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Selig Hecht is reported to have said: “1 write not in order to add to the literature
on vision, but to subtract from it." To do this, he tried to explain as many visual
phenomena as possible in terms of photechemical processes in the receptors. Cur-
rent practice in part perpetuates Hecht's attitude and in part has abandoned it. On
the one hand, the attempt to discern links between visual experience and physiologi-
cal processes dominates vision research now more than ever. In the effort to under-
stand vision, the traditional search for simple descriptive principles and functional
relations (e.g- Weber's Law, Ricco’s Law, the Power Law) is taking second place
behind the formulation of mechanistic, more or less explicitly physiological models.
On the other hand, Hecht's ambition to subtract from the literature is not shared
by many contemporary theorisis (let alone experimentalisis!). Few current advances
in understanding vision take the form of theoretical integrations that encompass
many phenomena within a simple conceptual framework. Instead, theories of visual
phenomena are continually becoming more complex and more diverse. This is
mainly because of a corresponding progressive increase in knowledge af the complex
physiological substrate upon which such theories are buill. Technical advances have
made recent progress rapid in electrophysiology; there are notable examples of this
in the areas of receptor behavior and of retinal circuitry. Sometimes these electro-
physiological discoveries have provided answers to old questions, bul more often
they have raised new guestions about the origin of the observed physiological events
and about their functional role within the visual system as a whole, At the same
time, psychophysical experiments are being designed to address increasingly specific
physiological questions. And inevitably, as the jungle of visual fact thickens, theoret-
ical statements are tending to become more restricied in range.
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Those who find a piecemeal accretion of knowledge disappointing may be reas-
sured that the potential explanatory scope of some of the recent physiological
discoveries is quite broad. For instance, the implications of the partitioning of the
geniculo-striate pathway into parallel “sustained™ and *“transient™ systems are the
subject of much current speculation, and some would argue that this distinction may
turn out 1o be as visually significant as the partitioning of retinal receptors into rods
and cones (or perhaps much more significant). This and other physiological discov-
eries about central visual processes have encouraged visual psychophysicists to put
central mechanisms into focus. Their efforts have revealed (or scemed to reveal) a
splendid variety of specialized detectors, with different stimulus requirements, for
each part of the visual field. The important advances in relating visual sensitivity
and spatial vision to cortical organization have not been reviewed here. This topic
deserves reviews of its own and is getting them (28, 96, 193).

In such a vigorously developing field, it is a little surprising to find that many old
questions are not yet conclusively settled. Among these is the problem of the nature
and varieties of visual adaptation. There is some evidence that even the simplest light
adaptation phenomena involve multiple sites of action in the visual pathway, By
ingenious methods, sensitivity modifying processes have been disclosed at various
stages of the visual system without contamination by earlier stages; yet on the whaole,
the ways in which the successive stages of the visual pathway contribute to the
variations of viswal sensitivity are far from clear.

The theme in this review is the attempt to explain visual sensitivity in terms of
physiological events, and especially the increasing recognition of the functicnal
diversity of single cells at any particular level of the visual pathway and the signifi-
cance of this diversity for vision. The years 1973 to 1976 are emphasized, and the
review is designed to supplement previous reviews in this series (34, 116, 193).
Invericbrate vision and animal psychophysics are not dealt with. Material that could

be reviewed under Spatial Vison or under Color Vision has been given short shrift
{or no shrilt at all).

Useful Sources

Two new journals carry pertinent material: Perception, edited by R. L. Gregory
(Fion Press), and Sewsory Processes, edited by L. E. Marks (Academic Press). One
established journal, fnvestigative Ophthalmology, is enlarging its scope to include
more “basic vision™ and has accordingly been rechristened favestigative Ophihal-
mofogy and Visual Science, The proceedings of the meetings of the Society for
Neuroscience are now published under the title Newroscience Abstroers, and each
year's issue includes a substantial section on vision.

The two excellent textbooks by Kaufman and by Uttal (122, 212) should be useful
for both graduate and undergraduate students. A recent introduction to general
neurophysiology by Kufiler & Nicholls (133) puts the visual system at the center
of the stage. More advanced general works include the second edition of Davson's
multivolume treatise (51, 52). Yolume 6 has a chapter by Werblin on the organiza-
tion of the vertebrate retina and one by Dubin on retinal anatomy. Volume 2A
includes a survey of visual psychophysics by Ripps & Weale that concentrates on
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the more recently reported phenomena, an admirable account of retinal physiology
by Arden, and an outline of central visual processing by Holden. Rodieck's book,
The Vertebrate Retina (183), is an extraordinarily wide-ranging, thoughtful, and
scholarly (but readable) survey, which anyone interested in vision could read with
profit. Gazzaniga & Blakemore's Handbook of Psychobiolagy (88) includes interest-
ing chapters by Blakemore and by Anstis, Carterette & Friedman's Handbook of
Perception [especially Volume 5: Seeing (41)], and the Springer-Verlag Handbook
af Sensory Physiology (the last few volumes of which should appear shortly) are
valuable and comprehensive reference works.

Ditchburn (58) has assembled our knowledge about Epe Movements and Fisual
Perception in a useful compendium; much of it deals with the cffective elimination
of eye movements and the consequent elimination of visual perception. Relevant
sections from The Neurosciences: Third Study Pragram, dealing with Feature Ex-
traction (223) and with Central Processing (173) arc available in paperback. Physio-
logical development, not discussed here, is well covered by reviews in Gottlieb's
book [(93); see also Barlow's paper (9)], and perceptual development by Cohen &
Salapatek (46). But both these fields are moving so fast that rapid obsolescence of
reviews scems puaranteed.

Published symposia include one devoted to the exciting collaboration between
theoretical physicists and retinologists {(and an occasional psychophysicist) in the
study of photoreceptor optics (201), a topic too technical for this review. Enoch's
review contributions to this and two other recent symposia (67, 68) are necessary
{but enjoyable) reading for anyone intercsted in optical aspects of retinal function.
Receptor electrophysiology and quantum efficiency are the prominent topics in a
recent symposium on Photoreception (11). The symposium edited by Langer (136)
deals with receptor structure and function as well as with visual pigments, The
ARYQ symposium on retinal circuitry (62, 132, 162, 165, 177) gives a current
picture of an active field, with physiology as well as anatomy. Zettler & Weiler's
symposium (230) deals with peripheral neural mechanisms in vertebrates and in-
vertebrates. Different approaches to a model vertebrate system have been brought
together by Fite (84). Ditchburn has assembled an issue of Optica Acra devoted to
visual detection and discrimination [see, for instance, Kelly (126)], A recent discus-
sion of The Visual Field (172) includes attempts, mainly by physiologists, to relate
single unit activity at all levels of the visual pathway to visual function. A published
symposium on eye movements {159) has a section on eye movements and vision. The
Leningrad symposium on information processing in vision (90) has some interesting
contributions but may be hard to find. The issue of the collected papers of H. K.
Hartline and his colleagues (176) is noteworthy, not least for Ratliff's topical intro-
ductions in which he integrates vertebrate physiology and psychophysics with the
vertebrate work. Psychophysicists will be pleased that the papers of W. 5. Stiles
are being brought together from the various dark corners where they have stood
over the years (203).

“Physiology™ in this review is nearly synonymous with “single unit recording in
the retina or geniculo-striate pathway.” Readers devoted to the electroretinogram
might turn to Armington's book (5) or the annual ISCERG symposia published as
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supplements to Documenta Ophthalmolagica. The state of our knowledge about
cortical evoked potentials is captured by Regan (178, 179) and by Desmedt's volume
(56); a second edition of Regan’s book is on the way. Some readers will also be
interested in recent discussions of the role of midbrain centers (91, 114) or in the

retinohypothalamic system, implicated in the generation and control of circadian
rhythms (160),

RECEFTOR BEHAVIOR

Electrophysiological recording from receptors has brought some big surprises over
the past few years, The polarity of the responsc to light and its dependence on
intensity and on stimulus geometry all exhibit features that are more or less unex-
pected.

In the dark, a continuous cerrent of sodium ions flows radially in the retina in
the space outside each receptor, moving from the inner segment of the receptor to
its outer segment where the sodium ions enter the receptor. Light absorbed in the
outer scgment blocks this inward sodium current, and as a result the interior of the
receplor becomes more strongly negative relative to the exterior [(170); or see
Arden’s review in (51)]. This hyperpolarization of rods and cones in response o
light came as a surprise because it is depolarization that is required for generating
action potentials, and because invertebrate receptors were known to be typically
depolarized by light. The paradoxical polarity of rod and cone response is also
expressed in the chemical signals they release; though the transmitters involved have
yet to be identified (213), it has recently been established (181) that the receplors
release transmitter rapidly in the dark, more slowly in the light. Perhaps one polarity
of signal is as good as another? But Hodgkin (108) suggests that a dark object against
a lighter background may be a more interesting stimulus than vice versa; an object
like this would stimulate transmitter release.

A second surprise is that studies of the vertebrate reting have not upheld the view
(based mainly on early invertebrate studies) that the signal is logarithmically related
to light intensity. Rather, the shift in membrane potential in response to a brief flash
is roughly proportional to flash intensity, provided there are less than about 40
photons absorbed per rod, that is up to many thousand times psychophysical thresh-
old (49, 79, 170). For the less sensitive cones, the proportionality extends to corre-
spondingly higher flash intensities (21, 79). If these levels are exceeded, the response
of the rod or cone is driven close to the maximum achievable hyperpolarization and
even the brightest flashes fail to produce responses greater than this saturating value.
According to Penn & Hagins (170}, the saturation limit corresponds to the closure
of all the sodium-permeable channels in the receptor. The psychophysical phenome-
non of rod saturation, a failure of discrimination at high light levels in rod vision,
15 probably due to saturation of the receptor signal, and is the object of renewed
interest (103, 188) now that its physiclogical substrate has been identified. Similar
cffects have been observed in cone vision {e.g. 197), but the correlation with cone
clectrophysiology is less well documented. The blue-sensitive cones are particularly
intriguing since, like the rods but unlike other cones, these cones and/or their
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associated pathways remain saturated under prolonged exposure to a constant
illumination (157).

The approzimate lincarity of the receptor response to transient stimuli of less than
saturaling intensity helps to explain a number of otherwise puzzling visual phenom-
end: linear temporal integration for reaction time (147, 187), additivity of hetero-
chromatic luminosity, and the Talbot-Plateau Law. With long test flashes,
compressive nonlinearity may appear at levels below saturation (21, 27, 168); this
effect, a manifestation of time-dependent adaptation in receptors, helps to account
for the reduction in brighiness exponent with increased duration (146).

Receptors of the same type appear similar in sensitivity (20, 49). The greatest
sensitivity reporied for rods (for diffuse brief flashes, in turtles) is 700 microvolls per
photan absorbed; for cones, 25 microvolts per photon (49). By this criterion, rods
are thus considerably more sensitive than cones, and the longer duration of their
response may give them a further advantage. The difference, together with optical
factors, might account for most of the superiority of human rod vision over cone
vision in detecting large test flashes [documented by Ronchi (184)]. Differences in
spatial summation between rod and cone pathways may therefore not be as eritical
a5 previously thought, and recent experiments on ganglion cells {72) support this
conclusion. But as Hood & Hock (110) point out, many uncertainties make it
difficult to compare receptor sensitivities with human visual sensitivity.

The large responses of receptors to small numbers of photons imply enormous
amplification by the receptor. In part, this amplification is al the outer membrane
of the receptor, where the effect of light is to modulate a spontaneous process, the
inflow of sodium. But nearly all photons are absorbed in the interior of the rod, away
from the cell membrane, so there must be an agent released at the site of absorption
which can migrate to the membrane to block the sodium channels. It has been
argued (170) that this transmitter must be released in large numbers by a single
photon, thereby providing an additional stage of amplification within the cell,
Warious lines of evidence suggest that the transmitter is caleium; for instance,
calcium introduced inside the cell roughly mimics the effeet of light (33).

These minutiae of receptor function may not be withowt significance for vision.
In cones, the random opening and closing of sodium-permeable channels in the dark
seems Lo be a more important source of variability in the cone signal, and hence more
important in limiting reliable detection, than the spontaneous isomerization of
pigment molecules traditionally postulated to account for “dark light™ (11, 135).
The alterimage seen after exposure to intense light has a physiological counterpart
in a persisting hyperpolarization of the receptor in the dark (20, 131, 170), and Sakitt
(188) plausibly suggests that both are due to the continued presence of internal
transmitter to close the sodium channels.

The receptor response to a brief flash shows a comparatively slow buildup and
decay, and although formal models have been developed to describe the time course
of the response (22, 170), there is as yet no definite physical or chemical answer to
the question: why is visual transduction so slow? Whatever the reason, the slowness
of rods in particular is remarkable. Turtle rods take at least 600 msec to reach their
peak response after a brief flash and often much longer (49), and primate rods are
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only a little less sluggish than those of the turtle (224), suggesting that the rod
response may be even slower to develop than the visual sensation. This apparent
paradox is resolved by the cbservation (195) that subsequent neurons may approxi-
mately differentiate the receptor response over time. The neural pathways from the
receplors also introduce significant temporal integration. Interestingly enough,
these pathways are matched to the receptors that feed them, the rod pathways
integrating for longer than the cone pathways to the same ganglion cells (18). Yet
under some conditions psychophysical measures of temporal resolution may agree
well with physiological measurements on primate receptors (26). Both rod and cone
responses arc accelerated by increasing the intensity or area of a flashed stimulus,
and for large bright stimuli, the responses exhibit a pronounced transient at onset
along with a sustained response (19, 21, 49). The transient and sustdined compo-

nents of the rod response could perhaps be the basis of the recently discovered
duplex behavior of flicker resolution in rod vision, observed physiologically in the
skate (99) and psychophysically in man (47).

Crosstalk Between Neighboring Receptors

The assumption that individual receptors generate their response independently and
that spatial integration is the job of the higher order neurons with which they
communicate was once accepted without question. It now turns out to be badly
wrong. Baylor, Fuortes & O'Bryan (19) recorded from single cones during stimula-
tion with tiny spots and discs of light, and were able to show that the consequences
of stimulating one cone or group of cones may be recorded in its neighbors, which
hyperpolarize in the dark much as if they had been stimulated themselves. The
signal elicited by a focal stimulus spreads from one receptor to another across retinal
distances which may be quite large: in the turtle, 120 microns far cones, 300 microns
for rods (49, 191). Thus, receptors themselves have receptive ficlds wide enough to
significantly affect the receptive field dimensions of the later cells through which the
signal is relayed.

Anatomically, networks of contacts have been seen to link the synaptic endings
and the inner segments of different receptors; in many cases, freeze-fracturing has
identified the conmections as “gap junctions™ that allow ions to pass from one
receplor to the other (177). Most physiological investigations (49, 30) suggest that
the connections are primarily between receptors of the same type. Two reports,
however, suggest strong rod-cone interactions at the receptor level: Schwartz (192)
finds that cones excite rods in the turtle, and Nelson (165) reports successfully
penetrating a cat cone and finding a conspicuous rod input. The primate retina does
exhibit gap junctions between cones and rods (177), but they are much smaller than
the cone-cone junctions. It has been suggested (80), on the basis of experiments on
the toad, that the rod-cone contacts would provide, at best, a weak coupling,
unlikely to be viseally important. Though psychophysical evidence for a conver-
gence of signals from rods and cones continues to accumulate (85, 115, 138, 228),
it i5 not clear at what point in the visual pathway these convergences occur.

The probable greater spreading of rod signals must be kept in mind when compar-
ing the sensitivities of rods and cones. In psychophysical measurements, rod sen-
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sitivity decreases to approach cone sensitivity as the size of the test flash is reduced
to approach a point. This has been taken to mean that rods are not inherently more
sensitive than cones, but owe their greater sensitivity lo summation in postreceptoral
pathways. However, the use of a punctate test flash might now be considered to place
the stimulated rods at a disadvantage by dispersing their signal among hundreds of
neighboring unstimulated rods so that no individual rod can deliver its full signal.
It is the diffuse stimulus that, by equally stimulating all receptors within a large area,
obviates the need for current flow between one receptor and its neighbors and allows
each rod or cone 1o generate the same response that it would if functionally isolated
from its neighbors (B0). And to a diffuse stimulus, individual rods are about 30 times
as sensitive as cones, as was noted above (49).

But in applying such arguments to human vision, it is important to be wary of
species differences. There seems to be no clear anatomical evidence for rod-rod
contacts in mammals, though cone-cone and cone-rod contacts are conspicuous
(177). However, rod-rod contacts in the cat have been suggested on the basis of
physiological evidence (139).

The existence of receptor coupling in any animal poses an intriguing teleological
puzzle. If the coupling does not improve sensitivity, what does it da? No really
convincing answers are forthcoming (80, 135). Perhaps the retina is more subtle
than the brains of its investigators.

NEURAL CIRCUITRY

The complexitics of spatial organization at the receptor level are not limited (o the
erosstalk described above. The hyperpolarization in response to light is passed
between neighboring receptors by sign-conserving lateral connections, but in cones
there is also an opposite, depolarizing ¢ffect of more remote surround illumination,
the result of inhibition by harizontal cells (19). Individual cones therefore exhibit
center-surround organization, making them crude contour or nonuniformity detec-
tors of the sort envisaged by Mach; erude because the antagonism from the surround
only fractionally reduces the net hyperpolarization when a diffuse stimulus is pre-
sented. The horizontal cell antagonism may be entirely absent in rods (49, 192).
Surround antagonism is much more prominent in bipolar cells than in receptors, and
this has been laken to mean that horizontal cell antagonism is mainly applied by
feedforward onto the bipolars, rather than by feedback onto receptors (180, 221).
In support of this interpretation, Werblin (221) points out that the delayed antago-
nism from the horizontal cell makes the bipolar response somewhat transient, yet
the horizontal cell’s own response is sustained. If the horizontal cell were acting by
feedback upon its own input (the receptor signal), it would itself exhibit the same
transient response as the bipolar cell. A feedforward role is also indicated by the fact
that the center-surround antagonism of bipolar cells is not found in horizontal cells
[though a nonadditive, facilitatory surround is reported in lower vertebrates (137))].
The horizontal cells apparently oppose the receptor signal not by attenuating it, but
by subtracting from it lincarly (193, 221). To the extent that this is true, these cells
cannot importantly contribute to the changes of sensitivity associated with light and
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dark adaptation. Their function might be to contribute the “zero adjustment™ found
in ganglion cells (12, 73, 74, 156) by canceling the effects of uniform steady light.
Under some conditions, their canceling effect can prevent overloading of the bipolar
cell and so produce an improvement in sensitivity (221),

Primate horizontal cells, like one type in the cat, link rods to cones viaa long thin
wxon (25); but apparently there is no significant direct communication between the
compact cone end and the distant rod end of such cells (165, 166), Rod/cone
segregation is thus preserved at this stage, but it may be violated at the receptor level
(165, 192).

The relations between bipolars, amacrines, and ganglion cells present an intricate
and rapidly changing picture. In two current models, developed from experiments
on mudpuppy (156) and on catfish (162), the connections of bipolar cells to ganglion
cells are always sign-conserving (so that impuslses are generated when the bipolar
is depolarized); on-center cells are driven by depolarizing bipolars, off-center cells
by hyperpolarizing bipolars, and on-off cells by both these and by amacrines (156).
The division into on and off systems as carly as at the bipolar level is given visual
justification by Marr (149). This retinal organization is consistent with the reported
segregation of on- and off-center ganglion cells in the cat into different retinal strata
where they connect with invaginating (presumed depolarizing) and flat {presumed
hyperpolarizing) bipalars respectively (81, 132), but it is not clear how the proposed
correlations between form and function could be applicd to the different morphology
of primates.

Amacrine and ganglion cells come in different shapes and sizes, and the physio-
logical properties of the different types are now becoming clear (44, 142), “Alpha”
Ban glion cells with large cell bodies and large dendritic fields are the “brisk tran-
sient” or Y type; “beta™ cells with smaller cell bodies and dendritic fields are the
“brisk sustained” or X type (for more on X and Y, see below). The cells with
smallest bodies form the heterogeneous physiological class known as “sluggish™ or
W cells.

Although amacrine cells were at first thought to depolarize transicntly at both
onset and offset, sustained “'on" and “off™ types have also been found (38, 42, 222),
Chan & Maka (42) believe that only the sustained types may be true amacrine cells
that form a lateral transmission line within the retina, but others prefer to associate
each amacrine type with the corresponding type of ganglion cell (156). In any cvent,
Dubin's account (52) of anatomical differences between species at the inner plex-
iform layer suggests the primate retina could be simpler than those investigated
physiologically.

Where investigated, the polarity of the amacrine influence has always been 5ign-
inverting (156, 222). Delayed inhibition from amacrines nicely aceounts for tran-
sient ganglion cell responses (136, 222), but the sustained ganglion cells are thought
to derive their inhibitory surrounds from horizontal cells (through bipolars) rather
than from amacrines (222). Since X cells in mammals are not only sustained but
also hinear, and ¥ cells are nonlinear, the highly nonlinear characteristics of tran-
sicnt amacrine cells (42) suggest they influence mainly Y cells (107): pharmacologi-
cal evidence supports this (130).
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A new type of eell, the interplexiform cell, that provides feedback from the
amacrines o the outer plexiform layer has attracted attention in a number of
laboratories but has not yet been studied electrophysiologically (62, 132). Dowling,
Ehinger & Hedden (62) show pharmacologically that depolarization of these cells
in goldfish opposes the effect of illumination on horizontal cells. To embroider upon
their suggestion that "“interplexiform cells in goldfish may regulate center-surround
antagonism,” it is worth noting that a feedback loop of this sort could be valuable
in ensuring that the influence of horizontal cells on bipolars is kept nearly equal 1o
the opposing influence of receptors (when averaged over the receptive field of the
interplexiform cell), thus ensuring an even balance of center-surround antagonism.
The effect of light in increasing center-surround antagonism (12, 73) could be
explained if light tends to hyperpolarize the interplexiform cell, which would then
increase the antagonistic input from horizontal cells so as to redress the balance and
keep activity in the inner plexiform layer relatively constant. A system like this
might exhibit a transient excess of surround antagonism when presented with a
Mashed background, and some psychophysical studies of spatial integration (101,
Fig.7) suggest that this does occur. The oscillatory response of ganglion cells to
intense large flashes and the associated aflerimages (40) could have the same origin.

In comparing psychophysics with ganglion cell responses it may be important to
know how many ganglion cells are actually stimulated by a single punctate stimulus.
Fischer's estimate that about 15 centers are stimulated in the cat [at any point in
the visual feld (82, 155)] makes it surprising that a single cell can be as sensitive
as the whole animal (8); but when the diversity of ganglion cells is taken into
account, only a few centers of any cell type overlap at any point (142, 182). Analogy
with the trichromatic theory of color discrimination shows that three overlapping
receplive fields in any small neighborhood would suffice for spatial discrimination
in two dimensions (besides intensity) far finer than receptive ficld dimensions might
at first suggest.

Though lateral inhibition 15 traditionally associated with the retina, a notable
recent development 1s the increasing documentation of inhibitory interactions in the
brain. Relay cells in the lateral geniculate nucleus (LGN) exhibit a spatially oppo-
nent receptive field organization of their own. Current models (45, 65, 169, 202)
explain this by invoking excitation of inhibitary interneurons {(as well as the relay
cells) in the LGN by an all-excitatory input from ganglion eells. Directly antagonis-
tic infAuences of neighboring ganglion cells, a central postulate of previous models,
are no longer invoked. Receptive fields of LGN cells are thus shaped (to the extent
that they differ from these of ganghon cells) by inhibitory influences originating
within the LGN, and control of this inhibition from other brain sites may cause
changes of sensitivity correlated with alertness (45, 59,

The principle that all afferent synapses are excitatory appears to hold in cortex
(209) as well as in the LGN (169), and there are indications that all interneurons
in the cortex, as in the LGN, are inhibitory (50, 104, 189). The importance of
intracortical inhibition is all the greater because according to some recent views (50,
189), each cortical cell collects excitation from at most a tiny group of LGN cells,
ﬁ.EEH_m the EEOmelry of the afferent input only a weak constraint on the form of
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cortical receptive fields, the variety of which is ascribed to differences in intracortical
connections. In support of the critical role of intracortical inhibition in forming the
responses of cortical cells, it has been shown that their receptive fields may be
considerably modified by blocking inhibition with bicuculline {198}, and even abnor-
malities due to deprivation during development can be reversed in this way (66).
Intracortical inhibition may eventually inspire as many psychophysical experiments
as lateral interaclion in the retina (e.g. 33, 143, 164, 217).

In both retina and brain, then, the preferred organization is one of sharply
localized excitatory projections, with inhibitory interneurons running laterally at
each level. The question remains: why is this a good arrangement?

LIGHT ADAFTATION
Adapration in Receptors

When the first recordings were made from vertebrate receptors, it was uncerlain
whether or not they would be capable of light adaptation, It has since become clear
that maost receptors, if not all, contain efficient sensitivity-regulating mechanisms.
The initial evidence (27, 170) suggested a fixed nonlinear relation between the
prevailing stimulus intensity and the response generated by the receptor. The non-
linear response-intensity relation was a compressive or saturating one, and this made
it possible to explain reduced sensitivity in the presence of background illumination:
the additional light required to shift the receptor potential by a certain number of
millivolts would be greater in the presence of a background that had driven the
receplor signal 1o a point where the slope of the intensity-response function was
reduced. This simple Fechnerian conception of adaptation at the level of the recep-
tors has had to be abandoned [for most receptors recently studied; likely exceptions
are mammalian rods (97, 170) and possibly mudpuppy rods (168)] in favor of
something more complicated and more interesting. For turtle and mudpuppy cones
(20, 168) and for turtle, gecko, and toad rods (20, 78, 131), it has been shown that
the signal generated depends not only on the prevailing light intensity but also on
the recent history of stimulation. Any change of light intensity is quickly registered,
but during the next minute or less the membrane potential drifts back toward the
dark level. During exposure to a steady light, the response settles down to a level
well below the maximum available, and so, according to the response compression
madel, the receptor should be excitable; in fact, however, the light-adapted receptor
is much less sensitive to changes of intensity than the response compression model
would suggest (78, 131, 168). This reduced sensitivity in the hght-adapted state
means that the dynamic range of the receptor has been changed in accordance with
the prevailing conditions of illumination.

The simplest alternative model compatible with these observations is a sensitivity-
scaling model, in which light adaptation reduces the effectiveness of all stimuli,
background and test alike, by the same factor (as il the stimuli were being delivered
through the photochromic dark glasses now available, which increase their opacity
in response to light). This is the model favored by Mormann & Werblin (168) on
the basis of their results with mudpuppy cones. It is also roughly (though not exactly}
consistent with the relation between background response and test sensitivity in
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more recent reports (78, 131). In particular, there is a range of intensities where
Weber's Law is approximately satisfied at the receptor level; that is, the response
in millivolts is proportional to the ratio of the test light to the background intensity.
Within this range the steady membrane potential increases only slowly with increas-
ing background intensity; this supports the “dark glasses” model, according to
which the steady potential should be independent of the background, if Weber's Law
holds.

CHANGE IN INTEGRATION TIME However, the “dark glasses™ model too is a
gross oversimplification, as has been shown in a recent monumental analysis of turtle
receptors (20, 22). Backgrounds do not merely decrease the amplitude of the re-
sponse of Aashes; they also profoundly affect the time course of the response. When
the response to a fash is displayed as a function of time, the peak responses satisfy
Weber's Law, but the simplicity of Weber’s Law is misleading because the peak
occurs earlier in time the brighter the background. The early part of the flash
response is less affected by light adaptation than Weber's Law implies. Baylor,
Hodgkin & Lamb [(21, 22); for related models, see (86, 229)] explain this compli-
cated behavior by means of a beautifully simple and concrete hypothesis, namely
that the transmitter (probably calcium) which is released by an absorbed photon and
which closes the sodium channels in the receptor membrane, is quickly inactivated
by an autocatalytic reaction. The lifetime of the transmitter molecules is inversely
proportional to the concentration of the catalyst, which in turn is lincar with light
intensity, since it is absorbed light that produces the catalyst. Because the amount
of transmitter initially released by a test flash is unaffected by adaptation, and is
proportional to flash intensity, the earliest part of the response is proportional in rate
of rise to flash intensity and is essentially unaffected by background; but during
exposure to a background, or during the response to a flash, a quantity of catalyst
will be generated which will reduce the later part of the signal by shortening the
lifetime of the transmitter.

The predicted linearity of the early phase of the receptor response, and its resis-
tance to adaptation, are supparted by tests using flickering stimuli applied to frog
rods (210) and primate cones (14). In these studies, steady backgrounds decrease
sensitivity to flicker by a factor that decreases with increasing flicker frequency: slow
Auctuations are attenuated roughly in accordance with Weber's Law, but the most
rapid flicker signals are not attenuated at all by the addition of a steady background.
In the autocatalytic model, this immunity of rapid flicker to adaption is understand-
able because detection of the rapid flicker depends on the most rapidly changing
phase of the flash response, which is the early, linear part, whereas detection of slow
Auctuations requires a relatively sustained signal, the amplitude of which is reduced
by any adaptive reduction in transmitter lifetime. The immunity of high-frequency
flicker rules out a simple response compression model for adaptation, even for
primate cones, for which the response compression mechanism was first propased
(27).

High-frequency linearity is also observed psychophysically (124), making it an
important principle linking psychophysics with electrophysiology. Its empirical
basis has been questioned (122), perhaps because it is so counterintuitive, but the
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results of Roufs (186) should dispel any doubts. A model proposed by Kelly (124)
succeeds in explaining high-frequency linearity but requires some assumptions that
are perhaps not very plausible. In Kelly's model, the response to the flickering test
stimulus pulls itself down by its own bootstraps: an inhibitory feedback loap inte-
grates the response over a short time and subtracts the result from the input to the
inhibitory stage. The effect of a background is to increase (by an unspecified mecha-
nism} the inhibitory feedback elicited by the flicker. Perhaps an autocatalytic
scheme might provide an alternative model in which the role of the background has
an intuitively plausible mechanistic basis. In any case, future models of adaptation
will probably tend to abandon the mathematically tractable but physialogically
unrealistic static nonlinearities of Fechner's Law and Stevens Law (148) in favor
of time-dependent formulations.

Light adapting by changing integration time has at least two advantages: first, the
receplor can preserve a large fraction of its operating range for registering incre-
menis above the adapting level, something not generally possible in a simple re-
sponse compression mechanism; and second, instead of simply wasting light as in
the “dark glasses™ type of mechanism, the light adapted receptor is able to gain in
speed of reaction while sacrificing sensitivity that it does not need.

Postreceptoral Processes: Interaction Between Nearby Receptors

Recognition of the adaptive capabilities of receptors has been accompanied by
accumulating evidence that postreceptoral processes are also importani—in some
cases perhaps all-important. The familiar observation that light adaptation does not
proceed independently at nearby poinis in the visual field has been confirmed in the
cat (77) and extended to cone vision in that animal (72), Enroth-Cugell & Shapley
(77} have shown that in cat ganglion cells, light adapting influences are collected
over an area roughly coextensive with the receptive field center, even though this
area varies from one ganglion cell to another. These observations show that light
adaptation is not achieved by individual receptors working independently. Nor can
receptor crosstalk create an “adaptation pool™ at the receptor level, for adjacent
receptors do not much modify each others’ sensitivity [(19, 191} but see (20, p-
7&1)]. The pooling of adaptive influences is unlikely to be the work of the gan glion
cell itself since local adaptation has been demonstrated within the receptive field
centers of ganglion cells in frog (39) and rat (100) and within the receptive field
surrounds in cat (43}, but it does imply a postreceptoral process. The implication
ol a postreceptor site for adaptation is supported by the adaptive changes in spatial
integration familiar to psychophysicists, which arc absent at the receptor level (30,
1 35).

Psychophysically, the reduced spatial integration of the light adapted eye ex-
presses itsell in the validity of the DeVries-Rose square root law, rather than
Weber's Law, for light adaptation when the task is detection of a small test stimulus
or resolution of fine detail (e.g. 126). The square root law now presents a theoretical
problem in view of reports that receptors more closely satisfy Weber's Law (20, 27,
78, 131). The same problem appears in comparing psychophysical observations with
observations on mammalian ganglion cells. Individual mammalian ganglion cells,
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like receptors, show a smaller change in spatial integration than what is observed
psychaphysically, and even with small tests they are slightly (12) or appreciably (76)
mare susceptible to light adaptation than the sguare root law implics. Probably the
preferential desensitization of large-field ganglion cells, as compared with small-
held eells, by uniform backgrounds (77} is also an important factor contributing
to the psychophysical change in spatial integration with light adaptation,

“Interaction” between receptors of different types (a vague concept, seldom pre-
cisely defined though frequently disputed) is relevant here, The eritical issue where
adaptation is concerned is: when only one class of receptors detects a test light, can
visual sensitivity be affected by the action of an adapting light on the remaining
classes of receptor? IT it can, there must be an adaptive mechanism or other non-
lincarity fed by signals from both receptor types; if not, the observed variations of
sensitivity are due to processes at a stage where the signals are still segregated. Stiles”
successful model] (203) does not explicitly incorporate interactions in this sense, and
has served as a point of departure in the current search for interactions between
receplors having different speciral sensitivities. With spatially uniform, steadily
exposed adapting helds, Pugh (175) finds interactions between different cone types
suggestive of two successive stages of sensitivity regulation. Rod-cone interactions
arc also reported in this situation, but they are comparatively weak (e.g. 115), and
cat ganglion cell recordings are consistent with rod-cone independence (72). A
report of a strong influence of monkey cones on rod sensitivity (225) is weakened
by the subsequent discovery (213) that halothane, the anaesthetic required to pro-
duce the cffect, retards recovery from strong light exposures; the disappearance of
the rod response atiributed to cone influence (225) could reflect light adaptation of
the rods themselves to the bright recycled test stimuli.

The intriguing phenomenon of transient tritanopia {insensitivity of “blue” cones
during early dark adaptation) has been rescued from obscurity by Mollon & Polden
(158) and by Augenstein & Pugh (6), who tentatively explain it by changes of
sensitivity at the opponent process level due 1o signals from other types of cone.
Again, no comparably strong rod-cone interactions are reported during dark-adap-
tation (103, 228), but the fiest lew seconds of dark adepiation have still to be
examined. The absence of strong rod-cone imteractions seems consistent with the
view that the postreceptoral processes that supplement receptor adapiation with
spatially uniform adapting stimuli are nol more central than the bipolars (103). But
it 158 not yet clear whether this is consistent with King-Smith & Carden’s evidence
(128} that a white background selectively depresses the sensitivity of the nonoppo-
nent system relative to the opponent system.

Electrophysiological recording from different levels of the visual pathway has
continued to yield evidence for a postreceptoral site of visual adaptation. Green et
al (98) show that bipolars and ganglion cells in the skate can be enormously desensi-
tized by conditions that leave receptor and horizontal cell sensitivity almost un-
affected. This is presented as evidence against the proposal (76) that horizontal cells
have a role in postreceptoral adaptation, and the case against the horizontal cell is
strengthened by the apparent linearity of center-surround interactions likely 1o be
mediated by horizontal eells (73, 74, 195). But of course there are no other cells that
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could introduce a loss of sensitivity between the receptors and bipolars. A way out
of this impasse is offered by Dowling & Ripps (63) with their observation that
potassium can profoundly affect b-wave sensitivity without doing much to the
receplors. Unfortunately, sensitivity control by frecly diffusing potassium would not
be compatible with the approximate independence of different receptor types {espe-
cially of rods and cones) in light adapiation, so perhaps the horizontal cell hypothe-
sis for postreceptoral light adaptation should be retained. If the horizontal cells
control bipolar sensitivity by feedforward, there is nothing perplexing in the fact that
they evade the sensitivity losses that they impose on subsequent neurons.

Dark Adaptation

According to Pugh (174), a very brief flash of high intensity regenerates a substantial
fraction of the initially bleached pigment, yet the persisting loss of sensitivity after
such an cxposure is the same as after a more prolonged exposure of equal energy
that leaves far more pigment bleached. This result, designated Rushton's parados,
dashes hopes for a comprehensive correlation between the sensitivity loss and the
concentration of photoproducts. At the same time, the correlation between sen-
sitivity and the fraction of rhodopsin bleached continues to be supported under
other sets of conditions (171), and we await a theory that can explain the validity
of the correlation under some conditions and its failure under others.

A physiological basis for prolonged afterimages seen in total darkness (188) has
been discovered in the persisting hyperpelarization of receptors afier exposure to
strong light (20, 131, 170). Even the latent period of the afterimage (167) has its
correlate at the receptor level in a silent period of a few seconds immediately after
the offset of the bleaching light, during which there is no hyperpolarization (20). The
existence of a persisting hyperpolarization in bleached receptors qualitatively sup-
ports the idea that the effects of bleaching are physiologically akin to the effects of
illumination, but quantitatively the loss of receptor sensitivity imposed by bleaching
s often greater or longer lasting than the persisting hyperpolarization might suggest
(20, 131, 170). Because of the persisting hyperpolarization, postreceptoral processes
(as well as receptoral processes) may be implicated in dark adaptation as well as light
adaptation, and indeed the importance of postreceptoral processes in dark adapta-
tion has long been recognized. Recently, studies of intensity-time tradeoff have
provided new evidence on this point. Green et al (98) report that dark adaptation
of the skate ERG depends more on the duration of the adapting exposure than on
its intensity, and Virsu & Laurinen (216), and Loomis (143a) report analogous
observations using afterimages. Both the afterimage phenomena and the ERG re-
sults could be explained if the persisting cause of insensitivity during dark adapta-
tion depends on a neural response related to intensity by a saturating nonlinearity.

In view of the recent work by Virsu & Laurinen (216), Sakitt (188), and others
(e.g. 92, 103, 126, 143a), the obituary on afterimages published by Ripps & Weale
(see 31) is clearly premature. Far from being dead, the study of afterimages has been
rejuvenated by the modern approach of treating them as elues to the mechanisms
of light and dark adaptation.
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Sensitivity Against Flashed or Contoured Backgrounds

When adapting stimuli are spatially uniform and are not rapidly changing in inten-
sity, the possible loci of sensitivity regulation are confined to the early stages of the
visual system, because steady uniform backgrounds like this have little capacity to
affect the maintained response of ganglion cells and more central neurons (71, 150).
But when the adapting stimulus is lashed or is locally nonuniform near the test field,
the spatial oppenency and transience of response that characterize these cells would
less effectively block signals from the adapting stimulus, 50 allowing more central
factors to come into play, Current reports suggest that even at this primitive level
of complexity, the physiological substrates of changes in visual sensitivity cannot be
identified with confidence.

The transient exaggeraled elevation of threshold at the onset and offset of a
uniform background, long familiar psychophysically (“Crawford masking™), has
recently attracted the attention of retinal physiologists. Enroth-Cugell & Shapley
{76} did not find this effect in cat retinal ganglion cells, but their luminances were
lower than those at which the psychophysical effect is prominent. Afanador &
Adams (1) found a transicnt elevation in the goldfish retina, but the time constant
wias of the order of minutes rather than seconds as in psychophysics; in this study,
however, the luminances were perhaps excessively high, enough to bleach consider-
able pigment. The mudpuppy has yiclded a more promising physiological substrate
for Crawford masking (48, 222); in this animal a transient insensitivity is found in
ganglion cells but is absent in bipolars, Werblin & Copenhagen (48, 222) attribute
the effect to inhibition by amacrine cells, on the grounds that an adapting field
flashed at a position cutside the receptive field can produce it without strongly
exciting the ganglion cell itself.

When a tiny test flash is superimposed on a concentric steady background, the
reduction of sensitivity caused by the background may be greater if the background
15 small than if it is large. This “sensitization,”" brought about by enlarging the
background, will here be taken up from the point where Brown (34) left it. Like the
decreased sensitivity close to the edge of a large background ficld (214), the in-
creased threshold at the center of a small background is formally a spatial analog
of the Crawford masking by temporal transients, but its physiological basis is at
present not so clear, Sensitization therefore makes an interesting test case in the
correlation of physiological and psychophysical observations and illustrates some of
the problems that hinder that correlation.

A first issue is whether large and small backgrounds act upon the same sensitivity
regulating mechanism with different effectiveness or whether small backgrounds
introduce an additional loss of sensitivity by their action on some more central
mechanism which large backgrounds stimulate only weakly, On either view, the
center-surround organization of the receptive fields of single cells would be a prereqg-
uisite for sensitization, but on the first view, which has dominated thought about
the problem until recently, sensitivity is determined simply by how much the back-
ground (whether large or small) excites some type of cell with center-surround
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organization, such as the bipolar cell: the eritical cell might be rendered most
insensitive by its strong response to a “small" background big enough to fll the
center without encroaching on the antagonistic surround, There is now physiologi-
cal support for this simple scheme [(37, 48, 221), but see below]. But some recent
psychophysical observations speak against it. The difference in sensitivily between
small and large backgrounds is reported to disappear, or almaost disappear, when the
retinal image of the background is stabilized against eye motion (13, 211), even
though stabilizing the boundary of a large background has little effect on threshald,
This suggests that the small background, but not the large one, may elevate thresh-
old by its effect on cells, for instance amacrine cells (211), that are much more
responsive 10 moving contours than to stationary ones, Another indication that
small and large backgrounds may act through different mechanisms is the observa-
tion that rod-cone interactions may be much more conspicuous with small back-
grounds than with large ones (85, 138, 140). The finding of interaction with small
backgrounds and the importance of stabilization could both be explained il sen-
sitwvity regulation oceurs at different stages of the visual pathway; a stage without
center-surround antagonism might be activated by small and large backgrounds
alike, and a later stage exhibiting center-surround antagonism, perhaps the inner
plexiform layer (211) or perhaps the visual cortex (140), would be activated more
strongly by the small unstabilized background. Since there are many monocular
cells in visual cortex, the hypothesis of a central or cortical process is not inconsis-
tent with the reported absence of strong dichoptic sensitization effects (118, 205).

It might be expected that recording from the retina would show whether sensitiza-
tion originates in the outer plexiform layer, in the amacrine cell layer, or more
centrally. Unfortunately the picture is confused by probable species differences,
possible differences between rods and cones, and differences between stabilized and
unstabilized vision. In lower vertebrates at light levels high enough for cone vision,
sensitization is conspicuous in retinal ganglion cells (37, 48) and in bi polar cells (37,
221}, but at scotopic levels, less frequently examined, it has been reported only in
off- and on-off center ganglion cells (120). In the mammalian eye on the other hand,
most experiments have been done at low light levels, and here evidence continues
ta accumulate (12, 73) that under most conditions, cat retinal ganglion ecells of
whatever type show no sensitization. Enroth-Cugell, Hertz & Lennie (72) extend
this result to photopic conditions in the cat. Only if the test fash is large enough
or intense encugh to itself elicit a significant antagonistic response from the sur-
round of the receptive field can sensitivity be improved by enlarging a background
(74), and this is unlikely to be the basis of the psychophysical effect, which works
best with small test stimuli (2, 154). These negative results have led to the conclusion
(12, 140) that sensitization does not originate in the éve but in the brain. But if
indeed the psychophysically observed effect is abolished by stabilizing the retinal
image, current physiological evidence does not, in fact, exclude a retinal basis for
it; perhaps physielogical experiments involving real or simulated eye movements
would reveal sensitization in the retina.

Thus it remains unclear at what stage in the visual pathway small and large
backgrounds exert their different effects on sensitivity. Any correspondence between
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sensitization and receptive field properties is not a simple one; a ganglion cell may
show conspicuous center-surround antagonism and yet show no sensitization under
the same conditions (74). The apparent brightness of a background stimulus may
begin to decrease with increasing size, presumably owing to center-surround antago-
nism, while sensitivity at ils cenler continues to decrease (105). The fact that
antagonism from the surround need not reduce the level of light adaptation suggests
that the lateral inhibition involved does not precede the sensitivity regulating pro-
cess in the mammalian retina, and so supports the conclusion that if horizontal cells
regulate sensitivity, they do it by feedforward.

Secking alternative to the retinal inhibition explanation, Lennie & MacLeod (140)
pointed out that a known central process—ithe reduction of sensitivity in cortical
cells by an adapting stimulus that strongly excites them—could account for sensiti-
zation. The size-selectivily of cortical neurons might be sufficient to prevent a large
background from exciting the neurons required for detection of the tiny test spot.
On this view, sensitization could be regarded as the removal of a desensitizing
influgnce of contours near the test area, contours that make the small background
an effective stimulus for central neurons. But the idea that contours determine
sensitization is questioned by Enoch and Johnson (69), who show that with a
windmill-shaped background, many narrow vanes in the sensilizing region are
equivalent to a few broad ones.

An interpretation of sensitization in terms of size-selective channels (2, 140, 154)
can easily explain the important observation (2, 154) that spatial integration of test
flash energy occurs across larger areas with a small background than with a large
one: with a small background reducing the sensitivity of the “smaller” channels, the
test may have to be detected by “larger” channels with larger areas of spatial
integration. To account for this observation on the alternative view that the test spot
is always detected by the same cell, the receptive field center must be assumed to
contract with increasing background size (154). This hypathetical contraction could
also account for sensitization, if sensitivity modification were at a stage after the one
al which the change in spatial organization oceurs, for then the reduction in spatial
integration would be equivalent to a reduction in adapting intensity (154). Such
complexity has yet to be demonstrated in the retina. To complicate matters further,
Vassilev (214) reports that the elevation of threshold near an edge is least evident
with small test stimuli and thus involves an fncrease in spatial integration near the
edge. Since this is the opposite of the effect found with concentric backgrounds, any
common mechanism underlying both phenomena must be quite a complicated one.

In summary, recent studies of sensitization have only served to increase uncer-
tainty about its origin, with a growing awareness of the possible importance of
amacrine cells and of more central factors. The relationship of sensitization to

uniform field adaptation on the one hand, and to masking on the other, represents
an intriguing current problem.

A Pspchophysics af the Inner Plexiform Layer?

Werblin & Copenhagen (222) describe an ingenious method of investigating lateral
interactions in the inner plexiform layer while holding more peripheral processes
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relatively constant. They placed a test spot at the center of a windmill pattern, As
the windmill turns, there is a rotation of activity among the horizontal cells in the
outer plexiform layer, but the total signal averaged over all cells might be expected
to stay the same as the sustained response to a stationary windmill. In the inner
plexiform layer, however, many amacrine cells respond only weakly to steady
stimulation but are excited by changes from light to dark or from dark to light,
These cells are much more strongly excited by a spinning windmill than by a static
one. Werblin and Copenhagen found that “on" type ganglion cells did not differenti-
ate between the static and the spinning windmill, but “on-off™ type ganglion cells
were more strangly inhibited by a spinning windmill than by a static one. The
implication is that amacrine cells antagonize the response to change found in on-off
cells, but have little effect on the response of sustained ganglion cells. Enoch,
Lazarus & Johnson (70) have adopted a similar technique in psychophysical experi-
ments. A rotating windmill always gave less sensitivity than a static windmill,
presumably owing to inhibition from transient-type amacrine cells. Interestingly
enough, this difference was found only when the test spot was periodically inter-
rupted and the observer’s task was to detect the interruptions. A sustained percep-
tion of the test spot could still be obtained with full sensitivity despite the rotation
of the windmill, perhaps because the sustained-type ganglion cells are free from
inhibition by amacrines, as the physiological observations of Werblin & Copenhagen
(222) and others (107, 130) suggest. A windmill seen by cones can raise rod thresh-
old (115) but interocular transfer is not conspicuous (117),

THE NEW VISUAL DUPLICITY

Physiological Identification of X and Y Systems

Anatomists have long been concerned with cataloging the diversity of cell types at
any particular level of the visual system. The anatomical distinction betwesn rod
and cone receptors was given visual significance long ago, but the extent of the
diversity among afferent neurons has only recently been recognized physiologically,
and still more recently psychophysically. The switch to “multiple channel thinking™
amounts to a revolution in our outlook, and has created an era of frenetic classifica-
tion in which each class of cell at each level of the visual system is Eiven its own
physiclogical characterization and if possible its own role in vision,

Over the past few years, a distinction between two systems involving cells known
cryptically as “X" and "Y" cells, and recognizable at retinal, thalamie, and perhaps
cortical levels, has become inereasingly prominent. The two types are easily distin-
guished on the basis of the lincarity of their spatial summation, which was their
original defining property (75). X cells are practically linear in spatial summation
[though nonlinear in other respects (75)], so that when a graling stimulus is suitably
positioned, an X ccll will not respond if the light and dark bars are exchanged. For
¥ cells, no such null positions can be found: no change escapes their notice (75, 106).
The two cell types can also be distinguished on the basis of their response latencies
or conduction velocities (64, 106), though the concordance between a conduction
velocity criterion and a lincarity criterion may not be perfect (55). They also differ
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in the time course of their responses to a stimulus switched on and left on (50 that
in popular parlance X eells are “sustained” and Y cells are “transient™), but light
adaptation tends to jeopardize classification on this basis, for in the cat reting, Y
cells become sustained at sufficiently low light levels, while at high light levels even
X cells acquire a transient response to stimulus onset with only a slight sustained
companent (117).

Electrophysiological evidence in the cat has tended to suggest that X and Y cells
are differently distributed over the retina, with Y cells rare in eentral vision but
abundant in the periphery. Surveys by anatomical methods have cast doubt on this,
suggesting that Y cells comprise an almost uniform 2-49% of cells at all retinal
locutions in the cat (142), but one recent study of the cat lateral geniculate (141)
supports the differential distribution. In the monkey, the recordings of DeMonast-
erio & Gouras (54) show X cells predominating in the fovea and Y cells in the
periphery, but Schiller & Malpeli (190), with a bigger sample, but from a more
restricted range of eccentricities, report a uniform distribution. Cell bodies and
dendnitic ficlds of Y cells are larger than those of X cells at the same retinal
eccentricity, and the receptive field centers of X cells are correspondingly smaller
than those of ¥ cells in cat (44, 142) and monkey (54).

The X/Y distinction was discovered in the cat (75), and until recently, as Jacobs
(116) points out, there has been no clear indication of its existence in primates. The
ambiguities of categorization make it hard to be certain that classifications proposed
for different species are homologous. Nevertheless, a distinction between what might
cautiously be termed X-like and Y-like cells now seems at least as clear in mon keys
a5 in cats, both at the retinal level (54, 55, 190) and at the thalamic level, where X
and ¥ cells are apparently scgregated into different laminae, X cells com prising the
small cell laminae and Y cells comprising the less extensivel ¥ explored magnocellu-
lar laminae (64, 196; see also 36). The X/Y distinction also bears on primate color
vision. Al the retinal level, the indications are that the X cells are spectrally oppo-
nent, while the ¥ cells have spectrally broad-band receptive field centers (55, 1940),
but at the lateral geniculate, many X cells are spectrally nonopponent like the Y cells
and are found alongside the other, apponent X cells in the parvocellular laminae
(64).

Thus far it is a reasonably tidy arrangement; but there are complications. In
monkey cortex, the concordance between the opponent/nonopponent classification
and receptive field categories seems looser than at lower levels (60, 61, 23}, although
the reported sparsity of opponent cells in Brodmann's layer 4B does suggest some
preservation of the segregation established at the lateral geniculate level, Somewhat
similarly, Bartlett & Doty (16) find some units in monkey cortex that are enly
slightly influenced by the large cell laminae of the lateral geniculate, but nevertheless
“a definitive relation between magnocellular input and type of response could not
be discerned.™ Even at the ganglion eell level in the monkey, DeMonasterio &
Gouras (34) have refined their X-like/Y-like dichotomy to yicld at least 25 different
functional types of cell, mostly distinguished by their spectral sensitivities, and
certain cells appear to have some X-like as well as some Y-like propertics (55). The
X cells of the monkey lateral geniculate may be very different from those of the cat
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retina—some, for instance, identified as X-like by Dreher, Fukada & Rodieck (64),
show spectral opponency but lack the spatial opponency promiment in cat X cells.
A distinction between sustained and transient eells has recently been proposed for
the parvocellular laminae of the monkey lateral geniculate (151), which, according
to other investigators (64), contain only X-like cells. In general it is seldom clear
that the classifications of different investigators are the same, especially when based
on different tests. Because of this uncertainty, the X-like/Y-like dichotomies re-
viewed above are usually reported using different labels. The resulting not of
proposcd classifications nicely illustrates the shrewd observation that most scientists
would rather share another person’s toothbrush than adopt his termanology (or his
classification criteria).

A final complication is that the X/Y classification is by no means exhaustive.
There is also a large and heterogeneous population of slowly conducting cells
dubbed W cells, which at first were thought to project only to the midbrain, but
which have recently been discovered in the cat’s lateral gemiculate nucleus (e.g. 36,
227). Ofen passed over because of their small size, they are probably about as
numerous as X cells and much more numerous than Y cells. Their role in vision
15 sUll a matter for speculation.

CORTICAL PROCESSING: PARALLEL, SERIAL, OR JUST COMPLICATED? The
extension of the X/ distinction into the brain, together with the somewhat X-like
and Y-like qualitics of simple and complex cortical cells as deseribed by Hubel &
Wiesel (111), led to the suggestion made, for instance, by Stone & Freeman (204)
that simple cells are cortical representatives of the X system and complex cells
cortical representatives of the Y system. Each cell type would be driven directly by
cells of the same type in the lateral geniculate. This parallel processing view of the
simple/complex distinetion stands in contrast to the hierarchical scheme formerly
in vogue {193). The paralle]l processing view has been favored for several reasons:
first, as Stone and Freeman point out, complex cell latencies may be shorter than
those of simple cells, so they cannot always be the successors of simple cells in a
serial process. Second, the excitatory input to complex cells is not markedly direc-
tionally sclective, suggesting that it originates in the lateral geniculate rather than
from simple cells (198). Third, complex cells may respond well to stimuli such as
rapid motion (161} or coherent movement of a field of randomly arranged tiny
speckles within a similarly textured background (102}, to which simple cells are
relatively or absolutely unresponsive. Fourth, complex cells are generally pyramidal
cells (127) and these receive a direct input from the Iateral geniculate (204). But
although the refutation of a simple hierarchical model has pul the parallel process-
ing view in the ascendant, there are several indications that the parallel processing
view is likewise inadequate, Kelly & van Essen (127) and lkeda & Wright (113)
found both sustained and transient-responding cells within both the simple and the
complex groups. The identity of their sustained/transient distinction to the X/Y
distinction could be doubted, however, since tests of linearity or conduction velocity
were not made. Recent studies of response latency (200) show both X (slow) and Y
(fast) inputs to all cortical receptive-field types. In addition, both among simple
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cells and among complex cells, some are dircctly excited from the lateral geniculate
while others of the same class are only indirectly excited (200). A specific organiza-
tion scheme capable of accommodating these complexities has not yet been
proposed.

Psychophysical Identification of X and ¥ Systems?

Presumably X and Y cells have more or less distinet rales in vision, What are those
roles? The physiological literature is curiously silent on this point, but eager psycho-
physicists have rushed in where cautious physiologists feared to tread. Several
investigators have tried to isolate X or Y systems by using appropriate stimulus
conditions so that their stimulus requirements and visual consequences could be
demonstrated in human vision, or have ascribed changes of visual performance
under different conditions to the use of X cells under some conditions, Y cells under
others. The situation could reasonably be summed up with the Scottish verdict “not

proven,” but some of the suggested correlations between physiology and psychophy-
sics are at least interesting and plavsible,

SPACE-TIME INTERACTIONS Grating stimuli have provided a popular tool for
preferentially stimulating the X and Y systems: Y eells tend to prefer coarse gratings
and fail to resolve fine ones, but the smaller receptive ficlds and stronger center-
surround antagonism of X cells make them relatively responsive to fine gratings
(75). Tolhurst (206) examined the loss of sensitivity to moving grating test stimuli
incurred by pre-exposure to adapting gratings of the same spatial frequency as the
lest grating. For coarse gratings, movement made the grating much more visible and
the adapting grating had to move to effectively reduce sensitivity, whereas with
stationary test stimuli, static adapting gratings are also effective, The inference is
that the coarse moving gratings were detected by a system selectively responsive to
moving stimuli (like the “transient™ Y system) whereas the stationary stimuli were
detected by a system poorly responsive to coarse gratings but respansive to slatic
as well as to moving stimuli (like the “sustained™ X system). An alternative inte rpre=
tation, not convincingly excluded, is that transient stimuli are necessary for inducing
4 loss of sensitivity at any spatial frequency (as might be expected in view of the
fading of stabilized images); the necessary change of stimulation with time might
require movement of a coarse grating stimulus but could be supplied by small
fixational eye movements if the grating were a fine one. A similar eye movement
interpretation can be applied to Kulikowski & Tolhurst's (134) demonstration that
phase alternation, as compared with exposure in one phase only, improves visibility
for coarse gratings but not for fine ones; with fine gratings, eye movements creale
phase alternations even when the external stimulus is static. Eve movement cffects
might also account for some other phenomena cited in support of sustained and
transient channels in human vision (207, 208), but they were presumably not in-
valved in Keesey's early study (123) using stabilized vision, More recently, King-
Smith & Kulikowski's formidable study of summation between subthreshold
flickering lines and gratings for detection of pattern or of flicker {129) butiresses the
previous psychophysical identifications of X and Y systems by demonstrating rough
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corrclations with physiological findings in respect to temporal frequency response,
nonlinearity, width of receptive field, strength of inhibitory surround, and sensitivity
to motion.

A marked increase of reaction time with increasing spatial frequency of a grating
test object has been noted independently in three laboratories (29, 144, 215), and
in each case the interpretation has been suggested that the coarser gratings are
detected mainly by the relatively quick responding Y cells, the finer ones by X cells,
The effect has also been detected in the magnetic evoked response (226), and the
latency difference between X-like and Y-like cells may approach the required magni-
tude (60), even though the characteristic difference in conduction velocity could
account for only a tiny fraction of it. However, the way that reaction lime (or
neuromagnetic latency) varies with frequency seems difficult to reconcile with the
XY interpretation, for instead of approaching an asymptote characteristic of the
X system at high spatial frequencies, it continues to increase without obvious limit
as the gratings become finer (29, 144). Watson & Nachmias (219), in their study of
temporal summation as a function of spatial frequency, account for their similar
observations by proposing that observers have available an array of spatial frequen-
cy-selective channels, the temporal properties of which vary progressively with their
characteristic spatial frequencies. This view need not invoke any X/Y distinction
but is not incompatible with it; the postulated diversity might, for instance, be
characteristic of the X system alone (31}, or of both systems (206).

Amnother consequence of the X/Y difference in receptive field organization is that
X cells, while useful for fine resolution, are less tolerant of image blurring than Y
cells, as confirmed by Ikeda & Wright (112). A possibly parallel psychophysical
result is Hood's {109) observation that blurring reduces both sensitivity and per-
ceived distinctness for stimuli presented under long exposure (a condition relatively
favorable to the X cells) whereas with short exposures, presumably favorable to the
Y cells, appearance and visibility were hardly affected by blurring; somewhat simi-
larly, long (say, 400 msec) exposure benefits acuity (presumably an X cell function)
more than simple detection (for which the observer might avail himself of transient
cell signals) (15, 35). But observations like these can be equally explained without
postulating two channels, by appeal to the interplay of excitation and inhibition in
a homogeneous array of cells (109, 126).

If only one of the paralle]l rod or cone receptor systems is activated by a test
stimulus, visual sensitivity reflects the properties of that mechanism alene, and
simplifying principles like Stiles’ displacement rules (203) can be applied to prediet
how sensitivity will vary with changing conditions. Successful prediction helps bath
to establish the existence of the postulated mechanism and to define its characteris-
tics. This level of analysis has yet to be attained in the study of sustained and
transient afferent systems. Kulikowski & Tolhurst come close when they show that
the temporal frequency response of cach of the two hypothetical systems may be
unaltered by changing spatial frequency (134, Figures 7 and 8). However, Breit-
meyer & Ganz (31) postulate different temporal properties for “sustained” signals
cvoked by different spatial frequencies, and King-Smith & Kulikowski (129) have
to let the spatial frequency response of their flicker detecting system change with
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tempaoral frequency. This is not unreasonable but it does slightly weaken the ex-
planatory power and empirical foundation of the two-channel scheme.

Other time-space interactions are positively embarrassing for the two channel
view: Arend (3) finds that blurring abolishes the Broca-Sulzer brightness overshoot
{commonly regarded as an index of the transience of the neural response) instead
of increasing it, as might be expected if blurring sclectively reduces X cell signals;
and Barlow (7) reported that in the fading of stabilized images, details disappear
before large blobs. Barlow's abservation led him to formulate the first psychophysi-
cal theory invelving sustained and transient channels, but in Barlow's scheme it was
the transicnt channels that have small receptive fields! Curiously enough the first
physiclogical reports on primates (94) proposed a similar arrangement. Will the
different scheme currently in vogue prove equally transient, or can it be sustained?

COLOR CORRELATES Since the distinclion between spectrally opponent and
nonoppenent cells has a clear subjective correlate in the well-documented distine-
tion between processing of luminance differences and purely chromatic differences
(57}, the suggestion that all opponent cells are X cells (64) could aid in the psycho-
physical identification of X and Y systems. The proposal that opponent cells are
sustained (X-hike) in character is supported by the now familiar observation (125)
that a sinusoidal alternation of equally luminous colors (unlike a lJuminance fluctua-
tion) loses nothing in visibility if it is slowed down to very low alternation rates.
Awareness of luminance fAluctuations dominates over awareness of chromatic flue-
tuations as temporal frequency increases, just as in Kulikowski & Tolhurst's CAperi-
ments (134}, awareness of flicker dominates over awareness of pattern. Obscrvations
of spatial resolution, however, are harder to accommodate within this framework.
Experiments with gratings suggest that the color-opponent system has a wider range
of spatial integration than the nonopponent system, with little evidence of lateral
imhibition (218). Yet if one could generalize from cat retina, the small, spatially
antagonistic receptive ficlds of the sustained system ought to provide superior reso-
lution and more prominent lateral inhibition. Perhaps the limits on spatial resolu-
tion, for achromatic as well as chromatic stimuli, are set by X-like cells. In the
primate lateral geniculate, even the spectrally apponent X-like cells respond much
better to a fine grating with light and dark bars than to an equiluminous chromatic

pattern, thus providing a possible basis for our good resolution of luminance con-
trasts (37}

SUDJECTIVE S1GNS AND YISUAL FUNCTIONS  In the classical duplicity theory,
the roles of the rod and cone systems in vision could easily be appreciated by setiing
up conditions under which vision depends on rods alone or on cones alone. But there
is al present no clear consensus on what a pure X system signal or a pure Y signal
would actually look like and no agreed technique for producing such signals. The
contribution of the Y system is particularly obscure: if “X marks the spot” (a
mnemonic suggested by D. A. Norman), what does Y do? One currently favored
view is that X cells subserve inspection of static or tracked objects, while the Y
system alerts the observer to changes in the scene. According to Kulikowski &
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Tolhurst (134), when a sinuscidal grating stimulus oscillates in polarity, it is the
“sustained” X cells that report the spatial pattern, whercas the sensation associated
with excitation of “transient™ Y cells is one of flicker. Rapid oscillation and coarse
grating patterns are conditions relatively favorable for the flicker sensation. More
recently, however, the general validity of the assumption that we see pattern with
sustained channels and flicker with transient channels has been called in question
by the results of Watson & Machmias (219; see also 4), who find similar temporal
summation characteristics for seeing flicker and for seeing pattern. King-Smith &
Kulikowski (129) note that subjective motion is the usual consequence of activating
the presumed Y-like system with the flickering patterns they used, and they point
out that nenlinearity, the defining characteristic of the Y system, is a prereguisite
for a uscful motion detector. E. Matin (153) also associates the Y system with
detection of motion but suggests that it may also serve to report the occurrence of
saccadic eye movements even though retinal velocities during saccades may be too
high to generate a subjective impression of motion. Sekuler (194, p. 405) and Nelson
(163} “second the motion™ and point oul that it is consistent with a concentration
of Y cells in the extrafoveal reting. Breitmeyer & Ganz (31) agree that Y cells serve
to detect rather than identify a stimulus, but do not associate them with a sensation
of motion. Breitmeyer & Ganz propose that the test flash in a metacont rast experi-
ment, often unmistakably detected but not identifiable, is being detected by the Y
system. The other “pure” case, seeing with X cells, may be occurrin g in the rotating
windmill experiments of Johnson & Enoch (119), where subjects were easily able
to perceive the test spot but could not detect that it was being bricfly interrupted.

ALY tnhibivion and backward masking  Singer and Bedworth (199; see also 87,
200) noted an inhibitory effect of the Y system on the X system in the cat that ma ¥
be of cardinal importance for theories of masking. The inhibition may persist for
a considerable fraction of a second, and because the Y system responds with a
shorter latency than the X system, the response to the test flash may be affected even
when the test flash precedes the mask by tens of milliseconds. Breitmeyer (30), E.
Matin (133), Weisstein, Ozog & Szoc (220), and (most explicitly) Breitmeyer &
Ganz (31) have greeted this as the long-sought-after “fast inhibition" required for
explaining backward masking. (Ordinarily, lateral inhibition is delayed (73, 145),
presumably because it has to be relayed through an interneuron.) Breitmeyer and
Ganz show how the inhibition of X by Y can explain not only the superiority of
backward masking over simultaneous masking (the “U-shaped function™) but also
many other aspects of masking that have previously been held to require an “inter-
ruption of processing” interpretation too sophisticated to be compatible with a
primitive neural mechanism, Matin's theory of metacontrast includes the interesting
suggestion that the inhibition is caused by the Y system’s response, not to the
masking flash itself but rather to the successive paired presentation of test and mask.
The motion-detecting role of the Y cells is thought to make them particularly
susceplible to such a stimulus, and the theory is thus able to account for the
connection between metacontrast and apparent motion, discussed by Matin. Bridge-
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man's physiological observations in a metacontrast situation (32) seem partly (but
not entirely) consistent with these proposals.

Since Y cells are spectrally nonopponent (54, 64, 190) they should not respond
10 @ chromatic substitution at constant luminance (57), so according to the above
thearies, a chromatic substitution might not be expected to exert any backward
masking. Bowen, Pokorny & Cacciato (24) have verified this prediction in a meta-
contrast situation; Glass & Sternheim (89) did find substantial transient threshold
elevations with chromatic substitution of wniform fields, but their criterion for
equality of luminance may not have been the appropriaic one.

These developments seem likely to inaugurate a new generation of masking
studies, both theoretical and experimental.

Succadic suppression . According to E. Matin (153) and Breitmeyer & Gangz (31),
inhibition of X cells by Y cells could be important in suppressing vision when a
saccadic eye movement occurs. The movement of the scene across the retina during
a saccade would powerfully excite the Y system. This assumption is supported by
the physiclogical observation (10, 83) that all Y cells in the retina, both on- and
off-center, may be strongly excited by synchronously shifting the parts of the visual
field outside the classical receptive ficld, an effect believed due to the amacrine cells.
This unique response (anomalous because on- and off-cells are made to fire together,
the apposite of what happens with stimuli delivered within the receptive field) could
have the specific function of “wiping the slate clean for the next image™ (10), and
the mechanism by which this is accomplished could be the inhibition of the X cells
by the Y cells (31, 153). It may at first seem unsatisfactory to invoke the same
inhibitory process both for metacontrast cffects, which require local contour (31),
and for saccadic suppression, which operates on a more global basis, but since under
saccadic conditions the Y cells have been shown to be excitable from a region much
larger than the normal receptive ficld (10, §3), whereas in a metacontrast situation
they would be excitable only within the receptive field, both the global and the local
effects could be predicted if X cells are inhibited only by neighboring Y cells.

A central process triggered by oculomotor events rather than by image motion
also contributes to saccadic suppression, but its effects are penerally weak, bath
psychophysically and in the cortex (17, 121, 152).

Inhibition of the X system by the Y system might yield a plausible account of
other perceptual phenomena, such as the Crawford masking and sensitization
effects, but perhaps the further development of such notions should be postponed
in view of the recent report (64) of no obvious X/Y inhibition in monkey lateral
geniculate. If confirmed and extended to monkey cortex, this observation could

make a striking object lesson on the need for caution in extrapolating to man from
his more or less distant relatives.

TWO VISUAL SYSTEMS  The [unction aseribed to Y cells, of allowing initial orien-
tation to new or moving stimuli, has also often been associated with the “second
visual system” centered in the midbrain (91, 114). This may not be coincidence,
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because Y ganglion cell axons (but not those of X cells) bifurcate to form a pathway
to the midbrain as well as to the cortex (e.g. 190).

CONCLUSION

As this review closes, a persevering reader may share the reaction of King Alphonso
X (The Wise) of Castile, who on being introduced to the then prevailing Prolemaic
cosmology of wheels within wheels pronounced: “If the Lord Almighty had con-
sulted me before embarking upon the Creation, I should have recommended some-
thing simpler.” When seen in contrast to the Galilean sim plicity of Hechi's
conception of the visual system, the events outlined here (and particularly the
multiple channels developments) may seem a backward step, a Ptolemaic revalution
in vision. But the analogy is misleading, for the complexity of structure revealed by
physiological and anatomical probes is undeniable, and no intellectual conjury will

make it vanish. What does remain open te discussion and investigation is the role
of that complexity in sceing.
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