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but did not invade the frontal areas. Posternak et al. (1959) used a pair of
radiation shocks to study cortical evoked responses after interruption of
hoth optic nerves, or the LGN on the side recorded from. They found a
_decrease in variability and an increase in amplitude of the post-synaptic
evoked components.

It would carry us too far to extend this review to the optic tectum, which
in birds and coldblooded vertebrates has the function of the striate area of
higher mammals. To facilitate orientation in this field, reference is made to the
review by Buser (1955) and the papers by Bernhard (1940), Hamdi and
Whitteridge (1954), Leghissa (1955, 1958), Konishi (1957), and Motokawa
et al. (1958).

I, Cortical Microphysiology
A. Hrstoroey oF TEE VISUAL CORTEX

In this Section no attempt will be made to elaborate the details of the
histology of the striate area (designed in a manner structurally not very
different {rom other sensory projection areas). It is richly provided with
cells and these are relatively small. Ramén y Cajal described the striate area
in man (1900) and in the cat (1922-23) stating in the latter work that in these
two species the histological picture was essentially the same and had been
well deseribed also in the cytoarchitectonic work of several authors (Campbell,
Brodmann, Minkowski, Winkler and Potter) whose studies intervened between
Ramdn y Cajal’s two contributions. O'Leary (1941) published a paper on
the striate area of the cat, confirming Ramén y Cajal’s findings. Lorente de
Né's (1938) work, which appeared in Fulton’s (1938) well-known textbook on
the “Physiology of the Nervous System,” has already been referred to.
An investigation of especial interest to visual physiologists is incorporated
in Sholl’s (1956) monograph on “The Organization of the Cerebral Cortex.”
Its point of view is really the one which the present study is supposed to
expound, because Sholl is interested in possible ways of attacking problems
of sensory integration and less concerned with cortical electrophysiology as
such. Continuing on a line of quantification of cortical data, in which impor-
tant pioneer work has been done by Bok (1936), Sholl studied the visual
cortex of the cat using Nissl and Golgi staing in order to specify the numbers
of cell types and the size of their spheres of action in the different cortical
layers. This is information of the kind badly needed and so it is of some interest
to give an indication of Sholl’s aims and what he has done to further them.

1. THE LAYERS

It is necessary first to recall briefly how the cortical layers have been
named and what they contain. I, the outermost or plexiform layer, cell-free,
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is followed by II in which some modified superficial pyramids of small size
appear. IIT is the layer of superficial pyramids; the Gennari line appears
at this level. IV is the layer of star, or stellate cells. Ramén y Cajal pointed
out that stellate cells are characteristic for afferent projections, and into this
layer, which in the striate area is very richly provided with cells, the terminals
of the axons from the radiation fibres are actually projected. V is the layer
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Fie. 7. Contour diagram, showing the numbers of cells of different types contained in a
cortical volume of 1()‘3;L3 in the different cortical zoneg. Contour lines are drawn for
densities of 5, 10, 15, 20, 25 and 30 neurons per 1G9 ILLB of cortex. (Sholl, 1956)

of small pyramids, and VI that of large pyramids. While subdivisions of this
type can be carried further and the cells specified in different ways, the
future microphysiology of the expanding cones of a radiation fibre will
require some knowledge of how cells of different type are distributed quan-
titatively with regard to cell size, cell number, axonal and dendritic fields,
or other significant properties, such as, for instance, presence or absence of
recurrent collaterals. Sholl found it convenient to use for quantification a cell
typology worked out by Mitra (1955). Ilow cell numbers of 7 types are
distributed in the laminae is illustrated in Fig. 7.
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2. CELLULAR ORGANIZATION

The cells are pyramids (P) or stellate cells (8) and from left to right P,
is a pyramidal cell with unbranched axon to white matter, P,, cell with

branched axon to white matter, Py, similar cell but in addition possessing
~ recurrent collaterals, P,, cell with axon forming recurrent collaterals and
branches only, 8, stellate cell with axon distributed within the dendritic
field of the cell, &, cell with axon to white matter, 8;, cell with axon to
outermost cortical zone,

In general, pyramidal cells are organized for reception in a vertical dimen-
sion; at the lower end through their dense basal dendrites, and vertically
upwards, through their apical dendrites which, in cells in the upper laminae,
generally run to the surface and, for those in the lower laminae, in addition
spread among the superficial neurons. Their axons penetrate the cortex
downwards to reach white matter. The stellate cells tend to close their
dendritic network around their own territories but the axons may run up to
the surface and then, turning at right-angles, follow the pial plane. In order
to exemplify the aims of quantification in cortical histology, one more picture,
more instructive than long descriptions would be, is taken from the work of
Sholl and reproduced as Fig. 8. This mode of presentation, modelled on
that of Bok (1936), is self-explanatory.

3. PHYSIOLOGICAL SIGNIFICANCE

More difficult is the question as to what the physiologist should do with the
data now provided. It seems to the present writer that it is not possible to
jump to a statistical physiology of cortical function before the highly-
developed microtechniques of today have been applied to the study of single
cortical “cones” making use of data of the kind that are illustrated in
Figs. 7 and 8. Such experiments will aid in the localization of probable
events and structural organizations, vertical and longitudinal, and provide
necessary landmarks for our thinking in this field. It seems likely that some
kind of statistical approach will ultimately become the established way of
handling the incredible complexities encountered in an organ with some
7 x 10° cells, branching and interconnecting through their dendrites and
axons. However, in the absence of a number of basic functional concepts,
obtainable only by experimentation at the cellular level, what is to be the
subject matter of the statistical approach?

Assume, for example, that we decided to establish a number of functions
such as (i) cells or groups of cells that acted as if they counted and integrated
impulses, (ii) cells that could deal with rates of change only, (iii) cells that
translated low into high frequencies, (iv) cells that had the reverse action,
(v) cells that gave spatial gradients by inhibitory action, suppressing weak
activity around an active neighbouring cell. This is a brief list of perfectly
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reasonable notions categorizing neurophysiological observations, and many
more could be given. These may or may not be useful categories in which to
think, This, however, is not the point. By the example it is intended to
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Fia. 8. Diagrammatic drawing of a number of cortical neurons with their axons,
dendpritic fields and axonal branches drawn to scale. (Sholl, 1856)

emphasize that the categories mentioned have been derived by neurophysio-
logical experimentation at the cellular level. There seems to be no short-
cut to generalization in cortical physiology without experimentation with
individual cortical cells acting as components of a functional organization.
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B. MICROPHYSIOLOGICAL APPROACH

1. INTRACELLULAR RECORDS

There are two aspects to cortical microphysiology of the striate area,
one being strictly visual and aiming at cortical definition of the spatial,
temporal and wavelength patterns that we have seen in the retina (receptive
fields, onfoff, dominators, modulators); the other devoted to the analysis
of general principles of organization of excitation and inhibition, for which
it would be profitable to be able to use intracellular microelectrodes along
with extracellular ones, in the way the pioneer work of Phillips on the motor
pyramidal cells (1956, 1959) and of Li (1959) on cortical cells has been carried
out. The cells are, however, fairly small and, when Tasaki et al. (1954) tried
to insert microcapillaries into their inner space, the membrane potential did
not stay up for a time long enough to permit long-lasting analysis. They
succeeded in proving that post-synaptic inhibitory potentials (cf. Eeccles,
1957) occurred in striate cells and therefore independent acts of inhibition
and excitation will be superimposed upon the patterns delivered by the
receptive fields of the retina, already once transformed at the geniculate
level. As yet we have no microphysiology of Ramén y Cajal’s sectors or
“cones” but a number of visual problems have been studied.

Until now two groups only have devoted themselves to the microanalysis
of such problems at the cortical level, one group (Baumgartner, Creutzfeldt,
Griisser, Jung et al.), starting, as it were, from the cortical end and working
themselves downwards in order to compare with the retinal discharges, the
other (Hubel and Wiegel), moving in the opposite direction from retina to
cortex. Both have used cats. Summaries of the results of the Freiburg
workers are available (Jung et «l., 1957; Jung, 1958), Hubel’s and Wiesel's
work is the more recent one.

2. NATURE OF THE EXTRACELLULARLY RECORDED SPIKES

The cortical lining of cells in the striate area, as pointed out above, is
penetrated by the myelinated radiation fibres (between layers III and IV)
and so, in the absence of visual microcontrol, the question arises as to whether
the spikes recorded come from fibres or cells. In the former case they will, as a
rule, be pre-synaptic and hence geniculate; in the latter, post-synaptic and
hence true cortical spikes. Jung and his collaborators have not attempted
rigorous identification and so it is necessary to look for criteria by means of
which a decision can be made in this matter. Hubel (1958, 1959), in raising
this point, found it not very easy to distinguish fibre spikes from cell spikes
by merely looking at the records and in a paper (1960) he discusses the
criteria he has applied for this purpose. As cortical cells do not respond to
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diffuse light, Hubel concluded that those of his “cortical” spikes of the early
paper (Hubel, 1958), that did respond to diffuse light, were radiation spikes.
In order to decide whether the spikes studied by Jung and his collaborators
belong to the cortical or to the geniculate group, it will be necessary to com-
pare their results with those of Hubel, and Hubel and Wiesel (1959) who
separated the groups after attempting identification which, they admit, in
spite of all precautions, may not always have been infallible.

a. Failure of Cortical Cells to Respond to Diffuse Illumination

It was pointed out above (Chapter 24, p. 715) that occasionally, in the
retina, there are seen elements which do not discharge to diffuse illumination
and that Lennox (1959) had discovered them also in the optic nerve of the
cat. Such elements were very common in the rabbit’s LGN and had previous-
ly been found to be equally common in the cortex by Jung et al. (1952) and
Jung and Baumgartner (1955); in fact, some 509, in their samples were
what they called A-units. The question now arises as to whether this interest-
ing finding is determined chiefly (i) by the LGN refusing to pass on infor-
mation received, (ii) by corresponding cortical processes of blocking (in
both these cases the records are assumed to be cortical) or whether (iii) it
merely expresses direct recording of a large number of geniculate spikes
from the radiation fibres. It is not easy to reply to this question on the basis
of the data supplied by the Freiburg group alone.

Trying to use the data of Hubel and Wiesel for this purpose, we recall
that Hubel (1960) had found that spikes in the LGN of the unrestrained cat
responded well to diffuse illumination, unless the cat were asleep. This was
done with the unrestrained animal and implanted electrodes. The Freiburg
workers used the encéphale isolé in their early reports. If one now may assume
that this preparation corresponds to the unrestrained animal, it is clear that
the A units of Jung and his co-workers actually were cortical cells, but,
Arden and Liu, 1960a, b) and Arden and Séderberg (1960) found with the
encéphale isolé rabbit a very large number of spontaneously active cells in the
LGN which did not respond to diffuse illumination. For this reason percen-
tages and estimates of the number of light-insensitive cortical neurones
(type A of Jung et al.) carry little weight, but we may conclude from the work
of Hubel on unrestrained cats (1959, 1960) that changes in the level of
diffuse (or background) illumination are but feebly reflected in the activity
of truly cortical units. Hubel and Wiesel confirmed this observation also on
cats under mild barbiturate anaesthesia. Thus, we may take it as established
that flashing diffuse light into the eye of a normal animal is an insignificant;
stimulus for recordable cells in the cortex, although (as we have seen in
Chapter 22, Section V) it has a powerful influence on the non-specific route
through the brain stem (Fig. 6, p. 562).
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1. Pupiliomotor Control

It seems likely therefore that an animal with the active pupillomotor
eflexes of the cat must have the control of this mechanism localized to
nesencephalic circuits which are sensitive to diffuse illumination. On the
sther hand, need man necessarily have cortical cells equally insensitive to
liffuse light? Our pupillomotor mechanism is tied to the macular region
which is the discriminating part of the retina. The sacrifice of some discrimi-
aation for integration by converging rods in the dark may well in the cat
have led to a separation of light sense (mesencephalic) and discrimination
(cortical) whilst primates, with their rudimentary mesencephalic visual
projections, possibly have both functions well encephalized.

c. Variability of Response

Another consequence of these findings is that they make it easier to
understand the vagaries of behaviour characterizing evoked potentials in
the striate area of the cat. These have nearly always been studied with diffuse
light. Perhaps the cerveau isolé is the best preparation for many types of
work depending on stability of conditions, as Ingvar (1959) found. In the
cervean isolé of the rabbit, Arden and Séderberg (1960) had good responses
to diffuse light in the LGN while many cells refused to be fired in the
encéphale isolé. They could only be activated by movement of the stimulus.

Within the Freiburg group, Akimoto and Creutzfeldt (1958) and Creutzfeldt
and Akimoto (1958) showed that the non-specific pathway (Chapter 22,
Section V) must be a potent influence also for the cortex, because, as illus-
trated by Fig. 9A, the A-neurones increased their firing rate both in light
and in the dark when non-specific thalamic nuclei were stimulated electrically
(cf. also Ingvar and Hunter, 1955, for relations between non-specific and

specific effects).
d. B-E Cortical Neurones

Assuming—as we have done—that the A-neurones of Jung et al. were
their truly cortical neurones, then we may ask, what about their on-, on Jott-
and off-neurones (called B, D and E) which, according to tests with diffuse
illumination in one of their samplings (Jung and Baumgartner, 1955), were
present in the proportions: 24, 6, and 18, respectively? Since Hubel, and
Hubel and Wiesel report it as characteristic of identified cortical neurones
that they do not respond to diffuse light, is it likely that the on-, off- and
onjoff-neurones represented geniculate fibres (Hubel)? There is no doubt
about the existence of these well-known types of response in the LGN, as
pointed out in the previous chapter. Jung et al. also described a rare type
(0, which is inhibited by brief flashes of strong light and thus belongs to the
group that does not respond well to diffuse light. Their view appears to be
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that neurones of this type (A, C) do not oceur in the retina; however, as yet
nothing has been demonstrated in the striate area that has not been seen
at the level of the retinal ganglion cells, so that, fundamentally, the retina
can do what cortex and LGN do. The difference is one of emphasis rather
than of principle.

40 T T T T T
r ‘ —— 20 shocks, light
30_ -7~J  —--- 20shocks, darkness |
W ! A
L =N \\..\
10 ,; / ""\\ o !
8 - —\:_\}'..inﬂ' -
w 0 1 1 1 L L et il bl 1
e 0 200 400 600 800
& (msec)
w
3
g 0 T T T T 1
E | = 20shocks, light ]
100 -——- 20shocks, darkness
]
. A
& e 1 A / B
|
1 NN\
40 bl RY
f
20 7 R I I
,/ [ +/ - “i
0 I : I 1 ' I
200 400 600 800
(msec)

Fre. 9. Frequency of discharge of two units, A and B, before and after (from zero
onwards) onset of stimulation of non-specific thalamic nuclei.

A. This unit did not respend to diffuse light. Stimulation of =, centr. luf. and n.
paravent. post.

B. This unit responded to onset of light. Stimulation of n. centr, med, and n. paravent.

(Creutzfeldt and Akimoto, 1958)

e. Non-Specific Effects on Cortical Avea

Part of this difference of emphasis may be due to the choice of an animal
which, in spite of its cones, is well organized for twilight vision, because
cortical work is done at the level where the net result of all biological adap-
tations of input is delivered up for use. Clearly one major difference between
retina and cortex les in the amount and organization of extra-striate
mechanisms of control. In Fig. 9 non-specific thalamic control is demonstra-
ted also for an on-neurone (geniculate or cortical?). Since we have, in the
previous chapter, devoted much space to varieties of control of the LGN,
there is little need to add to this subject. A very extensive literature deals
with non-specific effects on various cortical areas; in point of fact, this for
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some time now has been one of the favourite topics of cortical physiology.
The problems have been discussed from this point of view by Akimoto and
Crentzfeldt (1958) on the assumption that their work refers to cortical
neurones (and some of them undoubtedly are cortical). It is, however,
impossible to separate cortical and geniculate effects in their work and there
the matter must rest for the time being. It is interesting to note that they
have not found it possible to demonstrate any causal connexion between
EEG waves and non-specific effects on single neurones.

It should not be concluded that the only possible interpretation of the
results of the Freiburg school is that the neurones which did not respond
to illumination (always diffuse in the work referred to) are the only cortical
ones they have seen. An encéphale isolé need not behave like the unrestrained
or lightly barbiturized cat of Hubel, and Hubel and Wiesel. From their joint
papers one would, for instance, come to the conelusion that no evoked poten-
tials can be obtained from a striate area in reasonably normal condition.
Yet both on- and off-effects are common with all kinds of preparations and
so the present writer is inclined to suspect that their results contain an
unknown “@” of selection, just as the results of the Freiburg group are based
on an unknown, and probably very large, fraction of radiation spikes. It is
not yet known what cortical cells have been recorded from. Hubel and
Wiesel use the neutral term ‘“‘unit.” (The present situation, in which we
are compelled to conclude from Hubel and Wiesel’s work that there can be
no evoked potentials to diffuse illumination, is strangely reminiscent of the
situation in which behaviourists conclude from their experiments on “‘colour
vision” that the cat can have no discrimination of wavelength.)

3. SPONTANEOUS ACTIVITY

In the unrestrained cat (Hubel, 1959) there is, as in the retina and at the
geniculate level, a background of spontaneous activity, even in the dark.
Some of the units fired very irregularly; there were grouped patterns and
bursts, separated by silent intervals, as in the LGN (ef. previous chapter).
Comparisons between waking states and sleep showed a tendeney to regulari-
zation upon arousal. The bursts were smoothed out or they were reduced
in length, while augmenting in frequency. In some units a sharp reduction
in rate of discharge oceurred upon arousal and persisted as long as the animal
was awake. Differentiated responses from different neurones dependent
upon the “state’” of the animal have been described in the motor cortex by
Whitlock ¢ al. (1953) and by Arden and Soderberg (1960) in the LGN.

4. RECEPTIVE FIELDS

Hubel’s finding that movement and stimulation of a restricted field
elicited responses in units which did not react to changes in the general
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level of illumination, led to a systematic study of cortical receptive fields
(Hubel and Wiesel, 1959). These results should be studied against the back-
ground of what we know about receptive fields in the retina of the cat
(Chapter 23, Section VI), and the results on cortical magnification based on
expanding and overlapping cones (“sectors,” in Ramoén y Cajal’s words),
which were reviewed in the previous section. They should also be viewed
in the light of Chapter 23, Section VII, dealing with the role of eye move-
ments in vision,

Figure 10 illustrates the behaviour of three cortical vnits. The cortical
fields tended to be elongated and they consisted of an excitatory (defined by
increase of frequency of discharge} and an inhibitory (defined by suppression
of maintained discharge and off-response) zone, one alongside or surrounding
the other. Thege terms are descriptive only, since actually excitation and
inhibition could be demonstrated in both zones. Unit 1 in Fig. 10 shows a
receptive field of this type. Stimulation with the small spot of light (4, B)
gave a response according to locus in the field. With the large spot covering
the entire field (C) there was mutual cancellation of all effects and nothing
happened upon illumination. If the large spot of 8% was supplanted by diffuse
light, the field likewise proved unresponsive. Thus it was important for the
recording of a response to restrict the stimulus to the correct portion of the
receptive field and the best responses were obtained when the stimulus also
imitated the shape of the field, because summation of excitation or of in-
hibition oeccurred within the appropriate portion of the zone. These portions
were organized for mutual antagonism with respect to each other.

a. Variability

The impression obtained is that the shape and size of the receptive fields
varied a great deal and the three instances (1, 2, 3) of Fig. 10 have been
chosen to bring this out. Thus unit 2 is extremely asymmetrical with a small
but powerful inhibitory region in the centre and an extensive excitatory
area around it which gives a strong on-response, wholly inhibited as soon as
the small central portion is included in the stimulus. As to size, fields varied
between 4° and 8° but boundaries were often not well defined and, as in the
retina (Chapter 23, Section VI), configuration depended upon illumination of
surrounds and state of adaptation.

b. Response to Movement

Movement, which both in the retina and at the geniculate level is a power-
ful stimulus, produces still more striking effects in an organization of the
cortical type in which diffuse illumination plays upon the mutual antagonism
within receptive fields to maintain a status quo. Some cells only respond to
moving stimuli, Unit 3 is stimulated most effectively by a slit imitating its
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Fra. 10. Unit 1, Responses of a unit to stimulation with eircular spots of light. Recep-
tive field located in area centralis of contralateral eye, (This unit could also be activated
by the ipsilateral eye.) A, 1° spot in the centre region; B, Same spot displaced 3° to the
right; C, 8° spot covering entire receptive field. Crosses, excitatory; triangles, inhibitory
in all figures. Scale 8°, Stimulus-intensity 1.85 log m.c., background .34 log m.c. Stimulus
duration 1 second.

Unit 2. Responses evoked only from contralateral eye. Receptive field just outside
nasal border of area centralis. A, 1° spot covering the inhibitory region; B, Right half
of a circle 12° in diameter; C, Light spot covering regions illuminated in A and B.
Stimulus duration 1 second. Background and stimulus-intensities as in 1.

Unit 3. Unit activated from ipsilateral eye only. Receptive field just temporal to area
centralis. Field elongated and obliquely orientated. Left excitatory flanking region
stronger than right., Scale 10°. A, 1° times 10° slit covering central region; B, 1° times
10° slit covering left flanking region; C, 12° spot covering entire receptive field; D, Trans-
verse movement of slit (1° times 10°) orientated parallel to axis of field. Note difference
in response for the two directions of movement. Background illumination —1.9 ed./m.2;
stimulus intensity 0.69 cd./m.2 Time 1 second.

(By courtesy of Hubel and Wiesel, 1960)

elongated form but not by a round spot covering both the inhibitory and
excitatory parts of the field. In the lower part of Fig. 10 is shown the direc-
tionally sensitive response to movement of the slit. Other instances are given
in. this work of Hubel and Wiesel showing responses to movement that were
still more sensitive to direction than the one illustrated. A vertical slit
imitating the field might give little or no response when moved in the direc-
tion of the long axis of the field, but strong effects when shifted across it.
24
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¢. Binocular Stimulation

In the work of Hubel and Wiesel the stimuli could be applied binocularly
and with this arrangement 36 units were found which could be activated
from one eye only, 15 ipsilateral, 21 contralateral. There were 9 units which
could be driven from the two eyes independently, some with different degrees
of dominance from one or the other eye. Whenever the receptive fields could
be mapped out for both eyes, they were found to be similar in shape and
orientation and binocular summation was seen within those portions of the
receptive field that were of similar sign. Antagonism was also noted, implying
that the two eyes acted as one even when the inhibitory region was activated
from one eye and the excitatory region from the other.

d. Complex Patiern

Finally Fig. 11 reproduces the results of two experiments in which a more
complicated pattern is shifted across the retina. It is recorded by the
Freiburg group and A refers to a retinal on-element, and B to a unit in the
cortex (probably geniculate), which is also described as an on-neurone but
clearly responds to the brief shift of the pattern across the retina both at
“on” and “off.” There is more bursting seen in the central response, and this,
as we know, is characteristic of both LGN and cortex. The cortical cells, as
has now become clear, are well organized to respond to bursts.

B. INTERPLAY OF EXCITATION AND INHIBITION

Tt is evident from this work, as had been surmised for a long time, that the
on/off-mechanism, with its variations of onjoff-ratio (Granit, 1950), is the
main instrument of differentiation; the work also shows how valuable it 1s
to explore the central nervous system on the basis of facts derived from
retinology. It is further of singular interest to see how well stabilized around
a mean the discharge frequencies of cortical cells are—as was pointed out
by Jung and Baumgartner (1955)—and that the cortical response, in so far
as it is represented by these particular cells (whose nature is unknown),
is adjusted so as to emphasize everything that involves discrimination, i.e.,
small fields, direction, movement, contrast, almost as if it were taking the
second derivative of the impulse frequencies delivered from the periphery.

The spatial interplay between excitation and inhibition in the cortex
was first demonstrated with another spatially extended sense organ, the skin,
by Marshall et al. (1941); and for the sense of touch these relations between
an excitatory centre and inhibitory surrounds have for some time been
studied by Mountcastle (see, e.g., Mountcastle and Powell, 1959). The retinal
experiments on spatial contrast have been reviewed in Chapter 23, Section
VI, and their elegant quantification in the work by Hartline and his col-
laborators on lateral inhibition in the eye of Limulus is at the moment the
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final stage in this line of development. The wider the field of application,
the deeper the understanding, and so it can justly be said that we do under-
stand a number of fundamental neurophysiological facts about discrimina-
tion, in particular by comparison with what was known before the electronic
era of neurophysiology brought us the necessary facts. These experiments
on cortical discrimination also demonstrate the value in functional studies
of microanalysis at the cellular level, and show to what length an analysis
must be carried before one can reply by “yes” or “no” to such a simple
question as to whether cortical cells can discriminate one stimulus from
another with respect to any one criterion decided upon, spatial, temporal
or on the basis of wavelength.
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