luminance increased from .23 Ft.L. to
.57 Ft.L. Luminance changes in this range were sarlier
shown to have strong effects. Since the pravious experi-
ments revealed a positive relafionship between firing rate
and average luminance, pitting tha stimulus paramaters
against one another might reveal their relative effects

i.a. low contrast levele correspond with high luminance .
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of two cells with and without stimulation.

Both cells show redistribution of discharges
relativae to the time of stimulus movement which
ie common to all of the cells studied. The
cell in (a) also shows the typical increass

in average firing rate during stimulation as
compared to epontaneocus activity. Tha other
cell (b) fires at about the same average rate
whether stimulated or unstimulated, Only one
other cell did this. Interestingly, (b) shous

" a primary "off" response at about 40-80 mil-

liseconds (Hubel & Wiesel, 1959),

The stimulus is a light-dark border ( at
the preferred orientation and maximum inten-
sity) oscillating 3 times per second for 30
saecondg. A stimulus marker without a stimulus
ie uged to digplay spontancous activity. The
bottom line in the figure indicates the time
of stimulus movement.
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levels. Under these conditions neurons tendad to decrease

firing with decreased contrast suggesting a positive raléw
tionship between firing rate and contrsst (Fig. 10). How-
ever, the contrast effect was not very strong, suggesting
that the luminance change wae having a reversé effect.
Thus increases in luminance and contrast both tend to in-
crease firing rate.

Figure 11 shows the response of a unit to simple
- luminance changsese and also the response whan luminance and
contrast are cpposed. The unit ie relatively unaffected
by luminance changes except for a sudden decrease in re-
eporise at the lowest intensity (Fige. 11A). Howevar, when
contrast and luminance are opposed the unit increases in
firing rate with increasing contrast indicating that con-
trast is having a stronger effect than luminance over

these ranges (Fig. 118B).

Orientation=Intensity Relationship

The effecte of stimulus inteneity on a neuron's
activity are gradually attenuated at less preferred stim-
ulus orientations., For a single cell, a family of curves
illustrates the intensity effects at different stimuluse
orientations (Fig. 12 and Appendix). Each point on the
curves reprecsente the cell's firing rate over a thirty
esacond period during stimulation with an oscillating edge

at the specified orientation and intencity. The curves
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are not strictly monotonic but trends are apparent. It
should be noted that the various cells achieve different

maximum firing rates. Also, observe that different come

binaticns of orientation and luminance produce the same

firing rate., At the least effective orientation the ef-

fecte of luminance are reduced or eliminated. v

Figures 12A and 128 show two cells which are
estrongly affected by both orientation and luminance chah-
ges. The very low firing rate of the cell in.Figure 12A
at the lower intensities suggests that thie cell has a
relatively high threshold for the stimuli employed. Fig-
ure 12C depicts a cell which is only elightly affected by
intensity at the higher levels, but the firing rate drops
off very rapidly at lower intensities., In a similar way
the cell fires at a relatively high rate over a number of
orientation changes (135 to 165 degrees) and then drops
off suddenly (175 degrees). Figure 12D shows a cell which
was little affected by intensity except at the lowest le-
vels, However, the orientation effect was very etrong,
resulting in clearly separated curves which share the
same firing rate at only one point. Only two cells were
found which had this type of response. The gignificance
of such response styles will be discussed later.

Families of curves for other units are illustrated

in the Appendix.
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Latency of Rssponse

Reducing the average luminance of the stimulus had
a marked effect on the latency of the response. A post stim=-
ulus time histogram shows when a cell fired relative to the
time of movement of a repetitively oscillating stimulus.
The mode in the histogram indicates at what time following
the stimulus movement the cell fired most. The latency of
the mode of the post etimulus time histogram increased with
decreasing luminance (Fig. 13). Thig effect wae remarkably
consistent.

The latency of response of a single cell is not
available as such to the nervous eyetem becauge there is
no stimulus marker in the brain. However the relative la-
tency in different pathways i¢ en important variable since
it directly affects the temporal summation in convergent

neurons.

Variability of Response to Identical Stimuli

The responcse of a unit to a particular stimulus
varies considerably from one precentation to the next,
This can be seen clearly in the responses to a repetitive-
ly oscillating light-dark border. Each cycle of movement
constitutes a separate stimulus precentation. A cycle con-
cists of a rapid 0.5 degree movemzsnt of the edge perpen-
dicular to its axis, a stationary period of 167 msec., a

rapid movement in the opposite direction returning the
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edge to its oriéinal position, and another stationary
period of 167 msec. The unit may fail to respond on a
large proportion of the stimulus presentations, yet inter-
eperced with these are responses of varying numbers of
spikes. Figure 14 showe a typical response péttern ob=
tained during several stimulue cycles. Such a display
giveg an immadiate impraésion of the strength of the re-
sponse and yet maintaine much of the detail of the orig-
inal data. Although the occurrence of a response is in-
tuitively obvious when compared with spontaneocus activity,
it ie also clear that a rigorous definition of responsse
to a single presentation would require a statistical
statement of some sophistication in order to separate it
from epontaneous activity, which often shows & tendency
toward clustering (Smith & Smith, 1964). The distinction
between epontaneous activity and response is further blure
red because the brain doee not know 'a priori' when the
stimulus event occurred (Burns & Pritchard, 1964)., It
must be remembesred that any definition of reeponse put
forward is generally meant to imply a neural mechanism
capable of performing the necessary statistical operations.
In this section we are particularly intarested

in the pattern of the response, the temporal distribution

of impulses from a single cell. The preceding results
have dealt with the effects of various stimulus changsg on

a caell's firing rate.v Firing rate is only one of a nuie
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successive movements of the etimulus. The
two directions of movement are separated

on the ordinate.

A spot on the display

represents a spike discharge from the cell.
The cell fires to movements in both direc-
tions but responds more frequently to down-

ward movement,

The responses to upward

movements have a longer average latency.
Note the variability in successive re-

sponses.,
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ber of candidate codes which may be used in the nervous
system. Several different codes have been suggssted which
are based on details of the temporal pattern of responeé,
guch as alternating long and short interspike intervals
(Pzrkel & Bulloch, 1968) and successive interspike intar-
vale of the gsame duration (Burne & Pritchard, 1964). The
following presentation is not meant to supercede these at-
tempts, but rather to step back to look at the raw dats,
Figure 14 is little more than a spike train displayed in
order to show when the stimulus events cccurred. Tﬁa point
to be taken from these data is that the responze is not an
all-or-none event. The responsé is highly variable. It
ie for this reason that cortical cells are said to bshave
statistically (Burnms, Heron & Pritchard, 1962) and to be
unreliable (McCulloch, 1964).

The earliaer statemonts about the affects of orien-
tation and intensity must be taken as statistical state-

ments. On tha average a cell may fire more to high inten-

gity stimuli than low intensity stimuli, but this does not
show up in each and every stimulus presentation (Fig. 15).
This is true for every cell in the present study.

Tﬁe increase of average firiné rate with increas-
ing luminance ie effected in two ways. Individual cells
respond to a larger proportion of the presentationsg and
produce more e€pikes when they respond. Put in another

way - for some period of time following a etimulus mova-
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ment the probability of a epike occurring increacses with
stimulus intensity. The point of the earlier statement is
that one of the primary effects of a stimulue change such
as intensity is to change the proportion of stimulus pre-
sentations which elicit a response. However, even when a
stimulus elicits a strong response on the average, there
are individual stimulus presentations to which rmo response
occurs. Thie situation is seen in Figure 15. Even at the
highest intensity (which elicited a very strong average
responce) three of 28 stimulus events were followed by no
spikec at all. There are changes in the temporal digtri-
bution of epikes which show up to a varying extent in dif-
ferent calis. Stimulation tends to cluster firing at a
particular time following stimulus movements. This tend.-
ency ie usually enhanced by increases in luminance (Fig.
15). The latency also becomes more consistent,

A Two important points are demonsirated in Figurs
15: (1) during stimulation at low intensity and even dur-
ing spontaneous activity, burstes of spikes occasionally
occur even though the aQeraga firing rate in these con-
ditions is quite low; (2) with a repeated stimulus the
proportion of stimulus presentations which elicit a re-
sponze is iteelf a variable with respect to intentity.
Response patterne for other units are illustra-

ted in the Appendix.
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Nins different criteria for a respongse are de-
fined in Table I. The successes and failures of tha var-
ious criteria when applied to the 56 cells in the present

study are summarised in Table I.



TABLE I

Comparison of Different Criteria

‘Criterion for a The number of cells

Response responding to the
stimulus according
to this criterion

l. The number of spikes
within 30 sec. is greater
than 0

2. The number of spikes
during stimulation is
greater than the number
of spikes during spontan-
eous activity (30 sec.)

3, The firing during csel-
ected periods following a
stimulus ie higher or
lower than expected dur--
ing comparable periocds of
epontaneous activity as
indicated in a poststimu-
lue histogram (30 scec.)

4, Two or more successive
interespike intervals of
equal duration occur dur-

for a Response

56

52

56

53

ing the test period (8 sec.)

The number of cells
not responding to the
etimuelus according

to this criterion

The number of

celles responding
according to this
criterion durirg
cspontaneous activitn

56

27

0S




5. Two or more successive
interspike intervals occur
more often during stimula-
tion than during a compare
able period of epontanecus
activity (8 sec.)

6. More spikes follow the
first stimulus presentation
than expectad during a com-
parable pericd of spontan-
eous activity

7. Two or more successive
interspike intervales of
equal duration follow the
firet presentation of the
stimulus

8. Two or more succescsive
interepike intervale of
equal duration follow each
presentation of a stimulus
(8 eec.)

9. One or more spikes follow
sach presentation of a stim-

vlus {8 sec.)

TABLE 1

Continueaed

83

51

43

17

13

56

)

15



DISCUSSION

Interpolation of the response curves for ore
ientation and intensity indicates that for a given cell
many different stimuli would produce the same response.
This finding is incompatible with the notion of a trigger
function in which a cell gives an all-or-none response to
a particular stimulus (Wickelgren, 1969). The response
of a cell does not unequivocally define the gtimulus,
rather it defines a set of etimuli which might be present.
Large numbers of celle responding to these same etimuli
in the same way would not help to identify which etimulus
from the set is present, but would only identify the cet
more reliably.

It cen be seen that in order to represent the
stimulus diestinctively and reliably using celle having
the response characteristics described here it is neces-
cary to compare the activity of cells which have conver-
ging setg. In fact cells which prefer different orien-
tationg have such sets. The results suggest that a stimu-
lus is repraeéntad unequivocally by the pattern of activity
across celle which prefer the stimulus and cells which pre-

fer other etimuli. Thus several cells are involved in re-

652
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presenting different stimuli on the basie of the relative
amount of activity in each cell. Several factors lead to
thie conclusion.

A The present data provide: a number of requirements
which must be met by any neural code put forward to repre-
cent these simple visual stimuli. The effects of orienta-
tion and intensity on firing rate indicate that firimg rate
of an individual cell is insufficient to identify the stim-
ulus except in an unspecific way. The variable response
to repetitive stimulation could be handled by a code in-
volving tha fine temporal patterning of impulses in a
gingle cell only by throwing out huge amounte of informa-
tion. Ffor instance, codes based on long followed by short
interspike intervals and codes based on repeated intergpike
intervals of the same duration require at least three epikeg
in responge to a single stimulue presentation to make up the
temporal pattern. Ths information provided by responces of
one or two spikee would be lost. More complicated codes
would tend to throw out even more of the responses.

A code dependent on the firing rate of many cells
would overcome both problems, The variable response of in-
dividual cells to repetitive stimulation would be smoothead
to a congietent response over many cells., The effects of
orientat ion and intene¢ity on firing rate would be handled
by comparing the activity of those cells which prefer the

stimulus with thas activity of those cells which prefer other
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stimuli but respond to the stimulus and the activity of
those cells that do not respond to the stimulus. Such a
multicell code easily overcomes the difficulty of separa-
ting spontaneous from stimulated activity. This can be
quite difficult for individual cortical cells which often
have high gpontaneous rates composed of bursts of several
impulsas (Smith & Smith, 1964).

In such a multicell code there is no critical
neurcn and the stimulus identification is overdetermined.
Congider that population of cells in the cortex which re=-
spond differentially to orientation of an edge at a partic-
ular location in the visual field. An edge presented at
that location having an orientation of thirty five degreses
at an intermediate stimulus intensity will cause cells hav-
ing stimulus preferences near thirty five degrees to fire
the most; firing rate decreasing as the stimulus preference
varies from thirty five degrees. Cells having preferences
more than say, fifty degrees away from the stimulus may
not respond at all. If the stimulus intensity is increas=
ed the same cells will be firing the mosi, but at a higher
rate, and in addition, more cells will be firing, perhaps
up to stimulus preferences sixty degrees away from the stime
vlus. If, instead of intensity, orientation is changed
then different cells will be firing most, but the number

of celle responding will be generally unchanged.
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Note that information is provided by both re-

sponding and non-rasponding cells, although those re-
sponding carry more information. To know the stimulus
orientation we need only know which cells are firing
moet i.e. relative firing rate. To know stimulus inten-
sity we noed to know absolute firing rates of these cells.
However, at every level in the visual system below the
cortex there are cells carrying intensity information
so this information is widely available (Barlow & Levick,
1969; Arden & Liu, 1960).

A multicell code baced on the temporal pattern
of impulses presumably could handle the orientation and
intensity effects by having a particular spatio-temporal
pattern for each stimulus, but fine temporal patterns of
individual neurons would tend to be blurred during summa-
tion. Figures 14 and 15 show that a given cell has a var-
iable latency of response to a stimulue. A multicell cods
based on temporal pattern would have to incorporate such
variability. In addition, for a single cell the pattern
of recsponcse varies from one presentation of a stimulus to -
the naxt.- It is not at all clear how a multicell temporal
code would handle such variability without dumping large
amounts of information.

Furthermore, changes in firing rate are more ef-
fective at the post-synaptic membrane than changes in tea-

poral pattern. However, due to the nature of summation of
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post-synaptic potentials temporal pattern of input can af-
fect the membrane independently of changes in firing rate.
There are examples of cells which are sensitive to temporal
pattern. Perkel & Bullock (1968) describe a pacemaker neour-
on in the cardiac ganglion of the lobster which responds
differently to alternating long and short interépika inter-
vale than to equal intervals, given the same mean rate., It
is not clear that this sensitivity is functional.

As Perkel and Bullock (1968) point out, showing
that information is available in the nervous system in a
particular code does not necessarily indicate that this
code is used by the nervous system. We are not yet in a
position to demonstrate that a particular code is actually
used in pattern recognition but there is behavioral evie
dence which indicates the type of codes which are most
likely utilized. The phenomenon of stimulus generaliza-
ticn suggests that stimuli are not raprasentea by unique
stimulues detectors.

A pattern recognition system based on individual
units which are stimulus detectore would predict no stimu-
lus generalization. If a response was conditioned to occur
in the presence of & particular stimulus we would expect it
to occur only when that stimulues was present. However, the
behavioral response occurs whenaver similar stimuli are
present, the strength of response dspending on the similare

ity between conditioned and test stimuli. Such an effact
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can be readily éxplained if a multicell cods baced on fire
ing rate is usad to represent the stimulus. The cells which
prefer the stimulus used in conditioning fired most during
training and thus developed the strongest attachment to the
reinforced response. Neurons which do not préfer the condi-
tioning stimulus but respond weakly to it develope an at-
tachment to the reinforced response but at a weaker level,
Thue generalization decrement occurs. Although such a scheme
is highly spsaculative it ie clear that the code which is ine
dicated by the physiological evidence is compatible with the
behavioral evidence. '

Furthaf limite are imposed on suggested nsural re-
presentations by resulte from lesion experimsnts. Subto-
tal lesione of the striate cortex (area 17) leave animale
relatively unimpaired in pattern discrimination, whereas
total ablation eliminates pattern discrimination (Kluver,
1942; Wetzel, 1969). Thie cortical area is crucial for
the function, but there is no critibal neuron.

A number of general argumente can be brought a-
gainstvthe approach suggested here and I'would like to con-
sider the two most salient. The first suggests that we sim-
ply haven't found the neurons which do have the very speci-
fic etimulus requirements expected of "detector" neurons.
Congidering the relatively small number of cells described

in the present study in comparison with the total number of
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cells in area 17 of the visual cortex, thie ie a valid
criticism. Howsver there is an established rationale
supperting this approach as well ae corroborating svi-
dency from other studies. Certain visual patterns cen
be bshaviorally discriminated and ablation of the visu-
al cortex eliminates the ability to discriminate these
patterns (Kluver, 1942), Thus tissue in this area is
critical for pattern discrimination. Lesions outside

of the visuel system ars relatively ineffective with re-
gard to visual pattern reccgnition. Cells in the visual
cortex respond differentially to visual patterns, being
particularly sensitive to the orientation of straight
lines and.édges (Hubel & Wiesel, 1965). Parhaps the ace-
tivity ofrcells in this area is the basis for the visusl
discriminations. The most compelling aspect of this ra-
tionale ie the sensitivity of these cortical nsurons to
the pqrameters of visual stimuli.

Nonethelessg, the possible existence of "detec-
tor" neurons cannot be disproved. The argument here is
that neurone of the type described in the present study
will not perform the detector function as describad by a
place theory, Furthermore, the cell in the present study
showing the highest orientation sensitivity (Fig. la)
compares clocely with the moet sensitive neurons found
by Hubel & Wiesel (1962) and Campbell, Clelland, Cooper

& Enroth-Cugell (1969).
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A szcond argument againgt the present approach
is that the stimuli used are trivial as compared to vig-
uval patterns which are meaningful te the cat i.e. mice,
dogs, other cats. This would seem to be true except that
overwhelming evidence is accumulating which suggeste that
pattern recognition is based on feature analysis - a break-
down of patterns into simple components (Weisstein, 1969).
Furthef evidence comes from neurophysiological studies,
The Hubel and Wiesel (1959, 1962, 1965) findings would not
be conesiderced important if it were not for the fact that
neurons respond very strongly to the simple stimuli they
employed. Unfortunately there’has been very little con-
sideration of response strength except within a limited
experimental situation. Thus the expsrimenter describes
which of the stimuli he ueed produced the largest response.
There is no notion of how large a response he might have
gotten if he had used all the possible stimuli. Such a
measure would seem attainable, at least as an estimate,
since we know some of the limits imposed on the firing
rate of a neuron i.e. refractory periods. The measure
would bs particularly appropriate for thocse ueing firing
rate as a response measure. It would overcome the severe
limitations that time and imagination set on the stimuli
used in an experiment and it would permit a comparison of
responece strength across different experiments. In argu-
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ing the case for a detector cell it would have to bea shouwn
that the stimulus is very effective relative to what might
be expected of the cell, not relative to the rest of a small
cample of stimuli. At present, there is no independent cri-
terion of a "good response" save that intuitively accepted
by those in the area. Nonetheless it is clear that the sim-
ple stimuli presently employed are very effective in produ-
cing a response. Future studies of the response capability
of neurons will presumably corroborate the effectiveness of
cimple stimulus elements.

A further point should be made concerning ths dura-
tion over which a2 code would have ite effect. We are search-
ing for meaning in a sequence of interspike intervals some-
what ae though trying to decipher Morse code or trying to
understand speech in a foreign language. The question is
where does one word end and the next word begin? Aside
from knowing tha meaning of the word we must know how to
ceparate one word from the next.

In Morse code the end of a word is indicated by
three short blank periods. In épeech the rules are very
complicated and often indeterminate. For the post-synap-
tic membrane the rule seems to be based on the duration
of excitatory and inhibitory potentials. Transmiscion of
an impulee at the synapse produces an excitatory or inhi-
bitory potential at the post-esynaptic membréne which laste

80 - 100 milliseconds for neurons in the cortex (Eccles,
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1964). However, the potentials have a short rise time
and then decay exponentially with time., As a result maxi-
mum summation would occur over a time of about ten or twen-
ty milliseconds. Perhaps this is the time over which changes
in firing rate (or any other measure) would exert a major
effect. This would seem to be the duration of a "word" in
the neural languag=e.

Given short duration for summation the relative la-
tency in different fibers would be very important in syn-
chronizing impulses across many fibers. Spike clusters
that are separated by long inter-cluster intervale might
relate to different aspects of the stimulus as csuggested
by Jung (1951). .

The effects of varying orientations and intensity
simultaneously show that.differant stimuli will produce
the same response in a neuron. If the same responge can
be produced by stimuli that are obviously discriminable,
then that neuron is not sufficient to discriminate between
those stimuli. Thie situation obtains for several values
of orientation and intensity. Furthermore this is a gen-
eral situation due to the relationship between stimulus in-
tensity and firing rate., On the basis of known relations
between color, position, orientation and firing rate it
can be argued that the same situation holds for many ac-
pects of a visual stimulus. The behavior of neurons in

other sensory systems indicates that the same situation
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holds for some of the other modalities - somato-csensory

and gustatory (Milner, 1958; Melzack & Wall, 1962; Mount-
castle, 1967; Erickson, 1968; Uttal, 1969). For example,

a fiber in the chorda tympani might respond most strongly
to an NaCl :=olution applied to the tongue, but it will also
raspond to VH4Cl and KCl. Moreover, ﬁhe recsponse to each
of these solutions increases with concentration i.e. in-
tensity (Erickson, 1968)., Thus different stimuli would
produce the same-response.

There are two general properties which neurons in
these sensgory systeme share and which leads to the sugges-
tion that coding is similar in these systems (Milner, 19-
58 ; Erickéon, 1968). First, cell firing is related to
etimulus dimension by an inverted U Fuﬁction, or bell
shaped curve. This is the stimulus preference exhibited
by an individual cell. Second, response strength increaces
with stimulus intensity. The two properties lead inevitab-
ly ta the situation that a given response might have been
produced by any of several different stimuli. The only
unaquivocal representation of a stimulus in these modalit-
ies is the relative activity across several neurons. The
argument deals specifically with firing rate, the most
widely accepted neural code, although it may also apply
to other codes,.

Thare is an intuitive feeling for a single cell

acting as a detector - perhape it derives from Mueller'e
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clasgical theory of gpecific nerve energies in which the

nafure of the etimulus is indicated to the brain by meang
of which afferent fiber i¢ active. There is no such feel-
ing for the activity across several cells., A code based on
the relative activity across a population of cells implies
that tha brain is more complex than expected and the implie
' catlong for research strategy are conalderable. The direc-
tion fo research was cleerly defined - find a cell and then
find its preferred stimulus.‘ Eventually such a procedura
would;turn up a cell for a white mouse (Burng & Smith, 19
62), a cell for a piano (Attneave, 1961), and a cell for

an automobile (Thompson, 1969). In fact, higher order de-
tectof neurons have been sugges£ed a2 a replacement for the
unecientific homunculus (Attneave, 1961).

Our concepts (derived largely from a familiarity
with alacfrical wiring) seem inadequate for considering
distributed information leading to either/or decisions,
such as the recognition of a familiar face, without fun-
neling to a single detector cell. Must all information
lead to an on-and-off light switch? As Perkel and Bullock
(1968) point out, a population of celle can readily per-
form such a decision making function whether by leading
to a motor or glandular output, by resulting in a partic-
ular spatio-temporal distributicn of activity in the pop-
ulation, or by some other means. Furthermore, since many

synaptic inpute are usually required to produce an action
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potential the éFFicacy of funneling several inputs into a
gingle détector cell is not altogether clear in view of
the fact that the detection or decision must be trancmite
ted to other neurons involved in the behavioral response
to the detection.

As mentioned earlier two cells were found which
were relatively uninfluenced by inteneity changes, yat
they showed strong orientation effaects. Cells of this
type might bte involved in form constancy i.e. the ten-
dency to csee forms as relatively unchanged under widely
altered conditions of illumination. Other attributes
one might expect of neurons involved in form constancy
are insensitivity to stimulus location and size (Hubel
& Wieesl, 1965).

However, cufficient emphasis must be made of
the variability of reepoﬁse to identical stimuli. Even
though the average firing rate of a cell may increase
with an orientation or intensity change thie increacse
does not show up in the firing of the cell following
each and every stimulus presentation. Maf fei (1968)
suggests that the important information contained in a
temporal average (average firing rate of a single cell
to a repeated stimulus) ie normally obtained by the
brain in a spatial average (the average of several
neighboring cells responding to a2 single stimulus pre-

contation) eince the brainm is not usually presented
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with repetitive stimuli and certainly dossn't require

them.

The celle in the present study whoee firing rates
were relatively unaffected by intensity changes nonetheiass
ehowed a high variability in response to identical stimuli.
A response to a gingle stimulus precentation i¢ not neces-
safily reprocentative of a cell's average response to that
stimulue. Ae Arden and Soderberg (1961) found in lateral
geniculate cells ".,.. the variations in responce to identi-
cal stimuli are often greatef than can be produced by alter-
ation of tha stimulus pérématars." We are thus led to the
conclusion that stimuli are not represented dictinctively
by the firing of individual celie, but by the relative ac-

tivity across many cells.



4.

S.

6.

SUMMARY

Activity of single neurons in the cat's visual cor-

tex was cobserved during patterned stimulation of the
retina. Orientation and illumination of a eimple light-
dark stimulue were variad.

All neurone examined showed orientation selectivity.
Increase¢ in stimulus intenesity tended to increase
firing rate.

Individual neurone varied coneiderably within thece
genaral trends. Moreover, for each of the neurons re-
sponses varied a great deal even to repeated precenta-
tione of a stimulus.

Interpolation of the resultes indicates that a given re-
eponcse of a neurcn could result from several different
stimuli,

A 'place' theory of pattern recognition does not ade-
quately describe the bshavior of these neurons.

It is suggested that the etimulue ie uniquely identified

by the relative activity acrose several neurons.

66
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100 80 e i G o 1 o3
INTENSITY (RELATIVE UNITS)
cell (i)

" DARK LIGHT
SPONTANEOUS ACTIVITY

100 50 32 10 5 1
INTENSITY (RELATIVE UNITS)

cell (ii)

DARK LIGHT -+
SPONTANEOUS ACTIVITY w
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50 32 10 & 1
INTENSITY (RELATIVE UNITS)

cell (iii)

DARK LIGHT
SPONTANEQOUS ACTIVITY

The firing rate of this cell was relatively unaffected by
inteneity changes. Note the high spontansous rate and
the effect of stimulation on the pattern of response.
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ORIENTATION (DEGREES)
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INTENSITY (RELATIVE UNITS)

Pattern of responcee to an oscillating
light-dark border at various orientations
and intensities., A single unit.
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ORIENTATION (DEGREES)
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50 32 10 5 1 3
INTENSITY (RELATIVE UNITS)

Pattern of response to an oscillating
light-dark border at various orientations
and intensities. A single unit showing
radical changas in firing pattern i.e.
from 48°to 585 from 78° to BB, along the
intensity dlmension at 485 68° and 86%
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Pattern of response of a tsingle cell to an oscil-
lating light-dark border at various orientations
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and intensities.
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