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(Polyalk, 1957). Balado and Franke (1937) only saw indirect ones from the
5th layer of the lateral geniculate body. The lateral geniculate projections
are best discussed in connexion with this structure (in Chapter 24) which for
visual sensations is the most important one, at least in mammals higher
than rodents.

1. EVOKED POTENTIALS

A useful anatomical technique for localization of nervous projections
has been introduced by the physiologists and consists of the recording of
“evoked potentials” to artificial or natural stimuli. Recording takes place
with stereotactically introduced electrodes. This method indicates responses
tolight in a great many central structures (see, e.g., the exploratory pioneering
study by Gerard ez al., 1936), among others in the anterior lobe of the cerebel-
lam (Snider, 1950; Fadiga et al., 1957; Dow and Moruzzi, 1958; Koella,
1959) and in the hippocampus (Gerard et al., 1936; Tasaki et al., 1954; Green
and Machne, 1955; von Euler and Green, 1960). We are now only concerned
with the direct projections (= the third synapse counted from the receptors)
and about these anatomists and electrophysiologists are in good agreement.
The optic nerve projections in lower vertebrates spread to pulvinar and thala-
mus but as soon as a geniculo-cortical system has appeared (fully developed
in the cat), only the lateral geniculate body and the superior colliculus
(with pretectum) receive the projections from the tract (Barris et al., 1935).
A very considerable number of fibres branch and run to both of them
(Lashley, 1934; Barris, 1935; Barris et al., 1935; Glees, 1941) but for the
perception of visual space the geniculo-cortical pathway is dominant (Chapter
24. Discussion here will be restricted to the collicular projections.

2. COLLICULAR PROJECTION

O’Leary (1940) stated that the collicular fibres in the cat are always thin
(though some of them may be branches of thick fibres) and added that he
and G. H. Bishop had found them to conduct at slow speed which suggests
that they are thin throughout their course. Granit (1955b), stimulating
colliculus and pretectum and picking up impulses from single, large retinal
ganglion cells proved by this very direct method that the fastest and largest
optic nerve fibres were amply represented in the superior colliculus. This has
since been confirmed by Chang (1956). Hence a considerable number of thin
fibres must be branches of thick ones. This being the case the superior
colliculus in the cat must possess a very good map of the visual field. That this
is so is shown in Fig. 5 taken from the work of Apter (1945) which was carried
out with the aid of evoked potentials to light. Similar maps for different
animals had previously been produced by anatomists (e.g., Brouwer, 1927;
Lashley, 1934; see also Hamdi and Whitteridge, 1953, 1954 for further work
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with evoked potentials). We owe to Wang (1934) and Wang and Lu (1936) a
ploneer study on evoked potentials in the superior colliculus.

a. Role in Vision

The role of the superior colliculus in vision must of necessity be greatly
dependent upon the extent to which a geniculo-striate system has developed.
In lower vertebrates the optic tectum is the main station for visual projec-
tions. In monkeys, what remains after degeneration of the lateral geniculate
body, is a primitive kind of light-discrimination (e.g., Kliiver, 1942 and
p. 696). In mammals higher than rodents, control of eye movements is

LEFT

Fre. 5. Collicular projections of the cat’s retina by method of evoked potentials.
Horizontal meridian represented as the line running antero-posteriorly marked on each
colliculus as 0°, All field points above the horizontal meridian are medial to this line on
the colliculus; all field points below the horizontal meridian are lateral to it. The vertical
meridian is at the anterior margin of each colliculus. Numbers in degrees on each line
denote the position in the field projected to the position on the colliculus, (4) or (—}
before the number refers to positions above or below the horizontal meridian respectively.
(N) and (T) before the number refer to positions nasal or temporal to the vertical
meridian respectively. (Apter, 1945)

likely to be the most important function of the collicular optic projections
and possibly activation of non-specific visual afferents (Section V, below).
In the cat, Apter (1946) found that local strychninization of the collicular
surface elicited eye movements. It is well known from a large classical
literature that the gaze is controlled by a variety of influences—volitional,
automatic vestibular, retinal, eye muscles themselves—and a large literature,
clinical as well as experimental, deals with these problems. The colliculus
is thus likely to be an important integrating centre for these governors.
For an introduction to various aspects of this problem, see Apter (1945);
Hess et al. (1946); Cooper et al. (1953, 1955); Hyde and Eason (1959).
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Several papers (see in Polyak, 1957) demonstrate that stimulation of the
striate area elicits eye movements. Extensive nervous projections from the
occipital lobe to the superior colliculus have also been found by anatomists
(von Monakow, 1889; Polyak, 1925-26; 1927; Crosby and Henderson, 1948)
as well as by physiologists using the technique of evoked potentials to
electrical stimulation of the striate area (Jasper ef al., 1952). However, in
primates only optically initiated eye movements are likely to be regulated
by their relatively unimportant colliculi (Biirgi, 1957).

3. PUPILLARY FIBRES

The pretectal fibres are concerned with the light reflex of the pupil (see
p. 703). To this problem Ranson and his collaborators devoted a large
amount of systematic work using the stereotactic technique (see, e.g.,
Ranson and Magoun, 1933; Barris ef al., 1935). Their own work and the
previous studies have been well summarized by Magoun and Ranson (1935).
These fibres will be reconsidered in Chapter 24.

IV. The Basal Optic Root

In addition to the two main roots of the optic tract there is the posterior
“accessory optic tract” or basal optic root (briefly alluded to above). Much
interesting physiological work has also been devoted to the so-called non-
gpecific visual projections to the brain stem (the specific ones belonging to
the geniculo-cortical and in lower mammals to the collicular systems) and
so it is necessary to pay attention to the posterior accessory optic tract
because its nucleus is situated in the brain stem.

A. TeE ANTERIOR AccEssory TracT

The anterior accessory optic tract of Bochenek (1908) has not been
generally accepted (Le Gros Clark, 1942). It may exist in lower forms but was
not found in Gillilan’s (1941) extensive study which ranged from rodents
upwards. In the rat Lashley (1934) only saw it as aberrant fibres rejoining
the optic tract; Barris et al. (1935) did not detect it in cats; Bodian (1937)
failed to find it in the opossum nor did he see it in Tsai’s (1925) preparations
from the same animal. He also holds it to consist merely of aberrant fibres.

B. Tre PosrteErior Accessory TracT

1. ANATOMICAL EVIDENCE

The basal optic root was discovered by von Gudden (1881) who gives very
good illustrations of it in the rabbit where it easily can be seen from below
with the naked eye at the point where it crosses the pes pedunculi, having
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split off from the optic tract laterally to the medial geniculate body. The
tract enters the brain in front of the exit point of the oculomotor nerve and
has its nucleus (often called n. opt. tegmenti; in lower forms n. ectomamillaris)
at the mesial end of substantia nigra ventral to the red nucleus. Von Gudden
called it tractus peduncularis transversus from its visible portion but nowadays
it is more generally called the posterior accessory optic tract, sometimes the
basal optic root (radixz optica basalis). He stated that he had seen it long before
(in the paper quoted) he proved it to degenerate after removal of the crossed
retina. Von Gudden also found it in dogs, where it was partly uncrossed,
and he identified it in man, sheep and calf in pictures published by others.
Kosaka and Hiraiwa (1916) saw the tract in cat, dog and monkey. In Gillilan’s
(1941) very extensive study it was found in rat, guinea-pig, cat and primates.
Gillilan stated that the tract was more difficult to detect in primates because
there its fibres are thinner and partly unmyelinated. In rodents the basal
root was more heavily medullated than in any of the other groups studied.
In the cat its fibres were thin and possibly partly unmyelinated. This may
account for the failure of Barris ef al. (1935) to see it in this animal. All the
other workers quoted in this and the previous paragraph have seen the tract
and there is also an extensive old literature, mentioned by Bochenek (1908)
and Loepp (1912) confirming von Gudden’s view. Its nucleus is pictured in
Riley’s atlag of the human brain (1943). The most recent anatomical con-
tribution deals with its nucleus in the brain stem of the rat (De Renzi ¢t al.,
1959). According to Gillilan, the nucleus is connected with several brain
stem nuclei. Only Miinzer and Wiener (1902) mention centrifugal fibres in
the posterior accessory optic tract (rabbit) but feel that this requires further
study. Marg et al. (1959) found no electrophysiological evidence for centri-
fugal conduction in it. Bodian (1937) saw complete degeneration of the tract
in the opossum after enucleation of the crossed eye. Brouwer (1923), studying
optic nerve degenerations after small retinal lesions (rabbit), also found
degeneration in the basal optic root. Since all evidence is in agreement on
the optic and centripetal nature of the tract, a good case can be made out
for the use of the term * basal optic root” which is modelled on the lines
of the other two terms (diencephalic and mesencephalic root).

2. ELECTROPHYSIOLOGICAL EVIDENCE

Using the rabbit, Marg et al. (1959) recently succeeded in recording from
the nucleus of the basal optic root. They came to the conclusion that there is a
synapse in the tract before it reaches its nucleus because a nuclear shock
gave no response in the optic nerve. Their most interesting finding was that
the nucleuns delivered practically pure on-discharges while the optic tract
responded to both onset and cessation of light (the characteristic on/off-
pattern to be discussed below). It is therefore likely that the intermediate
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synaptic station, by post-excitatory inhibition (see below, Chapter 23,
p- 617), suppresses the off-component that always is seen in the optic tract
itself. The basal optic root may also be concerned with the visual facilitation
of motor cortex activity (Wall et al., 1953) which is destroyed by cuts going
down from above to the substantia nigra.

V. Non-Specific Visual Afferents
A. Rericunar ForMATION

The evidence for such afferents is entirely physiological and based on
potentials recorded stereotactically and evoked by light flashes. As this
method does not provide information about the number of intervening
synapses, it is open to doubt whether any of the responses recorded from the
reticular formation of the brain stem (the term taken in a physiological
rather than in a strictly anatomical sense) are due to direct projections of
optic nerve fibres. Tt is perfectly clear that most of them cannot belong to
that category (see Ingvar and Hunter, 1955). However, unmyelinated fibres
in the basal and the mesencephalic optic roots may well have a number of
direct projections to the reticular activating centre. We know far too little
about unmyelinated fibres to be dogmatic at this stage. For this reason,
and because of the physiological importance of the problem, the non-specific
afferents are taken up in this connexion.

l. AROUSAL REACTION

A major generalization was put forth by Moruzzi and Magoun (1949) when
they stated that the brain-stem reticular formation is an important activating
or arousal system for the cortex. Extensive reviews of further developments
have been written by Dell (1952), Rossi and Zanchetti (1957), Magoun (1953)
and from the sensory point of view by Granit (1955a). These give the refer-
ences for the general conclusion that all sense organs hitherto tested (with this
end in view) project to the reticular activating centre and probably thereby
keep it in a state of activation, though recent evidence by Moruzzi and his
collaborators (Batini ef «l., 1959a, b, ¢) has demonstrated a more specific
mid-pontine activation centre, oral to the trigeminal root, and this can
operate n the total absence of any known sensory input (cf. also Bremer and
Terzuolo, 1953, for alerting impulses from the cortex itself). Several workers
have shown, by evoked potentials, that the brain stem receives non-specific
visual projections (Gerard et al., 1936; French et al., 1952; Ingvar and
Hunter, 1955).

a. Brain stem records

Figure 6 is taken from Ingvar and Hunter’s systematic stereotactic
analysis of latent periods in the response to a strong flash of three cats with
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(b) Parasagittal plot of latencies of response to light in a cat with chronic ablation of
hemisphere on same side. Lateral plane is 3 mm. from mid-line,
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the visual cortical projections (visual areas I and II) ablated 11, 14 and 44
days respectively in advance of the experiment. Values from the optic tract
itself (where it is included) are seen to be of the order of 8 to 12 msec. The
considerably longer values in the brain stem are either due to delay in further
synaptic transmission or merely a consequence of slow conduection in very
thin myelinated or in unmyelinated fibres. The massive effect of visual stimuli
on the brain stem is a striking feature of Ingvar and Hunter’s records.
Therefore it must be an important function of light to activate this region.
Yet it is doubtful whether this function is merely arousal, in the sense of an
electroencephalographic display of fast cortical “brain waves” of small
amplitude, or an equivalent awakening in the behaviouristic sense. Anyone
who has ftried to “arouse” a cat using the electroencephalographic index
must have made the obvious observation that it is much easier to do this by
acoustic or certain touch stimuli than by light (as pointed out by Arden and
Soderberg, 1960). In the author’s opinion there is thus a certain discrepancy
between the massive effect of light on the brain stem and the low arousal
value of visual stimuli. On the other hand, the visual fibres for the brain
stem may well play a role for tonic facilitation of arousal functions, as seems
suggested by the work of Claes (1939). Elsewhere (1955a) the author has
given a detailed discussion of this question, i.e., “energization” of the central
nervous system by its sensory input (cf., in particular, Bremer, 1953). This
question will be taken up on pp. 710-714 and p. 752.

VI. Conduction Velocity and Fibre Size in the Optic Nerve

The fundamental idea that fibre size is a guide to function, for which
Erlanger (1927) using his own and Gasser’s well-known work as a basis
(summarized Erlanger and Gasser, 1937) was the first to provide some
evidence, has proved useful in neurophysiology. Thus, for instance, analysis
of the muscle sense organs and their reflexes has profited a great deal from it
(Lloyd, 1943; Granit, 1950; Hceles, 1957; Lundberg, 1959). This does not

Key to Fig. 6.
A anterior nuclei of thalamus  IC  inferior colliculus

CA anterior commissure NE n. ruber

Cau n. caudatus P cerebral peduncle
Ch chiasma PC  n. paracentralis

CI capsula interna R n. reticularis

CL n. centralis lateralis SC  colliculus superior
CM ec. centrum medianum VA  n. ventralis anterior
CP commissura posterior VL n. ventralis lateralis
DM n. medialis dorsalis VM n. ventralis medialis
HL lateral hypothalamus VP n. ventralis posterior

(Ingvar and Hunter, 1955)
18*
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necessarily mean that fibre size is an absolute criterion for separating
sensory modalities, as defined psychologically (fully discussed by the author
elsewhere, 1955a). As we have seen, in the cat the largest and fastest fibres
all go to the lateral geniculate body (G. H. Bishop and Clare, 1955) with
the geniculo-striate optic radiation as a further destination for the small
fibres (Barris et al., 1935; O’Leary, 1940; G. H. Bishop and Clare, 1955) and
thin branches of the large ones (Barris et al., 1935; Granit, 1955b) run to the
pretectum and the superior colliculus. Finally the basal optic root contains
very thin fibres. There is therefore some segregation according to fibre size,
and so it is clear that analysis of the optic nerve from this point of view at
some time or another will provide significant evidence as to function.

A. Fisre Counts

We possess data on fibre size for man (Chacko, 1948), cat (Chang, 1952,
1956; P. O. Bishop et al., 1953; G. H. Bishop and Clare, 1955), rabbit (G. H.
Bishop, 1933), frog (Burstein and Lénnberg, 1937) and the electron micro-
scopic work, already mentioned, by Maturana (1959) on unmyelinated fibres
in amphibia. All other workers made use only of the light-microscope. The
extensive fibre counts by Bruesch and Arey (1942), quoted above, are of
interest in this problem. Even among the fibres visible in the light micro-
scope by far the largest number have diameters below 1 to 2 p. This is true also
in the cat which has only around 120,000 fibres in its optic nerve, many of
them larger than in most other animals (Bruesch and Arey, 1942; P. O.
Bishop et al., 1953). Yet 809, are below 3 w (P. O. Bishop et al., 1953). The
rabbit has around 225,000 fibres, none as large as those in the cat because
the fastest conduction velocity measured in the latter is around 70 m./sec.
(P. O. Bishop et al., 1953; Chang, 1956), and in the former 1t is around
56 m./sec. (Granit and Marg, 1958). In the cat, by antidromic stimulation,
these large and fast fibres have been shown to come from the giant ganglion
cells (Granit, 1955b). Thus they integrate convergent impulses from a very
large number of receptors and bipolars (see above). The good correlation
between high conduction velocity of a fibre and the size of the ganglion spike
supports the contention that fibre size actually is related to the size of the
ganglion cell (cf. the work of Maturana, 1959, mentioned above). Hence,
gince the midget ganglion cells of animals with a fovea are small and the
ganglion cells in the area centralis retince of animals that only possess a
central region with greater cone density likewise belong to the smaller
category, it is clear that specific cone messages, in so far as they exist, will
be conducted in relatively small fibres. On the other hand, since the large
ganglion cells (and not only the largest ones) integrate rod and cone messages,
they can deliver information from both types of receptors; moreover, by
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light-adaptation, the rod portion, as we shall see below, can he suppressed
in sensitivity so that fast cone messages are released in relative isolation.

B. Coxpucrion VELOCITIES

Characteristically a volley of impulses, started by a shock to the optic
nerve of the cat, splits into an early large and a later somewhat smaller
wave (G. H. Bishop and (V' Leary, 1938; P. O. Bishop et al., 1953), the former
with an average conduction velocity of 30 to 40 m.fsec. with the wave front at
70 m.[sec. (the largest fibres heing around 8.5 w), the latter with values from
17 to 23 m./sec. These are always seen and easily confirmed. When stimu-
lating antidromically (or backwards) from the geniculate body they can
be detected at the blind spot where, owing to the sudden demyelinization,
conduction velocity equally suddenly decreases so that the large-fibre spikes
may be delayed 4 to 6 msec. while travelling to-—and also from—the extreme
periphery (Granit, 1955b; Motokawa ef al., 1957). Precise measurements by
Dodt (1956) using the same antidromic shock technique gave an average
retinal conduction velocity of 2.8 m./sec. for the fast, and 1.7 m./sec. for the
slow group. Granit and Dodt pointed out that in combination with slight
eye movements this may he a mechanism for making use of time co-ordinates
in order to label space co-ordinates.

Further subdivision of conduction velocities can be made, Thus in the cat
(. H. Bishop and Clare (1955) later saw 4 fibre groups (cf. criticism by P. O.
Bishop, 1953) while Chang (1956) in confirmation of his earlier work found
three fibre groups which also were identified in electrical records. The ana-
tomical peak values were | to 2, 4 to 5 and 9 to 10 g, the conduction veloci-
ties 17, 30 and 70 m./sec. The measurements by Lennox (1958a) on 73 single
fibres show the same range of values. Clearly this technique fails with the
small fibres below 2 u, which are the majority. Even with macro-recording
such fibres tend to be elusive. G. H. Bishop and Clare (1955) obtained
surprisingly low values, 40 to 50 m./sec., for the fastest fibres (cat). Bishopand
Clare (1955) found a continuous distribution with maximum at 1 to 1.5 p
and a flat large-fibre range from 5 to 11 u. They have no explanation to
offer of why their electrical records from the tract showed definite grouped
maxima.

1. ELECTRICAL STIMULATION OF RABBIT § OPTIC NERVE

In Fig. 7 are reproduced Granit and Marg’s (1958) rvecording from the
rabbit’s optic nerve in which the early wave, by appropriate adjustments
of stimulus strength or electrode depth, could he made to develop three
humps with conduction velocities of 56, 23 and 16 m./sec. respectively.
Occasionally, a hump was seen travelling at 32 to 38 m./sec. and replacing the
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hump of conduction velocity 16 m.[sec. These fast waves were regularly
followed by a small, dispersed wave conducted at a maximum velocity of

AVAVAVAVAVAVAVAVAVAVAVANS
A

Fic. 7. Electrical shock to upper portion of optie tract and recording (A) from retro-
bulbar end of optic nerve (B) by microcapillaries from retinal ganglion cells,

A, 1-3, to show at three sweep speeds (time for all in msec.) the wavelets of the com-
posite response of the optic nerve. Note in particular the delayed, small wave which only
appears with the slower sweep speeds in recordings 2 and 3. 4, calibration to 100 V.

B. 1, single large ganglion cell responds after latency of 2.7 msec., well isolated; 2,
single small cell at latency 11.0 msec., isolated by slight lateral shift of microelectrode
and increase of shock strength by about 5 times; 3, same with increased gain of amplifier
to show diffuse response of early spikes less well isolated., Horizontal lines mark 1 msee,

(Granit and Marg, 1958)

10 m.[sec. (see Fig. 7). Using a factor of 8.2 (taken from the work of P. O.
Bishop et al., 1953) for converting velocity into axon diameter we arrive at
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the conelusion that the thickest fibres of this slowly conducted group, which
represent the wave front, have a diameter of 1.2 u. Granit and Marg (1958)
also proved, by stimulating in the tract and recording from the ganglion
cells of the retina with microcapillaries, that early large spikes with a poly-
modal distribution of latencies were followed by late small spikes obtainable
only with strong stimuli and only from certain places, suggesting that the
small ganglion cells are the ones likely to give rise to the slowly conducted
volley in nerve and tract. Samples are illustrated in Fig. 7. The small late
spikes could be isolated by moving the tip of the stimulating needle cautiously
up or down and adjusting stimulus strength and thus they very definitely
were genuine and not a repetitive discharge of earlier, large spikes. Apparently
fibres tend to group themselves according to diameter and it is a matter of
technique how many such groups can be isolated. P. O. Bishop et al. (1953)
and Chang (1956) discuss the anatomical organization of such groups of
thick and thin fibres in the optic tract, relative to whether they cross or fail
to do so.

2. LIGHT STIMULI

Light stimuli produce spikes which are far less synchronous than those
set up by electrical shocks and the large majority of thin centripetal fibres
will emit a message which at the central end will be so dispersed in time as to
make it difficult to detect it as a separate wave, whatever the mode of
stimulation, electrical or natural. Thus the rapidly conducted spikes will
reach the end station first and there set up an evoked potential with complex
post-synaptic potentials and after-potentials in its wake (cf. Marshall et al.,
1943). The asynchronous small-fibre responses are bound to be wholly
submerged in this complex. The spikes isolated by Lennox (1958a) in the
optic tract ranged in latency from 0.6 to 3.5 msec. (distance = exit point of
optic nerve to entrance point into the lateral geniculate body). The traditional
method of studying evoked component fibre-potentials by varying stimulus
strength of the shock to a nerve, made up of small and large fibres, will
therefore meet with considerable difficulties in the analysis of central visual
projections from physiological points of view. Only when fibres of different
diameter run to different projection areas, i.e., with some natural selection
based on fibre size, has this problem a natural experimental solution (see also
p. 742). From available data (G. H. Bishop and Clare, 1955) one would be
forced to conclude that the small fibres do not reach the cortex. Now many
of these come from the smaller ganglion cells which belong to cones. Clearly
it is impossible to conclude that cone impulses never reach the cortex.
According to the measurements of G. H. Bishop and Clare (1955) the large
fibres are so few that one must hesitate before accepting their conclusion
that these are the only ones that reach the cortex.
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a. Coloured Stimule

It has been maintained by Chang (1952), on the basis of evoked potentials,
that fibre size and wavelength of light are correlated so that red, green and
blue are transmitted in fibres of decreasing diameter. Whilst this may be true,
Chang’s evidence can hardly be tegarded as conclusive. Coloured stimuli
have to be carefully calibrated both with respect to energy content as well
as in view of the spectral sensitivity distribution of the eye. Such calibrations
were not made. However, his results were suggestive. The idea itself, that
wavelength may be connected with conduction velocity, has found recent
support in the experiments of Lennox (1958a, b) who, recording from the
optic tract (cat), measured conduction rate of spikes in isolated single fibres
as well as relative sensitivity to short and long wavelengths of the light by
which they could be elicited. With discharges to onset of illumination she
found the short wavelengths (blue end) preferentially signalled by fibres
of slow conduction velocity and the long wavelengths (red) by fibres of higher
conduction velocity. This approach, painstaking from the experimental
point of view, is theoretically correct. Chang’s proposition can only be
solved in this way by measuring the spectral sensitivity represented in single
fibres of known conduction velocity, hardly with the aid of evoled potentials
in central projections. Motokawa et al. (1957) made antidromic shocks
interfere with natural stimuli while recording from retinal ganglion cells
(cat). They also found differential sensitivity to lights of different wavelengths
in fibres of different size.
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