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ABSTRACT

Sensitivity to visual stimulus length was first described by Hubei and Wiesel 

for cells at the end of the proposed hierarchical sequence in the visual cortex, the so 

called "hypercomplex cells". However, it has subsequently become clear that length 

sensitivity is seen in a significant proportion of cells at the first level of processing in 

the visual cortex, and in lateral geniculate cells relaying retinal input to the visual 

cortex. This project is concerned with synaptic processes generating length preference 

at the level of the geniculate, and their significance for the cortical representation of 

stimulus length. Utilising single unit recording techniques, length response curves were 

obtained from cells recorded in the dorsal lateral geniculate nucleus (dLGN) and the 

perigeniculate nucleus (PGN). The majority of dLGN cells exhibited a degree of 

length tuning equivalent to that seen in tightly tuned cortical hypercomplex cells. 

Additionally, an apparently distinct sub-population of poorly tuned Y cells was 

identified. Most PGN cells also exhibited poorly tuned fields. These results are 

discussed in terms of possible synaptic circuitry generating length sensitivity at sub- 

cortical and cortical levels. It is suggested that the results have bearing on the 

modelling of synaptic processes contributing to cortical cell length tuning profiles.

The corticofugal system provides the largest single input to the dLGN and has 

previously been shown to contribute to the generation of length tuning in the dLGN. 

Knowledge of the mode of synaptic action of the corticofugal system is therefore 

critical to an understanding of mechanisms generating length tuning. Koch suggested 

that corticofugal fibres mediate their effects by modulating NMDA receptor responses. 

While some studies suggest that the retinal neurotransmitter acts on NMDA and non- 

NMDA receptors, others suggest that it acts only on non-NMDA receptors. In the



mammalian dLGN there is no clear evidence as to the identity of the optic nerve 

transmitter. As a preliminary attempt to address this issue, an iontophoretic technique 

was utilised to examine the effects and pharmacology of two putative optic nerve 

transmitters thought to act on NMDA receptors. The effects of selective NMDA and 

non-NMDA receptor antagonists were examined on the responses to these and to 

visual stimuli.
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INTRODUCTION

Historical Overview.

The view that the mind is localized in the brain is unquestioningly accepted 

today, but this has not always been the case. Aristotle (384-322 BC), for example, 

believed that the soul was located in the heart, since he thought that the origin of blood 

would be the source of life itself, and proposed that the role of the brain was merely 

to cool blood from the heart which was the organ of thought and sensation. Plato 

(427-347 BC) however argued that the brain was the seat of the soul, though only on 

the grounds that a sphere, being a perfect geometrical shape, should house the spiritual 

mind of man. These two views were later integrated into a theory whereby absorbed 

nutrients passed to the liver and were formed into natural spirit; this flowed to the 

heart and became transformed into vital spirit. This passed to the network of blood 

vessels called the rete mirabile at the base of the brain, and mixed with air inspired 

through the nose into the base of the skull, to produce animal spirit, the essence of life, 

and the source of all intellect. This was stored in a system of fluid filled cavities, the 

ventricles. The arrangement of these ventricles was already known, consisting of a 

symmetrical pair at the front of the brain, communicating with the middle ventricle in 

the forebrain, which connected through a narrow canal with the last ventricle in the 

stem of the brain. Plato’s belief that the action of the mind proceeds through a series 

of operations, from sensation to memory, was then integrated with this knowledge. 

Hence, the nerves of the sense organs were thought to be connected to the first pair of 

ventricles, which were believed to be the site of the mechanisms of sensory analysis. 

Images created there were then passed to the middle ventricle, which was considered
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to be the seat of reason, thought and judgement. Memory, the final step, was lodged 

in the last ventricle.

Although some rival theories as to the physical embodiment of the mind, far 

closer to current beliefs, were evinced even in the time of Aristotle, as is evident from 

consideration of the extract below,

'We know that pleasure, happiness, laughter and 

pain, as well as fear; sorrow and dissatisfaction are present 

only in the brain. It is only with the brain that we think, 

understand, see and hear, and that we can distinguish the 

plain from the beautiful, the pleasant from the unpleasant.

For this reason, I  consider the brain the most important 

organ in the human body, for when it is healthy it is the 

interpreter that helps us to understand our sensations...."

(attributed to be the work o f a pupil o f Socrates)

the former concept persisted with widespread acceptance up until the era of the 

Renaissance. At that time, a combination of two factors appear to have led to its 

gradual decline. The first was the demonstration by Learnardo da Vinci, sometime 

between 1504 and 1507, that many nerves from the sense organs did not in fact arrive 

near the anterior pair of ventricles, but actually terminated in tissue (now termed the 

thalamus) around the third ventricle. The second factor was Descartes (1637) concept 

of the distinction between the mind and the body, which freed man to speculate about 

the workings of the brain without fear of persecution.
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It is clear that the nervous system’s ability to regulate and integrate all systems 

of the body, and to underlie behavioural and intellectual attainments has puzzled and 

fascinated man for centuries. What mechanisms enable a system composed of millions 

of neurones to interact and extract information from the environment, interpret it and 

then react appropriately? How is previous experience stored as memory? How does 

it interact with incoming environmental information to modulate the response to that 

information so that learned behaviour occurs? Despite many years of research, the 

answers to many of these questions still elude us, and the lack of an adequate 

understanding to such problems severely limits our ability to analyze and treat 

neurological disorders.

The inherent complexities involved in attempting to determine the solutions 

to these issues might at first appear too daunting to even begin to contemplate 

attempting to resolve them. However, it appears that many different areas of the brain 

utilise the same basic pattern of neuronal organization. For example, all sensory 

information is relayed to the cortex via the thalamus, which is therefore sometimes 

referred to as the "gateway to the cortex". Moreover, each cortical area receiving such 

thalamic input appears to send a projection back to that same area. Likewise, the 

organization of cerebral cortex areas, such as the somatosensory cortex, the visual 

cortex and the motor cortex all appear to be based on a modular organisation, with 

cells displaying similar properties being grouped together within modules.

Thus, one popular approach to the resolution of the above issues is to 

concentrate on one aspect of brain function, such as sensory processing, in the belief 

that many aspects of the neuronal processing performed in other areas may well follow 

similar principles. Hence, knowledge derived from the study of one area can hopefully



15

be applied elsewhere, consequently having far more widespread implications than 

might at first be assumed. In this context, sensory systems, and in particular the visual 

system, appear particularly useful since they can be driven precisely using relatively 

natural stimuli. A great deal of current research is therefore concentrated on the visual 

system in the hope that better understanding of one aspect of brain function will prove 

valuable to the elucidation of other brain functions such as memory and comprehension 

which with present technology are difficult to access. Increased knowledge of the 

fundamental neurobiology of processing mechanisms and transmitter interactions might 

then lead to a better understanding of pathological states such as Alzheimer’s disease, 

and hence to progress in attempts to prevent and cure such diseases.

With regard to the visual system some of the problems facing the brain might 

be summarised as follows. The eye is sensitive to the part of the electromagnetic 

spectrum we term light, which travels through space as wavelengths ranging between 

380 to 700nm. How is the information contained in a complex visual scene processed 

by the receptors and relayed to the mammalian visual system in a way that allows the 

difference in light reflected by the various components of the scene, to be perceived 

and integrated in the framework of existing knowledge?

Many different strategies are currently being employed to further our basic 

knowledge of the visual system. Numerous techniques from several disciplines 

including neuroanatomy, electrophysiology, psychophysics and computer modelling, 

are being utilised. Hopefully, the integration of information derived from these, and 

other, techniques may eventually enable us to understand the ways in which the visual 

system processes information.
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Historically, the earliest advances in our understanding of the visual system 

arose from a greater knowledge of the anatomical basis of the visual pathways. 

Following from da Vinci’s demonstration that the nerves of many sense organs did not 

terminate near the first pair of ventricles, Varoli published a text in 1573 which has a 

figure depicting the optic tract terminating in the thalamus. The first suggestion that 

the visual pathway might extend beyond the thalamus appears to be that proposed by 

Vieussens, though he in fact believed that the optic nerves themselves continued as far 

as the visual cortex. In 1809, Gall and Spurzheim noted that damage to the optic nerve 

resulted in atrophy of both the lateral geniculate nucleus and the superior colliculus, 

and proposed that these structures and not the thalamus proper, were the true visual 

nuclei. They also suggested, in 1810, the presence of a fibre tract traversing from the 

lateral geniculate nucleus to the occipital lobe. In the nineteenth century, evidence that 

the cerebral cortex is responsible for the higher functions of the mind was provided by 

Flourens (1794-1867). He showed that when animals had had their cerebral lobes 

removed, faculties such as perception, judgement, memory and will were lost. This 

appears to be the first evidence of a role for the cerebral hemispheres in visual 

function, rather than an exclusive dependence on the thalamus and mid-brain. While 

Flourens did not believe that specific functions were localised in different areas of the 

cerebral cortex, Panizza in 1855, observed that bilateral destruction of the posterior 

pole of the cerebral hemispheres resulted in complete blindness, but without apparently 

affecting other cerebral functions. Further work by others such as Munk, in 1876, and 

Holmes, during the first world war, confirmed Panizza’s views. Descartes (1686), 

although suggesting a retinal projection to the pineal gland as the basis for visual 

perception, appeared to give rise to the first suggestion of a topographic projection 

from the retina and hence a topographic representation of the retinal image in the 

brain. Following the earlier work of Henschen (1890,1892), Brouwer and Zeeman, in



1925, demonstrated the retinotopic projection to the lateral geniculate nucleus in the 

monkey and in 1934, Le Gros Clark and Penman, examining the degeneration caused 

by small lesions in different parts of the retina at the geniculate level further expanded 

these observations. Isaac Newton (1704) and John Taylor (1727) proposed that a 

partial decussation of the optic nerves at the optic chiasma might be a substrate for 

binocular vision, by bringing together nerve fibres originating from the homonymous 

halves of both eyes, so that each point of the retinal surface of one eye, becomes 

anatomically and functionally correlated to a similar point of the other eye. [A diagram 

depicting this view taken from John Taylor’s work, is illustrated in Fig. 1.] Minowski 

(1913 and 1920) demonstrated experimentally that fibres from the ipsilateral and 

contralateral eyes terminate in different layers of the lateral geniculate nucleus.

Advances in microscopic techniques enabled the morphology of neurones to 

be determined. Deiters, in 1865, published the first reasonably accurate drawings of 

nerve cells, and suggested the presence of two types of nerve processes, the axon and 

the dendrite. The discovery of a new method of staining neurones by Camillo Golgi 

in 1873, which enabled the finest terminal branches to be traced, was of great 

importance, and its application by Santiago Ramon y Cajal, led to the unequivocal 

demonstration that neurones were not physically linked together, but were in fact 

separate entities. The advent of the electron microscope, together with improved 

staining techniques at the light microscopic level has led to greater knowledge of the 

ultrastructural morphology and synaptic connections of individual neurones. 

Immunocytochemical staining methods have led to an ability to correlate specific 

neurotransmitters with distinct morphological cell classes. [For reviews on the above, 

see Polyak, (1957); Blakemore, (1977); Ottoson, (1983).]
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Fig. 78.—John T ay lo r’s diagram showing partial 
decussation or crossing of optic nerve fibers in the 
chiasma as a basis of binocular single vision. From J. 
Taylor, M echanvtm ut. . . de» memchlichen Auges, Fig. 
5, Tab. V, published in Frankfurt a.M ., 1750.

Fig. 1. Diagram by John Taylor (1750) showing the partial decussation of the optic 

nerves at the optic chiasma, taken from Polyak, 1957. Fibres from the nasal 

hemiretinae cross at the chiasma and pass to opposite sides of the brain, while those 

from the temporal retinae do not. This results in the right half of the world being 

represented in the left side of the brain, and vice versa.
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However one of the major advances has been the development of very fine 

tipped micropipettes with which it has been possible, while causing minimal structural 

damage, to obtain both extra-and intra-cellular recordings on the comparatively small 

neurones of vertebrates. The use of such electrodes, combined with visual stimulation, 

performed on in vivo preparations, has enabled the response properties of neurones 

at various levels of the visual system to be described.

Hartline, in 1938, provided the first description of the receptive field of single 

ganglion cells of the vertebrate retina. He noted that a cell would respond only to 

illumination of a restricted portion of the retina, which was fixed for any one cell, and 

which he termed its receptive field. He noted that some cells responded to a light flash 

being turned on, others to the flash being turned off, and some to a light flash being 

turned on and off. In 1953, Barlow recording from the frog, and Kuffler, recording 

from the cat, both described the organisation of the receptive field of retinal ganglion 

cells as being composed of a centre region, with an antagonistic, concentrically 

arranged surround. Barlow also suggested that the receptive field properties of the on- 

off units seen in the frog were ideally suited to enable them to act as fly-detectors. This 

proposal seems to be the first suggestion of the concept of specific feature detectors, 

which are thought of as responding best, or in some cases only, to the particular feature 

they are supposed to detect. This idea was taken further by Lettvin and co-workers, 

who described five different groups of cell in the frog retina, each of which was 

believed to function as a detector for different features of an image.

In the cat, the receptive fields of the first recorded retinal ganglion and dorsal 

lateral geniculate nucleus (dLGN) cells appeared to be only of the concentrically 

organised, antagonistic centre-surround type (Kuffler, 1953; Hubei, 1960). However,
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Hubei and Wiesel (1962, 1965) demonstrated that cells in the visual cortex did not 

respond well to flashing spots of light, but were best activated by bars or edges of a 

particular orientation, often moving in one direction only. They also demonstrated 

that some cells were selective to the length of the stimulus, responding only to short 

as opposed to long bars. From their observations, they proposed that visual processing 

proceeded along a hierarchical sequence, with all geniculate input terminating in area

17. In area 17, one particular cell class, (which they called simple cells) received the 

geniculate input. Output from simple cells then constituted all the input for another 

group of cells (called complex cells) with more complex receptive field properties. 

These cells then, in turn, provided all the input to the cell group with the most 

specialized properties, which they called hypercomplex cells. Hypercomplex cells were 

distinguished from complex cells as they exhibited length selectivity. They originally 

saw such cells only in areas 18 and 19, and therefore also proposed that cortical areas 

were arranged in a hierarchical sequence, with area 17 providing all the input to area

18, which then provided all the input to area 19.

Hubei and Wiesel’s observations were taken as further support for the theory 

of feature detectors, and both simple and complex cells were often regarded as bar or 

edge detectors. Simple cells were thought to identify the spatial location of the 

oriented components of a bar, while complex cells, which showed less of a dependence 

on the precise location of an oriented stimulus within the receptive field, were thought 

to signal orientation, regardless of bar location. More and more elaborate features 

were thought to be extracted sequentially, until at the top of the hierarchy, a population 

of "grandmother cells" would exist, indicating the presence of a specific trigger, such as 

grandmother’s face. An alternative school of thought has suggested that visual cells 

rather than acting as simple feature detectors, are actually acting as broad-band filters,
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performing a Fourier analysis of the image (see Shapley and Lennie, 1985, for review), 

with the presence of any one particular object being represented by the distribution of 

activity across a population of cells, rather than by the activation of one particular cell.

Three main types of retinal ganglion cells have now been identified in the cat 

on the basis of physiological and morphological criteria, namely X, Y and W cells 

physiologically, or beta, alpha, and gamma cells morphologically. These cell classes 

have different physiological properties, differing morphologies, differing distributions 

and projections, and are therefore thought to subserve differing functional roles. There 

is very little convergence of input from the differing retinal cell types onto any one cell 

in the dorsal lateral geniculate nucleus, so that cells in the dLGN also retain this 

classification, and these pathways therefore almost certainly remain segregated at this 

level. Some suggestions have also been made that those cortical cells receiving dLGN 

afferents have their predominant input from only one cell class, so that these pathways 

also remain separate at the earliest stages of cortical processing. The essential point 

here is that this has led to suggestions of 3 distinct pathways passing to the cortex in 

parallel, each with its own functional role. Hence, it has been proposed that these 3 

pathways independently analyze different aspects of the same visual scene, and that 

these separate analyses are integrated at a later stage to form the neural representation 

of the scene rather than the one single chain of hierarchical processing, where each 

successive stage abstracts successively more complex features of a stimulus as originally 

proposed by Hubei and Wiesel (for reviews see Stone, Dreher and Leventhal, 1979; 

Lennie, 1980; Sherman, 1985). The exact function of each pathway in this parallel 

processing model is the subject of considerable debate. Stone et al. (1979) suggested 

that the X cell pathway is responsible for the analysis of spatial patterns and the Y cell 

pathway for analysis of temporal patterns. However, Sherman (1985) suggested that
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the Y cell pathway is responsible for the analysis of basic forms, while higher spatial 

resolution and position sensitivity would be provided by the X cell pathway. No 

functional role appears to have been suggested for the W cell pathway at present, 

though their large projection to the superior colliculus would suggest the possibility of 

an involvement in eye movement control.
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Purpose of this Study.

As the receptive field properties of cells in the visual pathways reflect 

interactions of the underlying synaptic circuitry, any differences in receptive field 

properties between cells can be attributed to the particular pattern of synaptic inputs 

operating on each cell. Their optimal stimuli can be documented precisely under 

computer control, by the use of relatively natural, noninvasive stimuli, and hence, as 

discussed earlier, it appears that the visual system provides possibly one of the best 

models for studying the effects of manipulation of components of neuronal circuitry 

believed to subserve specific functions.

The work in the present project concentrates on one aspect of visual receptive 

field structure, viz the length preference exhibited by cells in the mammalian visual 

system, and attempts to elucidate the mechanisms of its generation in the cat visual 

system. Sensitivity to visual stimulus length was first described by Hubei and Wiesel 

(1965) for cells at the end of the proposed hierarchical sequence in the visual cortex, 

the so-called "hypercomplex cells". It has subsequently become clear however, that 

length sensitivity is seen in a significant proportion of cells at the first level of 

processing in the visual cortex, and in geniculate cells relaying retinal input to the 

visual cortex. This project is concerned with the synaptic processes generating length 

preference at the level of the geniculate, and their significance for the cortical 

representation of stimulus length. The demonstration of some degree of length tuning 

at subcortical levels has led to suggestions that cortical cell length preference may not, 

in fact, result from cortical inhibitory interactions, but might merely reflect a 

nonspecific inhibitory enhancement of an already length tuned input. This suggestion 

is controversial, and one of the primary objectives of this study has been to re-examine
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the length preference of cells in the A laminae of the feline dorsal lateral geniculate 

nucleus.

A proper understanding of the synaptic interactions at any level in the nervous 

system requires detailed knowledge of the neurotransmitters, receptors and ion 

channels underlying each category of interaction. An issue of crucial importance in 

the geniculate is the identity of the transmitter and receptors mediating the transfer 

of retinal information to relay cells. There is a large body of evidence to suggest that 

the optic nerve transmitter mediates its effects on excitatory amino acid receptors 

(Kemp and Sillito, 1982; Crunelli, Kelly, Leresche and Pirchio, 1987a; Moody and 

Sillito, 1987; Sillito, Murphy and Salt, 1990a; Sillito, Murphy, Salt and Moody, 1990b), 

and the more recent work implies that both NMDA receptor and non-NMDA receptor 

subtypes are involved. The involvement of a contribution from voltage dependent 

NMDA channels in the transmission of visual information through the lateral 

geniculate nucleus is of considerable interest, since transmission of information at the 

retino-geniculate synapse will therefore be critically dependent on any synaptic inputs 

of visual or non-visual origins, which influence the level of relay cell depolarisation. 

The problem of the actual identity of the optic nerve transmitter is at present 

unresolved. As visual input through the dLGN is dependent on both NMDA and non- 

NMDA receptors, the immediate assumption might be that the optic nerve transmitter 

is one of the two mixed agonists glutamate or aspartate. However, in mammals, there 

is evidence to suggest that this is not the case (Baughman and Gilbert, 1981). 

Preliminary attempts to address the issue of the identity of the optic nerve transmitter 

have been carried out using an iontophoretic technique to examine the effects and 

pharmacology of two putative neurotransmitter candidates on dLGN cells.
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Outline of the Visual System.

A great deal of our knowledge of the visual system has been derived from 

experimental work on the cat. In the following account the cat has therefore been 

used as a primary model, but specific reference has been made to other species where 

necessary. The major focus of interest in this work concerns the A laminae of the 

dLGN. Thus the emphasis in this account is on the properties of retinal X and Y cells, 

their projection to the A laminae of the dorsal lateral geniculate nucleus, the properties 

of cells in the dLGN and their generation, and their subsequent projections to the 

cortex. The length response properties of cortical cells are also briefly described.

The Retina.

Retinal photoreceptors act as transducers, converting light energy into electrical 

signals that represent all perceived visual information about the external world. 

Information represented as graded potential changes in the photoreceptors is 

transmitted through complicated synaptic interactions to the retinal ganglion cells, 

which are the first cells in the visual pathway to exhibit fully propagated action 

potentials. The axons of these ganglion cells converge and leave the eye as the optic 

nerve. An increased level of light leads to hyperpolarisation of the photoreceptors 

and a decreased level of transmitter release. The photoreceptors synapse onto bipolar 

cells, and two main populations of these cells exist, one of which hyperpolarises and the 

other which depolarises to increased light levels. Horizontal cells at the level of the 

outer plexiform layer form extensive lateral connections between receptors and bipolar 

cells. Bipolar cells contact both ganglion cells and amacrine cells. Amacrines are
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responsible for extensive lateral interactions at the level of the inner plexiform layer, 

having inhibitory and neuromodulatory contacts onto both bipolar and ganglion cells, 

and excitatory contacts with some bipolar cell classes.

Recent work has demonstrated that many morphologically distinct classes of 

horizontal, bipolar, amacrine and retinal ganglion cells exist. The functional 

significance of this large variety of cell types is not as yet fully understood.

Two types of photoreceptor have been identified in the cat retina, rods and 

cones. Each has its own class of bipolar cell and thus apparently its own separate 

pathway to the ganglion cell. Several classes of retinal ganglion cell, namely alpha, 

beta, gamma and delta, were identified by Boycott and Wassle (1974), and 2 levels of 

dendritic stratification of these cells in the inner plexiform layer have also been 

demonstrated (Famiglietti and Kolb, 1976). Several distinct classes of cone bipolar 

cells have been described. These appear to form specific pathways, with 2 classes 

connecting to On-beta ganglion cells (designated CBbl and CBb2), 2 classes connecting 

with Off-beta cells (CBal and CBa2), with at least one member of each pair also 

contacting the corresponding alpha cell classes. Rod bipolars do not contact most 

ganglion cells but instead synapse onto a class of amacrine cell (the All). The All 

amacrine in turn either contacts the axon terminals of the CBbl cone bipolar via gap 

junctions (in sublamina b), or forms chemical synapses with the dendrites of alpha and 

beta ganglion cells (in sublamina a). However, rod signals are also transmitted directly 

to cones, via gap junctions (Kolb, 1977), and can thus pass to retinal ganglion cells 

through the cone-bipolar pathway.
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The receptive field of a cell is usually defined as the area of visual space from 

which a suitable stimulus will excite or inhibit a neurone. The convergence of signals 

from many receptors onto each ganglion cell is the basis by which the receptive field 

of each ganglion cell is constructed. As an example, the connections by which the 

receptive field of an On beta cell is believed to be formed are summarised below.

It has been shown that of the 2 types of cone bipolar innervating the On beta 

cell, one depolarises (CBbl), and the other hyperpolarises (CBb2) to light (Nelson 

and Kolb, 1983). By inferring that there is an increased transmitter release from the 

former cell and a decreased release from the latter on illumination, it has been 

suggested that the response of the ganglion cell to light is caused by increased 

excitation from the CBbl cone bipolar and decreased inhibition from the CBb2 bipolar 

(McGuire, Stevens and Sterling, 1986). It is proposed that the cone bipolar pair 

innervating Off beta cells would act similarly through this push-pull mechanism, but in 

a reversed manner.

The On beta cell is believed to receive input from only about four bipolar cells, 

each of which is thought to derive input from approximately four cones. The spatial 

extent of the receptive field centre of a cone bipolar cell near the area centralis is 

however considerably larger than that of its dendritic field, so that an additional input 

must somehow be derived, representing the cone signals from outside its dendritic field. 

It has been suggested that horizontal cells might mediate this effect. The type B 

horizontal cell contacts cones over a larger area, so that it has been proposed this type 

B cell would also have a connection, of the same polarity as the cone, to the CBbl 

bipolar. The type A horizontal cell has an even larger dendritic spread, with 

widespread connections via gap junctions to the dendrites of other type A cells, and has
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hence been suggested as being suitable for generating the surround of the cone bipolar 

(Sterling, Freed and Smith, 1986).

Such accounts are largely speculative, and many questions remain unanswered. 

For example, amacrine contacts onto On beta cells also exist and may well play a 

significant role in the generation of the surround. No attempt is made here to discuss 

the mechanisms by which the receptive fields of the other classes of ganglion cell are 

derived, since these too are predominantly conjecture at present. For relevant reviews, 

see Sterling (1983) and Sterling et al. (1986).

The central part of the retina, termed the area centralis in cat, has the maximum 

density of both receptors and ganglion cells (Polyak, 1957). Since this central portion 

of the retina subserves the centre of visual space, a disproportionately large area of the 

visual map is devoted to the central portion of the visual field. This distortion has been 

termed the "magnification factor" (Daniel and Whitteridge, 1961; Sanderson, 1971b). 

For all retinal ganglion cell classes seen in the retina, there is a tendency for an 

increase in soma size with increasing eccentricity (Bishop, Kozak and Vakkur, 1962; 

Stone, 1965).

Functional and Morphological Classification of Retinal Ganglion Cells.

Kuffler (1953) described the receptive fields of cat retinal ganglion cells as 

being composed of an approximately circular centre region, with a concentric annular 

surround. These cells could be divided into 2 subtypes with receptive fields having 

either On centre and Off surround characteristics, or Off centre and On surrounds, 

the 2 components being antagonistic in their influence on the cell. Hence a cell’s
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response to centre illumination was weakened by simultaneous surround illumination, 

so that a cell would be particularly responsive to small spots of light the same size as 

the receptive field centre, but would give a reduced response to diffuse illumination.

As well as this On or Off centre classification scheme, retinal ganglion cells 

have also been classified on the basis of physiological criteria into X, Y and W types. 

In 1966, Enroth-Cugell and Robson demonstrated that receptive fields of both On and 

Off centre cells could possess different spatial summation properties. X cells exhibited 

approximately linear spatial summation whilst Y cells did not. When the responses of 

cells to the presence of stationary, sinusoidally modulated luminance grating patterns 

were examined, the magnitude of the response was found to vary in relation to the 

position of the pattern with respect to the receptive field centre, or the phase angle of 

the grating, for both classes of cells. However, whereas a spatial phase could always 

be found for X cells where the introduction or withdrawal of a grating would not elicit 

a response, such a position, often termed a null point, could not be determined for Y 

cells, where introduction or withdrawal of a grating, even at the position of least 

response, would alv/ays elicit some activity. Furthermore when stimulated with drifting 

sinusoidal gratings, X cells responded with a modulation of their discharge rate in 

synchrony with the passage of the grating cycles across the receptive field, but with little 

change in their mean impulse rate, while Y cells responded with both a modulation of 

the impulse rate and an increase in the mean impulse rate. The difference between X 

and Y cells was most pronounced for gratings in the high spatial frequency range. X 

cells have been shown to have a higher optimal spatial frequency than Y cells, and 

spatial frequency resolution has been shown to decrease with increasing eccentricity for 

both X and Y cells (Hochstein and Shapley, 1976; Cleland, Harding and Tulanay- 

Keesey, 1979; Victor and Shapley, 1979). To explain the non-linear spatial summation
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exhibited by Y cells, it has been proposed that in addition to linear centre and surround 

mechanisms, the receptive fields of Y cells contain additional non-linear subunits 

having a higher spatial frequency resolution than the centre, which are widely 

distributed over the receptive field (Hochstein and Shapley, 1976).

Cleland, Dubin and Levick (1971) subdivided cells into sustained and transient 

types by application of a battery of tests. Sustained cells exhibited tonic responses to 

standing contrast over the receptive field centre whilst transient cells exhibited more 

phasic responses. Sustained cells responded to smaller, more slowly moving stimuli 

than transient cells, and did not exhibit a periphery effect, while transient cells did. 

Sustained cells also responded with a modulation of the maintained discharge about 

its mean level to the presentation of increasingly fine grating patterns until the grating 

became so fine that the cell stopped responding. Transient cells however responded 

with an unmodulated increase in the mean firing rate. Hence they concluded that 

sustained cells were equivalent to X cells and transient cells to Y cells. However, it 

should be noted that the time-course of a cell’s response is dependent on the level of 

background illumination (Cleland, Levick and Sanderson, 1973; Enroth-Cugell and 

Shapley, 1973; Jakiela, Enroth-Cugell and Shapley, 1976). Thus, in fact, when dark 

adapted, Y cell responses are tonic, and some X cells can exhibit phasic responses when 

light adapted. Sustained cells were also shown to have more slowly conducting axons 

than transient cells. Fukada (1971) recording from optic nerve fibres, classified two 

types of axons, type I and type II. Type I axons showed a phasic response, whilst type 

II axons had a tonic response, type I axons exhibited a faster conduction velocity than 

type II axons, and type I axons responded to larger stimuli than type II axons. Hence 

type I axons probably correspond to Y cell axons and type II axons to the axons of X 

cells.
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The W cell class probably contains several distinct subgroups but is usually 

regarded as one class. They are distinguished from X and Y cells on the basis of 

several response properties. They have the slowest axonal conduction velocity of all 

retinal axons. Most W cells have a classic, antagonistic centre-surround structure with 

relatively large receptive fields. Some respond tonically and others phasically to 

appropriate standing contrast over the receptive field centre. Some show linear and 

others non-linear spatial summation. They exhibit poor and variable responses to visual 

stimuli and have hence been termed sluggish cells (as opposed to brisk for sustained 

and transient, or X /Y  classes) by some workers. An On centre tonic W cell with 

concentric receptive field structure can be distinguished from X and Y cells since it fails 

to respond to a dark spot removed from the centre, and likewise an Off centre tonic W 

cell fails to respond to a light spot removed from the centre. Some W cells do not have 

antagonistic concentric receptive field structures. These cells can be directionally 

selective, or will be excited by any contrast in the receptive field, or inhibited by any 

contrast in the receptive field. Some W cells are also colour sensitive (Stone and 

Hoffmann, 1972; Cleland and Levick, 1974a, b; Stone and Fukuda, 1974a).

Using Golgi impregnation techniques, Boycott and Wassle (1974) demonstrated 

several morphological types of ganglion cell on the basis of dendritic morphology. 

They termed these classes alpha, beta and gamma cells. Alpha cells have large somas 

(23 - 38/i in diameter), fairly extensive dendritic arbors and thick axons. Beta cells have 

medium sized somas (11-24/x), small but densely branched dendritic arbors and axons 

of intermediate thickness. Gamma cells have the smallest somas (8 - 18/i), extensive 

but sparsely branched dendritic arbors and the thinnest axons. It has been suggested 

that alpha cells correspond to Y cells, beta cells to X cells and gamma cells to W cells 

(Cleland, Levick and Wassle, 1975; Saito, 1983).
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However, several studies have indicated that W cells probably have more than 

one morphological type, with some W cells having soma sizes that are comparable to 

those of beta cells. Stanford (1987) showed that tonic W cells had a soma size falling 

into the medium sized range of retinal ganglion cells, whilst phasic W cells had the 

small soma sizes usually associated with gamma cells. Famiglietti and Kolb (1976) 

showed that On centre cells and Off centre cells have dendrites that spread in different 

sublaminae of the inner plexiform layer, hence it seems that On and Off cells as well 

as X, Y, and W cells may have differing morphologies.

W cell density is fairly uniform across the retina, (Rowe and Stone, 1976). Both 

X and Y cells are most numerous in the area centralis, but the concentration of X cells 

is greater than that of Y cells at the area centralis. The relative ratio of Y to X cells 

increases with eccentricity. Y cells form 5 -10% of the retinal ganglion cell population, 

X cells about 40% and the remaining 50% are W cells.

Response Properties of Retinal X and Y Cells.

Although the receptive fields of retinal ganglion cells appear essentially circular, 

careful mapping has shown that the receptive field centres of these cells are in fact 

slightly elliptical, with an average major to minor axis ratio of 1.23 to 1 (Hammond,

1974). Receptive field centre sizes of both X and Y cells increase with increasing 

eccentricity.

As previously described, there are 3 distinct pathways by which retinal ganglion 

cells derive photoreceptor inputs, namely a cone driven input through the push-pull 

cone bipolar cell pathway, a rod driven input also mediated through the cone bipolar
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pathway (via gap junctions between rods and cones), and a rod input through the rod 

bipolar-All amacrine pathway. The dominant pattern of input to the ganglion cell will 

therefore be dependent on the background illumination level, since the change from 

photopic through mesopic to scotopic light levels will be accompanied by a switch in 

the pathway through which the ganglion cell receives its major input (for relevant 

reviews see Sterling, 1983; Sterling et al., 1986). Hence, the mechanisms determining 

the balance of centre-surround antagonism seen in retinal ganglion cells are critically 

dependent on background illumination levels, and thus the actual background level of 

illumination will be critical in the assessment of any response properties of ganglion 

cells influenced by centre-surround interactions. Indeed, various studies have 

demonstrated that the ability of a retinal ganglion cell’s surround to antagonise the 

centre response is altered by a change in background light levels (Barlow, Fitzhugh and 

Kuffler, 1957; Enroth-Cugell and Robson, 1966; Andrews and Hammond, 1970a,b; 

Enroth-Cugell and Lennie, 1975; Hammond, 1975; Barlow and Levick, 1976; Kaplan, 

Marcus and So, 1979; Derrington and Lennie, 1982). [For this reason, all recordings 

in this study were carried out at photopic (or occasionally high mesopic) background 

illumination levels, where the input to retinal ganglion cells would be primarily through 

the cone to cone bipolar cell pathway.]

Since retinal X and Y cells respond well to flashing spots and annuli, as 

described above, many studies of these cells have assessed their responses using only 

these types of stimuli. However, cortical cells respond poorly if at all to such stimuli, 

preferring oriented, moving, bars or edges, and often exhibit orientation, direction or 

length specificity. Hence more recent studies have also assessed the responses of 

retinal cells to such stimuli, but in comparison to cortical cells, retinal cells do not 

exhibit much selectivity.
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Responses to Moving Bars.

Responses of On and Off centre cells to moving bars are similar, but stimuli 

of opposite contrast are required to elicit a given response (Rodieck and Stone, 1965). 

They termed responses of neurones to stimuli appropriate for excitation of the centre, 

centre-activated responses and those to stimuli appropriate for the surround, centre- 

suppressed responses. The diagrams in Fig. 2 (taken from Rodieck and Stone, 1965) 

schematically summarize the response of a typical cell to narrow and wide, centre- 

activating and centre-suppressing bars. The responses of X and Y cells have a similar 

profile, but the response tends to be broader for Y cells, presumably reflecting the fact 

that Y cells have larger receptive field centres than X cells, for the same eccentricity 

(Lee and Willshaw, 1978). When a narrow bar of appropriate contrast for the centre 

is passed over the receptive field, some response suppression may be seen as the bar 

enters the surround, followed by a vigorous discharge as the bar moves over the 

receptive field centre, followed by further suppression of activity as the bar leaves the 

centre and passes into the surround. Occasionally a further increase in response as the 

bar leaves the surround may also be seen. With a wide bar, following the activation 

elicited by the bar entering the centre, there is an additional decrease in response, 

resulting from the fact that the leading edge of the wide bar enters the surround while 

none of the trailing edge has begun to leave the surround. As the trailing edge then 

begins to leave the surround there follows an additional peak in the response. The 

response to a bar of appropriate contrast for surround activation is the inverse of that 

seen to a bar of appropriate contrast (Rodieck and Stone, 1965; Lee and Willshaw,

1978).
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Fig. 2. Schematic summary of the typical responses of retinal ganglion cells to 

moving bars (reproduced from Rodieck and Stone, 1965, together with the original 

figure legend).
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When tested with moving bars, retinal ganglion cells can exhibit some selectivity 

for the length and velocity of the stimulus. Lee and Willshaw (1978) showed that when 

bar length was increased, brisk sustained cells showed a decrement in response 

magnitude of 22% as compared to the peak response seen to a short bar, while brisk 

transient cells showed a decrement of 8%. Cleland, Harding and Keesey (1983a) found 

an average decrement of 26% response reduction with increasing bar length, in their 

study of retinal ganglion cells. As the velocity of the stimulating bar is increased the 

peak firing rates of both X and Y cells increases, but Y cells have a higher optimal 

value than X cells (Lee and Willshaw, 1978; Cleland and Harding, 1983; Cleland et al., 

1983a). However, if the magnitude of the response above spontaneous is averaged over 

the number of bins forming the response peak, the magnitude of the response, of both 

X and Y cells, to increased bar velocities does not increase (Lee and Willshaw, 1978), 

presumably due to the greater width of the response area at lower velocities, since the 

slower stimulus remains over the receptive field for longer.

The demonstration that retinal ganglion cell receptive fields are not exactly 

circular, but are in fact slightly elliptical (Hammond, 1974), suggested the possibility 

that some degree of orientation bias might therefore be seen at the ganglion cell level, 

and indeed, experiments addressing this issue have documented that some retinal 

ganglion cells do exhibit orientation biases to drifting or sinusoidally modulated 

gratings (Levick and Thibos, 1980, 1982). They suggest that the optimal orientation 

appears to be directed along a line parallel to that joining the receptive field centre 

position to the area centralis, though their data would appear to support a horizontal 

orientation bias as strongly as the radial bias. Dendritic trees of ganglion cells have 

also been shown to exhibit an orientation bias and the degree of anatomically measured 

bias is similar to that seen physiologically (Leventhal and Schall, 1983). The dendritic
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trees appear to be oriented parallel along a line joining the cell to the area centralis. 

Levick and Thibos (1982) suggested that this orientation bias might be due to either an 

elongation of the centre alone or to an elongation of both centre and surround.

Retinal Projections.

The axons of the retinal ganglion cells leave the eye as the optic nerve at the 

blind spot. Broadly, axons of retinal ganglion cells that lie temporal to the area 

centralis pass to the ipsilateral optic tract, while those located in the nasal halves of 

the two retinae cross at the optic chiasm and pass to opposite sides of the brain. This 

partial decussation results in the right half of the world being represented in the left 

hemisphere, and vice versa. However, it should be noted that for X cells, there is a thin 

(1 degree) strip of overlap running vertically through the centre of the area centralis 

where these projections overlap. In the case of Y and W cells, cells in the nasal retina 

send fibres only to the contralateral optic tract, but some fibres in the temporal retina 

also send fibres to the contralateral optic tract, and their line of naso-temporal division 

is located 1-2° temporal to that of X cells (Stone and Fukuda, 1974b; Kirk, Levick, 

Cleland and Wassle, 1976).

Axons of retinal ganglion cells project to the dorsal lateral geniculate nucleus, 

the superior colliculus, the pretectum and the pulvinar. The projections of X, Y and 

W cells are summarised in tabulated form in Table 1. X cells have been shown to 

project principally to the A laminae of the dLGN. Some X cells also seem to project 

via axon collaterals to the C lamina, the midbrain and to the medial interlaminar 

nucleus (MIN). Y cells project to the A laminae of the dLGN, but also to the C 

laminae, MIN, the pretectum and to the superior colliculus, probably via axon
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CELL CLASS PROJECTIONS TO:-

X
A laminae, dLGN
also minor components to
C lamina, dLGN
MIN
NOT
PT

Y

A laminae, dLGN 
C lamina, dLGN 
MIN 
SC
also minor components to
NOT
PT

W

i

C laminae, dLGN
vLGN
MIN
SC
NOT
PT
GW

Table 1. This summarises the projections of retinal X, Y and W cells.

Abbreviations are: dLGN - dorsal lateral geniculate nucleus; vLGN - ventral lateral 

geniculate nucleus; MIN - medial interlaminar nucleus; NOT - nucleus of the optic 

tract; PT - pretectal nucleus; SC - superior colliculus; GW - geniculate wing.



39

• collaterals. W cells appear to project mainly to the superior colliculus, but also project 

to the C laminae of the dLGN, to the ventral division of the LGN and to MIN, and to 

the pretectum (Sur and Sherman, 1982; Bowling and Michaels, 1984; Sur, Esguerra, 

Garraghty, Kritzer and Sherman, 1987).

The laminated part of the dorsal lateral geniculate nucleus (dLGN) is divided 

into 3 layers on the basis of Nissl staining. These are lamina A  which is located 

dorsally, lamina A1 found in the middle and lamina B located just above the optic 

tract. Lamina A receives contralateral input, A1 ipsilateral input and the B lamina 

has a more complex input. On the basis of degeneration and autoradiographic studies, 

the B lamina has been further subdivided into lamina C, receiving contralateral input, 

lamina C l receiving ipsilateral input, C2 receiving contralateral input and C3 which 

receives no detectable retinal input, but has a projection from the superior colliculus 

(Guillery, 1970; Hickey and Guillery, 1974; Torrealba, Partlow and Guillery, 1981). 

Laminae C, C l, C2 and C3 are now frequently referred to collectively as the C laminae, 

in preference to the lamina B terminology.

X and Y cells project to the A laminae. Lamina C has large cells believed to 

correspond to Y cells dorsally, and small cells, believed to correspond to W cells, 

ventrally. Laminae Cl-3 contain small cells corresponding to W <cells. Lamina C is 

sometimes referred to as magnocellular C and laminae Cl-3 as parvtocellular C. Whilst 

there is a clear interlaminar zone separating both A and Al, a;nd A1 and C, the 

boundaries between the rest of the C complex are not distinct.

The medial interlaminar nucleus (MIN) has no apparent lamination on Nissl 

staining, but has, on the basis of autoradiographic techniques, beem shown to have a
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small central zone receiving input from the ipsilateral eye, and this is surrounded by a 

large crescent shaped region extending dorsally, medially and ventrally, which receives 

contralateral input (Kratz, Webb and Sherman, 1978). It predominantly receives W 

and Y cell input, though with perhaps a small component of X cell input Mason, 1975).

The dLGN and MIN receive a strictly retinotopically organized input so that 

neighbouring geniculate neurones have receptive fields adjacent to one another in 

visual space. The laminae are stacked in visuotopic register such that a column of 

cells oriented perpendicularly to the laminar borders all map the same point in visual 

space. These are termed projection lines (Sanderson, 1971). The vertical meridian 

of the visual field is mapped at the medial edge of the A and C laminae, and lateral 

locations along these laminae map progressively more peripheral visual fields. Vertical 

directions in space are represented by antereoposterior directions in the nucleus such 

that more elevated coordinates are mapped more posteriorly than lower positions 

which are mapped more anteriorly. Retinal ganglion cell axons from a narrow vertical 

strip, 2° wide, passing through the area centralis, project to both dLGN and hence to 

both cortical hemispheres. Hence a complete representation of the contralateral half 

of the visual field together with a narrow strip of ipsilateral visual field adjoining the 

mid-line is mapped in the dLGN. However this visual map is distorted so that more 

space is devoted to central rather than peripheral visual regions, following from the 

greater density of receptors and ganglion cells in the central areas of the retina.

Functional Organization of the dLGN.

The receptive field properties of cat laminae A dLGN cells are superficially 

similar to those of retinal ganglion cells. Hence, they too possess a well-defined
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concentric centre-surround type of organisation, and can be divided into On and Off 

centre types, with an antagonistic surround (Hubei, 1960; Hubei and Wiesel, 1961; 

Cleland et al., 1971). They may also be divided into sustained and transient (or X and 

Y) classes, by the application of the same battery of tests used for the classification of 

retinal cells (Cleland et al., 1971).

One of the first distinctions between retinal ganglion and dLGN cell response 

properties was made by Hubei and Wiesel (1961), who demonstrated, by recording 

simultaneously from the S-potential (which is believed to represent the main retinal 

input to a dLGN cell) and the dLGN spike, that an increased level of antagonism from 

the surround was seen in dLGN cells, so that these cells were less responsive to diffuse 

illumination than their retinal input. The maintained discharge of dLGN neurones was 

also shown to be frequently clustered, unlike that of retinal ganglion cells, and to be of 

lower frequency than that of ganglion cells (Hubei, 1960; Hubei and Wiesel 1961). 

Cleland et al. (1971), also by the use of simultaneous S-potential and dLGN spike 

activity recordings, confirmed these observations, and, in addition, noted that the 

responses of dLGN neurones were less sustained than those of their retinal input. 

Hammond (1973) documented the presence of a further, so-called outer surround at 

the dLGN level, attributable to the surround component of the receptive field of the 

cells giving rise to the antagonistic surround.

These small differences belie the complex synaptic interactions at the level of 

the dLGN. At least two sets of inhibitory interneurones influence dLGN cells. One 

group of these is intrinsic to the dLGN and is believed to mediate feed-forward 

inhibition. The other derives from cells of the perigeniculate nucleus and is believed 

to mediate recurrent inhibition. The dLGN also receives input from the brain-stem
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reticular formation, the mid-brain and from the cortex (Singer, 1977). Indeed the 

retinal input to the dLGN contributes only about 20% of the synaptic contacts onto 

dLGN relay cells (Guillery, 1966). Despite these other extensive inputs, the similarity 

of dLGN cell properties to those of retinal ganglion cells has led to the widely held 

view that the dLGN is little more than a relay stage.

On average, it has been suggested that X and Y cells in the dLGN appear to 

receive direct excitatory input from 1 to 5 retinal ganglion cells of the same type, 

though the predominant input is frequently from only 1 or 2 ganglion cells, with closely 

overlapping receptive fields (Cleland et al., 1971; Levick, Cleland and Dubin, 1972), 

and thus there is very little loss of spatial information as information passes through the 

dLGN (So and Shapley, 1981). It should be noted that recent work by Hamos, Van 

Horn, Raczkowski and Sherman (1987) demonstrates that the way in which a single 

retinal X axon contacts its postsynaptic geniculate targets can vary markedly (see page 

47), suggesting that, at least for X cells, there may be several different patterns of 

retinal synaptic input onto geniculate neurones. Moreover, it appeared that one of the 

cells contacted by this X axon was in fact probably a Y cell (on the basis of its 

morphology), suggesting that in some cases geniculate cells do receive synaptic input 

from retinal ganglion cells of a different class. Such input may explain the existence of 

dLGN cells having apparently mixed X and Y like response properties (So and Shapley,

1979). Inhibitory input onto dLGN relay cells is not directly from retinal axons which 

make only excitatory connections, but is mediated through the two groups of inhibitory 

interneurones described above. There is evidence for inhibitory convergence of both 

X and Y mechanisms and On and Off centre inputs to the same cell (Singer and 

Creutzfeldt, 1970; Hoffmann, Stone and Sherman, 1972; Singer, Poppel and 

Creutzfeldt, 1972; Singer and Bedworth, 1973; Stevens and Gerstein, 1976a,b;
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Lindstrom, 1982). From intra-cellular recordings of IPSP latencies, it has been 

suggested that the on inhibition of Off centre neurones elicited by stimulation of the 

centre with small spots of light is due to inhibitory input from cells with functionally 

antagonistic receptive field centres, while the increased surround antagonism is due to 

inhibitory input from adjacent cells with the same centre polarity (Singer and 

Creutzfeldt, 1970; Singer et al., 1972).

It has now been well documented that GABAergic inhibitory mechanisms are 

responsible for inhibitory interactions in the dLGN. Thus it has been demonstrated 

that the centre-surround antagonism seen in the dLGN is reduced to retinal levels in 

the presence of the GABA antagonist bicuculline (Sillito and Kemp, 1983). 

GABAergic inhibitory mechanisms have also been documented to be responsible for 

the attenuation in response and increase in contrast threshold seen in dLGN X cells 

to low spatial frequency gratings (Berardi and Morrone, 1984), for orientation biases 

in the dLGN (Vidyasagar, 1984), for binocular inhibition in the dLGN (Pape and 

Eysel, 1986) and differences in the shift effect in X and Y cells in the dLGN (Eysel, 

Pape and Van Schayack, 1987).

It has been suggested that 20-25%  of cells in the A laminae are interneurones 

(LeVay and Ferster, 1979; Geisert, 1980; Weber and Kalil, 1983). These are believed 

to be a population of cells with small soma and axons which are strictly intrinsic to the 

dLGN. Hence these cells cannot be antidromically activated from the visual cortex 

(Dubin and Cleland, 1977; Lindstrom, 1982), nor retrogradely filled from the cortex 

(LeVay and Ferster, 1979; Geisert, 1980). A population of small neurones in the 

dLGN have been found to have a high affinity uptake system for [3HJGABA (Stirling 

and Davis, 1980). About a quarter of all laminae A dLGN cells are GAD-positive;
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: these cells have small soma and cannot be retrogradely labelled from HRP injections 

in the visual cortex (Fitzpatrick, Penny and Schmechel, 1984; Montero and Singer, 

1985). Cells which cannot be antidromically activated nor retrogradely labelled from 

the visual cortex have also been shown to be GAB A positive (Montero and Zempel, 

1985). These cells receive direct, monosynaptic retinal input and have receptive field 

properties similar to those of relay cells (Dubin and Cleland, 1977). It has been 

suggested that these interneurones can comprise both small and medium sized cells 

(Montero and Singer, 1985; Montero and Zempel, 1985), which might be analogous to 

the finding of X and Y types physiologically (Dubin and Cleland, 1977). However, in 

experiments where dLGN cells were first classified as having X or Y like properties, 

and then subsequently identified on the basis of morphological criteria as interneurones 

(for details see page 49), the responses of each of the interneurones identified were 

indistinguishable from those of X relay cells, and no interneurones having Y like 

properties were observed (Sherman and Friedlander, 1988). Hence, in view of this 

failure to observe Y like intrinsic inhibitory interneurones on morphological grounds, 

it may well be the case that Y like inhibitory input to relay cells is predominantly 

derived from PGN cells, which themselves receive a strong projection from Y cells 

(Dubin and CLeland, 1977). In addition to the small and medium sized interneurones 

described above, a population of large GABA-immunoreactive cells located in the 

interlaminar zone between laminae A and A l has recently been described (Robson and 

Martin-Elkins, 1985; Rinvik, Ottersen and Storm-Mathisen, 1987; Montero, 1989b). 

These interlaminar cells, like the other interneurones found within the A-laminae, were 

not retrogradely labelled following HRP injections in the visual cortex, but in contrast 

to the interneurones seen in the A-laminae, these cells do not receive retinal input 

(they lack input from the retinal axon r.l.p. synaptic terminals described on page 49) but 

do receive major synaptic input from axon collaterals of geniculate relay cells (r.l.d.



45

terminals, described on page 49) onto their soma and proximal dendrites.

Perigeniculate cells are generally binocularly activated, and give on-off 

responses to small spots of light flashed anywhere in their receptive fields (Sanderson, 

1971; Dubin and Cleland, 1977; Ahlsen, Lindstrom and Lo, 1982b). They tend to 

exhibit inconsistent responses to visual stimuli, making their receptive field borders 

difficult to define accurately (Wrobel and Tarnecki, 1984; Boyapati and Henry, 1987). 

While most PGN cells will respond to small stimuli, some units are only activated by 

the presentation of a much larger stimulus (Wrobel and Tarnecki, 1984). Some PGN 

cells have been documented as exhibiting orientation specificity and directional 

selectivity (Boyapati and Henry, 1987; Xue, Carney, Ramoa and Freeman, 1988). The 

PGN receives afferent connections from axon collaterals of dLGN relay cells (Ahlsen, 

Lindstrom and Sybriska, 1978; Ferster and LeVay, 1978; Friedlander, Lin, Stanford and 

Sherman, 1981; Ahlsen and Lindstrom, 1982), and may also receive a weak direct 

projection from retinal axons (Laties and Sprague, 1966). A projection from the visual 

cortex (Updyke, 1975,1977; Robson, 1984; Boyapati and Henry, 1984) and from the 

brainstem (Szentagothai, 1973; Ahlsen and Lo, 1982) to the PGN has also been 

described. PGN axons project to the A laminae of the dLGN, and most PGN cells are 

GAD positive (Fitzpatrick et al, 1984; Montero and Singer, 1984). Functionally, these 

connections mediate a recurrent inhibitory influence on dLGN relay cells (Dubin and 

Cleland, 1977; Ahlsen et al, 1982). Although on the basis of antidromic latency 

measurements it has been suggested that the predominant input to the PGN is from Y 

type axons (Dubin and Cleland, 1977), X cell input is also likely since So and Shapley

(1981) found that some PGN neurones could display consistent first harmonic 

responses to drifting gratings of higher spatial frequency than that compatible with Y 

cell responses.
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It has been proposed that the feed-forward inhibitory pathway mediates the 

enhanced centre-surround inhibition seen in the dLGN whilst the recurrent pathway 

has been proposed to regulate the gain of the transmission of visual signals through 

the dLGN (Ahlsen, Lindstrom and Lo, 1983). Since PGN cells do not respond well 

to small, flashing spots it has been suggested that these cells would not be suitable 

candidates for the mediation of the enhanced centre-surround of dLGN cells, but that 

intrinsic inhibitory neurones would mediate that inhibition. Transmission of visual 

signals through the dLGN is facilitated in the alert animal (Livingstone and Hubei, 

1981), and it has been suggested that the dLGN may play a role in selective attention 

(Singer, 1977). Both the feedforward and recurrent pathways are inhibited by 

stimulation of the brain-stem reticular formation (Ahlsen, Lindstrom and Lo, 1984). 

Kaplan, Purpura and Shapley (1987) reported that the transmission ratio in the dLGN 

is contrast dependent, and also dependent on the temporal and to a lesser extent the 

spatial frequency of the stimulus, showing that a stimulus specific inhibition takes place 

and not just a modulation of transmission due to global changes in arousal.

Corticofugal axons project to the dLGN and PGN (Updyke, 1975; Gilbert and 

Kelly, 1975; Robson, 1983; Boyapati and Henry, 1984; Weber, Kalil and Behan, 1989) 

giving rise to synaptic terminals onto relay cells and both intrinsic and PGN inhibitory 

interneurones. The projection is topographically arranged (Hollander, 1970; Updyke,

1975), and originates predominantly from layer VI cells (Gilbert and Kelly, 1975). 

Variable effects of the corticofugal feedback on dLGN cell responses have been 

reported. Hence it has been shown to have both excitatory and inhibitory effects on 

dLGN cells (Kalil and Chase, 1970, Tsumoto, Creutzfeldt and Legendy, 1978; Geisert, 

Langsetmo and Spear, 1981; McClurkin and Marrocco, 1984; Murphy and Sillito, 1987, 

1989).
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A new class of cell has recently been described in the A laminae, the lagged X 

cell (X-L) (Mastronarde, 1987 a, b; Humphrey and Weller, 1988 a, b). These cells are 

distinguished by the fact that their firing lags 40 - 80 ms. behind that of ganglion cells 

at response onset, and that they fire anomalously at times when their ganglion cell 

input would not be firing. Hence in response to a flashing spot, X-L cells are inhibited 

from firing during stimulus onset, at a time when the retinal input would have an initial 

transient peak in firing, and also generally have an anomalous peak in firing at stimulus 

offset, at a time when the retinal input would have stopped firing. At present, however, 

there is some controversy regarding these lagged X cells, since they have not been 

widely found in other laboratories.

Terminations of Optic Tract Axons.

H RP injections into physiologically identified optic tract axons have enabled 

the termination patterns of retinal X and Y cells to be determined (Sur and Sherman, 

1982, Bowling and Michael, 1984; Sur et al., 1987). X axons innervate essentially only 

lamina A or A l depending on the eye of origin of the axon. The zone occupied by the 

terminal arbor is relatively small. Y axons terminate in A or A l, occupy a far greater 

volume than X terminal arbors and have many more boutons than X axon terminals. 

These arbors typically extend most of the way across the lamina of termination along 

a projection line. Boutons of X arbors are usually found in clumps on short stalks, 

whereas Y arbor boutons are distributed en passant along the axon. Recently, Hamos 

et al. (1987), have examined the distribution of synapses, in the dLGN, from the 

terminals of a physiologically identified optic tract X-cell axon intracellularly injected 

with HRP. They found that its output was very selective, with only a fraction of the 

available neurones receiving synaptic contacts from the labelled terminals.
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Furthermore, the distribution of synapses on the 4 neurones contacted differed 

remarkably, providing almost all the retinal contacts to one cell, approximately half to 

two cells, and only 2% to the other. The location of these synaptic contacts also varied, 

being located on dendritic shafts and appendages for 2 cells, on dendritic appendages 

only for one cell, and very distally on the dendrites for the other cell. The significance 

of this diversity is not fully understood at present.

Morphology of the A Laminae of the dLGN.

Guillery (1966) divided cells of the A laminae of the dLGN into 3 

morphological classes on the basis of soma size and dendritic morphology.

Class 1 cells had the largest soma sizes (25-40/i in diameter). They had thick, 

relatively straight dendrites which frequently crossed laminar borders and dendritic 

appendages tended to be simple and sparse.

Class 2 cells had intermediate soma sizes (15-30/t), with thinner curved 

dendrites that only occasionally crossed laminar borders. A prominent feature of these 

cells were grapelike clusters appended at or close to dendritic branch points.

Class 3 cells had the smallest soma size (10-20/i), with very fine, sinuous 

dendrites. Dendritic appendages could often be quite complicated, were found all 

along the dendrites, and were sometimes attached to the dendrites by long stalks.

It was originally suggested that class 1 cells were the morphological correlates 

of Y cells, class 2 cells were believed to be X cells and class 3 cells were believed to be
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inhibitory interneurones (LeVay and Ferster, 1977). However more recent studies, 

where HRP was injected intracellularly into physiologically identified dLGN cells has 

questioned this correlation (Friedlander et al., 1981). They found that whilst all class 

1 cells were indeed Y cells, class 2 cells could be either X or Y cells, and class 3 cells 

were also identified as X-relay cells. Though X and Y cells could both exhibit class 2 

morphology, they could be distinguished from one another. Hence, class 2 X cells had 

smaller somata than class 2 Y cells, and dendrites which never crossed laminar borders. 

Dendritic arbors of X cells were oriented perpendicularly to the plane of the lamina, 

whereas those of Y cells ramified radially (Wilson, Friedlander and Sherman, 1984). 

It has also been suggested that class 3 relay cells and class 3 interneurones can be 

distinguished morphologically (Sherman and Friedlander, 1988), since class 3 relay cells 

have thicker, less sinuous dendrites and shorter, stubbier appendages which lack the 

prominent swellings representing the presynaptic dendritic terminals of interneurones. 

The view that class 1 cells are all Y cells has recently also been questioned following 

work suggesting that "normal" X cells can exhibit class 1 morphology or class 3 

morphology, whilst X-L cells exhibited class 2 or class 2/3 morphology (Humphrey and 

Weller, 1988b).

Fine Ultrastructure and Synaptic Profiles.

Within the dLGN, retinal axons terminate on dendrites and dendritic 

appendages. Retinal terminals are frequently referred to as r.l.p. terminals (Guillery, 

1969). They have round synaptic vesicles, are relatively large and contain many pale 

mitochondria. They make asymmetric, presumed excitatory connections. Cortical 

terminals are believed to be of the r.s.d. type, having round synaptic vesicles, but 

relatively small terminals and contain dark mitochondria. These also make asymmetric
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synaptic contacts, but are far more common on intermediate and distal dendrites. F 

terminals are characterized by flattened or pleomorphic synaptic vesicles and 

symmetric (presumed inhibitory) synaptic contacts. They can be divided into 2 types, 

F .l and F.2 (Guillery, 1969; Famiglietti and Peters, 1972). F .l. terminals have a darker 

cytoplasmic matrix and more flattened vesicles. F.2. terminals have more irregularly 

shaped synaptic vesicles and a lighter cytoplasm. The retinal input onto dendritic 

appendages especially, is heavily involved in a special synaptic pattern - a triad 

(Rapisardi and Miles, 1984). In this arrangement, the retinal r.l.p. terminal is 

presynaptic to both an F.2 terminal and a dendrite, and the F.2 terminal also forms a 

synapse onto the same dendrite. Triadic arrangements are far more common on 

presumed X cells, and only F.2. terminals are involved in triads (Wilson et al., 1984). 

Many dLGN relay cells send axon collaterals to the PGN (Ferster and LeVay, 1978). 

Some also have collaterals within the dLGN (Friedlander et al., 1981). These relay cell 

collaterals have round synaptic vesicles. Ide (1982) termed these terminals r.l.d. 

terminals in the PGN. The axons of dLGN cells terminate on the proximal dendrites 

of PGN cells. PGN axon terminals in the dLGN of rat have been shown to be of the 

F .l. type (O’Hara, Sefton and Lieberman, 1980; Montero and Scott, 1981).

It thus seems that dLGN relay cells can be influenced by three types of 

inhibitory action. One is derived from the extrinsic perigeniculate axons terminating 

predominantly via F.l. synapses, which were therefore originally suggested to be likely 

to have more influence on Y cells than on X cells. The second originates through input 

from the axon terminals of intrinsic inhibitory interneurones (Montero, 1987), and the 

third from input derived from the dendritic terminals of these cells via F.2. terminals, 

often through triadic arrangements, which were therefore originally suggested to have 

more influence on X cells than on Y cells. Since X cells are believed to utilise
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inhibitory mechanisms to a greater degree than Y cells in the dLGN (Berardi and 

Morrone, 1984, Eysel etal., 1987) the proposed differences in organization of inhibitory 

influences on X and Y cells in the dLGN were therefore suggested to be a possible 

morphological substrate for this (Wilson et al., 1984).

The functional role of the triadic arrangement is puzzling, since it seems that 

the retinal input providing the excitatory drive to the dLGN cell is at the same time 

initiating a short latency inhibition, having the same properties as the excitation, onto 

the cell. This seems rather surprising, though it may be the case that somatic input to 

the inhibitory interneurone may to some extent modify the inhibitory drive, or that 

the inhibitory interneurone is sampling a slightly shifted region of visual space with 

respect to the relay cell. However, it has also been suggested that the input to the 

presynaptic dendrite from the retinal axon might in fact uncouple a tonic inhibitory 

input to produce a disinhibitory effect, with a rapid reapplication of the inhibitory 

input following termination of the retinal drive leading to an apparent short-latency 

visually elicited inhibitory input (Sillito, 1987).

The more distal arrangement of corticofugal synapses in comparison to retinal 

synapses on dLGN relay cells might suggest that the corticofugal input would 

consequently be relatively less effective. However, it would appear from recent work 

carried out by Crunelli, Leresche and Parnavelas (1987b) in vitro, and Bloomfield, 

Hamos and Sherman (1987) in vivo, that dLGN cells are electrotonically compact, 

and thus, distally located synapses may be almost as effective as more proximally 

located synapses.
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In addition to retinal and corticofugal synaptic input, the geniculate nucleus is 

also known to receive a major input from ascending reticular pathways. Thus, at least 

three extrinsic brain stem inputs have been shown to project to the geniculate, namely 

a serotoninergic input from the dorsal raphe nuclei (De Lima and Singer, 1987a), a 

cholinergic input from the central tegmental field (De Lima, Montero and Singer, 1985; 

De Lima and Singer, 1987b) and a noradrenergic input from the locus coeruleus 

(Kromer and Moore, 1980). The influence of the cholinergic projection to the dLGN 

has been extensively documented. Anatomically, it appears to be the dominant 

brainstem projection ascending to the dLGN (De Lima and Singer, 1987b). 

Physiologically, the cholinergic pathway has for some time been associated with the 

mediation of the nonspecific effects of arousal in the dLGN. It now appears clear that 

the facilitatory influence of this pathway arises due to a disinhibitory action of ACh 

resulting from its inhibition of both PGN and intrinsic dLGN interneurones, together 

with a direct excitatory action on dLGN relay cells (Phillis, Tebecis and York, 1967; 

Singer, 1973,1977; Godfraind, 1978; Sillito, Kemp and Berardi, 1983; Eysel, Pape and 

Van Schayack, 1986; Francesconi, Muller and Singer, 1988; McCormick and Pape, 

1988).

The way in which the complex synaptic interactions at the dLGN level modulate 

the retinal input, and the role of each component of the synaptic circuitry is as yet not 

well understood, and many efforts are being made to unravel the importance of each 

of these components. It is clear that the dLGN is far more than a simple relay nucleus, 

but its exact role is still a matter for conjecture.
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Receptors Mediating the Transfer of Retinal Input in the dLGN.

A critical factor in resolving these issues will be the identification of the optic 

nerve neurotransmitter and the receptor at which it acts. Recent work has provided 

strong support for the view that an excitatory amino acid, or another neurotransmitter 

acting at excitatory amino acid receptors, mediates the optic nerve input to the dLGN 

(Kemp and Sillito, 1982; Crunelli et al., 1987a; Moody and Sillito, 1987; Sillito et al., 

1990 a,b). Excitatory amino acid receptors are generally subdivided into three groups, 

each of which is selectively activated by and named after one of the excitatory amino 

acid analogues: N-methyl-D-aspartate (NMDA), quisqualate and kainate (Watkins and 

Evans, 1981; McLennan, 1983; Mayer and Westbrook, 1987). However, there is a 

tendency to refer to them as NMDA and non-NMDA receptors. There has been some 

controversy with regard to which class of amino acid receptor is involved in the 

transmission of retinal ganglion cell input to dLGN cells. In vitro intracellular 

experiments on rat dLGN suggest that the input is carried by non-NMDA receptors 

(Crunelli et al., 1987a) and specifically exclude the possibility that NMDA receptors 

are involved. However, experiments performed on cat dLGN in vivo, utilising selective 

NMDA and non-NMDA receptor antagonists suggest that the visual response is 

critically dependent on both NMDA (Moody and Sillito, 1987; Sillito et al., 1990b) and 

non-NMDA receptors (Sillito et al., 1990a).

Optic Nerve Transmitter Candidates.

The immediate assumption arising from the above might be that the actual 

optic nerve neurotransmitter is one of the two mixed agonists (that is a substance 

acting at both classes of receptor subtypes) glutamate or aspartate. Indeed in the bird,
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there is evidence for the release of glutamate and aspartate following stimulation of the 

optic nerve (Canzek, Wolfensberger, Armsler and Cuenod, 1981), the calcium 

dependent release of aspartate from optic nerve fibres in the tectum (Beaudet, 

Burkhalter, Reubi and Cuenod, 1981) and for a substantial decrease in the sodium 

dependent high affinity uptake of glutamate and aspartate in the optic tectum following 

lesion of the optic nerve (Fonnum and Henke, 1981). However, in the mammal, the 

situation is much less clear, as enucleation of the eye does not affect the sodium 

dependent uptake process for glutamate, the levels of endogenous glutamate nor the 

calcium dependent release of glutamate in the colliculus (Lund-Karlsen and Fonnum, 

1978; Sandberg and Corazzi, 1983; Fosse, Heggelund, Iversen and Fonnum, 1984). 

Moreover, injections of radioactively labelled D-aspartate in both the superior 

colliculus and dLGN of the cat failed to produce retrograde labelling of retinal 

ganglion cells, despite the fact that dLGN injections did successfully label layer VI 

visual cortical cells (Baughman and Gilbert, 1981).

Recent work has however provided considerable evidence for two other 

substances as putative neurotransmitters acting at excitatory amino acid receptors, 

namely L-homocysteate (Do, Mattenberger, Streit and Cuenod, 1986b; Knopfel, Zeise, 

Cuenod and Zieglgansberger, 1987; Do, Herrling, Streit and Cuenod, 1988) and N- 

acetylaspartylglutamate (Bernstein, Fisher, Zaczek and Coyle, 1985; Westbrook, 

Mayer, Naamboodiri and Neale, 1986; Mori-Okamoto, Okamoto and Sekiguchi, 1987).

Since the first observations that L-homocysteate (L-HCA) exerts excitatory 

effects on mammalian CNS neurones (Curtis and Watkins, 1963), this amino acid has 

been confirmed as one of the most potent excitants in many parts of the CNS. Recent 

work has demonstrated the endogenous presence of homocysteate in rat brain, and
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shown it to be released in a calcium dependent manner (Do et al., 1986b; Do, Herrling, 

Streit, Turski and Cuenod, 1986a; Do et al., 1988). L-HCA has been shown to exert 

mixed agonist actions (Mayer and Westbrook, 1984), but appears to act predominantly 

at NMDA receptors in both rat neocortex and on cat caudate neurones (Do et al., 

1986a, Knopfel et al., 1987). Furthermore, a specific uptake system for L-HCA has 

been described (Cox, Headley and Watkins, 1977).

The available evidence for N-acetylaspartylglutamate (NAAG) in the visual 

system is particularly compelling. It is found in retinal ganglion cells and the neuropil 

of the superior colliculus and dLGN in both rats and cats (Anderson, Borja, Cotman, 

Moffett, Naamboodiri and Neale, 1987; Tieman, Cangro and Neale, 1987). This, 

together with its known excitatory effect and possible action at NMDA receptors 

(Bernstein et al., 1985; Westbrook et al., 1986; Mori-Okamoto et al., 1987) suggests 

that it should be considered as a prime potential candidate for the transmitter 

mediating the optic nerve input to the cat dLGN.

The suggestion that NMDA receptors, in vivo, contribute directly to the 

transmission of visual information through the dLGN is of considerable interest. 

Unlike kainate and quisqualate receptor responses which, under voltage clamp 

recording conditions, exhibit a linear current-voltage relationship in the range -90 to 

+ 30mV holding potentials, the current-voltage relationship for NMDA responses is 

highly non-linear in the presence of magnesium ions (Mayer and Westbrook, 1984), 

so that between -100 to -35mV the inward excitatory current increases, resulting in a 

negative slope for this region of the current-voltage graph. This behaviour appears



56

to be due to a voltage dependent, Mg2+ mediated block of the ion channels activated 

by the NMDA receptor (MacDermott, Mayer, Westbrook, Smith and Barker, 1986; 

Ault, Evans, Francis, Oakes and Watkins, 1980; Nowak, Bregstovski, Ascher, Herbet 

and Ptochiantz, 1984; Mayer, Westbrook and Guthrie, 1984; Mayer and Westbrook,

1985). Thus, Mg2+ ions will exert a pronounced blocking action at potentials near the 

resting membrane potential, which will be alleviated with progressive depolarisation 

of the cell. Hence, the level of membrane depolarisation will gate the effectiveness of 

the NMDA receptor. Transmission of information at the retino-geniculate synapse will 

therefore be critically dependent on any synaptic inputs of both visual and non-visual 

origins, which influence the level of dLGN cell depolarisation.

Indeed, it is clear that the pattern of corticofugal inputs and modulatory 

brainstem influences converging on a geniculate relay cell possess the capacity to 

critically affect the transmission of retinal input through the dLGN. As a consequence 

of the fact that the retinal input is mediated at least in part by NMDA receptors, these 

inputs can exert a much stronger influence on the visual response, due to the properties 

of the NMDA receptor discussed above, than if the effects of the retinal transmitter 

were dependent solely on an action at non-NMDA receptors.

As previously described, the facilitatory influence of the cholinergic pathway 

arises due to its direct excitatory action on dLGN relay cells, together with an inhibitory 

action on both intrinsic and PGN interneurones. Thus, through both of these 

mechanisms, the net effect of an increase in the cholinergic drive will be to increase the 

degree of depolarisation of geniculate relay cells to a level compatible with the lifting 

of the NMDA receptor blockade.
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Corticofugal axon terminals are believed to make only excitatory synaptic 

contacts with dLGN relay cells, intrinsic inhibitory interneurones and PGN 

interneurones. Thus the corticofugal projection would appear to have the ability to 

drive the level of the relay cell’s membrane potential either to more hyperpolarised 

or more depolarised values, the net result depending on the balance of its direct action 

on the relay cell itself in comparison to the effects exerted on geniculate interneurones.

Responses of dLGN Cells to Moving Bars.

When the responses of dLGN cells to moving bars have been assessed, stimulus 

selectivity comparable to that commonly associated with cortical cells in type, though 

lesser in magnitude, has recently been described. Hence dLGN cells have been 

claimed to exhibit some degree of orientation bias and a greater degree of length 

preference than that seen in retinal ganglion cells.

The responses of dLGN cells to moving bars are similar to those of retinal 

ganglion cells, and can be subdivided into centre activated or centre suppressed type 

profiles on the basis of the contrast of the stimulating bar (Dreher and Sanderson, 

1973). The effect of an increase in the stimulating bar width produces effects similar 

to those seen in retinal ganglion cells (Dreher and Sanderson, 1973). Dreher and 

Sanderson (1973) also demonstrated that increase in bar length produces a reduction 

in response when compared to the response seen to a short bar. Cleland, Lee and 

Vidyasagar (1983b) using the same stimulus parameters as previously used in the retina 

(Cleland at al., 1983a) found that the response reduction elicited by long bars moving 

over the receptive field, in comparison to the response to a short bar of optimal length, 

was more pronounced than that seen in the retina. Using narrow (0.1°), light bars,
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moving at a velocity of 5°s'1, the average reduction in response magnitude they 

obtained was about 50%, in comparison to the 26% response reduction seen in the 

retina. This additional response reduction was attributed to the enhanced surround 

antagonism documented for dLGN cells. For On centre sustained units the response 

reduction was 53%, for Off centre sustained units it was 41%, and for On centre 

transient units it was 45%. The length response properties of Off centre transient units 

were not assessed. Careful scrutiny of the literature reveals two further quantitative 

studies which have briefly assessed the responses of dLGN cells to moving bars of 

varying length. In a short section included in a paper on cortical simple cell responses, 

Mustari, Bullier and Henry (1982), while recording from dLGN cells and their axons 

in the optic radiations, noted an average degree of length preference of 61.5%. 

Likewise, again in a paper dealing predominantly with cortical cell responses, Schiller, 

Finlay and Volman (1976) recording in the monkey, found that length tuning was 

actually greater across the population of dLGN cells they studied, than for a cortical 

population of neurones at a similar eccentricity.

Orientation biases have also been described in the dLGN to both moving bars 

and drifting or sinusoidally modulated gratings (Daniels, Norman and Pettigrew, 1977; 

Vidyasagar and Urbas, 1982; Albus, Wolf and Beckman, 1983; Vidyasagar and Heide, 

1984; Soodak, Shapley and Kaplan, 1987). Whilst Daniels et al. (1977), found that most 

dLGN cells exhibiting biases were transient cells, the other studies found no such 

correlation. Since retinal cells also exhibit such biases (Levick and Thibos, 1980; 1982), 

are dLGN biases merely a reflection of the retinal input? The preferred orientations 

in the dLGN have been reported to be oriented along a line joining the receptive field 

position to the area centralis (Vidyasagar and Urbas, 1982; Shou, Ruan and Zhou,

1986), as has been suggested for the retina, so it is possible that the bias found in the
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■ dLGN might be a reflection of the retinal input. However, Daniels et al. (1977) 

suggested that the dLGN bias might be mediated by intrageniculate interactions or by 

the corticofugal input to the dLGN since they could detect no biases in optic tract 

axons, found that the range of bias seen in animals raised in a striped environment was 

altered in a similar way to that seen in the cortex, and that the dLGN bias was lost at 

high velocities, which they suggested might not be activating the corticofugal input as 

area 17 cortical cells do not respond well to high velocities. Vidyasagar and Urbas

(1982) claimed that lesioning the visual cortex changed the distribution of optimal 

orientation bias so that in these animals, the optimal bias was heavily weighted towards 

vertical and horizontal orientations, though the magnitude of the bias was not 

decreased. However, since Albus et al. (1983) found orientation biases in young 

kittens, where the corticofugal projection would not be expected to be active, they 

questioned the role of the corticofugal projection in the generation of these biases. 

Vidyasagar (1984) suggested that intrageniculate inhibitory processes are responsible 

for dLGN orientation bias and demonstrated that the degree of dLGN orientation bias 

was reduced in the presence of the GABA antagonist bicuculline. Furthermore he 

reported that the degree of length preference to a long bar was greater at the non- 

optimal orientation, and suggested that an asymmetry in the dLGN surround was 

therefore responsible for the orientation bias. The degree of length preference 

obtained was also reduced in the presence of bicuculline. However Albus et al. (1983) 

demonstrated that the end-stopping seen at the optimal and non-optimal orientations 

was not always related in such a simple way to the orientation bias observed. Soodak 

et al. (1987) found that the orientation selectivity of dLGN neurones was the same as 

that of the S-potential input to the cell, and suggested that dLGN biases were therefore 

merely a reflection of the retinal input, and that the loss of orientation selectivity seen 

in the dLGN during bicuculline application might be due to response saturation.
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The projection from the A laminae to area 17 terminates predominantly in 

lower layer III, IV and to a lesser extent in VI (LeVay and Gilbert, 1976; Rosenquist, 

Edwards and Palmer, 1974). X cells were originally documented as projecting solely 

to lower layer IV, whilst Y cells were believed to terminate in deep layer III and the 

upper half of layer IV (LeVay and Ferster, 1978; Leventhal, 1979). However these 

presumed X and Y projections were based on the assumption that X cells corresponded 

to class 2 cells, and Y cells to class 1 cells and this is not the case (Friedlander et al., 

1981). Indeed, more recent work has in fact demonstrated that the terminal fields of 

X and Y cells overlap considerably and that both classes of cells may project to lower 

layer III, to upper layer IV and to lower layer IV (Martin, 1984; Humphrey, Sur, 

Uhlrich and Sherman, 1985a,b). There is also believed to be a W cell projection to 

layer I, the III/IV  border and to layer V from the C laminae (LeVay and Gilbert, 

1976). As well as dLGN projections, area 17 also receives extensive intracortical 

connections from areas 18 and 19 (Gilbert and Kelly, 1975), and a projection from the 

visual segment of the claustrum to layers IV and VI (LeVay and Sherk, 1981).

Axon terminals from dLGN cells are generally believed to make only excitatory 

synapses on cortical cells (LeVay and Gilbert, 1976) though one recent report has 

suggested that some inhibitory terminals may exist (Einstein, Stirling and Davis, 

1987a,b). Inhibitory interneurones are found in the visual cortex (LeVay, 1973). These 

are believed to be GABAergic (Sillito, 1975; Ribak, 1978; Somogyi, Freund, Wu and 

Smith, 1983) and have been shown to receive direct dLGN input (Freund, Martin, 

Somogyi and Whitteridge, 1985).
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Classification of Cortical Cells.

Hubei and Wiesel (1962,1965) categorized cortical cells into three main classes 

on the basis of their responses to hand-held light stimuli, flashed on or off in the 

receptive field. Simple cells were distinguished by four main criteria. Their receptive 

fields could be subdivided into distinct excitatory and inhibitory regions; they exhibited 

summation within separate excitatory and inhibitory regions; there was antagonism 

between excitatory and inhibitory regions; their responses to stationary or moving 

stimuli of various shapes could be predicted from a map of the excitatory and inhibitory 

regions. Any cell for which one of these criteria was not met was classed as complex. 

Hypercomplex cells had similar fields to complex cells, but responded less well to a 

long stimulus than to a short one. No hypercomplex cells were seen by Hubei and 

Wiesel in their early work in cat area 17 (Hubei and Wiesel, 1962; 1965), but these cells 

formed 5-10% of the population in area 18, and about half the cells in area 19.

Following from their consideration of the receptive field properties of cortical 

cells, Hubei and Wiesel (1962, 1965) proposed that cortical cells were arranged in a 

hierarchical network. Hence, simple cells, as they were found primarily in layers IV 

and VI, where the geniculate afferents terminate, and since they seemed to have the 

most basic receptive field properties, were believed to receive all dLGN input. It was 

then postulated that several simple cells would provide the input to a complex cell, and 

hypercomplex cells then received their input from complex cells. As well as this 

hierarchical arrangement of cell types, they also suggested a hierarchical arrangement 

of cortical areas. Area 17 was believed to receive all dLGN input. Area 17 then 

provided the input to area 18, area 19 receiving its input from area 18. The relative 

increase in proportion of cells showing complex and hypercomplex properties outside
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area 17 was advanced as support for this scheme.

There has, however, been a growing awareness that hierarchical processing as 

originally proposed by Hubei and Wiesel, is no longer compatible with a growing body 

of experimental data on the visual cortex (Stone et al., 1979). For example, 

hypercomplex cells were subsequently discovered in area 17 (Hubei and Wiesel, 1968), 

and to extend through all cortical layers, not being confined to the superficial layers 

(Gilbert, 1977). It has also been shown that hypercomplex cells are not a distinct cell 

class, but rather that both simple and complex cells can exhibit varying degrees of 

length preference, so that they can exist in either end-stopped or end-free forms 

(Dreher, 1972; Gilbert, 1977; Rose, 1977; Kato, Bishop and Orban, 1978). Moreover, 

it has been shown that both areas 18 and 19 receive direct dLGN input (LeVay and 

Gilbert, 1976; Hollander and Vanegas, 1977), and are therefore not totally dependent 

on input from area 17. In fact, area 18 can still exhibit apparently normal response 

properties when area 17 has been inactivated (Dreher and Cottee, 1975; Sherk, 1978). 

Both simple and complex cells receive direct dLGN input (Hoffmann and Stone, 1971; 

Singer, Tretter and Cynader, 1975; Tanaka, 1985). Complex cells can respond to 

moving visual noise whilst simple cells do not, suggesting that complex cells can 

respond in the absence of simple cell input (Hammond and Mackay, 1975). 

Furthermore, it has been shown that cells in layers II/III of the cortex can respond 

apparently normally when the A laminae of the dLGN, and consequently the activity 

of layer IV cortical cells, is abolished (Malpeli, 1983). Orientation selectivity of some 

complex cells can be abolished using the GABA antagonist bicuculline, suggesting that 

post-synaptic inhibitory mechanisms are responsible for the generation of orientation 

selectivity in these cells (Sillito, 1975; Tsumoto, Eckart and Creutzfeldt, 1979), rather 

than the orientation preference being imposed on the cell frotti layer IV cells, as
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originally proposed by Hubei and Wiesel.

Cortical Hvpercomplex Cells.

Subsequent to the original demonstration by Hubei and Wiesel of the existence 

of cells in the visual cortex responding preferentially to short as opposed to long bars, 

the presence and response properties of these cells have been extensively documented 

(eg. Dreher, 1972; Gilbert, 1977; Rose, 1977; Henry, Goodwin and Bishop, 1978; Kato 

et al., 1978). As well as showing end-inhibition, most hypercomplex cells usually exhibit 

rapid spatial summation to short bar lengths. In most cases, there is a good correlation 

between the optimal stimulus length and the degree of length preference, more strongly 

end-stopped cells having a shorter stimulus length (Rose, 1977; Kato et al., 1978).

Following from their belief that hypercomplex cells existed at the top of a 

cortical hierarchy, Hubei and Wiesel proposed two models by which length preference 

could be generated in hypercomplex cells, the inhibitory afferents responsible for the 

length preference being derived from cortical complex cells in both cases. In one 

model the inhibitory drive would be derived from one or more complex cells having 

receptive fields adjacent to the excitatory discharge zone of the hypercomplex cell but 

not overlapping it. According to the second model, the inhibitory input would derive 

from a cell with a receptive field covering the excitatory discharge zone, but also 

extending beyond it. This cell would show considerable length summation such that a 

short bar would fail to excite it but a longer bar would elicit strong excitation, so that 

the inhibitory input onto the hypercomplex cell would only be elicited by long bars.
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While more recent work has clearly demonstrated that hypercomplex cells can 

no longer be regarded as forming the top of a cortical hierarchy (as described 

previously on page 62), the property of end-inhibition is still widely regarded as a 

purely cortical phenomenon being generated through intracortical inhibitory 

mechanisms (eg. Bolz and Gilbert, 1987). In view of reports that some degree of length 

tuning is already present in dLGN cells (Cleland et al., 1983b), another plausible 

suggestion would be that at least part of the reduction in response magnitude to long 

bars seen in cortical cells might merely reflect a decreased excitatory drive from their 

geniculate inputs. The significance of reports claiming that geniculate cells exhibit 

some degree of length preference appears to have been largely neglected by the 

majority of workers, (excluding the authors of the geniculate work), for this alternative 

viewpoint has been predominantly ignored in cortical literature, apart from in the 

theoretical work of Rose (1979), who did indeed suggest the possibility that 

hypercomplex cell length tuning merely reflected the properties of the geniculate input.

Documentation of Length Tuning.

One of the most common ways of documenting the length preference of a cell 

is by the construction of a length tuning curve. This is usually carried out by measuring 

the response of a cell to bars of differing lengths, the shortest stimulus being centred 

on the receptive field centre. The length of the bar is then increased equally on both 

sides for the construction of a bilateral length tuning curve, whereas for an unilateral 

length tuning curve it is increased at only one end of the stimulus. The responses are 

often plotted in the form of a length tuning curve, where the spontaneous activity is first 

subtracted from all the responses, and the response at each bar length is then plotted
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normalized with respect to the maximum response seen, with the bar length plotted on 

the abscissa and the response magnitude (%) on the ordinate (Kato et al., 1978; 

Cleland et al., 1983b). The degree of length preference can then be read directly from 

the graph, by subtraction of the plateau response from the peak. This value is 

frequently referred to as the end-zone inhibition, or degree of end-stopping expressed 

by the cell. Though the terms end-zone, end-zone inhibition and end-stopping are only 

really relevant when used to describe the responses of an oriented field, this 

terminology has been used in this study to refer to the magnitude of the response 

reduction seen in dLGN cells, to long bars, despite the essentially circular nature of 

dLGN receptive fields, for the sake of simplicity since it is the commonly accepted 

terminology in cortical work.
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Aims of this Project

Following the documentation of some degree of response specificity in the 

dLGN, it has been suggested that these biases might underlie the more pronounced 

selectivity seen at the cortical level. With regard to the property of length selectivity, 

there is some evidence in the literature that dLGN cells can exhibit some degree of 

response reduction to long bars (Schiller et al., 1976; Cleland et al., 1983b; Mustari et 

al, 1983), which has led to the suggestion that this geniculate length tuning might at 

least partially underlie the length preference seen in cortical hypercomplex cells 

(Schiller et al., 1976; Rose, 1979; Cleland et al., 1983b). However, the observation 

that geniculate cells can exhibit some degree of length tuning appears to have been 

widely disregarded in the literature, and is virtually entirely ignored by most workers 

in the field. Indeed, the hypothesis that hypercomplex cell length tuning merely reflects 

an already length tuned geniculate input is in direct conflict with the commonly held 

belief that cortical inhibitory mechanisms are responsible for the generation of cortical 

length preference.

This project addresses the mechanisms by which length preference is generated 

in the mammalian visual system. In particular, it attempts to isolate the extent to which 

subcortical processes might underlie the length preference seen in the visual cortex.

Utilising single unit extracellular recording techniques, length response curves 

were obtained from cells recorded in the dLGN and the PGN. The primary objective, 

in view of the fact that the evidence to date suggesting that dLGN cells exhibit some 

degree of length tuning appears to have been largely disregarded, was to re-evaluate
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the degree of length preference seen across a large number of dLGN cells, when using 

the stimulus parameters routinely utilised in this laboratory to assess the length 

preference of cortical cells. Somewhat surprisingly, the majority of cells exhibited a 

degree of length tuning equivalent to that seen in tightly tuned cortical hypercomplex 

cells. Additionally, an apparently distinct sub-population of poorly tuned Y cells was 

identified. Most PGN cells also exhibited poorly tuned fields. These results are 

discussed in terms of the possible synaptic circuitry generating length sensitivity at sub- 

cortical and cortical levels, and it is suggested that the results have a bearing on the 

modelling of synaptic processes contributing to cortical cell length tuning profiles.

The corticofugal system provides the largest single input to the dLGN and work 

carried out by others during the course of this project has demonstrated that it 

contributes to the generation of length tuning in the dLGN (Murphy and Sillito, 1987). 

A knowledge of the mode of synaptic action of the corticofugal system will therefore 

be critical to an understanding of mechanisms generating length tuning. It has been 

suggested that corticofugal fibres might mediate their effects by modulating NMDA 

receptor responses (Koch, 1987). However, to understand the way in which the 

corticofugal system modulates the transfer of retinal input to the dLGN obviously 

requires knowledge of the identity of the optic nerve transmitter and the receptors 

through which it mediates its actions. In the cat, it appears that the retinal 

neurotransmitter acts on both NMDA and non-NMDA receptors (Sillito et al., 

1990a;b) but there is no clear evidence as to the actual identity of the optic nerve 

transmitter. As a preliminary attempt to address this issue, an iontophoretic technique 

was utilised to examine the effects and pharmacology of two putative optic nerve 

transmitters, L-homocysteate and N-acetylaspartylglutamate which are thought to act 

primarily on NMDA receptors. As the visual responses of dLGN cells have been
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shown to be susceptible to both NMDA and non-NMDA receptor blockade, the effects 

of selective NMDA and non-NMDA receptor antagonists were compared on the 

responses of dLGN cells to these putative transmitters and to visual stimuli, in an 

attempt to provide further evidence as to their possible roles as the optic nerve 

transmitter.
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MATERIALS AND METHODS.

General Procedures

Preparation of Animal.

The data obtained derive from experiments performed on 52 adult, female cats 

ranging in weight from 2 - 3.5 kgs. In some cases, these preparations were shared with 

other projects running in the laboratory (eg. Sillito et al., 1990a,b).

Anaesthesia was induced by a mixture of N20  and 0 2 in a 3:1 ratio, with 5% 

(v/v) added halothane, firstly in an enclosed cat box, and then via a face mask, until a 

Y-shaped cannula could be inserted into the trachea, anaesthetic gases then being 

administered through the cannula. Thereafter, surgical procedures were carried out 

with 1.5 - 4% (v/v) halothane in the N20 / 0 2 mixture, the exact level depending on 

individual susceptibility. Anaesthetic depth was initially assessed by close monitoring 

of both respiratory rate and reflex activity, until electrocardiogram (ECG) electrodes 

could be attached to the thorax. Heart rate was then monitored by connecting the 

ECG leads to an audio monitor and used as an additional assessment of anaesthetic 

depth.

A local anaesthetic (lignocaine hydrochloride 2% w/v, adrenalin acid tartarate

0.0024% w/v) was injected into all areas where surgery was to be carried out just prior 

to the procedure. Following tracheal cannulation, a bilateral cervical sympathectomy
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was performed, and the right femoral vein cannulated. Cervical sympathectomy 

reduces residual eye movements which might otherwise persist despite the paralysis 

induced for the recording session (Rodieck, Pettigrew, Bishop and Nikara, 1967), by 

transection of the sympathetic nerve supply to the tarsal muscle component of the 

levator palpebrae superioris. Venous cannulation allows easy access for the 

administration of drugs and nutrients during the course of the experiment.

A mid-line incision was made and the skin reflected to expose the skull over the 

posterior region of the cortex. The overlying muscle was reflected using a bone- 

scraper, and then the occipito-frontalis muscle on the left hand side was cauterized 

(to minimize blood loss) and cut away. Stainless steel screws for 

electroencephalography recording (EEG) were inserted into holes drilled about 2cms 

apart in the skull over the temporal cortex. Simplex dental acrylic was used to insulate 

the electrodes and cement them in place.

All wound margins were treated by topical application of antibiotic powder 

[chlortetracycline hydrochloride B.P. 2%  (w/v), benzocaine B.P. 1% (w/v)] and were 

then sutured.

Paralysis was achieved by administration of an initial dose of the paralytic agent 

gallamine triethiodide (Flaxedil, 40mg in 1 ml of water) through the femoral cannula. 

The animal was then immediately transferred to the experimental apparatus and 

ventilated using a Havard Apparatus dual phase control respirator.

The animal was placed in a stereotaxic frame, with the head supported by ear, 

eye and mouth bars. Ear bars were coated with lignocaine hydrochloride gel to
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minimize noxious input and were inserted in such a way as to ensure that the head was 

exactly centred in the stereotaxic frame.

Maintenance of Animal.

Once all potentially noxious procedures were completed, anaesthetic levels were 

slowly reduced to 0.1 - 0.5% halothane in the N20 / 0 2 gas mixture. Depth of 

anaesthesia was assessed by reference to the EEG and ECG which were displayed 

continuously on a dual beam storage oscilloscope and the exact level of halothane in 

the inspired gas mixture adjusted as necessary. The aim was to obtain an EEG  trace 

which showed a degree of synchronous activity (termed spindling) which is 

characteristic of light anaesthesia, but to avoid a trace entirely dominated by the 

pronounced peaks and troughs associated with deep anaesthesia (Hammond, 1978). 

Stress or a sharp reduction in anaesthetic level results in a shift in the ECG frequency 

which provides a very sensitive index of the state of the preparation. The ECG was 

monitored continuously and if the inter-systolic heart rate varied beyond pre-set limits, 

an audio alarm was triggered and an indicator light would flash, to warn that action 

might be required.

End-tidal C 0 2 was monitored on a Beckman LB-2 gas analyzer, and the 

respiratory rate and volume adjusted to maintain the end-tidal C 0 2 between 3.8 - 4.2%. 

In some experiments, the stability of the preparation was enhanced by adding between 

1 - 2% (v/v) C 0 2 to the inspired respiratory gas mixture.
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Gallamine triethiodide was administered via continuous infusion through the 

femoral cannula, at a rate of 10 mg'1 kg*1 hr'1, in a solution of glucose saline (4% w/v 

glucose in 0.18% w/v saline).

The animal was insulated with cotton wool and its temperature maintained at 

between 37.5 - 38.5° by the use of a thermostatically controlled electric heating blanket.

Preparation of the Eyes.

Throughout surgical procedures, the eyes were kept moist with warmed saline. 

Mydriasis and cycloplegia were achieved by topical application of atropine 

methonitrate (2% w/v). The nictitating membranes were retracted using 1% (w/v) 

phenylephrine hydrochloride.

The eyes were protected and brought to approximate focus on a semi-opaque 

tangent screen placed 114cm away using appropriately sized contact lenses. 

Supplementary lenses of low power were used for the final correction of refractive 

error, the appropriate power determined using streak retinoscopy to assess the error. 

At a distance of lm, 2cm on the screen is equivalent to 1° of visual angle.

A Keeler pantascope was used to map retinal landmarks. It was held as close 

as possible to the animal’s eye. Its light-beam reflected back off the retina and was 

focused onto the tangent screen. With dark adapted vision it was then possible to see 

the image of the optic disks and area centrales on the tangent screen and hence to 

mark their location (Fernald and Chase, 1971). Paralysis may cause rotation of the 

eyes. The possibility of such rotation was evaluated through comparing the relative
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locations of the optic disk and area centralis to the mean values given by Bishop et al. 

(1962).

Artificial pupils with a 3mm diameter were placed immediately in front of the 

eyes, and positioned in such a way to be in line with the central axis of vision.

The eyes were periodically washed out with warmed 0.9% (w/v) saline, to 

prevent corneal clouding, and the contact lenses cleaned. Application of the above eye 

drops was then repeated and, if necessary, Minims solution (chloramphenicol 5 % w/v), 

was applied, before replacement of the lenses.

Electrode Placement.

A marker needle was placed in a perspex electrode holder which was firmly 

attached to a micromanipulator. Anterior-posterior and vertical stereotaxic co

ordinates for electrode placement were established with reference to an etched perspex 

model, set up with respect to the co-ordinates of the Sanderson map of the dLGN 

(Sanderson, 1971a), in a calibration frame assembly. The co-ordinates were noted, and 

the micromanipulator transferred to the stereotaxic frame and fixed at these co

ordinates. The electrode was then aligned with the sagittal suture and a lateral co

ordinate also calculated from Sanderson’s maps (1971a) was then added. (For 

electrode placement in the area of the dLGN representative of the central region of 

visual space ie. within 6 degrees of the area centralis representation, the co-ordinates 

would typically be: A-P + 6.5, V + 5.5, and L + 8.5, all with respect to stereotaxic zero). 

The point of entry of the electrode thus determined was marked, and the electrode 

withdrawn. Using a dental drill, an aperture of approximately 3 - 4mm was made in the
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skull. Any bleeding from bone sinuses was stopped by application of sterile bone wax. 

Heat damage was prevented by squirting saline (0.9% w/v) onto the bone at frequent 

intervals. When only a thin layer of bone remained, a small, central flap was removed 

by careful use of watchmaker’s forceps. A 3cm metal chamber was placed around the 

aperture and held in place using Simplex dental acrylic. The recording electrode was 

then placed in the holder and positioned following the above procedure. A small 

incision was made in the dura mater at the point of electrode entry using a sterile 

disposable syringe needle, and this was enlarged to the appropriate size using a pair of 

small Castroviejo scissors. The electrode was then lowered into position in the brain 

through the prepared aperture under the control of a Kopf stepping microdrive (model 

607W with remote control). The chamber was immediately filled with agar made in 

either 0.9% (w/v) saline or in artificial cerebrospinal fluid to seal the aperture and 

minimise movement of the brain.

Cortical Ablation.

A bone flap overlying the representation of the central areas of visual space of 

areas 17 and 18 on one side of the visual cortex (Horsley-Clarke co-ordinates A-P +2 

to -6, L 1 to 3) was removed in the same way as described above for the bone apertures 

for dLGN electrode insertion. Likewise, a small incision made in the dura was 

enlarged using small Castroviejo scissors. A glass pasteur pipette connected to a 

suction pump was then used to aspirate the visual cortex representing the central areas 

of visual space of areas 17 and 18. Excessive bleeding was prevented by use of sterile
i

absorbable gelatin sponge (Sterispon No.2) balls inserted in the aperture. When all 

bleeding had virtually stopped, agar made in artificial cerebrospinal fluid was carefully 

introduced into the aperture and allowed to solidify.
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Recording Procedures.

Electrodes.

Single and multi-barrelled electrodes were made from fibred capillary glass 

(Clarke Electromedical Instruments) pre-soaked in absolute alcohol. Capillary glass 

for single barrelled pipettes had an external diameter of 1.5mm and internal diameter 

of 0.86mm, while the capillary glass dimensions for multi-barrelled electrodes were 

1.5mm and 1.17mm respectively.

Single barrelled micro-electrodes were drawn on a vertical electrode puller 

(Heinz-Albercht), and filled with either a solution of 2% (w/v) Pontamine Sky Blue 

(PSB) in 0.5 M sodium acetate or with 3M sodium chloride. The electrode tip was 

broken back to approximately 1.5/i in diameter, by contact with the smooth end of a 

glass rod fixed in a micromanipulator, whilst viewed under a microscope.

Seven-barrelled pipettes were constructed in 3 stages. A central capillary tube, 

lOcms long, and 6 shorter tubes (5cms) arranged concentrically around the central tube 

were clamped firmly at each end by means of pin-vices. The individual capillary tubes 

were then fused together by heating in a bunsen flame until the glass was soft enough 

to allow several complete turns to be introduced. The assembly was repositioned in the 

flame and the glass at one end of the twisted portion heated until it melted sufficiently 

to allow the whole structure to be pulled into 2. This resulted in the formation of one 

usable electrode blank (the longer of the two portions produced) having a tapered fine 

profile at one end. The blank was released from the pinvice, and the unfused ends of 

each of the 6 short capillary tubes forming the drug barrels pulled away from the
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central recording barrel at an angle of approximately 30°. This was achieved by using 

a very small flame to heat each barrel, in turn, at a distance of about 1.5cm from its end 

until the glass was softened sufficiently to enable the end to be gently pulled out using 

a fine curved seeker (taking care to ensure that the main shaft of the electrode 

remained straight). Separation of each of the ends in this way allows each barrel to be 

filled without risk of contamination of the adjoining barrels. The electrode assembly 

was then drawn out and tipped, utilising gravitational pull, in a  purpose built vertical 

electrode puller. A weighted pinvice was attached to the bottom of the electrode by 

means of a small piece of capillary glass which was heat fused to the blank. An electric 

heating coil, mounted on a manipulator, and of sufficient diameter to encircle the 

electrode assembly, was moved up and down carefully to draw out several turns of the 

electrode, care being taken to ensure that the electrode was perfectly straight. In this 

way, the length of the electrode was increased, and the bulk of the glass reduced, 

resulting in a far slimmer electrode profile than would otherwise be the case (a slimmer 

profile is desirable to reduce any potential damage to corticofugal fibres and to the 

PGN which might occur when the electrode is advanced into the dLGN, since these 

structures lie immediately dorsal to the dLGN). A fine tip was then produced, also 

using gravitational pull.

The central recording barrel was filled with 3M NaCl, and the remaining barrels 

contained a selection of the following (made up in aqueous solution unless otherwise 

stated): Acetylcholine chloride (ACh, 0.2M, pH 4.5, +ve eject), a-amino-3-hydroxy-5- 

methyl-4-isoxazole-propionic acid (AMPA, 15mM in 150mM NaCl, pH 8, -ve eject), 

Bicuculline methiodide (5mM in 150mM NaCl, pH 3, +ve eject), 3-(( + /-)-2- 

carboxypiperazin-4-yl)-propyl-Tphosphonic acid (CPP, 25mM in 150mM NaCl, pH 8, - 

ve eject), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, ImM in 150mM NaCl, pH 8, -
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ve eject), 7-aminobutyric acid (GABA, 0.5M, pH 3, +ve eject), L-homocysteic acid (L- 

HCA, 0.2M, pH 7.5, -ve eject), Kainic acid (0.1M, pH 8, -ve eject), N-acetyl-aspartyl- 

glutamate (NAAG, 0.1M, pH 7.5, -ve eject), N-methyl-D-aspartate (NMDA, 12.5mM 

in 150mM NaCl, pH 8, -ve eject), 2% (w/v) Pontamine Sky Blue (PSB, in 0.5M sodium 

acetate). Where necessary, pH adjustments were made with HC1 or NaOH. Electrode 

tips were broken back to diameters ranging between 4 to In.

Recording Set-Up.

By means of a fine silver wire dipped into the electrolyte used to fill the 

recording barrel of the electrode, the electrode was connected to apre-amplifying head 

stage (NL102, WPI773 or HS-2 Axoprobe 1-A). After further amplification (Neurolog 

AC/D C amp NL100) the signal was passed through filters (Neurolog NL 125) to 

reduce noise. The resulting output was viewed on an oscilloscope (Tektronix 5111a) 

and could also be monitored aurally over headphones. An action potential of a chosen 

height could be discriminated from this raw record (NL200) and displayed separately. 

An analogue delay unit (NL704) together with a storage oscilloscope triggered by the 

discriminated spike allowed the spike to be displayed in full. To aid in confirming 

single unit recordings, the spike could be stored and superimposed, so enabling spike 

height and shape to be monitored. The gated spike generated a pulse which was fed 

through to a loudspeaker for aural monitoring. This discriminated output also formed 

the input to an Alpha LSI-2/502 interface computer system controlled by a software 

package designed in this laboratory and written by Cambridge Electronic Design. This 

system was used to control all visual (and other stimulus parameters), store the neural 

responses to these stimuli, and carry out analysis of the data. Spike time sequences
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: were stored on the computer generally with a resolution of 1 msec. Data could be 

displayed on a Hewlett Packard 1304A C.R.T. monitor and plotted out as hard records 

using a Hewlett Packard 7550 plotter. Data were stored onto floppy discs to enable 

more detailed analysis to be carried out at a later date.

Iontophoresis.

A Medical Systems Neurophore BH-2 (fitted with IP-2 modules) was used for 

iontophoretic application of drugs. An output line from the Neurophore allowed each 

IP-2 module to be connected to a drug barrel via a headstage. The final connection to 

the ionised drug solution in each barrel was through a thin platinum wire dipped into 

the solution. This system allowed a suitable retaining current to be applied to each 

barrel to prevent spontaneous efflux of drug solutions which might otherwise arise 

because of diffusion and bulk flow due to hydrostatic pressure. Ejection of drug 

solutions could either be accomplished under a continuous eject mode (eg. for ejection 

of an antagonist over a long time period), or triggered from the computer via a 

Digitimer D4030 programmer in a predetermined sequence which frequently would 

include a visual stimulus.

Visual Stimulation.

Two systems were used to generate appropriate visual stimuli:-

1. A Leitz Diascriptor 4 overhead projector, together with a variety of different 

templates, was used for qualitative mapping of receptive fields. For quantitative work,
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electronically controlled shutters (Ealing Beck Ltd.), could be used to generate flashed 

stimuli in conjunction with the overhead projector, by interrupting the light path from 

the projector, the shutter being opened by a trigger pulse from either a Digitimer 

D4030 programmer, or from the Alpha LS1-2/502 computer system (see later).

2. A Joyce Electronics raster display scope controlled using the CED Alpha LS1- 

2/502 computer system was the main means of quantitative visual stimulation. This 

system allowed the generation of bars of varying length, width, orientation, contrast and 

luminance which could either be flashed on and off, or swept at differing velocities and 

excursions. The system also allowed the presentation of more complex stimuli such as 

bars with gaps, and drifting or phase reversing gratings. In the latter case both the 

temporal and spatial frequency could be altered. A neutral density beam splitter fitted 

at 45° to the tangent screen enabled images from the Joyce display to appear at the 

same distance from the cat as the rear projected stimuli.

By use of another neutral density beam splitter angled at 45° to the tangent 

screen, images of all stimuli could be reflected onto a plotting table. Receptive fields 

could thus be mapped onto paper stuck down to the table, with 1° of visual angle being 

equivalent to 2 cms., to provide a permanent record of the determined field. The 

positions of the area centrales could also be recorded onto this plot, together with a 

representation of the horizontal axis. A diagrammatic summary of the optical system 

is shown in Fig. 3.

Two types of stimulus presentation and data collection could be employed. Peri- 

stimulus time histograms could be generated from the response of a cell to a single
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Fig. 3. Diagrammatic representation of the optical system. Numbers represent, 1 - 

protective contact lens, 2 - artificial pupil, 3 - supplementary lens, 4 - track along 

which visual display screen could be moved.
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stimulus sequence repeated for a set number of trials. Multihistograms could be 

derived from the response of a cell to a stimulus sequence in which the computer could 

be programmed to vary one parameter over a pre-determined range. Thus the 

response of a cell to a bar of set contrast, width, velocity and excursion, but of varying 

length could be documented. The bar lengths to be tested would be presented at 

random until all had been displayed once, and then further presentations, again 

randomly interleaved, repeated until the set number of trials was completed. The 

computer could then generate a PSTH for each bar length, documenting the response 

of the cell to that particular bar length. Alternatively it could construct a tuning curve 

for the varying parameter, either by selecting the peak response from each PSTH 

automatically or from any area of the PSTH defined under user control.

Identification and Classification of Cells.

The predicted depth of the dLGN with respect to the entry point of the 

electrode into the cortical surface when using the penetration angles normally used in 

this study was 13mm (penetration angles ranged from 12 to 18° from vertical, with the 

electrode tilted so that it moved rostro-caudally). After insertion into the brain, the 

electrode was moved down automatically until it reached a depth of about 12.5mm. 

From this point onwards, the electrode was stepped forwards slowly under manual 

control whilst listening to the background aurally over headphones. As an electrode 

is advanced, it first traverses the PGN, and then enters the dLGN. PGN and dLGN 

cells exhibit differing response properties. PGN cell responses are frequently 

characterised by a bursty discharge pattern. Most PGN cells are binocularly driven. 

PGN cells will usually respond to small flashing stimuli presented anywhere in their
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receptive fields, and tend to respond to both light on and light off, though the response 

to one phase of stimulus presentation is often dominant. They respond preferentially 

to large stimuli, moved rapidly anywhere over their receptive field (Sanderson, 1971; 

Dubin and Cleland, 1977; Ahlsen et al., 1982b). The point of entry of the electrode 

into the dLGN is identified by a change in the responses elicited by visual stimulation 

to those characteristic of geniculate cells, as documented below, and to an exclusive 

contralaterally driven response as expected for lamina A. PGN cells and dLGN cells 

can also be differentiated on the basis of their responses to iontophoretically applied 

acetylcholine, since it has been well documented that PGN cells are inhibited by ACh 

(Godfraind, 1978) whilst dLGN relay cells are excited (Phillis et al., 1967; Sillito et al., 

1983). Thus, the response obtained to ACh ejection was also used to discriminate 

between PGN and dLGN cells in penetrations performed using a multibarrelled pipette 

containing ACh.

Classification of dLGN Cells.

The receptive field centre of each neurone was first mapped using small, 

flashing spots of light. On centre cells responded with an excitatory discharge at the 

onset of the flash whereas Off centre cells responded to the flash being terminated. As 

soon as the position of the centre response was approximately located, a small, flashing 

spot was sequentially moved towards this centre region from positions above, below, 

to the left and to the right until a weak, clear-cut, centre response could first be elicited. 

The leading edge of the spot was marked onto the plotting paper and a circle passing 

through these four marks was assumed to outline the receptive field centre (Dreher and 

Sanderson, 1973; Hoffmann et al., 1972). Receptive field centre location was 

subsequently checked periodically (typically between each data run performed).
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The primary criteria used for the classification of X and Y cells was the 

distinction in linearity of spatial summation over their receptive fields, X cells showing 

linear spatial summation and Y cells showing non-linear summation. The linearity of 

spatial summation was assessed from the responses to sinusoidally phase reversing 

sinusoidal gratings presented at a range of spatial phases in a randomly interleaved 

sequence, when the highest spatial frequency compatible with a consistent response was 

used. Temporal frequency was adjusted to a value eliciting clear responses from the 

cell. A Fourier analysis was performed to extract the first and second harmonic 

components of the responses, which were then plotted against spatial phase. X cell 

responses were characterised by the strong phase dependency of the first harmonic 

response, exhibiting a clear null point at which no response to the grating could be 

revealed. Y cell responses included a second harmonic component which was not 

strongly phase dependent, and for these cells responses to the grating were elicited 

even at the position of least response. Typical X and Y cell responses are illustrated 

in Figs. 4 and 5 respectively.

Each cell was also checked for receptive field centre-surround dimensions, 

strength of surround inhibition elicited by a large spot, eccentricity, response to 

standing contrast over field centre and the presence or absence of the periphery effect. 

The non-dominant eye was occluded during all testing procedures.

In addition to displaying linear spatial summation, X cells typically had sustained 

responses, strong centre - surround antagonism, small receptive field centres (as 

compared with Y cell fields at the same eccentricity), and exhibited no periphery effect. 

As well as the non-linear spatial summation exhibited by Y cells, Y cells typically had
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Fig. 4. This documents the responses of a typical X cell, an Off centre X cell in this 

case, to a range of spatial phases of a sinusoidally phase reversing sinusoidal grating, 

the various spatial phases being presented in a randomly interleaved manner under 

computer control. A fourier analysis was performed to extract the first and second 

harmonic components of the responses which have been plotted against spatial phase. 

Response amplitude is plotted along the ordinate and the abscissa represents the 

phase angle of grating presentation in degrees. The first harmonic component of the 

response is represented by the solid line and filled circles whereas the dashed line 

and open circles represent the second harmonic component of the response. The 

spatial frequency of the grating was 1.5cycles/deg. Temporal frequency was 1Hz. 

Maximum grating luminance was 120 Cdm'2, minimum luminance was 35 Cdm'2. 

Phase angles used were 0, 22.5, 45, 67.5, 90, 112.5, 135 and 157.5°. Three full 

stimulus modulations are illustrated, number of trials is 3. The peristimulus time 

histograms (PSTHs) illustrated document the responses to grating phase angles of 

67.5° and 135° (the null-point). Bin width is 70msec, calibration, vertical 

40impulses/s, horizontal 1 sec.
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Fig. 5. This documents the responses of a typical Y cell, an Off centre Y cell in this 

case, to a range of spatial phases of a sinusoidally phase reversing sinusoidal grating. 

Broad details as in Fig. 4, but spatial frequency was lcycle/deg, maximum grating 

luminance was 150 Cdm'2 and minimum luminance was 50 Cdm'2, spatial phases 

illustrated represent 90 and 0°, calibration, vertical 20 i/s.
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transient responses, larger receptive field diameters for a given eccentricity and a 

prominent periphery effect. Cells were thus classified as On or Off centre, X or Y types 

(Enroth - Cugell and Robson, 1966; Cleland et al, 1971; Hochstein and Shapley, 1976; 

Derrington and Fuchs, 1979; Shapley and Lennie, 1985).

EXPERIMENTAL PROCEDURES

Length Response Properties.

In the first part of the project the aim was to quantify the degree of length 

tuning seen across the population of dLGN cells. Hence in early experiments a cell was 

classified and a length tuning curve then generated. Similarly, the length tuning of 

PGN cells was assessed by the construction of length tuning curves (in both cortex 

intact and decorticate preparations).

Length Tuning Curves.

After each cell had been classified the centre of the PJ screen was centred on 

the receptive field by alignment of a small flashing bar in the centre of the PJ display 

with a spot of light shone from the overhead projector onto the receptive field centre. 

The Joyce display was fitted on a mobile carriage so that it could be moved to the 

desired position. This technique proved to be reasonably accurate, but where extreme 

accuracy of centering was essential (eg. for estimation of unilateral length preference), 

the accuracy of centering was checked by the construction of length excitatory profiles 

(Kato et al, (1978) and see later). If the bar was shown to be slightly off centre, this
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was compensated for by re-centring all bars to a given location defined by its X and Y 

coordinates away from the screen centre, so that the bar and receptive field centres 

were exactly superimposed.

For each cell, a randomized length tuning curve was generated using the CED 

Alpha system together with the PJ raster display scope. Horizontal or vertical bars 

ranging in length from 0° (no stimulus condition, to give a measure of spontaneous 

activity) to 10° (the maximum length which could be generated on the PJ display), were 

swept back and forth across the cell’s receptive field, the differing bar lengths being 

presented in a randomized interleaved fashion, to minimize the effects of response 

variability. In general, 10 different bar lengths were used, the whole cycle being 

presented for 5 or 10 trials. Peri-stimulus time histograms were stored by the computer 

for each bar length.

Bar parameters were standardized (as far as possible) within the limits of the 

stimuli routinely used in the estimation of cortical length preference in this laboratory, 

only being taken outside these limits if it proved impossible to elicit a clear response 

from the cell with these parameters. Bar width was usually set to 0.5°. The velocity at 

which the bar was moved across the screen was set to a value at which a clear response 

could be elicited as determined qualitatively (range 1.6 - 5°s'1, though usually 3.3°s*1).

Unilateral Bar Extension.

In one block of experiments the effect of extension of the bar to one or other 

side of the receptive field centre was tested. It was first necessary to check that the 

centre of the stimulating bar was exactly centred on the centre of the receptive field.
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A length excitatory profile was therefore constructed using a short bar (ranging from

0.1 - 0.5° long), and any slight adjustments to the position of the bar centre made before 

the effects of unilateral bar extension were assessed.

To construct a length excitatory profile, a short bar, having the same parameters 

(ie. orientation, width, contrast, velocity and excursion) as to be used in the generation 

of the length tuning curve for the cell in question, was moved back and forth across the 

receptive field, but its line of movement was displaced laterally in small steps (these 

ranged from 0.1 - 0.5°; spanning 1.5 - 2.5° to either side of the centre) in a randomly 

interleaved fashion over 5 trials. The computer was used in multihistogram mode to 

construct the tuning curve, and the location giving the peak response was regarded as 

the centre of the receptive field. A length tuning curve was then generated using this 

centre location, and the effects of unilateral bar extension subsequently assessed.

Peri-stimulus time histograms were constructed, usually over 20 trials, recording 

the response firstly to a bar of optimal length, and then to a longer bar, which produced 

a large decrement in response magnitude as compared with the response at the 

optimum, as assessed from the length response curve. PSTHs were then obtained 

documenting the cell’s response to a long bar which totally covered the receptive field 

centre (as extrapolated from the length tuning curve) but which extended only over one 

side of the remainder of the receptive field. This was then repeated with the bar 

extended to the other side.
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Comparison of Length Tuning and Centre-surround.

In order to compare centre-surround antagonism and length tuning, detailed 

centre-surround tuning curves were constructed to flashed spots of light of varying 

diameter, and these were compared with the length tuning curves, for a representative 

sample of dLGN cells. As the Joyce display could not generate circular stimuli, a series 

of templates of circles of varying diameter were constructed and used in conjunction 

with the overhead projector and electronic shutter. Spot luminance was adjusted using 

neutral density W ratten filters. In some cases spot luminance was matched to bar 

luminance, in others it was adjusted such that spot and bar responses to the stimulus 

sizes eliciting optimal responses were of equal magnitude. Using this method of 

stimulus presentation, it was not possible to randomly interleave the stimuli under 

computer control within each trial. Thus, for the centre-surround curves, the various 

spot diameters used were presented in a random sequence (selected by the 

experimenter), ensuring that small and large diameters were intermixed, but all trials 

for one size were carried out in one sequence, and then all trials of the next diameter 

to be tested would be presented.

Orientation/Direction.

An attempt was made to ascertain whether some dLGN cells might display an 

orientation bias, such that length tuning curves could then be generated for both the 

optimal orientation and its orthogonal.

Length excitatory profiles were first constructed for several bar orientations to 

ensure accurate centring of the bar over the receptive field. The stimulus parameters
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used to generate the orientation tuning curves (bar width, velocity, contrast) were the 

same as for the generation of the length tuning curves. Bar lengths used varied from 

6-10°. Sixteen differing bar orientations were presented in a randomised interleaved 

fashion, the orientations ranging from 0 to 337.5° in 22.5° increments. The data were 

then analyzed and an orientation tuning curve produced. If the cell exhibited an 

orientation bias, length response curves were generated, firstly at the optimal 

orientation, and then at its orthogonal. The data for another orientation tuning curve 

were then gathered.

In a further block of experiments, the length response curves obtained to the two 

directions of motion of the bar across the receptive field were compared.

As the mode of stimulus presentation routinely used for the generation of the 

length response curves involved the bar traversing across the screen in both its 

directions of motion, it was possible to compare the responses to the two directions 

of motion of either a horizontal or vertical bar for all cells studied. The stimulus 

paradigm used to generate each randomized, interleaved length response curve 

involved each bar traversing across the receptive field first in one direction and then 

the other. The bar length would then be altered, and the new stimulus would pass over 

the receptive field in both directions of motion. This occurred until all lengths selected 

had been used once in a random sequence, and then this would be repeated until the 

number of trials selected had been completed. Hence the data for the tuning curves 

for both directions of bar motion were always gathered during the same set of trials, 

and therefore could not be subject to a change occurring in cell responsiveness with 

time between the generation of both length tuning curves. Some data are included 

from cells recorded in animals where areas 17 and 18 of the visual cortex had been
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removed by aspiration.

Other Stimulus Parameters.

In some experiments, bar parameters such as width and contrast were 

systematically varied in a small number of dLGN cells to determine the effects of these 

parameters on the degree of length tuning elicited.

For most cells the bar width was standardized at 0.5°. If the receptive field of 

a cell was very small the width of bar used to evaluate its length tuning was usually 

reduced to 0.3°, and if the centre size was particularly large the bar width was usually 

increased to the estimated receptive field centre diameter. In a small number of cells 

the bar width was varied and the length response curves obtained compared.

For On centre cells the contrast used was generally 150/50 Cdm'2 or 120/35 

Cdm*2. Light or dark bars were routinely used to assess the length tuning of Off centre 

cells [either 150/50 (or 120/35) or 50/150 (or 35/120) Cdm'2). In some cells the effects 

of using dark and light bars on the degree of length tuning seen were compared, and 

in other cells the effects of using either a light or a dark bar of varying contrast ratio 

were determined.

The effects of lowering the mean luminance was determined by the use of 

neutral density Wratten gelatin filters (Kodak, 0.4 - 1.6 log. units) which were 

interposed in the light path between the supplementary lens and the artificial pupil.
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In some of the later experiments, it became apparent that some dLGN cells 

appeared to form a distinct subpopulation with respect to their length response 

properties. These cells were not encountered frequently. In order to gain some insight 

into their proportion in the dLGN, in one series of experiments multiple penetrations 

through the entire depth of the A laminae were carried out using single barrelled 

pipettes and each cell encountered was qualitatively classified as length tuned or non

length tuned.

These non-length tuned cells were of particular interest since their response 

properties raised the possibility that they might be inhibitory interneurones. As dLGN 

inhibitory interneurones are inhibited by ACh (McCormick and Pape, 1988) but relay 

cells are excited, the responses of these non-length tuned cells to iontophoretically 

applied ACh were determined.

Data Analysis.

For each cell, the peristimulus time histograms collected at each bar length were 

used to plot length response curves. Each curve was plotted as a percentage of 

maximum response against bar length, each direction of motion being analyzed 

independently, but both being normalized with respect to the maximum peak response. 

The response was assessed from the accumulated count in the bins constituting the 

response area in the PSTHs after subtraction of the background discharge level 

(assessed from the PSTH representing the no stimulus condition). In the analysis the 

response as the bar crosses the centre has been used if the bar was of the same contrast
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as the receptive field centre, whilst the response as the bar leaves the centre and enters 

the surround was used if the bar was of the opposite contrast to the centre, any 

secondary response peaks being ignored. The maximum value thus obtained was then 

regarded as 100% response, and all other values expressed as a percentage of this 

value.

The number of points constituting the plateau was decided upon by eye, the 

degree of end-zone inhibition then being calculated by averaging the responses forming 

the plateau and subtracting this value from the peak response. If the peak responses 

differed for the two directions of motion, then the averaged value for the plateau in the 

non-preferred direction was divided by the magnitude of the peak response in that 

direction and multiplied by 100 to give the percentage end-zone inhibition for that 

direction.

For centre-surround responses, the response to stimulus onset was used for On 

centre cells, and the response to stimulus offset for Off centre cells. Again the response 

was assessed from the accumulated count in the bins constituting the response area in 

each PSTH after subtraction of the background discharge level. However, since the 

mode of presentation of stimuli did not allow stimulus presentation in a randomised 

sequence within each trial, the background discharge level subtracted from each PSTH 

was assessed from the baseline response seen in that PSTH during the period of no 

stimulus presentation.
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At the end of an electrode penetration, the recording site was marked by passing 

a current of -10/xA through the electrode for 10 minutes, which resulted in the ejection 

of PSB from the electrode tip and its deposition in the tissue at the tip. On termination 

of the experiment the skull was carefully removed using bone rongeurs and the brain 

dissected out.

The brain was fixed by immersion in 10% formal saline. After fixation, it was 

then placed in gum sucrose (gum arabic 1% w/v and sucrose 30% w/v) to protect 

against ice crystal formation during freezing, which would impair the quality of the 

sections obtained. Once the brain had sunk in the cryoprotectant, serial sections, 50/x 

thick were cut on a sledge freezing microtome stage. The sections were mounted on 

gelatin impregnated slides and stained with 1% neutral red (a Nissl stain). They were 

subsequently examined under a microscope (Wild M8 with drawing tube attachment) 

for blue spots, to confirm the location of the recording site, and the sections containing 

the blue spots drawn to provide a permanent record.

In experiments where cortical ablation was carried out, tissue blocks containing 

the surrounding cortical areas were sectioned to enable the extent of the lesion to be 

reconstructed. Prior to freezing on the microtome, the blocks were covered in an 

embedding medium (0.75g gelatin, 45g albumen, 30g sucrose in 0.1M phosphate buffer, 

denatured by the addition of a few drops of 25% glutaraldehyde) which was then 

allowed to harden in the refrigerator. The embedding procedure provided support for 

the lesioned tissue. The blocks were then sectioned and stained as described above.
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Responses to NAAG and L-HCA.

Each cell was mapped and then classified as previously described. The effects 

of iontophoretic application of L-HCA and NAAG were then determined in 

comparison to the responses elicited by a visual stimulus (a spot of light flashed within 

the receptive field centre whose diameter was adjusted to produce an optimal 

excitatory response from the cell), and to iontophoretic ejection of a range of excitatory 

amino acid receptor agonists and to ACh.

Pharmacology of the Responses.

Excitatory responses elicited by the putative neurotransmitters were then further 

examined by the establishment of a control test sequence where the response to 

iontophoretic application of the putative neurotransmitter was compared with the 

visual response and to iontophoretic pulses of the selective agonists, NMD A, kainate 

and AMP A. The intensity of the spot and the duration and magnitude of the drug 

ejection currents were varied in order to obtain as near equipotent responses as 

possible. As the amount of drug solution ejected from the barrel depends not only on 

the duration and magnitude of the ejection current but also on the magnitude and 

length of time of application of the retaining current, the most reproducible data were 

obtained if the test cycles were repeated in a regular unvarying sequence. Once a 

stable control response pattern was established, iontophoretic application of an 

antagonist was initiated and the effect of this on several cycles of the test sequence 

ascertained. Following cessation of the antagonist application, the regular sequence 

of the test cycle was repeated until control values returned. In many cases the effects
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of several repeats of the application of the antagonist were examined and/or compared 

with the effects of another antagonist. The protocol compared the effects of the 

physiological stimulus and the agonist applications side by side in the same cycle. 

There was no extrapolation between antagonist effects on drug and physiological test 

sequences run at different times. The spike time sequences were stored on computer 

(Cambridge Electronic Design Alpha LSI-2/502 system), generally with a resolution 

of 1 msec, and the data were displayed as peristimulus/peridrug histograms.

Analysis of the data involved establishing the spike count in the response area 

of the histogram for the visual stimulus and drugs under control conditions. Antagonist 

effects were then represented in terms of the percentage change in response counts 

with respect to the control values. For statistical analysis of the effects of the 

antagonists across the population of cells studied, all trials where a selective blockade 

was achieved with respect to the control agonists were included.
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RESULTS

I. LENGTH SENSITIVITY

Length Response Properties of dLGN Cells.

The quantitative data reported here are based on single unit extracellular 

recordings from a sample of 198 cells from the A laminae of normal cats, and from a 

sample of 53 cells recorded in the A  laminae of acutely decorticated cats. All units 

were located within 15° of the area centralis, the majority being within 10°.

Length Tuning.

Quantitative length response curves were recorded from 198 dLGN cells of 

normal cats. These comprised 129 On centre and 69 Off centre cells, 100 of which were 

unambiguously classified as X cells and 86 as Y cells, the remaining 12 cells being 

inconclusively categorised.

Fig. 6 documents the length tuning properties of a typical cell examined. The 

length response curve for this On Y cell is shown above, with the PSTHs from which 

it was constructed displayed beneath. The PSTHs are arranged in order of increasing 

bar length from left to right, the PSTH on the extreme left hand side representing the 

cell’s response in the no stimulus condition. This cell had a low level of spontaneous 

activity. When a 0.25° bar was drifted over the receptive field centre, the cell
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Fig. 6. Length tuning curve and PSTHs documenting the response of an On Y cell 

to light bars of different lengths being drifted over the receptive field. Bar length 

was varied in a randomized, interleaved sequence and responses averaged over 5 

trials. The bar lengths used were 0, 0.25, 0.5, 0.75, 1, 2, 4, 6, 8 and 10°. The 

stimulus velocity was 3 .3V , width 0.5° and contrast 150/50 Cdm'2. For the length 

tuning curve responses are expressed as a percentage of the peak response after 

subtraction of the background discharge (as assessed in the no stimulus condition) 

along the ordinate and the abscissa represents the bar length in degrees. For the 

PSTHs, the bin size is 150 ms. Calibration vertical 50 i/s, horizontal 2s.
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Fig. 7. Length tuning curve and PSTHs documenting the response of an On X cell 

to light bars of different lengths being drifted over the receptive field. See Fig. 6 for 

further details, but calibration, vertical 20 i/s.



( % 3 esuodsey



105

responded with a clear increase in firing frequency, the response spanning 2 bins. As 

the bar length increased, the magnitude of the response decreased, so that the cell 

barely responded to a 4° bar. The length response curve plots the change in unit 

response (expressed as a percentage of the maximum response seen) on the ordinate 

against bar length (in degrees) on the abscissa. It illustrates that once the bar length 

is extended beyond the peak value seen for the cell, 0.25° in this case, the response 

magnitude decreases rapidly so that the response to a bar 1° in length is less than half 

that obtained with the 0.25° bar. With further increase in length, the response plateaus 

at a value of approximately 10% of the maximal response, giving a value of 90% end- 

zone inhibition for this cell. Thus, although the cell clearly responds to a 10° bar 

passing over the receptive field centre, the response magnitude is very much reduced 

in comparison to that seen to a short bar.

Fig. 7 documents the response of another typical cell, an On X cell in this case. 

In this example, the cell exhibited response summation for lengths increasing up to 0.5°. 

At this point, the response magnitude peaks, and further extension of the bar beyond 

this optimal length leads to a rapid decline in the cell’s response, the response to a bar 

of 2° in length clearly forming part of the plateau. This cell has a plateau response 

level of 17% of the peak value, giving a value of 83% end-zone inhibition.

Fig. 8 illustrates the responses of an Off Y cell. It is clear that this cell was 

highly length tuned, the response summated up to 0.5° but further bar extension then 

produced a marked decrement in the response elicited, so that responses to long bars 

were only approximately 10% of the optimal response. It should be noted here that 

there appeared to be a clear increase in the maintained activity level of this cell when 

a 10° bar appeared at the edge of the visual display screen (well outside the receptive



R
es

po
ns

e 
( 

%

X \J\J

100 -

0J
i—i—r

LGH 14.m 
Off Y
150msec bins 
5 trials

0 2 4 6 8 10

Bar length ( deg J

30

-J jl- a ^  A i /  A a  j*
2secs

0 0.25 0.5 0.75 1 2 4
Bar length ( deg )

8 10

Fig. 8. Length tuning curve and PSTHs documenting the response of an Off Y cell (the 

same Off Y cell illustrated in Fig. 5) to light bars of different length being drifted over 
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Fig. 9. Length tuning curve and PSTHs documenting the response of an Off X cell 

(the same Off X cell illustrated in Fig. 4) to light bars of different length being 

drifted over the receptive field. See Fig. 6 for further details but 10 trials, vertical 

calibration 20 i/s.
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field centre), and that the increased response to a 10° bar suggested by the length 

tuning curve largely reflects this increase in maintained discharge, as opposed to a 

marked increase in the actual response elicited by bar motion over the receptive field 

centre (as the stimulus used in this case was a light bar, on an Off centre cell, the 

response seen is actually due to the bar leaving the receptive field centre). (Fig. 29 

illustrates a more extreme example of this behaviour, and the issues involved are 

discussed in more detail at that stage.)

Fig. 9 illustrates the responses of an Off X cell. This cell was very highly length 

tuned. The best response seen was to the shortest bar presented (0.25°), with 

lengthening of the bar producing a marked decrement in the responses elicited. 

Virtually no response could be discerned to the longer bars tested (2° or more), and in 

fact, movement of both the 8 and 10° bars across the response zone produced a small 

but distinct suppression of the spontaneous activity of the cell.

These length response curves typified the profiles observed for most of the 

dLGN cells tested, with the majority of cells exhibiting a very significant amount of 

length preference. However, twelve of these quantitatively documented cells, all of 

which could be classified as Y cells on the basis of non-linear spatial summation, 

differed sufficiently in their responses to be tentatively regarded as a discrete 

population of cells, which have been termed nlY cells. The responses of these nl Y cells 

are described separately on page 112, and they have not been included in the analysis 

below.

The average degree of end-zone inhibition observed across the population of 

cells studied (excluding the 12 nlY cells) was 71% + /-1 .18%  s.e.m. (n = 186).
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Fig. 10. Block histogram showing the distribution of length tuning in the dLGN cell 

population. The cells were subdivided into 10 categories of end-zone inhibition. Cells 

having little or no length tuning were placed in category 1 (from 0 - 9 % )  with cells 

exhibiting almost total response suppression at longer bar lengths being placed in 

category 10 (90 - 100%). The mean value was 71% ( + /-1 .18%  s.e.m.); n = 186.
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In the histogram in Fig. 10, the population has been subdivided into 10 

categories of end-stopping, with cells having the weakest amount of end-zone inhibition 

placed in category 1 and those with the strongest in category 10. It illustrates that 115 

out of the 186 cells showed a length preference of 70% or more, with only 20 cells 

(11%) exhibiting less than 50% length tuning.

There appeared to be no difference in the degree of length tuning exhibited by 

On and Off centre cells (71% + /-1 .51%  s.e.m., n = 123 and 71% + /-1.85% s.e.m., n 

= 63, respectively; not significantly different at the p < 0.05 level when tested using the 

Mann-Whitney U test). There was only a small difference in the degree of length 

tuning seen in X and Y cells (74% + /-1.41% s.e.m., n = 100, and 67% + /-2.13% 

s.e.m., n = 74), but this did appear to be statistically significantly different at the p < 

0.01 level (Mann-Whitney U). The histograms in Fig. 11 show the index of end- 

stopping (calculated as described above for the overall population) against numbers of 

cells for On X, On Y, Off X, and Off Y cell classes.

Non-length Tuned Y cells

In addition to the length tuned cells described above, a small subgroup of cells 

exhibiting virtually no length tuning was also observed. As well as showing poor length 

tuning, these cells were also characterised by their very poor centre-surround 

antagonism. A typical example is documented in Fig. 12. The length tuning curve of 

this On Y cell, together with some representative PSTHs are shown on the left, and two 

PSTHs documenting the cell’s response to a small and a large flashed spot of light are 

shown on the right. The length tuning curve clearly illustrates that while the cell 

exhibited rapid spatial summation for lengths increasing up to 1°, further increase in
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Fig. 12. Records documenting the length response and centre-surround properties 

of a typical non-length tuned (nlY) On centre cell. For the length tuning curve, 

stimulus velocity was 3.3°s*1, width 0.75° and contrast 150 on 50Cdm‘2. The PSTHs 

illustrate responses to moving bars and to flashed spots. Spot luminance was 

matched to bar luminance. The bar lengths illustrated are 0.5, 1, 6, 8 and 10°. Bin 

size for these PSTHs is 150 ms. Calibration bars, vertical 30 i/s, horizontal 2s. 

Spot diameters are 1 and 8°, bin size is 80 ms. Calibration bars, vertical 50 i/s, 

horizontal Is. All responses are averaged over 10 trials.
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Fig. 13. Records documenting the length response and centre-surround properties of 

a typical well length tuned Off Y cell. Details as for Fig. 10 but bar width was 0.5°. 

The bar lengths illustrated are 0.25, 0.5,1, 4 and 10°. Bin size for these PSTHs is 150 

ms. Calibration bars, vertical 40 i/s, horizontal 2s. Spot diameters are 0.5 and 4°, bin 

size is 70 ms. Calibration bars, vertical 100 i/s, horizontal, 0.5s. All responses are 

averaged over 10 trials.



bar length beyond this point did not cause a decrement in the cell’s response, but the 

response levelled off, though there was possibly a small decrement to lengths 

approaching 10°. Interestingly, the response to an 8° flashing spot was significantly 

greater than that to the 1° spot. (Presumably, the fact that the bar summated only to 

4° may reflect, at least in part, the difference in the amount of the receptive field 

covered by a long bar as opposed to a large spot.)

The lack of surround antagonism raised the possibility that the response 

properties of these cells might result from a poor physiological state of the preparation 

from which they were recorded. However, these cells were observed in penetrations 

that sampled normal strongly length tuned X and Y cells before and after their specific 

recording location. Thus, there were no grounds to associate their presence with a poor 

preparation or intrageniculate damage. For example, the cell illustrated in Fig. 13 was 

recorded immediately before the non-length tuned cell illustrated in Fig. 12. However, 

it is clear that this Off Y cell exhibited very strong centre-surround suppression and a 

high degree of length tuning. Cells recorded subsequently to that shown in Fig. 12 in 

the same penetration were also well length tuned. Furthermore, all such cells in this 

sample were recorded at eccentricities within 15° of the area centralis and their 

responses compared with those of tightly length tuned cells at the same eccentricity in 

the same penetration. Hence, this difference in response profiles cannot be attributed 

to sampling a more eccentric area of visual space.

Further examples of the length response profiles of these cells are illustrated in 

Figs. 14 and 15. The On centre cell illustrated in Fig. 14 showed a similar length tuning 

curve to that in Fig. 12, but its optimal length was 2°. In contrast, the Off centre cell 

illustrated in Fig. 15 exhibited summation up to 10° but showed the most rapid rise up
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Length Tuning C o m p a ra t iv e  r e s p o n s e  to ACh
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Fig. 14. Records documenting the length response profile of another non-length tuned 

(nlY) On centre cell, together with its response to iontophoretically applied 

acetylcholine chloride. Length tuning curve details as for Fig. 12, but bar width 1°. Bar 

lengths illustrated are 1, 4 and 10°. Bin size for these PSTHs is 150 ms. Calibration 

bars, vertical 20 i/s, horizontal 2s. Number of trials is 10. The peristimulus/peridrug 

histograms document the response of the cell to a flashed spot of light (2.5° diameter) 

and to a pulse of acetylcholine chloride. ACh ejection current is 93nA. The bars above 

each record indicate the onset and duration of the light flash and ejection pulse 

respectively. Bin size 200 ms. Calibration bars, vertical 40 i/s, horizontal 3s. Number 

of trials is 5.
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Fig. 15. Records documenting the length response profile of another non-length tuned 

(nlY) Off centre cell, together with its response to iontophoretically applied 

acetylcholine chloride. Details as for Fig. 12. Bar lengths illustrated are 0.75, 4 and 

10°. Bin size for these PSTHs is 115 ms. Calibration bars, vertical 100 i/s, horizontal 

Is. One trial. Spot diameter 2.5° and ACh ejection current 50nA. Bin size 140 ms. 

Calibration bars, vertical, 60 i/s, horizontal Is. Number of trials is 2.
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to 1°, at which length its response was 64% of the maximal response. Although the 

responses to bars greater than 10° in length were not routinely assessed quantitatively, 

qualitative assessment did not reveal the presence of significant reductions in response 

to these very long bars.

Twelve cells for which quantitative length response profiles were documented 

exhibited these types of response. In an attempt to gain some insight into the 

proportion of these cells within the dLGN, multiple penetrations throughout the depth 

of the A laminae using single barrelled pipettes were carried out. In these experiments, 

every cell encountered was qualitatively classified as length tuned or non-length tuned, 

with only some cells being studied quantitatively. Fifteen cells out of a total of 116 cells 

encountered (13%) fell into this category.

The majority of these cells were encountered close to the laminar border 

between A  and A l, and A1 and C. (The recording sites were identified either by 

reference to the microdrive micrometer readings associated with the electrode 

penetration in relation to the location of laminar borders or from the histological 

location of Pontamine Sky Blue (PSB) spots. Cells were assessed as being located near 

to laminar borders if the recording site, as determined by either of these two methods, 

was within 200/x of a laminar border. Both methods are believed to be equally valid 

since for all cells where histological verification was carried out, no cell classified as 

being close or not close to a laminar border on the basis of the micrometer readings 

had to be reassigned on the basis of the histological reconstruction.) Together with 

their radically different response properties, this suggested the possibility that they 

might be interlaminar inhibitory interneurones. For this reason, their responses to 

iontophoretically applied ACh were ascertained. As illustrated in Figs. 14 and 15, the
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Fig. 16. A plot of mean response reduction versus mean optimal length for Y cells 

(closed triangles) and non-length tuned cells (nLY cells, open circles). Mean response 

reduction is expressed as the mean percentage change in response calculated from the 

plateau of the tuning curve with respect to that at the optimal length. Mean optimal 

length is in degrees. Negative values for mean response reduction indicate an apparent 

facilitation of the response at lengths longer than those comprising the plateau (cf. 

Rose 1977).
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cells gave powerful excitatory responses to iontophoretic pulses of ACh that were 

comparable to the magnitude of the excitation elicited by visual stimulation. In all, the 

responses of 11 of these cells to iontophoretic application of ACh were examined, and 

all were strongly excited.

In total, 24 cells exhibiting such responses have been observed. All these non

length tuned cells exhibited non-linear spatial summation to phase reversing sinusoidal 

gratings and from that viewpoint could be judged to be typical Y cells. However, the 

mean optimal summation length for this group of cells was 3.2° and their mean 

response reduction with increasing length was 16% ( + / -  5% s.e.m., n = 12). This 

compares with a mean optimal summation length of 1.2° and mean response reduction 

with increasing length of 67% ( + / -  2.13% s.e.m., n = 74) for the main population of

Y cells. The data tend to suggest a distinct sub-population of non-length tuned Y cells 

in the dLGN. However, one possibility could be that these cells are not a distinct 

subgroup of the Y cell population but reflect the extreme of a continuum. I have 

attempted to examine this issue in Fig. 16. This shows the distribution of the two 

groups of Y cells in a plot of mean response reduction at long bar lengths against mean 

optimal summation length. There is a fairly clear segregation of the distribution of the 

non-length tuned cells, with only a very limited overlap of these non-length tuned cells 

with the remainder of the Y cell population. (Indeed, it should be noted that several 

of the cells in this zone of overlap were recorded before I became aware of this 

subdivision in the responses of dLGN Y cells, and would probably have been classified 

as non-length tuned cells had they been recorded subsequent to this realisation.) Thus, 

the data can be regarded as suggesting a distinct sub-population of non-length tuned

Y cells in the dLGN, distinguished from typical Y cells both in terms of their optimal 

response length and their lack of response reduction with increasing stimulus length.



These cells have therefore been termed "nlY" cells.

Comparison of Length Tuning and Centre-Surround Antagonism

One question with regard to the high degree of length tuning seen in the 

majority of the dLGN cell population is the extent to which this length tuning merely 

reflects the degree of centre-surround antagonism seen in dLGN cells. I have therefore 

quantitatively compared the degree of centre-surround antagonism and length tuning 

exhibited by dLGN cells.

In many cases, the degree of centre-surround antagonism and length tuning 

exhibited by cells were very similar. A typical example is illustrated in Fig. 17. This On 

Y cell exhibited clear response summation to spots and bars up to 1°, further increase 

in stimulus size then causing a substantial decrement in the responses observed, with 

plateau levels of response being achieved by 4° in both cases.

However, in some cases, the degree of length tuning and centre-surround 

antagonism varied considerably. In all such cases, the cells exhibited far better centre- 

surround antagonism than length tuning. One example is documented in Fig. 18. This 

On Y cell exhibited clear response summation to spots and bars up to 2°. Further 

increase in spot diameter resulted in a large decrement in the responses elicited, with 

the responses plateauing at spot sizes of 6° and upwards, the response to a 10° flashing 

spot being only 10% of the optimal response seen. Increasing the bar length beyond 

2° also caused some decrement in the responses seen. However, the degree of response 

reduction obtained was much smaller, the response to a 10° bar was over 50% of the 

optimal bar response seen. (While part of this effect may be attributed to the use of
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Fig. 17. Records documenting the length response and centre-surround properties 

of an On Y cell. LHS records document length response properties and RHS 

records document centre-surround properties. For the length tuning curve, stimulus 

velocity was 3 .3 V , width 0.5° and contrast 150 on 50cdm'2. Spot luminance was 

matched to bar luminance. The LHS PSTHs illustrate responses to moving bars and 

RHS PSTHs responses to flashed spots. The bar lengths illustrated are 0.5, 1, 4, 6 

and 10°. Bin size for these PSTHs is 150 ms. Calibration bars, vertical 25 i/s, 

horizontal Is. Spot diameters illustrated are 0.5, 1, 4, 6 and 10°. Bin size is 60 ms. 

Calibration bars, vertical 25 i/s, horizontal 0.5s. All responses are averaged over 10 

trials.
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Fig. 18. Records documenting the length response and centre-surround properties 

of an On Y cell. LHS records document length response properties and RHS 

records document centre-surround properties. For the length tuning curve, stimulus 

velocity was 3 .3 V , width 0.5° and contrast 150 on 50cdm‘2. Spot luminance was 

matched to bar luminance. LHS PSTHs illustrate responses to moving bars and 

RHS PSTHs to flashed spots. The bar lengths illustrated are 0.75, 2, 8 and 10°. 

Bin size for these PSTHs is 165 ms. Calibration bars, vertical 40 i/s, horizontal Is. 

Spot diameters illustrated are 0.75,2, 8 and 10°. Bin size is 70 ms. Calibration bars, 

vertical 40 i/s, horizontal 0.5s. All responses are averaged over 10 trials.
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a bar which is somewhat narrower than the receptive field centre diameter, such 

differences in the degree of centre-surround antagonism and length tuning were also 

seen for several of these cells when the bar width was increased to a value 

approximately equal to the centre diameter.)

In all, the centre-surround antagonism and length tuning of 23 cells displaying 

clear centre-surround antagonism were compared in this way. (Detailed comparisons 

were also undertaken for cells displaying no centre-surround antagonism and no length 

tuning. The responses of these so-called nl Y cells have already been described above, 

on page 112.) The degree of centre-surround antagonism exceeded the length tuning 

displayed by more than 20% for 11/23 cells tested. This group was predominantly 

comprised of Y cells (9 Y cells and 2 X cells). It was interesting to note that as a group, 

these 11 cells appeared to have a significantly higher level of spontaneous activity than 

cells where length tuning mirrored centre-surround antagonism. The mean 

spontaneous activity for those cells where length tuning and centre-surround 

antagonism were equivalent was 5 impulses/sec + /-  0.99 s.e.m. (n = 12) but for cells 

where these two values differed by 20% or more, the spontaneous level of activity was 

11 i/s  + /-1.50 (n = 11), significantly different at the p < 0.01 level (Mann-Whitney U 

test). Additionally these cells were also distinguished by their larger mean receptive 

field centre size (0.8° + /-0.12° and 1.5° + /-  0.2° respectively, significantly different at 

the p < 0.05 level using the Mann-Whitney U test), and their larger mean summation 

length (0.8° +/-0.13 and 1.8° + /-  0.37, significantly different at the p < 0.05 level, 

again tested using the Mann-Whitney U test).

These distinctions were not due to any variation in the eccentricity of the 2 cell 

groups which did not show a significant difference. The differences in spontaneous
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activity could not be attributed to the fact that most of these cells were Y cells, since 

there was no significant difference in spontaneous activity between the whole of the X 

and Y cell populations.

Unilateral Bar Extension.

Some cortical hypercomplex cells exhibit marked asymmetries in the degree of 

response reduction elicited by unilateral extension of a bar to one or other side of the 

receptive field excitatory discharge zone (Hubei and Wiesel, 1965; Dreher, 1972; Sillito 

and Versiani, 1977; Orban, Kato and Bishop, 1979a). As dLGN cells have essentially 

symmetrical receptive fields, such asymmetries in their response magnitude to 

unilaterally extended bars would not be predicted to occur. However, this assumption 

has not been directly tested. If dLGN cells do not exhibit such asymmetric responses, 

then this might suggest that asymmetries seen in cortical cells are intracortically 

generated. I have therefore examined the responses of dLGN cells to unilaterally 

extended bars, using the same stimuli as used previously in this laboratory to assess 

response asymmetries in the cortex.

The records in Fig. 19 illustrate the effects of unilateral bar extension in the 

dLGN. The top trace documents the response of an On Y cell (in fact, the same cell 

whose length tuning curve is shown in Fig. 6) while the bottom trace documents the 

response of an On X cell. The response to a bar of optimal length is shown in the 

PSTH on the extreme left. The PSTH on the extreme right represents the response to 

a long bar extended bilaterally over the receptive field. The two middle records 

illustrate the response to a long bar extended first to one and then the other side of the 

receptive field centre. Two major points are clearly illustrated by these results. Firstly,
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Fig. 19. PSTHs documenting the responses of 2 dLGN cells to bars of optimal 

length, a long bar extended bilaterally, and to long bars extended unilaterally to one 

or other side of the receptive field centre, being drifted over the receptive field at 

a velocity of 3.3°s‘1. The diagrams above each record schematically summarise the 

stimulus condition. The upper records show the responses of an On Y cell, the 

lower those of an On X cell. Bar width was 0.5°; contrast 150/50 Cdm'2. Bar 

lengths were (from left to right) upper records, 0.5, 4.25, 4.25 and 8°; lower records 

0.75, 2.35, 2.35 and 4°. Bin size was 150 ms. Number of trials was 20. Calibration 

vertical 50 i/s., horizontal 2s.
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for both cells, there is virtually no difference in the responses elicited by bars extended 

to opposing sides of the receptive field centres. Secondly, the response decrement 

observed with a bilaterally extended bar is nearly exactly that which one would predict 

if the response reductions produced unilaterally are simply summated linearly for the 

bilateral bar. In the upper trace, the response elicited by the bilaterally extended bar 

was 20% of that obtained with a bar of optimal length (the percentage values quoted 

here, and in the remainder of this paragraph have not been adjusted to take account 

of spontaneous activity levels). The responses elicited by the unilaterally extended bars 

were 60 and 61% of the optimal respectively. Thus bilateral extension resulted in a 

reduction in response magnitude of 80%, whilst unilateral extensions resulted in 

reductions of 39 and 41%. Hence the combined response reduction produced 

unilaterally at 79% is nearly identical to the 80% reduction seen with the long 

bilaterally extended bar. For the cell in the lower trace, the response reduction to the 

bilaterally extended bar was 72% compared to a combined value of 80% (39 and 41%) 

for the two unilateral responses.

Eighteen cells were tested in this way, being comprised of 7 On X cells, 5 On Y 

cells, 4 Off X cells and 2 Off Y cells. In no case was it possible to reveal a marked 

difference in response magnitude to unilateral bar extension to one or other side of the 

receptive field centre. The small differences seen in some cells (the mean difference 

in the percentage response reduction with respect to the optimal response seen to the 

unilaterally extended bars was 5% + /-1 .12 s.e.m., n = 18) were in no way comparable 

to the large asymmetries that have previously been documented for cortical cells. 

Indeed, since the unilateral data was gathered in a non-randomized manner, even the 

small differences occasionally observed cannot with any confidence be regarded as a 

real bias, but more probably arise from a small shift in cell responsiveness with time.
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Orientation/Direction.

Some degree of orientation bias to long bars has previously been claimed for 

dLGN cells (Vidyasagar and Urbas, 1982), and it has been suggested that this 

orientation bias might be due to a difference in the length tuning profiles at the optimal 

and non-optimal orientations (Vidyasagar, 1984). I therefore wished to examine this 

proposed relationship between length preference and orientation bias using the same 

stimulus parameters as used in the rest of this study.

It became clear during the first experiments carried out that the experimental 

paradigm utilised required an extremely stable recording situation whereby cells could 

be held for many hours, due to the length of time necessary to complete the data 

gathering runs. It soon became evident that even when recording from exceptionally 

stable preparations where cells could be held for long time periods, the protocol 

necessary to address this issue fully could not be successfully performed with the 

technology currently available in the laboratory, owing to fluctuations in cell 

responsiveness over the time course of the data gathering periods. Since it was not 

possible to randomly interleave more than one independent variable on the visual 

display system, orientation and length could not both be varied simultaneously. Hence, 

once the length excitatory protocols had been performed at several orientations to 

confirm absolute accuracy of stimulus centring over the receptive field (which was of 

course extremely critical), and an orientation tuning protocol subsequently completed, 

the length tuning protocol for each orientation to be assessed had to be carried out 

sequentially. However, the changes in absolute cell responsiveness over the time 

course required to complete the length tuning protocols resulted in the invalidation of
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most of the data collected. Nonetheless, during the course of this work, it did become 

apparent that for some cells there was a systematic variation in the length response 

profiles observed to the two directions of motion of a bar whose orientation had been 

randomly selected (usually horizontal or vertical). In the stimulus paradigm utilised, 

each stimulus presentation involved a bar that was swept back and forth across the 

receptive field. Hence in this case the data for the construction of the length tuning 

curves for the two directions of bar motion were gathered during the same time period, 

and thus any differences could not be attributable to changes in cell responsiveness 

with time. The variables of orientation and direction are of course interlinked (Henry, 

Bishop and Dreher, 1974). Thus, as a first step in addressing the issue that the degree 

of length tuning seen may vary with changes in the orientation or direction of bar 

motion, I have carried out a detailed assessment of the length tuning curves generated 

for the 2 directions of motion of an oriented bar.

In Fig. 20, the response of the On Y cell shown in Fig. 6 is documented for both 

directions of bar motion. The curve drawn in solid lines and filled circles represents 

downward motion of the bar, whilst that shown in broken lines and open circles 

represents upward bar motion. For illustrative purposes only, the latter curve has been 

displaced laterally along the abscissa, to enable each curve to be more easily 

distinguished, but the bar lengths used for generating the 2 curves are of course 

identical. The 2 PSTHs beneath document the cell’s response to the 2 directions of 

motion for both a short and a long bar (the turn-around point of the bar is represented 

by the interrupted line drawn above each PSTH). It is clear that the responses to the 

two directions of motion are virtually identical for both short and long bars, and 

consequently, the length tuning curves constructed from these data are very nearly 

identical.
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Fig. 20. Length tuning curves and 2 representative PSTHs documenting the response 

of the same On Y cell illustrated in Fig. 6 to horizontally oriented light bars of 

different lengths being drifted over the receptive field in the two directions of 

motion. The curve drawn in solid lines and filled circles represents downward 

motion of the bar, and upward motion is denoted by the broken lines and open 

circles. For illustrative purposes only, the latter curve has been displaced laterally 

along the abscissa. The 2 PSTHs are for a 0.25° and 4° bar length. The interrupted 

line in the centre of each PSTH indicates the point at which the direction of motion 

of the bar reverses. The diagram above each half of the PSTHs schematically 

summarize the stimulus condition. Broad details as in Fig. 6, but bin size is 140 ms; 

calibration vertical 30 i/s.
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However, only 83 cells out of the 183 cells analyzed in this way (45%) exhibited 

identical responses to the two directions of motion (for the purposes of this analysis any 

response differing by less than 20% was considered to be the same). The remainder 

of the population exhibited marked differences in the tuning curves to the two 

directions of motion, and typical examples of the types of biases observed are 

illustrated below.

Fig. 21 documents the response of an On X cell. The pertinent point here is that 

the cell responded more strongly to a bar passing over its receptive field in one 

direction of motion than to exactly the same stimulus moving in the opposite direction. 

This is clearly illustrated by the length response curves and the representative PSTHs 

for short and long bars shown beneath the tuning curves. Thus, the cell exhibits a 

directional bias at all bar lengths tested, the response being about 20% greater for the 

preferred direction of motion. The length tuning curves therefore display essentially 

the same profile, but differ in their absolute response magnitudes.

Six cells from the sample of 183 cells tested showed this type of directional bias. 

These were not confined to any one particular cell class.

Another type of difference in the tuning curves to the two directions of bar 

motion is shown in Fig. 22. This cell responds clearly to a vertically oriented short bar 

moving from right to left across the receptive field. However the cell responds very 

poorly to an identical bar moving in the opposite direction. At longer stimulus lengths, 

the cell responds equally poorly to both directions of motion. Whilst the error bars (+1  

s.e.m.) displayed on the tuning curve indicate considerable response variability and no 

apparent directional bias for long bars, for short bars there is a notable directional bias
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2 secs

0.75

+

iifinr

8

Fig. 22. Length tuning curve and 2 representative PSTHs documenting the responses 

of an On X cell. Broad details as in Fig. 20, but the curve represented by filled circles 

and solid lines refers to a vertically oriented bar moving from left to right, as viewed 

by the cat, and the curve represented by open circles and dotted lines refers to motion 

from right to left. Bar lengths illustrated are 0.75 and 8°, bin width is 100 ms and 

calibration, vertical 7.5 i/s. Error bars represent 1 s.e.m..
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direction of motion. Thirty eight of the cells tested displayed this variable type of bias.

The large number of cells displaying differing length tuning profiles in the two 

directions of motion was somewhat surprising in view of the concentric, essentially 

symmetrical, antagonistic centre surround receptive field model of dLGN neurones. 

Following the recent demonstration that the corticofugal projection contributes to the 

generation of a significant component of the length preference seen in dLGN cells 

(Murphy and Sillito, 1987) it appeared plausible that the corticofugal system might 

contribute to these directional biases. Length tuning curves were therefore also 

generated for the two directions of bar motion for a sample of 53 dLGN cells recorded 

from cats where area 17 and 18 of the visual cortex had been removed by aspiration just 

prior to recording. However, even after removal of the corticofugal pathway, 

directional biases were still observed in over half of the cells tested. One example from 

a decorticate preparation is illustrated in Fig. 25.

The cell documented in Fig. 25 illustrates the converse case of the bias 

illustrated in Fig. 22, that is, this cell exhibited identical peak responses but different 

plateau responses. At short bar lengths the response to the two directions of motion 

was essentially the same. However, the cell responded preferentially to one direction 

of motion at the longer bar lengths. Hence this cell exhibited similar peak responses, 

but differing plateau levels of response. This type of directional bias was first observed 

in cells where areas 17 and 18 of the cortex had been removed by ablation but has since 

been observed for one cell where the corticofugal projection was intact.

Table 2 summarizes in tabulated form the numbers of cells showing the various 

types of bias described, for both the normal and decorticate cell populations. None of 

these biases were restricted to any one cell class.
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2a)

DIRECTIONAL BIAS NO. OF CELLS % OF CELLS
none 83 45
at optimal length 49 27
at plateau length 1 .5
at all lengths 6 3
bias reverses with length 6 3
variable bias 38 21

2b) * Decorticate population

n = 183

DIRECTIONAL BIAS NO. OF CELLS % OF CELLS
none 21 40
at optimal length 15 28
at plateau length 5 9
at all lengths 4 8
bias reverses with length 2 4
variable bias 6 11

n = 53

Table 2. This summarises the various types of directional bias exhibited by dLGN 

cells. Table 2a refers to cells recorded from normal cats, and 2b to cells where the 

corticofugal influence has been removed by aspiration of areas 17 and 18 of the 

visual cortex.



Other Parameters Influencing Length Tuning.

In addition to stimulus orientation/direction, variation of several o ther stimulus 

param eters such as bar width, contrast and luminance might affect the degree of length 

tuning elicited. The effects of changing these param eters were therefore assessed 

before the criteria for the standard stimulus param eters used for gathering the main 

body of data were established. Examples of the effects seen are docum ented below.

Length tuning is clearly influenced by bar width. In Fig. 26, the records illustrate 

the length response profiles obtained when using a bar of similar width to the receptive 

field centre, and a bar considerably narrower than the receptive field centre size. The 

cell had a receptive field centre of 0.4°. The length tuning curves were constructed 

using a 0.3° and a 0.1° wide bar. The former curve is drawn using filled circles and 

solid lines, the latter with open circles and broken lines. Using a bar width of 0.3°, the 

cell responded optimally to a 0.75° bar, with further bar extension producing a 

decrem ent in the responses elicited, the responses plateauing at a level of 24%. W hen 

the narrower bar was used, the cell’s optimal response was only 46% of that seen with 

the wider bar, and the optimal stimulus length increased to 1°. The slope of the 

declining phase is also reduced, so that the plateau is delineated by only the 4 longest 

bars, as opposed to the 5 longest in the previous case. Using only the four longest bar 

lengths to construct the plateau, the degree of length tuning seen with the narrow bar 

is 67% as compared to 78% in this case for the 0.3° bar. Hence the cell exhibits less 

length preference to the narrow stimulus. This decline in length tuning appears to arise 

primarily from the fact that a much larger reduction in response magnitude to the 

optimal bar length than to the plateau lengths is produced when the stimulus width is 

reduced. (To control for the possibility that this decreased responsiveness was not due 

to the narrower stimulus but a consequence of a decrease in the cell’s responsiveness
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Fig. 26. Length timing curves for an On Y cell. Broad details as for Fig. 6 but bar 

width is 0.3° for the curve denoted by the filled circles and solid line, and 0.1° for the 

curve denoted by the open circles and broken lines. Both curves are normalised with 

respect to the peak response seen. Representative PSTHs are illustrated for both 

stimulus conditions. Upper row correspond to a 0.3° bar width, lower row to a 0.1° bar 

width. Bar lengths illustrated are 0.75, 1 and 6°. Number of trials is 10. Calibration, 

vertical 20 i/s.
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Fig. 27. The length tuning curve denoted by the filled circles and solid lines 

documents the response of the same On X cell as in Fig. 7 to exactly the same 

stimulus parameters but for the fact that a 0.3 log. unit filter had been interspersed 

in the light path to reduce the stimulus luminance. For comparison, the length 

response curve obtained without the filter has also been included, and this is denoted 

by the curve drawn with open circles and broken lines. Both curves are normalised 

with respect to their own peak responses. Three PSTHs are shown for each stimulus 

condition, representing 0.5, 1 and 8° bars. Calibration, vertical 20 i/s.
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with time, a further length tuning curve was then generated using the wider bar. In fact, 

the cell’s optimal response was slightly larger than in the original trial.)

In Fig. 27, the effects of a reduction in luminance on length preference are 

illustrated. The curve denoted by the open circles and broken lines represents the 

response to a bar of 150 Cdm'2 on a background of 50 Cdm'2, while the curve 

represented by filled circles and solid lines documents the response after the 

introduction of a 0.3 log. unit gelatin filter into the light path. The introduction of the 

filter results in an increase in the optimal bar length from 0.5 to 1°, and the magnitude 

of the optimal response is markedly reduced. However, there is virtually no difference 

in the degree of percentage response reduction from peak to plateau in the two cases, 

the cell appearing to be 83% end-inhibited without the presence of the filter and 80% 

end-inhibited with the filter in place. Fig. 28 illustrates the response of the same cell 

when using a bar contrast of 100 on 50 Cdm'2. Again the response magnitude to the 

optimal length is considerably reduced when compared to that elicited by the optimal 

length at 150/50 Cdm'2, being only 16 impulses/s as opposed to 36 impulses/s for the 

latter. The degree of length tuning now seen was reduced to 70%.
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illustrated in Figs. 7 and 27 to the same stimulus parameters but for the fact that the 

contrast used was 100/50 Cdm'2. Broad details as in Fig. 27, but curve denoted by filled 

circles and solid lines denotes the response to a bar of luminance 100/50 Cdm'2.
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Increase in maintained discharge levels with increasing bar length.

The interesting feature of the response of the On Y cell documented in Fig. 29 

is that the cell showed a marked increase in maintained firing level at longer bar 

lengths. The background firing level of the cell as assessed from the no stimulus 

condition was 10 impulses/second. Whilst for all the short bar lengths the background 

level of the cell’s activity remained at this value, as soon as a longer bar appeared on 

the visual display screen, the background activity rose considerably. Hence for a 6° bar, 

the maintained discharge was 26 i/s. For an 8° bar the maintained discharge was 58i/s 

and for a 10° bar it was 79i/s. Since all the lengths were presented in a randomised, 

interleaved sequence, this behaviour cannot be attributed to an increase in the cell’s 

background level of activity with time, and would seem to be visually driven. As the 

display screen had a diameter of 10°, and the screen centre was aligned over the 

receptive field centre which was only 1° in diameter (assessed using a small flashing 

spot moved in towards the receptive field from several points), this implies that a long 

bar well outside the receptive field centre was able to drive the cell. When these long 

bars passed over the receptive field centre, a further increase in firing rate was 

observed. The length tuning curve in 29a is calculated as described on page 92, ie. by 

subtraction of the maintained firing level seen in the no stimulus condition from each 

response as the bar passes over the receptive field centre, and suggests that this cell 

exhibits response summation at longer bar lengths. However it is clear from studying 

the PSTHs that the magnitude of the response elicited by motion of the bar over the 

receptive field centre above the baseline firing rate in each individual PSTH is far 

greater for a 2° as compared to an 8° bar. Hence the signal to noise ratio is greater for 

a short as opposed to a long bar. The length tuning curve in 29b has been constructed 

by subtracting the maintained discharge rate seen in each individual PSTH from the



Fig. 29. Length tuning curves and PSTHs documenting the response of an On Y cell 

to light bars of different lengths being drifted over the receptive field. Broad details 

as in Fig. 6. Bar lengths illustrated are 0, 0.5, 2, 4, 6, 8 and 10°. The length tuning 

curve shown in 29A is constructed as described in Fig. 6, however, that illustrated in 

29B has been calculated by subtraction of the maintained discharge level seen in 

each individual PSTH from the response for that PSTH. Calibration, vertical 100
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response elicited as the bar passed over the receptive field centre in that particular 

PSTH. The length tuning curve plotted in this way no longer shows length summation 

but actually shows 37% end-inhibition.

This increase in maintained discharge rate to long bars in the screen periphery 

was seen in 5 out of the 198 cells studied. These comprised 2 On centre and 3 Off 

centre Y cells. No X cells exhibiting this type of response pattern were observed. The 

cells were found in laminae A and A l. They were interspersed with other cells in the 

electrode penetrations exhibiting ’'normal'' length tuning profiles, thus it appears 

extremely unlikely that such a result could be explained soley on the basis of a greater 

degree of light scatter arising from the longer stimuli, for if this were to be the 

explanation, all cells might be expected to exhibit such behaviour.

Length Response Properties of PGN Cells.

Recent work has demonstrated that the corticofugal projection to the geniculate 

nucleus contributes to the generation of length tuning in dLGN cells (Murphy and 

Sillito, 1987). The corticofugal projection originates from layer VI of the visual cortex 

and layer VI cells have been described as having relatively long receptive field lengths 

(Gilbert, 1977). As the corticofugal projection is known to make only excitatory 

synapses in the geniculate nucleus, it appears likely that the corticofugal influence 

responsible for generating a component of the length tuning seen in the dLGN is 

translated through an input to dLGN inhibitory interneurones that increases as 

stimulus length increases. This therefore suggests the presence of a population of 

inhibitory interneurones in the geniculate nucleus exhibiting response summation with 

increasing bar length. The corticofugal projection contacts both intrinsic inhibitory 

interneurones and perigeniculate neurones. Thus either (or both) of these populations
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of inhibitory interneurones could be involved in mediating the effects of the 

corticogeniculate pathway. I therefore wished to examine the length response 

properties of PGN cells in normal cats, and in preparations where areas 17 and 18 of 

the visual cortex had been removed by aspiration.

The data reported here are based on single unit extracellular recordings from 

a sample of 20 cells from the PGN of normal cats, and from a sample of 15 cells 

recorded in the PGN of acutely decorticated cats. All units were located within 12° 

of the area centralis.

Quantitative length response curves were generated for 10 cells where the 

corticofugal projection was intact, and 14 cells where areas 17 and 18 of the visual 

cortex had been removed by aspiration.

Length Tuning in Cortex Intact Preparations.

None of the cells tested exhibited length response profiles characteristic of the 

very long field cells described by Gilbert (1977) for layer VI cortical cells, where he 

described cells summating in length to between 6 and 8°. However, the majority of 

cells for which quantitative length tuning curves were obtained, which exhibited clearly 

definable response zones, exhibited response summation for lengths ranging up to 0.5 

to 2°, further increase in bar length producing very little increase in the magnitude of 

the response elicited. In some cases, increasing bar length beyond the summation 

length produced a small decrement in response magnitude, the responses then 

plateauing at this slightly lower value. A typical example is shown in Fig. 30. This cell 

showed spatial summation to bars increasing in length to 2°. The response then 

levelled off, with perhaps some decrement to a 10° bar. A further example is
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documented in Fig. 31. The responses of this cell showed spatial summation up to 0.5 

to 0.75°, and although it is evident that this cell exhibited a far more variable length 

response profile to long bars than the cell illustrated in Fig. 30, it is nevertheless clear 

that this cell did not show any further marked response summation to longer bar 

lengths.

Although the length tuning profiles shown in Figs. 30 and 31 are typical of those 

most commonly seen, two of the 10 cells for which curves were constructed showed 

some degree of length tuning. The length response profile of one of these cells is 

illustrated in Fig. 32. The responses of this cell summated rapidly to 0.5°, but a sharp 

reduction in response magnitude resulted from further increase in bar length, the 

response plateauing at a level of approximately 50% of the optimal.

In cases where cells were strongly driven by stimuli presented to either eye, 

length tuning curves were constructed for both eyes. In all cases, the length response 

curves obtained appeared broadly similar.

Length Tuning in Decorticate Preparations.

There was no apparent difference in the shapes of the length response profiles 

observed in decorticate preparations from those described for the cortex intact 

preparations. Thus the majority of cells had length response profiles exhibiting rapid 

spatial summation up to bar lengths ranging from 0.5 to 2°, with responses levelling off 

or perhaps showing a small degree of response reduction with further increases in bar 

length. Two such examples are illustrated in Figs. 33 and 34. The responses of the cell 

documented in Fig. 33 exhibited rapid spatial summation to bars increasing in length 

to 0.75 to 1°. Further increase in bar length produced a small decrement in response
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magnitude, with the response plateauing at a level of approximately 85% of the 

optimal. For the cell shown in Fig. 34 the response summated up to 2°, the response 

then levelling off with further increases in bar length, with perhaps some degree of 

increment in the response elicited by the 10° bar.

Three cells in the decorticate population exhibited some degree of length 

tuning, as described previously for the cortex intact population. One such example is 

shown in Fig. 35. This cell exhibited response summation to bars up to 0.75 to 1° in 

length, with further increase in bar length resulting in a decrement in the magnitude 

of the response elicited, the plateau level being approximately 55% of the optimal 

response.

Overall, it was difficult to define any clear differences in the profile of the 

response properties of PGN cells recorded in decorticate preparations from those 

recorded in preparations with an intact corticofugal influence. Qualitatively however, 

it did seem that the cells recorded in decorticate preparations were more easily and 

repetitively driven by visual stimuli, and showed less variability in their responses. This 

observation should however be treated with caution at present since it was difficult to 

find any conventional criteria by which a quantitative statistically significant difference 

in responsiveness could be identified. Nonetheless, a measure assessing the probability 

of a response being elicited by each presentation of the bar length producing the 

optimal response did show a significant difference at the p < 0.01 level (Mann- 

Whitney U test), the mean probability of firing for cells in the cortex intact population 

being 76% + /-  4.98 s.e.m., n = 8, whereas for cells in the decorticate population the 

probability was 96% + /-  2.66 s.e.m., n = 13.
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II. PHARMACOLOGY OF PUTATIVE NEUROTRANSMITTERS

The data refer to a total population of 48 X cells and 31 Y cells.

Comparative Excitatory Effects of NAAG and L-HCA.

Iontophoretic application of NAAG with ejection currents in the range 75-200 

nA (mean 125 nA) produced very little effect on the cells tested. In more than half the 

population studied NAAG iontophoresis resulted in either no effect (17/37) or weak 

inhibitory responses (4/37). The remaining cells (16/37) exhibited very weak, sluggish 

and variable excitatory responses. Two examples of the action of NAAG are illustrated 

in Fig. 36. The records show the response to a spot of light flashed on and off within 

the receptive field centre, and to iontophoretic pulses of ACh and NAAG. Both the 

On Y cell in the upper record and the Off Y cell in the lower record gave brisk 

excitatory responses to the visual stimulus and to the iontophoretic pulse of ACh but 

were unaffected by NAAG.

The virtual ineffectiveness of NAAG contrasted with the vigorous and crisp 

excitatory responses observed to L-HCA. In all cells tested (32/32), L-HCA, applied 

with ejecting currents in the range 25-136 nA (mean 67 nA), evoked clear excitations. 

An example is shown in Fig. 37, which compares the response of an Off X cell to visual 

stimulation and to iontophoretic pulses of NMD A, L-HCA and NAAG. The barely 

detectable excitatory response to NAAG was the best seen and highlights the strong 

effects of L-HCA and NMD A.
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Fig. 36. Comparison of the effects of NAAG, ACh and visual stimulation (spot of light 

flashed within the receptive field centre) on the responses of 2 dLGN cells. The 

duration of the flash and the iontophoretic pulses are indicated by the markers above 

each record, together with the iontophoretic currents used. Top record:- response of 

an On Y cell, bin size is 450 ms. Bottom record:- response of an Off Y cell, bin size is 

400 ms. Records are averaged over 3 trials. Calibration, vertical 20 i/s, horizontal 5s.
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Fig. 37. PSTHs documenting the response of an Off X cell to visual stimulation and 

to iontophoretic pulses of NMDA (N), L-HCA (L) and NAAG. Broad details as for 

Fig. 36 but the visual response is shown on an expanded time scale on the left hand 

side PSTH (bin size is 100 ms, calibration, vertical 4 spikes/bin, horizontal 2s) while 

drug responses are shown on the right (bin size is 800 ms and calibration, vertical 

30 i/s, horizontal 10s). One trial.
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Action of CPP and CNOX on L-HCA Responses.

Recent work has provided evidence that the visual responses of dLGN cells are 

vulnerable to both NMDA and non-NMDA receptor blockade (Sillito et al., 1990a,b). 

Thus, a putative optic nerve transmitter candidate would be anticipated to exert effects 

at both groups of receptors. The weak and inconsistent responses to NAAG made it 

entirely unrealistic to examine the relative contribution of NMDA and non-NMDA 

receptors to its action. However, this issue was examined in detail for L-H CA  in order 

to compare the pharmacology of its action with that of the visual input.

The NMDA receptor antagonist CPP produced selective reductions in the 

responses to visual stimulation and to L-HCA as illustrated for the Off X cell 

documented in Fig. 38. The PSTHs show the visual response on an expanded time 

scale to the left of the figure and the drug responses recorded in the same test run but 

plotted utilising a larger bin size on the right. Iontophoretic application of CPP with 

a 30 nA ejection current for 15 seconds eliminated all but one spike in the visual 

response and virtually eliminated the response to L-HCA whilst leaving the responses 

to kainate and AMPA close to control values. This supports the view that a significant 

component of the action of L-HCA and the visual stimulus is mediated via NMDA 

receptors.

Throughout the population of cells, the overall profile of action of L-HCA was 

broadly comparable with that of NMDA. This point is illustrated in Fig. 39 which 

compares the action of CPP and CNQX on the responses of an On X cell to 

iontophoretic pulses of N M D A  L-HCA and AMPA. In the presence of CPP the 

responses to L-HCA and NMDA were selectively eliminated, whilst with CNQX the
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Fig. 38. Action of CPP on the responses of an Off X cell. The PSTHs document the 

response to visual stimulation and to iontophoretic pulses of L-HCA (L), kainate (K) 

and AMPA. Broad details as for Fig. 37. Dotted line indicates time of offset of the 

visual stimulus. Bin size for the visual response is 120 ms, calibration, vertical 12 

spikes/bin, horizontal 2.5s. Bin size for drug records is 800 ms, calibration, vertical 100 

i/s, horizontal 20s. One trial. Top records show the control run. Bottom records show 

the responses after application of CPP (30nA ejection current, 15s). With respect to 

control values, the visual response is 7% of the original, L-HCA 17%, kainate 119% 

and AMPA 86%.



168

Fig. 39. Actions of CNQX and CPP on an On X cell. The PSTHs document the 

response of the cell to iontophoretic application of NMDA (N), L-HCA (L) and 

AMPA. Broad details as in Fig. 37. Bin size is 800 ms, calibration - vertical, 80 i/s, 

horizontal 20s. One trial. Top records show the control responses, middle records 

show responses during antagonist application and bottom records show response 

recovery. Left hand column sequence documents responses using CNQX as the 

antagonist, right hand column with CPP. In the presence of CNQX (60nA, 1 min 

10s), the response reduction seen for NMDA is actually greater than that for Lr 

HCA (responses are 76 and 92% of control respectively) while the response to 

AMPA is greatly reduced (to 33%). In the presence of CPP, the responses to both 

NMDA and L-HCA are virtually abolished (responses are 2.5% and 0.5% of control 

respectively) while the response to AMPA is actually potentiated (to 150%).



N 
L 

AM
PA

 
N 

L 
A
M

PA
17

4 
70
 

1
15

nA 
17

4 
70
 

1
15

nA

169

C
o
O

u
<  °  c  ^
5  2I"-
CL -
a- EO c\j

c>
Vw'
Cccc

o
C O

CO

□

E

a
1

c
c
O

<  o c 0)
O  in  
CD O

X  *”
O  E 
2  E O ^

o>
O  C

8 I
C C  CM

□

CD

■

o o
CO

ZH

D
8S02



170

response to AMPA was reduced to a much greater extent than NMDA or L-HCA.

Thus, the data confirm previous work from this laboratory with regard to a role 

for NMDA receptors in mediating the visual response (Kemp and Sillito, 1982; Moody 

and Sillito, 1987; Sillito et al, 1990b). It also suggests that a significant component of 

the actions of L-HCA in the dLGN are mediated by NMDA receptors.

One example of the effect of CNQX on the visual response is illustrated in Fig. 

40. The visual response of this Off Y cell is halved during CNQX application whilst the 

response to L-HCA is preserved and the responses to kainate and AMPA greatly 

reduced. Thus these data would suggest that doses of CNQX capable of partially 

blocking visual responses do not affect L-HCA responses.

Nevertheless, in some cases, doses of CNQX producing a reduction in the 

magnitude of the visual response also caused some reduction in the response to 

L-HCA. This is illustrated in Fig. 41 in which the actions of CPP and CNQX are 

compared in a succession of tests on the same cell. This refers to an On X cell, and the 

visual response is plotted both on an expanded time scale to the left of the figure and 

together with the drug responses in the test sequence on the right. Both the NMDA 

receptor selective and the non-NMDA receptor antagonists block the visual response. 

It is important to note that for this cell, there was some reduction in the responses to 

L-HCA during CNQX application. Indeed, it was often difficult to achieve a high level 

blockade of the visual response with CNQX without some effect on the L-HCA 

response.

However, the situation is complicated by the fact that in addition to its blockade 

of non-NMDA receptors, CNQX is known to block the strychnine insensitive glycine
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Fig. 40. Action of CNQX on the responses of an Off Y cell. The PSTHs document the 

response of the cell to visual stimulation and to iontophoretic pulses of L-HCA (L), 

kainate (K) and AMPA. Broad details as for Fig. 37 but bin size for the visual response 

is 50 ms, calibration, vertical 5 spikes/bin, horizontal Is, and bin size for drug records 

is 1400 ms, calibration, vertical 40 i/s, horizontal 20s. One trial. The top records show 

the control, the middle record documents the responses in the presence of CNQX 

(10nA, 2 min), and the bottom record shows recovery following reapplication of 

backing current. During CNQX application the magnitude of the responses with 

respect to control are - visual response 50%, L-HCA 147%, kainate 41% and AMPA 

58%.



172

Fig. 41. Comparative actions of CPP and CNQX on an On X cell. The PSTHs 

document the response of the cell to a visual stimulus and to iontophoretic pulses 

of D H C A  (L), kainate (K) and AMPA. Broad details as for Fig. 37, but right-hand 

side PSTHs show the complete test sequence plotted on 1000 ms bins (calibration, 

vertical 60 i/s, horizontal 20s) and left-hand PSTHs document the visual response 

only on an expanded time scale on 100 ms bins (calibration, vertical 10 spikes/bin, 

horizontal 2s). One trial. Horizontal calibration indicates time. During CPP 

application (5nA, 5min 30s) response magnitudes with respect to control are - visual 

response 14%, L-HCA 11%, kainate 93% and AMPA 94%. Following cessation of 

CPP application, the responses recovered and CNQX was then applied. During 

CNQX application (20nA, 12 min 30s), the responses with respect to control are - 

visual response 21%, L-HCA 66%, kainate 14% and AMPA 22%. With continued 

application of CNQX (14 min 15s) the responses with respect to control are, vision 

0%, L-HCA 49%, kainate 8% and AMPA 12%.
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receptor modulating the NMDA receptor (Johnson & Ascher, 1987; Thomson, Walker 

& Flynn, 1989; Mayer, Vyklicky & Clements, 1989). Consequently, a component of the 

action of CNQX may directly influence effects mediated via the NMDA receptor and 

it might therefore be expected to exert some effect on I^H CA  responses via this route, 

thus possibly accounting for the reduction in D H C A  responses documented above. 

From  this viewpoint, effects of CNQX on L-HCA responses should mirror those seen 

on NMDA responses. This was not always so. As documented by the records in Fig. 

42, in some cases CNQX appeared to reduce responses to L-HCA more than those to 

NMDA. In this example CNQX application nearly eliminated the responses to kainate 

and AMPA, and reduced that to L H C A  but not to NMDA. On the other hand CPP 

application virtually eliminated the responses to NMDA and L-HCA, with little or no 

effect on those to kainate and AMPA.

The effects of CPP and CNQX on the population of cells tested are summarised 

by the block histograms in Figs. 43 and 44. Taken as a whole across the population of 

cells studied, CPP application at dose levels selective for NMDA with respect to 

kainate and AMPA did not exert equal effects on L H C A  and NMDA, as illustrated 

by the block histogram in Fig. 43. Whilst the mean responses to L-HCA were reduced 

to 31.8% ( + /-6.2 s.e.m) of control in Y cells and 20.9% ( + /-3.8 s.e.m) in X cells, those 

to NMDA were respectively 10.7% ( + /-  3.3 s.e.m) and 10.4% ( + /-  3.3 s.e.m). These 

values compare with reductions to 35.2% ( + / -  4.19 s.e.m) and 22.3% ( + /-  2.72) of 

control for the visual responses of Y and X cells. The mean responses to kainate and 

AMPA for X and Y cells were all within 10% of control levels. The block histogram 

in Fig. 44, summarises the most selective effects obtained with CNQX for the 

population of cells studied. The mean visual response level of the Y cells in the group 

was reduced to 48% of the control level ( + /-14.53 s.e.m) and that for X cells to 56% 

of the control level ( + /-1 1.17 s.e.m). Although the mean level for the L-HCA response



Fig. 42. Actions of CNQX and CPP on an On Y cell. The PSTHs document the 

response of the cell to iontophoretic application of NMDA (N), L-HCA (L), kainate 

(K) and AMPA. Broad details as for Fig. 38, but bin size is 1400 ms, calibration, 

vertical 30 i/s, 20s. One trial. In the presence of CNQX (50nA, 4s), response 

magnitudes with respect to control are NMDA 79%, L H C A  49%, kainate 4% and 

AMPA 17%. As the L-HCA response is in a more favourable position in the time 

sequence to be affected by a non-selective blockade, the responses in the presence 

of CNQX at lm in 54s are also shown. However, it is clear that the response to 

NMDA is still preserved with this longer period of CNQX application. Following 

cessation of CNQX application the responses recovered and CPP was then applied. 

In the presence of CPP (50nA, 3min 30s), the responses with respect to control 

values are NMDA 6%, L-HCA 14%, kainate 161% and AMPA 125%.
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of Y cells was 98% ( + /-1 1.62 s.e.m) of control, the mean for X cells, 77% ( + /-5.33 

s.e.m), was substantially below control. The responses to kainate and AMPA were 

reduced to a much greater extent (Y cells 29.2% + /-5.74 and 25.29% + /-9.44, X cells 

25.94% +/-4.91 and 43.06% + /-5.34).
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Fig. 43. H istogram  sum m arising the action of C PP on the popula tion  o f X  and  Y cells 

studied. E ach colum n shows the m ean response during  C PP app lication  expressed as 

a percen tage of the control. E rro r bars show standard  e rro r  o f the m ean. O pen  

colum ns refer to X cells and closed colum ns to Y  cells. R esponse levels during C PP 

app lication  are:- vision - X cells 22%  ( + /-2 .72 % , n = 48), Y cells 35%  ( + /-4 .19, n = 

31); N M D A  - X cells 10% ( + /-3 .35% , n = 29), Y cells 11% ( + /-3 .31% , n = 22); L- 

H C A - X  cells 21%  ( + /-3 .80% , n = 22), Y cells 32%  ( + /-6 .20% , n = 18); kainate  - X 

cells 107% ( + / -  10.32%, n = 39), Y cells 109% (8.98% , n = 24); AMPA - X cells 

100% ( + / -  8.71%, n = 22), Y cells 95% ( + /-6 .22% , n = 18).
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expressed as a p ercen tage of th e  control. E rro r bars show standard  e rro r  of the m ean. 

O pen  colum ns refer to X cells and closed colum ns to Y cells. R esponse levels during 

C N Q X  application  are:- vision - X cells 56%  ( + / - l l . 17%, n = 18), Y cells 48%  ( + / -  

14.53, n = 7); L -H C A  - X cells 78%  ( + /-S .33% , n = 18), Y cells 99%  ( + / - 1 1.62%, n 

= 7); kainate  - X cells 26%  (+  / -  4.91 %, n = 16), Y cells 29%  (5.74% , n = 5); AMPA - 
X cells 43%  ( + / -  5.34%, n = 18), Y cells 25%  ( + /-9 .44% , n = 7).
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DISCUSSION

Due to the superficial similarity between geniculate receptive fields and those 

of their retinal inputs, the lateral geniculate nucleus has often been regarded as little 

more than a relay station, passively transmitting retinal signals to the cortex. However, 

the high degree of morphological heterogeneity observed in the geniculate nucleus 

together with its elaborate synaptic circuitry seem somewhat incompatible with this 

hypothesis of a simple relay faithfully conveying the retinal output to the cortex. 

Indeed, it has become increasingly apparent that both stimulus independent 

modulations of transmission arising due to global changes in arousal and stimulus 

dependent modifications of retinal signals do occur. Moreover, when tested with 

stimuli routinely used to examine cortical cell responses, the responses of both retinal 

and dLGN cells have been shown to exhibit some degree of stimulus specificity 

previously associated purely with cortical cell responses. The present observations 

serve to reinforce this growing awareness of the contribution of geniculate mechanisms 

to visual processing.

I. LENGTH SENSITIVITY

The data described in this report demonstrate that when dLGN cells are driven 

by stimuli routinely used to study cortical cell responses, a large proportion of cells 

exhibit a degree of length preference equivalent to that observed in the most tightly 

tuned cortical hypercomplex cells. Overall, the mean degree of length tuning across 

all the dLGN cells for which quantitative length response curves were generated was 

68% ( + /-1.48% s.e.m., n = 198). These cells included a distinct subgroup of non

length tuned Y cells which do not appear to have been previously described. Excluding 

these novel non-length tuned Y cells from the analysis, the mean degree of length
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tuning seen in dLGN cells was 71% ( + /-1.18% s.e.m., n = 186). This is considerably 

greater than values obtained in previous studies of cat dLGN, where Cleland et al. 

(1983b) obtained 51% and Mustari et al. (1982) obtained 61.5% (presumably the 

greater degree of length tuning seen here reflects the fact that the stimulus paradigm 

used in this study was selected to ensure optimal activation of geniculate centre 

responses and optimal activation of the corticofugal pathway).

The present observations raise a number of questions regarding the generation 

of length preference in the visual system. For example, how much of the length 

preference seen in dLGN cells is already present at the retinal level and how much is 

due to dLGN interactions? What mechanisms might be responsible for generating an 

enhancement in length tuning at the level of the dLGN? A rather surprising finding 

was the differences in length tuning seen with direction of bar motion in many dLGN 

cells, thus raising the possibility that dLGN neurones may exhibit more complicated 

response properties than hitherto imagined.

The results would appear to support and reinforce a previously proposed, but 

widely ignored, suggestion that the length preference observed in visual cortical 

hypercomplex cells may reflect that of an already tuned subcortical input, and not the 

operation of intracortical inhibitory mechanisms, as is commonly believed. However, 

a consideration of two additional properties displayed by at least some cortical 

hypercomplex cells leads to the question of the extent to which the length tuning seen 

in dLGN cells could underlie all the end-zone inhibition seen in hypercomplex cells. 

For example, Hubei and Wiesel (1965) claimed that the end-zones of hypercomplex 

cells were orientation tuned. While Dreher (1972) reported that such orientation tuned 

end-zones could not be detected in his work, Orban, Kato and Bishop (1979b) reported 

that hypercomplex cells do exhibit such orientation specific end-zones. Furthermore,
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many studies have suggested that detectable asymmetries occur in the strength of the 

end-zones to either side of the excitatory discharge zone (Hubei and Wiesel, 1965; 

Dreher, 1972; Sillito and Versiani, 1977), and that some cells have an inhibitory zone 

to one side only. Orban et al. (1979a) using quantitative evaluation suggested that all 

hypercomplex cells had detectable end-zones to both sides of the central excitatory 

discharge zone and proposed that the failure of previous studies to document this 

might have been due to the use of qualitative evaluation, but even in their study some 

cells did show markedly differing strengths of antagonism (up to 60%) in the two zones. 

In this respect, the present data documenting that dLGN cells do not exhibit 

asymmetries in response magnitude to unilateral bar extension provide clear evidence 

for the view that the asymmetrical end-zones seen in hypercomplex cells arise through 

cortical interactions, thus suggesting that intracortical processes do contribute to some 

extent in the generation of end-zone inhibition. As less than a quarter of the dLGN 

cells tested exhibited non-length tuned responses, while at least half of all cortical cells 

exhibit such non-length tuned fields, it is necessary to consider the processes by which 

such non-length tuned fields are generated in the cortex, especially the very long field 

cells seen in layer VI.

Mechanisms Generating Length Tuning in the dLGN.

One issue to be considered here is the extent to which the length tuning seen in 

the dLGN reflects that already present in retinal ganglion cells, and the extent to which 

intrageniculate processing contributes to its generation.
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Properties of the Retinal Input.

As the receptive fields of X and Y retinal ganglion cells are composed of a 

concentric, antagonistic centre-surround structure, it is evident that some decrement 

in their responses to long as opposed to short stimuli should be expected, following 

solely from the fact that a short, centrally located bar will move only over the receptive 

field centre while a long bar will also encroach into, and thus activate, the antagonistic 

surround. D ata addressing retinal length preference (Lee and Willshaw, 1978) 

suggested that brisk sustained cells showed a 22% decrement in response magnitude 

with increasing bar length, while brisk transient cells showed a decrement of 8%, and 

data from Cleland et al. (1983a) suggested that 26% end-stopping already exists at the 

retinal level.

Intrageniculate Processing.

Since the degree of length preference documented here for most dLGN cells is 

far larger than the retinal values quoted above, it is necessary to consider the way in 

which this enhancement is produced. Two factors are likely to be of major importance 

here, namely, the increase in centre-surround antagonism seen in the dLGN in 

comparison with that observed in the retina, and the influence of the corticofugal 

projection.

Simultaneous S-potential and dLGN spike recordings have unequivocally 

demonstrated increased degrees of surround antagonism at the geniculate level (Hubei 

and Wiesel, 1961; Cleland et al., 1971; Singer et al., 1972). This increase in the level 

of centre-surround antagonism seen in the dLGN should per se, bring about a further 

increase in length tuning at this level. Intracellular recordings of dLGN neurones have
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revealed that this enhancement of surround antagonism results from post-synaptic 

inhibitory mechanisms (Mcllwain and Creutzfeldt, 1967; Singer and Creutzfeldt, 1970; 

Singer et al., 1972) and there is strong evidence demonstrating that GABA is the 

inhibitory transmitter contributing to this enhancement since, during application of the 

GABA antagonist bicuculline, the level of surround antagonism of dLGN cells fell to 

that seen in retinal ganglion cells (Sillito and Kemp, 1983; Berardi and Morrone, 1984). 

Hence it is likely that GABAergic inhibition is also responsible for at least part of the 

increased length preference seen in the dLGN, and indeed there is some evidence to 

show that a component of the length preference observed previously in the dLGN is 

susceptible to blockade of GABAergic inhibitory mechanisms (Vidyasagar, 1984). 

However, since the degree of length preference seen in this work is higher than the 

values previously obtained, that study does not conclusively prove that all the 

incremental length preference seen in the dLGN is due to GABAergic mechanisms. 

However, as GABAergic inhibitory mechanisms have also been proposed to be 

responsible for orientation selectivity in the dLGN (Vidyasagar, 1984), for the 

attenuation in response and increase in contrast threshold seen in X cells to low spatial 

frequency stimuli (Berardi and Morrone, 1984) and to contribute to the difference in 

the shift effect seen between X and Y cells (Eysel at al., 1987), it does appear highly 

likely that all the incremental length preference seen in the dLGN results from 

GABAergic mechanisms.

For all the cells tested in this work where quantitative comparisons of length 

tuning and centre-surround antagonism were undertaken, no cases were observed of 

cells exhibiting poor centre-surround antagonism but good length tuning. Additionally, 

it was clear that for most cells, there was a rapid decline in response magnitude as soon 

as bar length exceeded the optimal summation length (eg. see Fig. 17), and for many 

cells, the shape of the length tuning curve paralleled that of the centre-surround curves.
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Indeed, the sharp fall-off in responses once the optimal length was exceeded would 

appear to equate well with data documenting the locus of maximal potency of the 

surround to be an annulus bordering the centre, though with very little overlap 

(Hammond, 1972). Furthermore, for some cells it was noticeable that while the 

response peaked at a short bar length and then decreased sharply as the optimal length 

was exceeded, there followed a subsequent gradual increase in response as the bar was 

further extended (see Fig. 45). Such a response profile would appear to mirror that 

documented for dLGN cell responses to flashed spots of increasing diameter, and 

attributed to the disinhibitory effect of the outer surround seen at the geniculate level 

(Hammond, 1973).

While these observations are compatible with the view that the length tuning 

observed in the dLGN merely reflects the centre-surround properties of these cells, the 

situation is somewhat complicated by the fact that it was possible to observe poor 

length tuning in cells showing excellent centre-surround antagonism (as illustrated in 

Fig. 18). This would suggest that at least for some cells, excellent centre-surround 

antagonism is not in itself sufficient to generate high levels of length tuning, and that 

some other additional mechanisms are also necessary for the generation of length 

tuning. Indeed, this conclusion might be regarded as self-evident, simply from a 

consideration of the difference in the geometry of the two stimulus paradigms utilised. 

This follows from the fact that the actual amount of surround coverage produced by a 

long bar whose width is roughly equivalent to the cell’s centre dimensions will be far 

less than that produced by a spot of light whose diameter is equivalent to the length of 

the bar stimulus used. However, the proportional difference in the coverage of the 

centre by small spots of optimal diameter, as opposed to short bars of optimal length, 

will be much less. Hence, on purely geometric considerations, there will be a large 

difference in the balance of centre-surround antagonism invoked by the two stimulus



conditions, thus presumably necessitating some other additional factor to account for 

the high degree of length tuning seen in most dLGN cells, serving as it were, to 

compensate for the reduced amount of surround inhibition evoked by bar stimuli. 

Moreover, this additional mechanism might be expected to be poorly activated by 

flashing spots, but well activated by moving contours. In this respect, it is interesting 

to note that recent work by others in this laboratory (Murphy and Sillito, 1987) has 

demonstrated that the generation of a component of the length tuning seen in dLGN 

cells is dependent on an intact corticofugal projection to the dLGN (and indeed, most 

cortical cells are poorly driven by flashing spots, but strongly activated by moving bars). 

In their work, the mean degree of length tuning seen in dLGN cells where areas 17 and 

18 of the visual cortex had been removed by aspiration was 43% whereas the mean 

degree of length tuning seen in their control population was 70.5%. Hence it appears 

that the incremental length preference seen at the level of the geniculate nucleus is 

dependent both on the increase in centre-surround antagonism seen there and on an 

influence from the corticofugal projection.

The corticofugal pathway arises from cells in layer VI of the cortex (Gilbert and 

Kelly, 1975) and the axon terminals of these cells are believed to be only excitatory in 

nature (Baughman and Gilbert, 1981). It has been reported that the majority of cells 

in layer VI exhibit relatively long receptive field lengths (Gilbert, 1977). These long 

field layer VI cells have previously been suggested to contribute to the generation of 

layer IV cortical hypercomplex cell end-inhibition (their actions presumably being 

mediated through a population of inhibitory interneurones) (Bolz and Gilbert, 1986) 

following the original model proposed by Hubei and Wiesel (1965). From the work of 

Murphy and Sillito (1987), it would appear that through their corticofugal projection, 

layer VI cells also mediate a similar action in the dLGN. Hence it seems likely that the 

corticofugal influence responsible for generating a component of the length tuning seen
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in the dLGN is translated through an input to dLGN inhibitory interneurones that 

increases as stimulus length increases. This therefore suggests the presence of a 

population of inhibitory interneurones in the geniculate nucleus exhibiting response 

summation with increasing bar length. The corticofugal projection contacts both 

intrinsic inhibitory interneurones and perigeniculate neurones. Thus either (or both) 

of these populations of inhibitory interneurones could be involved in mediating the 

effects of the corticogeniculate pathway.

In an attempt to dissect out a corticofugal influence acting via perigeniculate 

interneurones, length response curves were generated for a number of PGN cells in 

cortex intact and decorticate preparations. None of the cells tested in cortex intact 

preparations exhibited length response profiles characteristic of the very long field cells 

described by Gilbert (1977) for layer VI cortical cells, where cells summating in length 

to 6 - 8° and longer were frequently encountered. Most PGN cells exhibited response 

summation to bars up to 0.5 to 2° in length, the responses then plateauing at that 

response level, with further extensions in bar length producing little further increase 

nor a decrease in response magnitude. This might, on face value, be taken as 

suggesting firstly that perigeniculate cell responses to bars are not predominantly 

influenced by layer VI cells, and secondly that the response properties of PGN cells 

to long bars are unsuitable for the generation of dLGN cell length tuning. However, 

two factors bear on this argument. A recent study on layer VI cells has demonstrated 

that approximately half the cells examined had fields summating to 4° or less, with 

some of these cells in fact summating to less than 1° (Grieve and Sillito, 1989). Hence, 

the length response profiles of these PGN cells could indeed reflect the response 

profiles of this group of layer VI cells. Secondly, the mean summation length for the 

main population of dLGN cells studied here was 0.90° ( + /-0.05 s.e.m., n = 186) and 

the mean value for the length of bar at which the plateau point was fully achieved was
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3.55° ( + /-0.13, n = 186), with the major component of the inhibition frequently being 

reached at much shorter lengths. Thus, since for most dLGN cells, the major fall-off 

in response occurs well before 4° in length, it is difficult to see any logic in the 

suggestion that layer VI fields showing very little response to bars 1-2° in length and 

continuing to summate to 8° or more would have a major impact in generating the end- 

zone inhibition seen, since such layer VI cells would not be well activated by the stimuli 

eliciting the maximal response decrement in dLGN cells. Indeed, it would appear that 

cells summating to between 2 to 4° would be far better suited to generating this 

inhibition. In this context, the length response profiles exhibited by many of the PGN 

cells studied would appear ideally suited to the generation of dLGN cell length tuning.

However, data derived from PGN cells in preparations where areas 17 and 18 

of the visual cortex had been removed did not reveal any notable decrease in 

responsiveness to long bars. Indeed, it was difficult to define any major change in the 

properties of PGN cells recorded in decorticate preparations apart from a tendency 

that cells recorded in decorticate preparations appeared qualitatively to be more easily 

and repetitively driven. Further work will obviously be necessary to address this issue 

in detail. Nevertheless, with regard to the primary question addressed in these 

experiments, it was clear that there was no discernible difference in the profiles of the 

length response curves obtained in decorticate preparations in comparison to those 

from cortex intact animals, nor was there a downward shift in overall responsiveness, 

which had it occurred could have resulted in the magnitude of the responses elicited 

by long bars being less in the former case, despite identical tuning curve shapes. Thus, 

it would appear that while the response profiles of PGN cells are suited to the 

generation of length tuning in dLGN cells, the corticofugal contribution to generation 

of dLGN cell length tuning is unlikely to be mediated via this route.
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It thus seems plausible to infer that the corticofugal influence on dLGN length 

tuning described by Murphy and Sillito (1987) is most likely to be mediated through 

intrinsic inhibitory interneurones. In this respect it is interesting to note that recent 

work has unequivocally confirmed that intrinsic intem eurones in cat dLGN receive 

direct synaptic contacts from cortical axons, principally onto dendritic shafts, and that 

these corticogeniculate terminals appear to synapse preferentially on interneurones 

(W eber et al., 1989). However, on the basis of morphological studies demonstrating 

that F .l. terminals (inferred to originate from PGN axons) terminate predominantly 

on presumed Y cells, whilst F.2. terminals found on the dendrites of intrinsic inhibitory 

interneurones interact in triadic arrangements predominantly on presumed X cells, it 

has been suggested that X and Y cells are influenced by different inhibitory circuits 

(Wilson et al., 1984). There was only a small difference in the mean degree of length 

preference exhibited by the majority of X and Y cells examined in the present study 

and the report by Murphy and Sillito does not suggest any difference in the effects of 

removal of the corticofugal influence on X and Y cells. Hence, it would seem that the 

influence of the corticogeniculate pathway is most likely to be mediated by the axonal 

terminals of the intrinsic interneurones at least for Y cells, though the influence of the 

corticofugal pathway on X cells might also be mediated by dendritic F.2 terminals.

Non-Length Tuned Y Cells.

In addition to the length tuned dLGN cells previously discussed, a small 

subgroup of Y cells characterised by poor centre-surround antagonism and poor length 

tuning were also encountered. These cells appeared to be distinct from typical Y cells 

both in terms of their optimal response length and their lack of response reduction with 

increasing stimulus length. This is exemplified by the mean values for these parameters 

as detailed in the results (page 120) and by the scatter diagram shown in Fig. 16, where
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there is very little overlap between the two groups of cells. As previously detailed, the 

fact that these cells were observed in the same electrode penetrations, at the same 

eccentricity as the length tuned Y cells, makes it difficult to ascribe their properties to 

other variables of preparation, sampling or eccentricity. On this basis these cells have 

been tentatively regarded as a distinct subgroup of the Y cell population, which might 

be referred to as "nlY" cells (non-length tuned Y cells).

It is difficult to establish the actual frequency of particular cell types by 

electrophysiological methods due to the problems of electrode selectivity, but the data 

suggest that these "nlY" cells form something in the region of 25% of the total 

population of Y cells. This is a significant component of the "Y" cell population and 

it is important to consider their potential role in visual function. Given the presence 

of infrequent, but large inhibitory interneurones located in the interlaminar zones of 

the dLGN (Robson and Martin-Elkins, 1985; Rinvik et al., 1987; Montero, 1989) and 

the predominance of nlY cells close to laminar borders, it at first seemed plausible that 

nlY cells might represent such a population of inhibitory interneurones, possibly 

mediating the corticofugal influence on dLGN cell length tuning. However, it does 

seem that there are strong grounds for considering these nlY cells to be relay cells. 

Firstly they are vigorously excited by iontophoretically applied ACh. Work from 

Singer’s group (Singer 1973; De Lima et al. 1985; Francesconi et al. 1988), together 

with that of Ahlsen et al. (1984) and the recent observations of McCormick and Pape 

(1988) clearly indicate that relay cells are excited and inhibitory interneurones inhibited 

by ACh. Secondly, Sherman and Friedlander (1988), in an intracellular study labelling 

cells with HRP, have been unable to find inhibitory interneurones in the dLGN with 

"Y" properties, all examples of inhibitory interneurones in their sample were "X" cells.



The responsiveness of nlY cells at long stimulus lengths was also associated with 

a centre-surround antagonism that was notably less than that of the other Y cells in the 

population. This would suggest that both the reflected influence from the corticofugal 

system enhancing length tuning (Murphy and Sillito 1987) and the intrageniculate 

interactions enhancing centre-surround antagonism (Hubei and Wiesel, 1961; Cleland 

et al, 1971; Hammond, 1972; Singer et al., 1972; Sillito and Kemp, 1983) are diminished 

in these cells. An intriguing possibility arising from these observations is the extent to 

which the poor centre-surround antagonism and poor length tuning exhibited by these 

"nlY" cells might reflect a paucity of synaptic input from intrageniculate or 

perigeniculate inhibitory interneurones to these cells. Both these groups of inhibitory 

interneurones are GABAergic (Fitzpatrick et al., 1984; M ontero and Singer, 1984, 

1985; Montero and Zempel, 1985) and it was ascertained that these nlY cells are 

strongly inhibited by iontophoretically applied GABA (Jones and Sillito unpublished 

observations), hence any reduction in the influence of GABAergic mechanisms in 

comparison to other Y cells must reflect a change in the density of connections or drive 

generating the inhibitory input.

The identification of an apparently distinct subpopulation of Y cells on 

physiological criteria raises the possibility that they might be morphologically 

distinguishable from the remainder of the Y cell population. As this subdivision of the 

Y cell group is only clearly identified from length tuning curves and would be 

transparent to many of the routine tests, including that for linearity of spatial 

summation with sinusoidal gratings, it is likely that any specific correlation with one of 

the morphological subtypes of cell associated with Y cell function (e.g Friedlander et 

al. 1981) would have been masked.
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Contribution of the Geniculate Input to Cortical Length Response Profiles.

Hvpercomplex Cells.

Following Hubei and Wiesel (1965), the universally accepted criterion by which 

hypercomplex cells are distinguished is that the response to a long bar is reduced in 

magnitude in comparison to the response seen to a short bar of optimal length. 

However, there is no general agreement on the actual degree of length tuning exhibited 

before a cell is placed into the hypercomplex cell category. Kato et al. (1978) placed 

cells showing 40% or more length preference into the hypercomplex cell category. 

Yamane, Maske and Bishop (1985) used a cut-off point of 50% and Rose (1977) used 

a value of 60%. The proportion of cells falling into the hypercomplex category varies 

between different laboratories, presumably depending on both the criterion value used 

as a cut-off point and the proportion of cells from different layers sampled, since the 

proportion of cells exhibiting length preference varies between layers (Gilbert, 1977). 

Kato et al. (1978) and Yamane et al. (1985) classified approximately half of all cells 

tested in their work as hypercomplex, whereas the proportion seen would obviously be 

far less if only those cells showing total response suppression (suggested by Heniy, 

1977) were regarded as hypercomplex.

Using the value of 50% length reduction for classifying cortical cells as 

hypercomplex, only 32 out of 198 dLGN cells (16%) for which quantitative length 

tuning curves were generated would not have fallen into the hypercomplex cell category 

on the basis of their length preference were they to have been recorded in the cortex. 

These 32 cells comprised the 12 non-length tuned Y cells and 20 cells from the 

remainder of the population. The proportion of these "nlY" cells recorded 

quantitatively is not necessarily indicative of their actual numbers in the dLGN, and



193

in fact they would appear to form roughly 13% of the total population. Even taking this 

into account, the actual percentage of dLGN cells exhibiting less than 50% length 

tuning is only likely to be in the order of 24% (13% nlY cells and 20/186 or 11% of the 

remainder of dLGN cells). It therefore seems that three-quarters of the dLGN cell 

population (as opposed to approximately half of cortical cells) could be classified as 

hypercomplex cells on the basis of their length tuning. Hence, these data provide 

clear support for the view that the length preference seen in cortical hypercomplex cells 

is merely a reflection of an already tuned input (as proposed by Rose, 1979), and 

strongly questions the belief that intracortical processing is necessary to produce much 

of the end-stopping seen in the cortex (Hubei and Wiesel, 1965; Bolz and Gilbert, 

1986).

In Fig. 45, a length tuning curve for a hypercomplex I cell, replotted from Kato 

et al. (1978) is shown together with a length tuning curve from a typical well length 

tuned dLGN cell from this study. It clearly illustrates that the length response curves 

obtained in the two areas are very similar. As well as showing end-inhibition, most 

hypercomplex cells usually exhibit steep length summation at short bar lengths. There 

is usually a good correlation between the optimal stimulus length and the degree of 

length preference, more strongly end-stopped cells having a shorter optimal length 

(Rose, 1977; Kato at al., 1978). A similar correlation was found across the normal 

population of dLGN cells studied here (significant at the p < 0.01 level, n = 186, 

multiple linear regression). Thus, on superficial examination, it would appear that the 

length tuning of cortical hypercomplex cells might well simply reflect that of its 

geniculate input. This suggestion is somewhat controversial, and as discussed below, 

several arguments have been put forward suggesting that the end-zone inhibition seen 

in cortical cells is generated by intra-cortical processing. However, were this to be the
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case, it would imply that the cortex first eliminates the length preference present in its 

geniculate input, and then regenerates end-inhibition for a considerable number of 

cells. While theoretically possible, this would appear to be somewhat unlikely, though 

it is indeed clear, as discussed below, that even if the reduction in the responses of 

cortical hypercomplex cells to long bars do reflect a decrease in the excitatory drive 

from their geniculate inputs, some facets of cortical length preference nevertheless do 

seem to be dependent on intracortical mechanisms.

One problem associated with the view that cortical length preference may be a 

reflection of a length tuned input is the fact that both Hubei and Wiesel (1965) on the 

basis of qualitative observations and Orban et al. (1979b), on the basis of quantitative 

work, concluded that end-zone inhibition is stimulus orientation dependent, and hence 

necessarily cortically generated. In the study by Orban et al., a short, optimally 

oriented bar was moved over the central excitatory discharge zone, and they compared 

the degree of reduction in the response elicited by this conditioning stimulus when a 

long bar of varying orientation was moved over the end-zone. Using this stimulus 

paradigm, they found that the degree of response reduction elicited was heavily 

dependent on the orientation of the outer bar, being maximal when the orientation of 

the outer bar matched that of the inner bar. However, as pointed out by Cleland et al. 

(1983b) the demonstration of such an effect in the presence of an excitation which is, 

of course, itself orientation dependent, is difficult, and could be misleading if there is 

significant overlap of the two zones. Since the strongest part of the end-zone has been 

shown to overlap with the central excitatory zone (Kato et al., 1978; Henry et al., 1978), 

this is obviously a problem. Part of the effect seen in the work of Orban et al. might 

be due to contiguity between the fixed and variable stimuli being essential, rather than 

orientation tuning per se. Whilst raising the background discharge levels with 

glutamate, rather than using an oriented bar passing over the centre excitatory
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discharge zone, in an attempt to reveal any inhibitions elicited by a stimulus in the end- 

zone, might overcome the problem of the orientation dependence of the centre, the 

fact that Sillito (1977b) noted that small gaps in the centre of a bar stimulus actually 

resulted in an increase rather than a decrease in the degree of excitation elicited when 

compared to a long bar, suggesting that stimulation of the centre was essential to the 

activation of the end-zone, could be problematical for that approach. If the end-zone 

is orientation dependent, a small possibility exists that this might also be seen at sub- 

cortical levels. As layer VI cells have been implicated in the generation of dLGN 

length preference (Murphy and Sillito, 1987) and layer VI cells are of course 

orientation selective (Gilbert, 1977), then a bar of a certain orientation should only 

activate one orientation column in the cortex. Hence one might postulate that since 

the variable stimulus is at a different orientation to the conditioning stimulus, this does 

not activate the corticofugal inhibition at the level of the dLGN cell. This would 

however have the caveat that the feedback would have to be arranged in an orientation 

specific way and no evidence to support such a suggestion exists. It is more likely that 

each cell representing a particular retinotopic locus in the dLGN receives feedback 

from a whole subset of orientation columns representing all possible orientations for 

that particular retinotopic location and hence a bar of a different orientation to that 

stimulating the centre should therefore be just as effective. Whilst the location of this 

variable stimulus would be displaced somewhat from the centre of the dLGN cell under 

the paradigm used by Orban et al., inhibitory effects of the corticofugal projection have 

been documented for retinotopic displacements extending more than 2° (Tsumoto et 

al., 1978), and hence the inhibition should still be effective. It is also unlikely that the 

fact that the outer bar of the same orientation as the conditioning stimulus would be 

2° longer than outer bars at the differing orientations (due to the contiguity of both 

stimuli in the former case) would have such a marked effect, since though some layer 

VI cells would still be expected to summate at that length (Gilbert, 1977) the increment
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in response seen to a 2° extension of the bar would not be so great as to be expected 

to have a major effect on the response of corticofugal cells.

A  further problem is raised by the work of Bolz and Gilbert (1986), who 

reported that the end-inhibition seen in cells in layers II, III and IV of the visual cortex 

was abolished during focal pressure ejection of GABA in layer VI. They attributed 

this to the loss of drive from long field cells in layer VI to inhibitory interneurones in 

layer IV, and concluded that the projection from layer VI to layer IV was responsible 

for the generation of end-inhibition. This conclusion is, of course, incompatible with 

the view that the length preference seen in layer IV hypercomplex cells reflects that of 

their geniculate input. However, several issues are pertinent to note here. Firstly, 

Yamane et al., (1985) demonstrated that for cortical hypercomplex cells the end-zone 

inhibition seen does not summate linearly over very long lengths, but that the major 

component of the inhibition is confined to an area immediately adjacent to the 

excitatory discharge zone (the end-zones having a length of 1.33° for simple family 

hypercomplex cells). Since Kato et al. (1978) quote a value of 1.4° for the summation 

length of hypercomplex I cells, it would appear that the major decrease in the response 

of hypercomplex I cells is complete by 2.7°. Thus, as discussed previously for dLGN 

cells (page 187), the logic behind suggestions that the very long field cells seen in layer 

VI play a major role in generating such end-inhibition is questionable. However, the 

group of shorter summating cells seen in layer VI, recently described by Grieve and 

Sillito (1989) would appear to possess fields capable of providing the necessary 

inhibitory drive, and hence Bolz and Gilbert’s data could be explained more logically 

in that context. This however, still leaves the difficulty of the apparent conflict of their 

model with the idea that the length tuning of cortical hypercomplex cells in layer IV 

simply reflects the high degree of tuning seen in their geniculate input. In view of the 

report by Murphy and Sillito (1987) demonstrating that a component of the length
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tuning seen in dLGN cells is dependent on the corticofugal projection, the effect seen 

by Bolz and Gilbert could perhaps be attributed to the fact that their injections would 

also have switched off the corticofugal projection of layer VI cells, as well as their 

projection to layer IV. However, on close examination, several conflicting issues 

rem ain unresolved. To produce a decrement in geniculate cell length tuning, Murphy 

and Sillito found it necessary to remove both areas 17 and 18 of the visual cortex, and 

even after removal of the corticofugal feedback, the average degree of length tuning 

seen across their population of dLGN cells was 43%. It therefore appears somewhat 

unlikely that a small, focal injection of GABA in area 17, as described by Bolz and 

Gilbert, would produce a sufficiently large decrement in geniculate length tuning to 

account for the total loss of length tuning they saw in some cortical layer IV cells. 

Hence, at the moment, it appears that several puzzling questions remain unanswered 

in this respect, and work by others in this laboratory, is currently attempting to resolve 

these issues.

A related problem is raised by the work of Sherk and LeVay (1983), who 

reported a decrease in the number of end-stopped cells in the cortex following lesioning 

of the visual segment of the claustrum. As claustral cells have receptive fields showing 

length summation up to 40° (Sherk and LeVay, 1981) and project to both layers IV and 

VI of the visual cortex (LeVay and Sherk, 1981) these authors suggested that claustral 

cells contribute to the generation of hypercomplex cell end-zone inhibition by a length 

dependent inhibition exerted on hypercomplex cells either directly or through the 

excitation of cortical inhibitory interneurones. (The initial response of cortical cells to 

electrical stimulation of the claustrum is excitation followed by longer latency IPSPs 

(Tsumoto and Suda, 1982), cells with a monosynaptic claustral drive seem to have 

noticeably less end-stopping than the rest of the cortical population (Boyapati and 

Henry, 1985) and the claustral projection terminates with type I, asymmetric synapses,
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(LeVay, 1986) which are presumed to be of an excitatory nature (Uchizono, 1965), 

hence this effect would seem likely to be mediated by the indirect route of excitation 

of cortical interneurones.) As no direct projection from the claustrum to the dLGN has 

been demonstrated (LeVay and Sherk, 1981) this again might imply that length 

preference is cortically and not subcortically generated. However, following from the 

previous discussion of the dimensions over which the maximal inhibition is seen to 

occur in hypercomplex cells, as described above, the role of cells responding poorly to 

short bars, but being maximally activated by bars of 40° in length in the generation of 

the length tuning seen in hypercomplex cells appears somewhat dubious.

Many cortical hypercomplex cells exhibit 100% end-zone inhibition, but most 

of the sample of dLGN cells showed some residual response to long bars. This increase 

in the number of cells showing total response elimination to long bars in the cortex 

might either be attributed to a specific visual inhibitory mechanism localized to the 

end-zones of the cortical hypercomplex cell adding to an already length tuned input, 

or it might also be brought about by a generalized inhibition of either visual or non

visual origin which would increase the threshold firing level of these cells as proposed 

by Henry et al. (1978) and discussed by Cleland et al. (1983b). Reference to Fig. 6 

shows that an increase in threshold firing level, arising from either a non length specific 

or length specific visually driven input, or from a tonic inhibitory influence, would result 

in the cell appearing to be 100% length tuned, if the threshold level was raised such 

that the cell was unable to respond to stimuli which currently elicit a response 

equivalent to 20% of the optimal. Cortical simple and hypercomplex I cells usually 

exhibit little or no spontaneous activity (Rose, 1977; Kato et al., 1978), whereas dLGN 

cells have previously been reported to exhibit a spontaneous discharge level of 13 i/s  

(Kaplan et al., 1987) and exhibited a spontaneous firing level of 7.5 i/s  (+  /-  0.46 s.e.m., 

n = 198) in this study. Hence it seems likely that cortical cells are subject to a tonic
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inhibitory input which prevents the spontaneous firing of dLGN afferents driving these 

cells to threshold.

Hypercomplex cells exhibiting unilateral response asymmetries have been 

extensively documented in the cortex (Hubei and Wiesel, 1965; Sillito and Versiani, 

1977; Henry et al., 1978) but no such response asymmetry could be detected in the 

dLGN cells tested in the same way in this study. Hence it is probable that the 

asymmetric end-zones seen in cortical hypercomplex cells are generated by intracortical 

mechanisms. It is interesting to note here that experiments carried out in the 

superficial layers of the visual cortex using the GABAa antagonist bicuculline while 

failing to reveal large reductions in the bilateral end-zone inhibition of hypercomplex 

cells (Sillito and Versiani, 1977), which would have been expected if a specific 

GABAergic inhibitory process at this level was responsible for the production of length 

preference in these cells, did demonstrate an increase in response and a reduction in 

length preference in the case of the responses to unilaterally extended bars. The 

illustrated cells clearly exhibited asymmetrical end-zones to the unilaterally extended 

stimuli prior to bicuculline iontophoresis, and the asymmetries in the responses were 

reduced (though not entirely abolished) during bicuculline ejection. Presumably the 

remaining asymmetries in the response profiles during bicuculline application must 

reflect a degree of asymmetrical cortical as opposed to geniculate input to these cells. 

While the failure of bicuculline application to substantially reduce bilateral length 

tuning in these cells might at first be thought to provide strong evidence supporting the 

hypothesis that cortical hypercomplex cell length tuning reflects the tuning seen in the 

geniculate input, some caution is necessary due to the fact that their data were confined 

to superficial layer hypercomplex cells. As layers II and III receive a strong projection 

from layer IV (Gilbert and Wiesel, 1979; Lund, Henry, MacQueen and Harvey, 1979), 

an alternative viewpoint could argue that the entire length preference seen in the
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superficial layers is a reflection of a tuned input from layer IV (which might have been 

generated intracortically) and not just a reflection of the length tuned input from 

laminae A  dLGN cells. Moreover, the situation with respect to superficial layer 

responses is further complicated by the fact that cells in layers II and III have been 

shown to respond normally when the A laminae of the dLGN, and consequently also 

layer IV cells, were inactivated following cobaltous chloride injections (Malpeli, 1983). 

As the superficial layers receive a strong input the C laminae (LeVay and Gilbert, 

1976; Leventhal, 1979), the responses of cells in layers II and III might therefore be 

presumed to reflect the properties of C laminae Y cells or W cells, which have not been 

assessed in this study, as opposed to laminae A  cells. Indeed Malpeli, Lee, Schwark 

and Weyand (1986) demonstrated that either the A laminae or the C laminae could act 

as a sufficient input for cells in the supragranular layers and Lee and Willshaw (1978) 

have previously documented that sluggish transient cells in the retina showed a 72% 

decrement in response magnitude with increasing bar length. However, Malpeli et al. 

(1986) noted that 2 cells in the supragranular layers retained their end-stopping when 

both laminae A and C of the dLGN were inactivated. Thus it would seem that some 

cells in the superficial layers exhibit end-inhibition in the absence of any dLGN input, 

presumably reflecting indirect input from MIN through cortico-cortical connections, 

perhaps from area 19, which has a large proportion of its inputs from both the C 

laminae and from MIN, and which has a very high percentage of cells exhibiting length 

preference (Tanaka, Ohzawa, Ramoa and Freeman, 1987). Thus, it is clear that it will 

be essential to repeat similar experiments to those carried out by Sillito and Versiani 

in the superficial layers, on cells in layer IV in order to determine whether the end- 

zone inhibition of layer IV hypercomplex cells is also resistant to bicuculline 

application.
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Length Summating Cortical Cells.

Seventy five percent of the dLGN cells tested in this study exhibited end-zone 

inhibition of 50% or more, and hence would have been placed in the hypercomplex cell 

category on the basis of their length preference had they been recorded from in the 

cortex (Yamane et al., 1985). However, a significant proportion of cortical cells are not 

length tuned and some in layer VI exhibit exceedingly long receptive fields. Thus it 

appears that one problem facing the cortex may be the generation of cells exhibiting 

response summation from inputs that are predominantly highly length tuned. While 

it is possible that length summating cells in the superficial layers may predominantly 

reflect input from geniculate C laminae cells whose properties have not been assessed 

in this study and which could contain a far higher percentage of non end-stopped cells, 

such input is unlikely to have much influence on the response properties of cells in 

layers IV and VI of the visual cortex, as these layers receive their predominant input 

from laminae A.

Previous workers have put forward proposals as to the way in which non-length 

tuned fields could be constructed from a length tuned input. For example, Schiller et 

al. (1976) suggested that end-stopped cells in the cortex might be produced by a sparse 

dLGN input whilst cells exhibiting no end-stopping might be produced from a great 

deal of convergence of dLGN inputs onto each cell. Rose (1979) suggested that cells 

with strong hypercomplex properties would be driven directly by dLGN cells with 

superimposed receptive fields whereas other cortical cells would be driven by dLGN 

cells with more scattered receptive fields. By modelling a cortical cell as having input 

from several dLGN cells with their receptive fields firstly all superimposed, and then 

with an increasing offset between the receptive field locations of the dLGN inputs, he 

showed that the optimal stimulus length would increase and the response reduction
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elicited by long bars would be reduced, as the degree of offset was increased. Cleland 

et al. (1983b) also established theoretical patterns of convergence and synaptic 

weighting factors which, when their geniculate data were fitted to the model, could 

generate elongated fields from length tuned input cells. However, the length of the 

long field cells seen in layer VI (Gilbert, 1977) poses particular problems (Martin, 

1988) and would appear to suggest the need for a non-length tuned excitatory input to 

these cells. This is self-evident if one considers the way in which Cleland et al. 

suggested the field of a cell summating to 4° or more could be derived (see Fig. 8a in 

their paper). The effect of the bigger weighting function assigned to the ends of the 

field has the caveat that the response elicited by a short bar moved over the receptive 

field at successive lateral displacements (as for the generation of a length excitatory 

profile) would be less at the centre than at the edges of the field. However length 

excitatory profiles obtained for simple cortical cells show that this is clearly not the 

case. A  short bar moving through the centre of the receptive field will elicit a response, 

which drops in magnitude as the bar is sequentially displaced laterally, so that the same 

bar moving through the ends of the receptive field fails to elicit any response (Henry 

et al., 1978).

Thus, it appears that the presence of a non-length tuned input is required for the 

generation of the very long field cells seen in layer VI. It is suggested here that the 

long field cells in layer VI might receive their predominant input from the subgroup of 

nlY cells described on page 189 and that the presence of discrete groups of length and 

non-length tuned relay cells could offer a potential answer to a number of questions 

concerning the synaptic organization generating the length response profiles of cortical 

cells. This is summarised in the concept diagram in Fig. 46. Firstly, it is proposed that 

orientation tuned simple cell receptive fields in layer IV are constructed from 

convergent input from sharply length tuned fields typifying the majority of dLGN cells.
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Fig. 46. Concept diagram summarising suggested contributions of nlY cells to 

cortical mechanisms influencing the presence and absence of length tuning. To the 

left inputs from three strongly length tuned dLGN cells converge on a layer IV 

simple cell. Their length tuning profile is shown on the extreme left. A short 

centrally placed bar will produce maximal response from the central input cell. 

Lengthening the stimulus brings in the next two fields, but produces only a small 

increase in response amplitude, while further extension precipitates a significant 

reduction. [Increasing the weighting of the outer input fields would paradoxically 

result in the field responding best to two short spatially displaced bars moving 

simultaneously through the ends of the field.] Layer III complex cells receiving 

simple cell input would show the same properties. To the right, three nlY cells 

providing convergent input to a layer VI cell are shown, together with their length 

tuning profile. Increasing stimulus length increases the magnitude of the input to the 

layer VI cell, plateauing at the maximum output level of the three nlY cells. This 

type of convergence accounts for the long fields of layer VI cells. The layer VI cell 

projects to layer IV, providing either direct excitatory drive, or drive via inhibitory 

interneurones. Where the drive is excitatory, the response profile of the layer IV 

simple cell is progressively enhanced with increasing stimulus length, as the increased 

input from the layer VI cell compensates for the decrement in direct geniculate 

input. This generates non-length tuned fields. Conversely, drive via inhibitory 

interneurones, following the suggestion of Bolz and Gilbert (1986), enhances the 

length tuning smeared by the spatial array of convergent geniculate input, which in 

this example would otherwise give a 30% maximal response for long stimuli. 

Variations in the strength of these two types of input would produce length tuning 

curves of varying shape.



205

i \ 
l \

t i

v

L G N

C D

100
d 3 
100

50 10 50 10 0  100 100

10 10 10 100 100 100



206

Hence, increasing stimulus length along the plane generating orientation preference 

will cause a decrement in response magnitude. The long fields seen in layer VI cells, 

however, are suggested to derive their fields from convergent input from non-length 

tuned dLGN cells. In  this case, responses of the input cells will add from their 

maximum value with increasing stimulus length. Layer VI cells are known to provide 

both excitatory and inhibitory drive to layer IV (Ferster and Lindstrom, 1985; McGuire, 

Hornung, Gilbert and Wiesel, 1984; Bolz and Gilbert, 1986). A  direct excitatory input 

to layer IV cells from these layer VI cells could then serve to offset the response 

reduction consequent upon increasing stimulus length, by compensating for the 

decreased geniculate input to these cells to long bars. Conversely translation of their 

drive through inhibitory interneurones would enhance the length tuning of layer IV 

cells (and result in the generation of an orientation tuned component to the "end- 

inhibition"). Mixing the excitatory and inhibitory components of the layer VI cell input 

to layer IV cells, might then provide the potential for generating a spectrum of length 

tuning curves of varying sharpness. [The suggestion that these nlY cells might make 

a major contribution to the response profiles of long field layer VI cells raises the 

prospect that, in addition to the possibility that nlY cells might have a distinctive 

morphology as discussed previously on page 191, these cells might also be expected to 

exhibit a distinct projection pattern, with the majority of their synaptic terminals being 

located on the dendrites of layer VI cells.]

From the preceding sections, it is clear that the situation with respect to the 

generation of length preference in the visual pathway is rather more complicated than 

has been previously believed. Thus it appears that a large component of cortical length 

tuning may reflect that present at subcortical levels, but that this is then modified to 

some extent by cortical mechanisms. However, since the length tuning seen in the
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dLGN is itself partially dependent on cortical mechanisms (via the corticofugal 

projection) it seems that the generation of length tuning in the visual system involves 

the operation of a neuronal circuit, and not merely a hierarchical progression. 

Furtherm ore, it is interesting to speculate on the possibility of two seperate streams of 

input to the cortex, one from the highly length tuned cells seen in the dLGN projecting 

predominantly to layer IV, and one from nlY cells, projecting predominantly to layer 

VI. These observations are compatible with a growing body of evidence suggesting that 

the dLGN is far more than a simple relay stage in the transfer of visual input from the 

retina to the visual cortex. Indeed, as well as exhibiting length tuning, dLGN cells 

have also recently been claimed to exhibit some degree of orientation bias to long bars 

(Vidyasagar and Urbas, 1982; Albus et al., 1983; Vidyasagar, 1984) and sinusoidally 

modulated or drifting gratings (Daniels et al., 1977; Levick and Thibos, 1980, 1982; 

Thibos and Levick, 1985; Vidyasagar and Heide, 1984; Soodak et al., 1987) and it has 

been suggested that a difference in the degree of length tuning at the optimal and non- 

optimal orientations underlies the generation of geniculate orientation bias 

(Vidyasagar, 1984).

Orientation/Direction Bias in dLGN Cells.

There do appear however, to be a number of anomalies in the literature with 

respect to geniculate orientation biases. For example, when using the GABA 

antagonist bicuculline, Vidyasagar (1984) reported a decrement in the degree of 

orientation preference seen in the dLGN, and so suggested that intrageniculate 

processing enhanced retinal orientation preference. Moreover, Vidyasagar and Urbas

(1982) documented that removal of the corticofugal feedback could change the overall 

spectrum of preferred orientations observed in the dLGN, again suggesting that retinal 

orientation biases are modified in the dLGN. These findings are difficult to reconcile



with those of Soodak et al. (1987), who on comparing the response of a dLGN cell to 

its S potential, failed to see any difference in either the preferred orientation or in the 

magnitude of the bias (indeed, the fact that dLGN orientation biases were seen only 

at spatial frequencies well outside the optimal part of the spatial frequency tuning curve 

for the cell raises serious doubts about the significance of such biases). Vidyasagar has 

suggested that a difference in the degree of length tuning at the optimal and non- 

optimal orientations is responsible for the orientation bias seen in the dLGN, however, 

the fact that removal of the corticofugal influence reduces dLGN length preference 

(Murphy and Sillito, 1987) seems incompatible with the findings of Vidyasagar and 

Urbas that the magnitude of the orientation bias seen in the dLGN was unchanged or 

if anything slightly enhanced by the removal of the corticofugal feedback. Additionally, 

some of the data obtained by Albus et al. (1982) would suggest that the length tuning 

seen at optimal and non-optimal orientations was not always related in such a simple 

way as that suggested by Vidyasagar, to the orientation biases they observed. In light 

of the apparent conflict between the existing data in the literature, I therefore wished 

to reexamine the relationship between length tuning and orientation biases.

However, as discussed in the results section, the difficulties encountered with 

fluctuations in cell responsiveness over the time course of the data gathering periods 

made it unfeasible to address this issue directly with the technology available in the 

laboratory. Nevertheless, it was clearly apparent that for some cells, there was a 

systematic variation in the length tuning curves obtained to the two directions of 

motion of an oriented bar, with only 45% of the cells studied showing identical length 

tuning curves to the two directions of bar motion. The assessment of responses to the 

moving oriented bar stimulus paradigm frequently used to document orientation biases 

in fact concatenates the variables of orientation and direction. Thus, a detailed study 

of the responses to the two directions of motion of a selected bar orientation was
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undertaken, in an attempt to provide data addressing the issue of orientation/direction 

biases in the dLGN.

It was clear that for over half the cells tested, there were distinct differences in 

the length tuning profiles obtained to the two directions of motion at the particular 

orientation tested. For simplicity, the term  direction bias has been used to refer to the 

differences seen, though of course, as described above, the stimulus paradigm utilised 

in fact concatenates both orientation and direction. While for a minority of these cells, 

the direction bias seen was independent of the length of the bar used (as in Fig. 21), for 

the remainder, it was clear that the length of the stimulating bar markedly affected the 

directional bias seen. Many of the biases documented were seen only to short bars (ie. 

those cells showing directional bias at optimal bar lengths only, as illustrated in Fig. 

22). This was somewhat surprising in view of the fact that the degree of orientation 

bias which has been documented by previous studies using moving bars in the dLGN 

have suggested that the orientation bias seen is greater when long bars are used (Albus 

et al., 1983; Vidyasagar, 1984), and might perhaps suggest that this particular type of 

bias may be a purely directional bias. The variation in the types of directional bias seen 

even in the simplified paradigm used here, together with the results of Albus et al.

(1983) do tend to suggest however, that the relationship between length tuning and 

orientation/direction bias may be more complicated than has previously been 

suggested (Vidyasagar, 1984).

In the analysis of directional bias undertaken, it was decided to regard any cell 

where the responses to the two directions of bar motion differed by less than 20% as 

non-biased (similar to the decision by Albus, 1980). The percentage values were read 

directly off the length response curves plotted in a normalized fashion with respect to 

the peak response seen. For the difference between the two peak responses, the value
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thus obtained is the same as a directionality index calculated in the conventional 

m anner (eg. Orban, Kennedy and Maes, 1981b). However, this is not the case for the 

difference in plateau responses, where a conventional index would, in some cases, give 

rise to a much larger figure suggesting a far greater degree of directional bias for the 

plateau. This is because, with a conventional index, the directional bias of the plateau 

would have been expressed as a percentage of its own maximum, and not normalised 

with respect to the peak. The reasons for the use of the mode of analysis selected here 

were two-fold. A  cell having a 40% difference between the two peak responses, and 

10% difference between the plateau responses, as plotted on a length tuning curve, 

would by the method of analysis chosen here, have been considered to exhibit 

directional bias at the optimal bar length only. However, conventional calculation of 

directionality indices would, if the plateau responses were very small, say 20 and 10% 

of the peak response respectively, lead to the index for the plateau being greater at 

50%, than the index for the peak (40%), despite the fact that the difference in signal 

above noise ratio between the peaks is greater than that between the plateaus. This 

arises because, as pointed out previously by Hammond and Mouat (1986), a 

conventional directionality index is inherently unreliable at low response levels, since 

the smaller the response, the smaller is the increase in firing rate which is required to 

give a large percentage difference. Secondly, the standard error of the mean response 

was calculated for a representative population of cells. The size of the error bars so 

calculated were usually just as large for the plateau points as for the peak, so that for 

several cells, considerable overlap of the error bars at the plateau would have occurred, 

suggesting that no significant difference between the responses existed, despite the 

apparently large directionality bias calculated from a conventional direction index.

Whilst it has been well documented that retinal ganglion cell receptive fields can 

exhibit asymmetric fields, such that they can appear elliptical (Hammond, 1974), no
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data have been forthcoming suggesting that the responses across any one diameter of 

that ellipse are asymmetrical. In fact, the responses to bars unilaterally extended to 

one or other side of the receptive field centre in the present study were virtually 

identical, suggesting that the profile is indeed symmetrical. Thus, it appears that these 

directional biases are unlikely to have been caused by significant asymmetries in the 

profile of the receptive field. Since the corticofugal projection has been implicated in 

the generation of dLGN length preference (Murphy and Sillito, 1987), and layer VI 

cortical cells exhibit directional selectivity, it seemed that this projection might be a 

likely candidate for the generation of dLGN directional biases as well as for a 

component of the length preference. However analysis of the responses of a 

population of dLGN neurones from decorticate preparations showed that such biases 

still existed in the absence of the corticofugal influence. Consequently, it would seem 

that these biases are subcortically generated.

It is possible that these biases might already exist at the level of the retinal 

ganglion cell, since the types of stimuli used in this work have not often been used to 

assess ganglion cell responses. Synaptic connections at the level of the inner plexiform 

layer are extremely complex and it could be the case that feedforward inhibitory or 

facilitatory connections, or both, could be arranged asymmetrically so that motion of 

a bar in one direction would pull in a different set of inputs to motion in the opposite 

direction. It could also be the case that these biases are the result of the complex 

network of retinal blood vessels, such that bar motion in one direction can effectively 

drive some type of feedforward input to the cell far more potently than bar motion in 

the other direction, if a large vessel lies in the path of bar motion to one of the 

directions of motion. However, directional biases were seen at all eccentricities, 

whereas if the retinal blood vessel pattern were responsible, it might be expected that 

direction biases would not be seen close to the area centralis.
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If no such directional biases are seen in the retina, then those seen at the level 

of the dLGN would appear to be intrageniculately generated. These could perhaps be 

due to an asymmetric arrangement of the synaptic inputs mediating long-range 

feedforward interactions. It is interesting to note that several patterns of termination 

of retinal synapses onto dLGN X cells have recently been demonstrated (Hamos et al., 

1987), which might perhaps be a morphological substrate for the various classes of 

directional bias observed. It has been suggested that cells in the PGN also exhibit 

directional responses (Boyapati and Henry, 1987), hence a directional inhibitory 

influence arising from the PGN could also be a possibility. Cells in the nucleus of the 

optic tract (NOT) exhibit directional biases (Hoffmann and Stone, 1985), and since a 

projection from this nucleus to the A laminae of the dLGN has been demonstrated 

(Graybiel and Berson, 1980; Kubota, Morimoto, Kanaseki and Inomata, 1987), this 

could also be another pathway through which these directional biases might be 

generated.

Directional biases have frequently been seen in rabbit retinal ganglion cells 

(Barlow, Hill and Levick, 1964; Barlow and Levick, 1965) and in rabbit dLGN cells 

(Levick, Oyster and Takahashi, 1969), but only in on-off W type cells. The biases seen 

in this study were found in X and Y cells, and cells exhibiting such biases did not 

appear to differ in any other respect from cells not exhibiting directional bias. As these 

directional biases were seen in more than half the population of dLGN cells studied, 

why they have not been previously documented appears slightly puzzling. However 

many of these biases were seen only with short bars, and since many retinal and dLGN 

studies have been carried out using only long bars, the number of cells exhibiting such 

biases in those studies would have been far smaller. In many cases the biases were 

small, and would not have been detected qualitatively, hence, in studies where the two
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directions of motion were assessed independently the difference could easily have been 

attributed to a change in the cell’s responsiveness with time. Cleland et al. (1983b) did 

note that in some cases directional asymmetries were seen, but they did not go on to 

analyze these differences. Some directional bias in dLGN cells was also seen by Orban, 

Hoffmann and Duysens (1985) whilst using long bars in some cells, and this has also 

been noted by Albus et al. (1983) in the kitten.

In cortical work, a distinction is frequently made between directionally selective 

and directionally asymmetric cells (Emerson and Gerstein, 1976) where the former 

retain the same bias independent of contrast, whilst the latter change their bias when 

the contrast is reversed. This is believed to be due to the fact that directionally 

asymmetric cells exhibit directional selectivity due to the spatial displacement of on and 

off zones, whereas in directionally selective cells it is believed to be due predominantly 

to feedforward inhibition, though some feedforward excitation may also be involved in 

some cases (Emerson and Gerstein, 1977; Ganz and Felder, 1984). In the present 

work, no systematic study of this aspect of the directional bias has yet been made, but 

where length tuning curves have been carried out using both light and dark bars, some 

cases were seen where the bias was eliminated when the contrast was altered, in some 

cases the bias reversed, and in some cells the bias remained the same independent of 

the contrast reversal.

The widespread presence of these small but systematic biases in the response 

profiles of dLGN cells further underlines the possibility that geniculate mechanisms 

may make a far greater contribution to visual processing than hitherto suspected. The 

functional significance of these biases is at present difficult to assess. However, in view 

of the fivefold increase in numbers seen between dLGN relay cells and the retinal 

ganglion cells providing their input and the diversity in the pattern of synaptic input
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arising from retinal ganglion cell axons, together with the degree of morphological 

heterogeneity across the dLGN cell population (Bishop, Jeremy and McLeod, 1953; 

Sanderson, 1971; Friedlander et al., 1981; Wilson et al., 1984; Hamos et al., 1987), it 

would appear that dLGN cells might be expected to display a far greater range of 

response properties to visual stimuli than their retinal inputs. In this respect, the 

apparent similarity of geniculate response properties to those of retinal ganglion cells 

has long proved puzzling and the variety of directional biases reported here could 

possibly arise from the presence of as yet unidentified levels of sub-organisation within 

the dLGN. Indeed, recent evidence suggests the presence of some degree of 

sublaminar organisation within the dLGN. For example, it has been suggested that the 

relative proportions of both on and off centre, and X and Y cells vary with depth within 

the A laminae (Bowling and Wieniawa-Narkiewicz, 1986). Moreover, the sublaminar 

projection pattern from geniculate axons seen in layer IV of the cortex reflects the 

depthwise location of the cell body within the dLGN (Humphrey et al., 1985a). Though 

the biases reported here are relatively small in comparison to those seen in the cortex, 

it is plausible that convergent input from a number of dLGN cells with a systematically 

distributed bias could have a major impact on the response properties of cortical cells.

Increase in M aintained Discharge with Increasing B ar Length.

Another surprising observation was the marked increase in background activity 

exhibited by a small number of cells, when the edge of a long bar (8 or 10°) appeared 

on the visual display, though the bar was well outside the classically defined receptive 

field centre (eg. Fig. 29). This resulted in the actual firing rate of the cell being higher 

for these long bars, though the signal to noise ratio was still significantly lower than for 

a short bar. If the level of spontaneous activity seen immediately prior to the bar 

passing over the receptive field at each respective bar length was subtracted from the
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response elicited by that bar when the length tuning curve was constructed, these cells 

showed some degree of length preference. However, had the background firing level 

seen in the no stimulus condition been used, the length tuning curves would have shown 

response summation to long bars. All five cells were classified as Y cells, each giving 

a clear second harmonic component in the response to a sinusoidally modulated sine 

grating. As this behaviour was only seen in some Y cells it is possible that it could be 

a manifestation of an extremely powerful excitatory shift effect on these cells 

(Mcllwain, 1964; Cleland et al, 1971) though only 3 of the cells had a pronounced shift 

effect to a grating moved in the periphery of the screen whilst the receptive field centre 

was masked.

The detection of some degree of length preference at retinal, geniculate and 

cortical levels raises the issue of its significance to visual processing. Indeed, it is 

pertinent to note that the term length tuning, as originally suggested in the cortex is 

really only relevant in an oriented field. Use of terms such as length tuning, end- 

stopping and end-zone inhibition is rather misleading at the level of the retina and 

dLGN, since it is likely that reduction in response magnitude with increase in bar 

length will occur at any bar orientation, due to the relatively poor orientation selectivity 

of these cells. It is therefore possible that, for dLGN cells, the phenomenon of length 

tuning is more likely to be simply an epiphenomenon of the necessity for spatial 

selectivity, the increase in length tuning seen in the dLGN in comparison to retinal 

levels perhaps serving to ensure that the output from the dLGN is as spatially selective 

to moving contours as to flashing spots. Hence it could well be the case that the 

apparent length preference seen at this level is the equivalent of the enhanced lateral 

inhibition seen in other sensory relay nuclei, serving in this case to enhance contrast 

differentiation. Since an apparent length preference seems to be already largely



216

present in the cortical input, this would appear to question the significance of the 

length tuning seen in the striate cortex. Indeed, the original concept of the length 

tuned cell at the top of a cortical hierarchy and the common view of the hypercomplex 

cell as a feature detector, extracting at that level, the length of the stimulus, would 

appear to be rather misleading.

II. PHARMACOLOGY OF PUTATIVE NEUROTRANSMITTERS

The data obtained in these experiments demonstrated the effects elicited by 

iontophoretic application of NAAG to be extremely weak and variable. This was in 

marked contrast to the strong, repeatable excitations elicited by iontophoresis of ACh 

and the excitatory amino acid agonists studied, namely NMD A, kainate, AMPA and 

L-HCA.

The fact that no strong excitatory responses were observed following NAAG 

iontophoresis was somewhat surprising in view of the large body of evidence which has 

led to the hypothesis that NAAG is a strong potential candidate for the optic nerve 

neurotransmitter. Thus, NAAG has been shown to exert potent excitatory effects in 

rat piriform cortex in an in vitro slice preparation (ffrench-Mullen, Koller, Zaczek, 

Coyle, Hori and Carpenter, 1985), and in the rat lateral septal nucleus in vivo (Joels, 

Van Veldhuizen, U rban and De Kloet, 1987). The literature would suggest that NAAG 

can act at both NMDA and non-NMDA receptors (W estbrook et al., 1986; Joels et al., 

1987; Mori-Okatoma et al., 1987). Furthermore, a high concentration of NAAG is 

found in cat retinal ganglion cell terminals in the dLGN (Tieman et al., 1987) and it has 

been shown to be released in a calcium dependent manner in a number of brain
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regions (Zollinger, Amsler, Do, Streit and Cuenod, 1988). However, despite the weight 

of this evidence arguing for the possibility for a role for NAAG in the transfer of visual 

information at the retinogeniculate synapse, the data reported here clearly suggest 

that NAAG is not involved in fast sensory transmission in the dLGN.

One obvious possibility that must be taken into consideration is the extent to 

which one can be confident that NAAG was actually being ejected in the experimental 

paradigm utilised. This is clearly important since it could be argued that the lack of 

strong excitatory effects seen might result as a consequence of a failure to eject NAAG 

from the micropipette. This possibility cannot be entirely excluded, but would appear 

extremely unlikely since NAAG was made up and used at the same concentration and 

pH  (0.1M; pH  7.5 - 8.0; in aqueous solution) as in the iontophoretic in vivo study by 

Joels et al. (1987) where potent excitatory effects were observed in over half the cells 

tested. Likewise, the experimental paradigm used here was virtually identical to that 

used in the rat ventrobasal thalamus in vivo (Henderson and Salt, 1988) in which a 

number of inhibitory and excitatory effects were seen. Furtherm ore, weak excitatory 

and inhibitory effects were detected in the present work for some cells, thus indicating 

that at least in those cases, NAAG was being ejected from the pipette. It should be 

stressed here that cells for which effects were and were not elicited were recorded next 

to each other with the same electrode, there was no evidence to suggest a subdivision 

where all cells recorded during a given penetration with a given electrode all exhibited 

or did not exhibit responses. Although the magnitude of the ejection currents used for 

NAAG were large, these small effects cannot be discounted as being current artifacts 

since the same magnitude and polarity of current passed through a barrel containing 

3M NaCl or PSB did not elicit such effects. Thus this would suggest that NAAG was 

being successfully ejected from the pipette.
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A further possibility that should be considered, which might explain the 

apparent ineffectiveness of NAAG in these experiments, is that extremely effective 

mechanisms for NAAG inactivation may be present in the dLGN, such that the 

iontophoretically ejected NAAG did not have time to diffuse to the cell before being 

inactivated. Evidence to date would suggest that NAAG itself is not taken up by a 

sodium dependent, high affinity uptake system, but that it is degraded by N-acetylated- 

alpha-linked acidic dipeptidase (NAALADase) to glutamate and N-acetyl-aspartate, 

which are subsequently taken up by a sodium dependent high affinity uptake system 

(Robinson, Blakely and Coyle, 1986; Blakely, Ory-Lavollee, Grzanna, Koller and Coyle, 

1987; Robinson, Blakely, Couto and Coyle, 1987). Whilst the possibility of rapid 

degradation of NAAG cannot be entirely excluded, were this to be happening at a 

significant rate, one would still expect to observe strong excitatory effects due to the 

release of glutamate, which has previously been documented to elicit brisk excitatory 

effects in the dLGN (Kemp and Sillito, 1982).

Hence, these data would appear to suggest that NAAG does not exert strong 

excitatory or inhibitory effects in the dLGN, and that consequently, it is highly unlikely 

to be the optic nerve neurotransmitter. Indeed, it should be noted that NAAG does 

not appear to be as universally excitatory as other amino acid receptor agonists. 

Hence, the data presented here are comparable to data reported for rat somatosensory 

thalamus, for rat striatal, hippocampal and cortical slices and for cat hippocampus and 

pulvinar nucleus (Luini, Tal, Goldberg and Teichberg, 1984; Riveros and Orrego, 1984; 

H enderson and Salt, 1988). Despite its lack of effectiveness, the anatomical evidence 

for the localisation of NAAG in the mammalian visual system is strong, as described 

above, and it remains possible that NAAG may in fact play an as yet undefined 

neuromodulatory role in this system.
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In contrast to the data observed with NAAG, iontophoretic application of L- 

HCA elicited strong excitatory effects, which would be consistent with the suggestion 

that it might be the neurotransmitter mediating the retinal input to dLGN cells. Since 

the retinal input to X and Y cells appears to utilise both NM DA and non-NMDA 

receptors (Sillito et al., 1990a,b), then logically, it would seem that the neurotransmitter 

mediating the retinal input would be expected to exert effects at both groups of 

receptors. Furthermore, it might be expected that the magnitude of the response 

decrement observed for the visual response under antagonist application should be 

m irrored by a similar decrement in the response elicited by iontophoretic application 

of the putative transmitter. Thus, the crucial issues with respect to L-HCA would 

appear to be the extent to which its responses fulfil these criteria.

Certainly, from both the present study and previous work (Sillito et al. 1990a,b), 

the NM DA receptor antagonist appeared to be associated with the most clear and 

repeatable reductions in visual driving at dose levels compatible with selective action. 

Hence, in this study, application of selective doses of CPP reduced the visual responses 

of X cells to 22% ( + /-  2.72%, n = 48) of control values and those of Y cells to 35% 

( + /-4.19%, n = 29). This might be interpreted as reflecting a predominant role for 

NM DA receptors in the visual response, and the data would indeed appear to suggest 

that L-HCA appears to exert its predominant effects on NMDA receptors.

However, it does seem clear that the balance of current evidence favours the 

view that interactions with both NMDA and non-NMDA receptors are necessary for 

the generation of a visual response in dLGN cells. In particular, it is possible to reduce 

or block the visual response with CNQX at dose levels that seem to be selective. 

Selective doses of CNQX reduced the visual responses of X cells to 56% (+ /-11.17% , 

n = 18) of control values and those of Y cells to 48% ( + /-  14.53%, n = 7).



Thus, the fact that the data show the most obvious component of the effect of 

L-HCA to be mediated via NMDA receptors might appear incompatible with a role 

for L-HCA as the optic nerve transmitter. However, this point needs to be qualified 

by the comment that the profile of effects observed with the selective NMDA receptor 

antagonist CPP, and non-NMDA receptor antagonist CNQX on the responses to 

NM DA and L-HCA did not always match exactly. These points are illustrated most 

clearly in Figs. 43 and 44. In the summary histogram in Fig. 43 it is apparent that the 

application of CPP at dose levels leaving kainate and AM PA responses at control 

levels, produced a more profound blockade of NMDA than L-HCA responses in X and 

Y cells. The striking link here is the similarity in the level of reduction of the visual 

response of X and Y cells with that to L-HCA. Thus one might presume that both the 

remaining visual response and that to L-HCA in the presence of CPP reflect a similar 

underlying contribution from action at non-NMDA receptors.

A contribution from non-NMDA receptors to the response to U H C A  would be 

reflected in a reduction in response level during application of CNQX at dose levels 

leaving the response to NMDA untouched. Occasionally, as in Fig. 42, effects which 

suggested that a component of the response to L-HCA might be selectively vulnerable 

to non-NMDA receptor blockade were observed. Previous work with L-HCA whilst 

emphasising its role as an NMDA receptor agonist has identified the existence of a 

potential non-NMDA receptor component to its action (Do et al., 1986a). This is 

consistent with the present observations with CPP and CNQX and suggests that L- 

HCA may be presumed to have at least some interaction with non-NMDA receptors.

One complexity relating to the interpretation of the action of CNQX is that it 

also exerts effects at the strychnine insensitive glycine sites associated with the NMDA
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receptor (Johnson and Ascher, 1987; Kessler, Baudry and Lynch, 1988). The ability to 

antagonise the action of glycine in this location reduces the glycine mediated 

potentiation of the NMDA response (Johnson and Ascher, 1987; Thomson et al., 1989; 

Mayer et al., 1989) and hence makes it difficult to obtain selective effects on non- 

NM DA responses with CNQX. Thus the action of CNQX on the responses to L-HCA 

could be argued to reflect influences on the glycine receptor rather than non-NMDA 

receptors. The main reason for resisting this suggestion is that both the data obtained 

with CPP and that with CNQX show a pattern of effect where the changes in NM DA 

response levels did not match those for L-HCA. This differentiation between NMDA 

and L-HCA is most economically explained by the assumption that L-HCA exerts a 

small component of its effect via non-NMDA receptors.

Superficially, it is clear that the level of interaction of L-HCA with non-NMDA 

receptors does not, nevertheless, equate with the apparent magnitude of the 

contribution of non-NMDA receptors to the visual response. The interpretation of the 

possible role of L-HCA needs, however, to take note of potential asymmetries in the 

proportion of NMDA and non-NMDA receptor sites. For example were the number 

of non-NMDA receptor sites in the post-junctional membrane to be significantly 

greater than the NMDA receptors, then the relative bias of the interaction of L-HCA 

with the two groups could be shifted in the functional sense. The situation could be 

even reversed for the extrajunctional receptors, making comparisons of the 

effectiveness of given doses of antagonist difficult. Thus, although there must be a 

question mark over the level of interaction with non-NMDA receptors, the present data 

are compatible with the suggestion that L-HCA be considered a candidate for the 

transmitter mediating the retinal output. Equally, they would seem to exclude the 

suggestion that NAAG is a strong candidate for this role.
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The data obtained in this study using the selective NMDA antagonist CPP, and 

the selective non-NMDA antagonist CNQX, confirm previous work from this 

laboratory showing that both NM DA and non-NMDA receptors are involved in 

mediating retinal input in the cat in vivo (Sillito et al., 1990a,b). The failure of the in 

vitro study by Crunelli et al. (1987a) to demonstrate an NM DA receptor component 

to EPSPs elicited by electrical stimulation of the optic nerve are most likely attributable 

to the differences pertaining in the in vivo and in vitro situations. In vivo, the 

background activity levels of retinal ganglion cells generate a constant depolarising 

input of retinal origin onto dLGN cells, which themselves display a substantial mean 

background discharge (Kaplan et al., 1987). This latter fact implies that either the 

retinal input alone, or in combination with other facilitatory inputs impinging on the 

cell in the in vivo preparation, is already driving relay cells to the threshold necessary 

for lifting the voltage dependent Mg2+ blockade of the ion channels activated by the 

NM DA receptor. In vitro, no such background activity is present, and hence the resting 

membrane potential is presumably at a level below that necessary for the activation of 

NM DA receptors.

III. GENERAL OVERVIEW

While the dLGN has often been regarded as little more than a relay stage, it has 

become increasingly clear that transmission of retinal input through the dLGN is highly 

dependent on a wide range of influences. As previously described, in addition to 

G AB Aergic inhibitory synapses arising from both intrinsic inhibitory interneurones and 

PGN cells (Ide, 1982; Friedlander et al., 1981; M ontero and Singer, 1984; Wilson et al, 

1984; Montero, 1987), dLGN relay cells are also strongly influenced by the corticofugal 

projection arising from layer VI (Updyke, 1975; Gilbert and Kelly, 1976; Wilson et al., 

1984; Robson, 1984) and by neuromodulatory inputs arising from the brainstem
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reticular formation (Kromer and Moore, 1980; De Lima, M ontero and Singer, 1985; 

De Lima and Singer, 1987a,b). However, both the corticofugal projection and the 

brainstem inputs also contact both intrinsic and perigeniculate inhibitory interneurones 

(Updyke, 1975; Ahlsen, G rant and Lindstrom, 1982a; Ahlsen, 1984; Ahlsen et al., 1984; 

Boyapati and Henry, 1984; Robson, 1984; De Lima, M ontero and Singer, 1985; De 

Lima and Singer, 1987a,b; W eber and Kalil, 1989). Moreover, PGN cells are 

themselves thought to make inhibitory contacts onto intrinsic inhibitory intemeurones 

(Ahlsen, Lindstrom and Lo, 1985). Thus any given geniculate relay cell will be 

influenced not only by synapses of retinal origin, but also by a highly complex pattern 

of other inputs.

The response elicited from a dLGN relay cell by any given stimulus will 

therefore, in part, be determined by the balance of all the non-retinal influences 

activated. Thus with respect to bar stimuli, the response of the dLGN relay cell 

depends not only on the retinal input activated by that stimulus, but also on visually 

elicited intrageniculate inhibitory inputs and corticofugally mediated inputs.

It is clear that both the retinal input and the amount of inhibitory drive arising 

from geniculate inhibitory mechanisms will be highly dependent on the spatial 

param eters of the stimulus used. The receptive fields of retinal ganglion and dLGN 

cells are composed of antagonistic centre and surround components (Kuffler, 1953; 

Rodieck, 1965), and both the centre and surround can be viewed as being made up of 

a number of overlapping subunits (Hochstein and Shapley, 1976; Shapley and Lennie, 

1985). The response of a cell to the stimulus can be regarded as being determined by 

the interaction between these subunits. For an On centre cell, a light bar will elicit on 

excitation and off inhibition from the centre, and on inhibition and off excitation from 

the surround. For Off centre cells the converse applies. The bar dimensions used will
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influence the response of the cell since differing proportions of subunit types will be 

activated as the stimulus length or width is altered. Thus the optimal response will be 

elicited by a stimulus whose dimensions result in the best compromise between 

maximal centre excitation and minimal surround inhibition. The balance of the 

corticofugal influence will also be determined by the spatial param eters of the stimulus 

used. The results obtained in the study of Tsumoto et al. (1978) suggest that inhibitory 

effects can be seen for geniculate cells whose receptive fields are displaced up to 3° 

from their cortical inputs, but that excitatory effects are confined to a maximal 

displacement of 2°. The degree of response elicited form the layer VI cortical cells 

giving rise to this pathway will also be heavily dependent on the stimulus parameters, 

hence the corticofugal projection will provide an ordered pattern of excitatory and 

inhibitory inputs, whose respective magnitudes are largely determined by the stimulus 

param eters utilised. Thus conceptually, for a highly length tuned geniculate cell, a very 

short bar can be regarded as only evoking a response from a limited number of the 

excitatory centre subunits. As the length of the stimulus is gradually increased, the 

num ber of centre subunits recruited will increase, with a short bar of optimal length 

presumably eliciting near maximal excitation from the centre, and virtually no 

inhibition from the surround. This short bar presumably does not strongly activate 

the majority of cortical layer VI cells, the corticofugal pathway conferring only small 

effects on the geniculate response, which may be either facilitatory or inhibitory in 

nature. In the case of a long bar, the stimulus will also invoke a number of surround 

subunits, thus producing considerable surround inhibition, and additionally, the balance 

of the more strongly driven corticofugal pathway will now firmly favour inhibitory 

effects. However, in the case of the poorly length tuned nl Y cells, it would appear that 

lengthening the stimulus beyond the optimal length does not invoke pronounced 

antagonistic surround or corticofugal inhibitions, and hence the responses of these cells 

do not decline with increasing bar length. It is also interesting to speculate that the
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response profiles of these nLY cells may also be determined by a somewhat different 

pattern  of retinal inputs. For example, it is plausible that a population of retinal Y cells 

exhibiting exceedingly poor centre-surround antagonism may provide the predominant 

input to these cells. Alternatively, nlY cells might receive input from several retinal 

ganglion cells exhibiting some centre-surround antagonism, but these cells would have 

somewhat displaced receptive field centres, while the highly length tuned cells would 

receive their excitatory input from only one or two retinal ganglion cells having 

superimposed receptive fields.

The above account is highly simplified, and considers only the spatial 

param eters of the stimulus. However, in the case of moving stimuli, a wave of 

inhibition and excitation will be elicited as the stimulus is drifted across the receptive 

field, and the magnitude of each will obviously be dependent on the dimensions of the 

stimulus. The velocity of the stimulating bar will also be critical in determining the 

response seen at both retinal and geniculate levels (Frishman, Schweitzer-Tong and 

Goldstein, 1983; Cleland and Harding, 1985; Orban et al., 1985) since the responses 

elicited will be dependent on temporal interactions between the centre and surround. 

The velocity of the stimulus will also determine the degree of activation of the 

corticofugal pathway, most area 17 cells being poorly activated at high stimulus 

velocities (Orban, Kennedy and Maes, 1981a). Additionally, moving stimuli give rise 

to the possibility of long range feed-forward excitatory and /o r inhibitory interactions. 

Moreover, in a normal behavioural situation, binocular interactions will also 

presumably have the capacity to modulate the responses elicited, and both inhibitory 

and facilitatory binocular effects have been documented in the dLGN (Sanderson, 

Bishop and Darian-Smith, 1971; Schmielau and Singer, 1977; Eysel et al., 1986; Murphy 

and Sillito, 1989). Hence, even a relatively simple visual stimulus evokes a highly 

complicated pattern of interactions impinging on a geniculate relay cell, and these
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interactions will also be subject to varying levels of global modulatory influences arising 

from the brain stem.

In view of the many non-retinal synapses impinging on geniculate relay cells, the 

fact that NMDA receptors contribute to the mediation of retinal inputs in these cells 

has im portant implications for transmission of information through the dLGN. The 

major force underlying this viewpoint arises from the previously described voltage 

dependent Mg2* blockade of the ion channels activated by the NM DA receptor. Hence, 

the effects of the non-retinal inputs that influence the transfer of retinal information 

through the retino-geniculate synapse may be highly non-linear, small inhibitory or 

excitatory inputs having the capacity to produce much larger effects than would have 

been anticipated for a solely non-NMDA receptor mediated retinal input. For 

example, the cholinergic brainstem input exerts direct excitatory effects on geniculate 

relay cells (Sillito et al., 1983) and also has a disinhibitory effect through its inhibition 

of intrinsic inhibitory and perigeniculate interneurones (Singer, 1973; Godfraind, 1977; 

McCormick and Pape, 1988). Thus, a small increase in cholinergic input will have the 

potential to shift the level of the relay cell’s resting membrane potential to more 

depolarised levels compatible with the lifting of the NM DA receptor blockade. 

However, since the corticofugal system excites both relay cells and inhibitory 

interneurones, an increase in corticofugal activity can move the resting membrane 

potential to either more depolarised or more hyperpolarised levels, the exact outcome 

depending on the balance of its excitatory and inhibitory interactions. Moreover, the 

NM DA receptor has recently also been shown to be subject to modulation through the 

strychnine insensitive glycine site (Johnson and Ascher, 1987; Thomson et al., 1989) 

and indeed, it appears that antagonists acting at this site can reduce the transmission 

of visual information through the dLGN in vivo (Levy, Jones and Sillito, 1990). The 

exact significance of the contribution of the modulation of this strychnine insensitive



glycine site to transmission of visual information through the dLGN is at present 

unclear, since no evidence has yet been forthcoming for an in vivo mechanism 

regulating endogenous levels of glycine in the dLGN.

To conclude, it is clear that transmission of retinal information through the 

retino-geniculate synapse is far from a passive relay, but is in fact subject to a wide 

variety of modulatory controls. The data reported in this thesis suggest that subcortical 

synaptic mechanisms may play a major role in the generation of the length preference 

seen in cortical cells, thus reinforcing the growing appreciation of the significance of 

the contribution of geniculate mechanisms to visual processing.
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Summary. Length tuning was first described lor the 
“hypercomplex cell category” in the visual cortex. How
ever it has subsequently become apparent that cells in the 
dorsal lateral geniculate nucleus (dLGN) also exhibit a 
high degree of length tuning and that for the majority of 
the population this matches or exceeds that associated 
with cortical hypercomplex cells (Cleland et al. 1983; Jones 
and Sillito 1987). In this paper we describe a distinct sub
population of dLG N  Y cells that lack length tuning. These 
cells were also characterised by poor centre-surround 
antagonism, and tended to be located close to lam inar 
borders. They appeared to constitute 25% of the Y cell 
population. Following recent evidence showing relay cells 
to be powerfully excited by acetylcholine, and inhibitory 
intemeurones to  be inhibited, we have examined the 
responses of these non-length tuned cells to iontophoretic 
application of acetylcholine. Their brisk excitatory re
sponses suggest that these cells are in fact relay cells. Their 
presence raises the possibility of a discrete non-length 
tuned component to the geniculate input to the cortex, and 
has potentially im portant implications for the way in 
which synaptic processes contributing to the length tuning 
profiles of visual cortical cells are modelled.

Key words: Dorsal lateral geniculate nucleus -  Non-length 
tuned cells -  Acetylcholine -  Relay cells -  Cats

In troduction

The concept of length tuning in the mammalian visual 
system has conventionally been associated with “hyper
complex” cells in the visual cortex. The primary character-

Offprint requests to: H.E. Jones (address see above)

istic of hypercomplex cells is that they respond well to 
short, optimally oriented bars and exhibit a marked 
decrement in response with increasing stimulus length 
(Hubei and Wiesel 1965). However, recent work has 
emphasised the fact that X and Y cells in the dorsal lateral 
geniculate nucleus also have highly length tuned receptive 
fields (Cleland et al. 1983; Jones and Sillito 1987; Murphy 
and Sillito 1987). In the dLG N  this property seems to 
derive in part from centre-surround interactions in the 
concentric receptive field and in part from a reflected 
corticofugal feedback from layer VI cells driving intra- 
geniculate inhibitory mechanisms (M urphy and Sillito 
1987). The degree of length tuning seen in dLG N  cells can 
approach or exceed that seen in cortical hypercomplex 

- cells. This suggests that the length tuned fields of hyper
complex cells might reflect the properties of their 
geniculate input. However, a significant proportion of 
cortical cells are not length tuned and some in layer VI 
exhibit exceedingly long receptive fields. Whilst it is pos
sible to establish theoretical patterns of convergence and 
synaptic weighting factors which could generate elongated 
fields from length tuned input cells (e.g. Cleland et aL 
1983), the length of layer VI cell fields poses particular 
problems (Martin 1988) and suggests a  need for a non
length tuned excitatory input.

In the present paper we describe what appears to be a 
discrete subgroup of Y cells in the dLG N  which show 
virtually no length tuning. Such non-length tuned dLGN 
cells might be regarded as having one of two potential 
functional roles: either as excitatory relay cells projecting 
to, and providing a non-length tuned input to the visual 
cortex, or as intrinsic inhibitory intemeurones mediating 
the corticofugal influence on length tuning. Following 
recent work demonstrating that intrageniculate inhibitory 
intemeurones are inhibited by acetylcholine, whilst relay 
cells are excited (McCormick and Pape 1988) we have 
examined the responses of these cells to iontophoretically 
applied acetylcholine in order to provide evidence regard
ing their possible role as relay cells. Preliminary reports of 
this work have previously appeared in abstract form 
(Jones and Sillito 1989a,b).
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Methods

Experiments were carried out on anaesthetized (70% N aO, 30% 0 3, 
0.1-0.4% halothane), paralysed (10 mg/kg/h gallamine triethiodide 
in 4% w/v dextrose in 0.18% w/v saline) female cats in the weight 
range 2.1-2.8 kg. End-tidal C 0 3, the ECG waveform, intersystolic 
interval and EEG waveform were monitored al all times through the 
experiment. Any perturbations of these parameters commensurate 
with a decline in the level o f anaesthesia were immediately compens
ated for by an increase in the level of halothane. A bilateral cervical 
sympathectomy was performed. Mydriasis and cycloplegia were 
achieved by topical application of atropine methonitrate (2% w/v), 
and the nictitating membranes were retracted using 1% (w/v) 
phenylephrine hydrochloride. The eyes were protected with contact 
lenses, and brought to focus on a semi-opaque tangent screen 114 cm 
away using supplementary lenses. Further details of the preparation 
and procedures are given elsewhere (Kemp and Sillito 1982; Sillito 
and Kemp 1983)

Single unit activity was recorded in the A laminae of the dLGN 
using either single or multibarrelled glass micropipettes. The latter 
were also used for the iontophoretic application of acetylcholine 
chloride (Sigma, 0.2 M, pH 4.5). Recording sites were identified either 
by reference to the microdrive micrometer readings associated with 
the electrode penetration in relation to the location of laminar 
borders or from the histological location of Pontamine Sky Blue 
(PSB) spots. Laminar borders were identified by the following 
physiological criteria. The entry of the electrode into lamina A of the 
dLGN was identified both by the transition from cells displaying 
response characteristics typical of perigeniculate neurones to cells 
which exhibited the brisk, repeatable responses to small, flashing 
stimuli typical of dLGN cells, and by the transition to an exclusively 
contralaterally driven response. [PG N  cell responses are character
ised by a variable, bursty discharge pattern; most PGN cells are 
binocularly driven and they respond preferentially to large stimuli 
moved rapidly over the receptive field; they will usually respond to 
both phases of presentation of a small stimulus flashed anywhere in 
their receptive fields (Sanderson 1971; Dubin and Cleland 1977)]. 
The location of the A/Al border was marked by the transition from 
cells driven by the contralateral eye to cells driven by the ipsilateral 
eye, while the A l/C  border was identified by the subsequent pro
gression to contralaterally driven units. Histologically, recording 
sites were marked by passing negative current (8-15 ftA) through the 
PSB barrel for 6 to 10 min. The brain was removed from the animal 
prior to fixation, and blocks containing the dLGN immersed in 10% 
(w/v) formal saline. After fixation, the tissue was impregnated with a 
solution of 1% gum arabic in 30% sucrose. The blocks were 
sectioned in the coronal plane on a  freezing microtome, and serial 
sections, 50ft thick, were mounted and stained with 1 % neutral red. 
Sections were subsequently examined microscopically (Wild M8) 
and the location of the blue spots marking the recording sites 
determined. Cells were assessed as being located near to laminar 
borders if the recording site, as determined by either of these two 
methods, was within 200 ft of a laminar border. Both methods are 
believed to be equally valid since for all cells where histological 
verification was carried out, no cell classified as being close or not 
close to a laminar border on the basis of the micrometer readings had 
to be reassigned on the basis of the histological reconstruction.

Visual stimuli were generated optically on a tangent screen or on 
a raster display scope (Joyce Electronics, Cambridge). The optical 
method was used to generate flashing spots of varying size and 
contrast. The Peter Joyce display was utilised for the generation of 
phase reversing sinusoidal gratings and for the generation of moving 
bars of varying length. We routinely determined centre-surround 
dimensions, strength of surround inhibition elicited by a large spot, 
eccentricity, response to standing contrast over field centre, presence 
or absence of shift effect, and assessed the linearity of spatial 
summation to phase reversing sinusoidal gratings presented at a 
range of spatial phases in a randomised interleaved sequence. (In all 
cases the non-dominant eye was occluded.) This enabled us to 
classify the majority of cells encountered into "X" or “Y" types

(Enroth-Cugell and Robson 1967; Cleland et al. 1971; Derrington 
and Fuchs 1979).

We then constructed length tuning curves from the averaged 
response to moving bars of light, bar length being varied in a 
randomised, interleaved fashion under computer control, to minim
ize the effects or response variability. In general, 10 differing bar 
lengths were utilised, ranging from 0° (no stimulus condition, to give 
a measure of spontaneous activity) to 10° and the responses averaged 
over 5 to 10 trials. Centre-surround interaction was tested by 
checking the average response magnitude to flashing spots of light of 
varying diameter. Responses were assessed from the accumulated 
count in the bins constituting the response area in the peristimulus 
time histograms (PSTHs) after subtraction of the background 
discharge level. Length tuning curve responses were plotted as a 
percentage of the peak response along the ordinate against bar 
length (in degrees) along the abscissa. The degree of length tuning 
was then quantified as the difference between the peak and plateau 
responses, expressed as a percentage of the peak.

Results

In accord with previous reports the majority of the X and 
Y cells studied exhibited a high degree of length tuning and 
strong centre-surround antagonism. A typical example is 
illustrated in Fig. 1. The response of this “off” centre Y cell 
was virtually totally suppressed by a large flashing spot. 
Similarly, the response to long bars was markedly a t
tenuated in comparison to the response elicited by a short 
bar of optimal length. Specifically, the cell responded 
maximally to  a bar 0.75° in length. The responses elicited 
by longer bars were considerably reduced in magnitude, 
the response to a 2° bar being only 9% of the optimal 
response. Further lengthening of the bar resulted in only a 
small additional decrement in response magnitude, the 
mean response level across the plateau being 5% of the 
peak response. Thus, this cell exhibited a response reduc
tion of 95% to  long bars. The mean response reduction to 
moving bars for the X and Y cells in this group was 71 % 
( + / —1.2% s.e.m, n =  128). The responses of these cells are 
not considered here in detail but will be described in 
another paper.

In addition to these cells, we encountered and studied 
23 non-length tuned cells. As well as showing poor length 
tuning, these cells were also characterised by their very 
poor centre-surround antagonism. All the non-length 
tuned cells tested exhibited non-linear spatial summation 
to phase reversing sinusoidal gratings and from this 
viewpoint must be judged to be typical Y cells. They were 
observed in penetrations that sampled normal strongly 
length tuned X and Y cells before and after their specific 
recording location. There were no grounds to associate 
their presence with a poor preparation or intrageniculate 
damage.

In the first experiments performed, we identified a 
number of these cells and became aware that they might 
constitute a  specific subgroup of the Y cell population. 
However, we had not systematically sampled throughout 
the depth of the A laminae in those experiments. In order 
to establish the frequency of occurrence of these cells more 
precisely, we then carried out a further group of ex- 
jferiments in which we made multiple penetrations 
throughout the depth of the A laminae. In these ex-
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Fig. I. Records documenting length response and 
centre-surround properties of a typical well length tuned 
Off centre Y cell. For the length tuning curve, stimulus 
velocity was 3.3r s ' ',  width 0.3° and contrast 150 on 
50cdm ~z. PSTHs illustrate responses to moving bars 
(bottom row) and to flashed spots (top right). Spot 
luminance was matched to bar luminance. Bar lengths 
illustrated are 0.25,0.75, 1 ,2 ,4 , 8 and 10°. Bin size is 
150 ms. Calibration bars, vertical 40 impulses/s, 
horizontal 2 s. Spot diameters are 0.5 and 4% bin size is 
70 ms. Calibration, vertical 100 i/s, horizontal, 0.5 s. All 
responses arc averaged over 10 trials

periments, each cell encountered was classified as X or Y 
and its length tuning carefully assessed. During these 
penetrations we recorded from 15 of these non-length 
tuned Y cells, 47 Y cells, 49 X cells and 5 cells which 
appeared to have mixed X and Y type properties. The 
latter cells were not included in the following analysis. 
Taking these figures as the basis for the observed fre
quency of the non-length tuned group, it would appear 
that they represent 13.5% of the total population of X and 
Y cells, and approximately 25% of Y cells.

In addition to a  detailed qualitative assessment of 
length tuning, we made a precise quantitative evaluation 
of the responses of 12 of these non-length tuned cells. The 
records in Figs. 2-4 summarise the response patterns 
observed. In Fig. 2 the cell exhibited rapid spatial sum
mation for lengths increasing up to 1° and then the

response levelled off, with possibly a fractional decrement 
to lengths approaching 10°. Interestingly, the response to 
an 8° flashing spot was significantly greater than that to 
the 1° spot. There was no clearly detectable centre- 
surround antagonism. This cell was recorded immediately 
next to the sharply length tuned cell illustrated in Fig. 1, 
and cells recorded subsequently in the same penetration 
were also well length tuned. The cell illustrated in Fig. 3 
showed a similar length tuning curve to that in Fig. 2, but 
its optimal length was 2°. In contrast, the cell illustrated in 
Fig. 4 exhibited summation up to 10° but showed the most 
rapid rise up to 1 °, at which length its response was 64% of 
the maximal response. Although we did not routinely 
assess responses to bars greater than 10° in length, quali
tative assessment did not reveal the presence of significant 
reductions in response to these very long bars. The mean

too-
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Fig. 2. Records documenting length response and centre- 
surround properties of a typical non-length tuned (nIY) 
On centre cell. Details as Fig. 1, but bar width 0.75°. Bar 
lengths illustrated are 0.5, 1, 6, 8 and JO". Bin size is 
150 ms. Calibration, vertical 30 i/s, horizontal 2 s. Spot 
diameters are I and 8% bin size is 80 ms. Calibration, 
vertical 50 i/s, horizontal 1 s. Responses are averaged over 
10 trials
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Fig. 3. Records documenting the length response profile 
of another nIY On centre cell, together with its response 
to iontophoretically applied ACh. Length tuning curve 
details as Fig. 1, but bar width 1°. Bar lengths illustrated 
are 1,4 and 10°. Bin size is 150 ms. Calibration, vertical 
20 i/s, horizontal 2 s. Number of trials is 10. The 
pcristimulus/pcridrug histograms document the response 
of the cell to a Hashed spot of light (15° diameter) and to 
a pulse of ACh (93nA ejection current). Bars above each 
record indicate onset and duration of the light flash and 
ejection pulse respectively. Bin size 200 ms. Calibration, 
vertical 40 i/s, horizontal 3 s. Number of trials is 5

optimal summation length for this group of cells was .3.2° 
and their mean response reduction with increasing length 
was 16% ( + / —5% s.e.m., n=12). This compares with a 
quantitatively determined mean optimal summation 
length of 0.9° and mean response reduction with increas
ing length of 70% ( + / —2% s.e.m., n=47) for the main 
population of Y cells.

Length tuning Com parative response to  ACh

Hash ACh 
50 nA

L
2  4 6 8  10

Bar length ( deg }

0 75 ' 10*

S cale  b a rs  i /s .  is e c

LGH 34 1 

OH V

Fig. 4. Records documenting the length response profile of an nIY 
Off centre cell, together with its response to ACh. Details as Fig. 3, 
but bar width 0.75c. Bar lengths illustrated are 0.75,4 and 10". Bin 
size is 115 ms. Calibration, vertical 100 i/s, horizontal 1 s. One trial. 
Spot diameter 2.5C and ACh ejection current 50nA. Bin size 140 ms. 
Calibration, vertical, 60 i/s, horizontal 1 s. Number of trials is 2

On the basis of both histological reconstruction of 
electrode tracks, and micrometer reconstruction with re
spect to laminar borders identified by physiological cri
teria (as described in the methods), the majority of these 
cells were located close to laminar borders. Given the 
presence of infrequent, but large inhibitory interneurones 
located in the interlaminar zones (Robson and Margin- 
Elkins 1985; Rinvik et al. 1987; Montero 1989) we con
sidered the possibility that we might be selectively picking 
up and recording such cells in our penetrations. There are 
now clear pharmacological grounds for distinguishing 
inhibitory intemeurones from relay cells. The work of both 
Singer (1973) and McCormick and Pape (1988) indicates 
that relay cells are excited by ACh and inhibitory inter- 
neurones inhibited. We have therefore tested the responses 
of these non-length tuned cells to iontophoretically 
applied ACh. As illustrated in Figs. 3 and 4 the cells gave 
powerful excitatory responses to iontophoretic pulses of 
ACh that were comparable to the magnitude of the 
excitation elicited by visual stimulation. This supports the 
view that the non-length tuned cells are relay cells. One 
possibility is that these cells are not a distinct subgroup of 
Y cells but reflect the extreme of a continuum in the 
distribution of length tuning in a population showing a 
smooth transition from length tuned to non-length tuned 
cells. We have attempted to examine this issue in Fig. 5. 
This shows the distribution of the two groups of Y cells in a 
plot of mean response reduction at long bar lengths 
against mean optimal length. The segregation of the 
distribution of the non-length tuned cells from the length 
tuned group is obvious. Variation in the eccentricity of the 
cells sampled in the two groups could plausibly contribute 
to this type of effect. However, all the non-length tuned 
cells in the sample discussed here were recorded at eccent
ricities within 15° of the area centralis and their responses
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Fig. 5. Plot of mean response reduction versus mean optimal length 
for Y cells (closed triangles) and nLY cells (open circles). Mean 
response reduction is expressed as the mean percentage change in 
response, calculated from the difference in response magnitude of the 
plateau of the tuning curve with respect to the response at the 
optimal length. Mean optimal length is in degrees. Negative values 
for mean response reduction indicate an apparent facilitation of the 
response at lengths longer than those comprising the plateau (cf. 
Rose 1977)

compared with those of tightly length tuned cells at the 
same eccentricity in the same penetration.

Discussion

The data suggest a distinct sub-population of non-length 
tuned Y cells in the dLGN , these might be referred to as 
“nIY” cells. They are distinct from typical Y cells both in 
terms of their optimal response length and their lack of 
response reduction with increasing stimulus length. This 
point is underlined by the scatter diagram illustrated in 
Fig. 5 and by the tuning curves shown in figures 1-4. As 
they were observed in the same penetrations, at the same 
eccentricity as the length tuned “Y" cells, it is difficult to 
ascribe their properties to other variables of preparation, 
sampling or eccentricity. It is interesting that their 
responsiveness at long stimulus lengths was also associ
ated with a centre-surround antagonism that was notably 
less than that of the other Y cells in our population. This 
indicates that both the reflected influence from the cortico
fugal system enhancing length tuning (Murphy and Sillito 
1987) and the intrageniculate interactions enhancing 
centre-surround antagonism are diminished in these cells

(Sillito and Kemp 1983). An intriguing possibility arising 
from these observations is the extent to which the poor 
centre-surrouncf antagonism and poor length tuning ex
hibited by these “nIY” cells might reflect a paucity of 
synaptic input from intrageniculate or perigeniculate in
hibitory intemeurones to these cells. Both these groups of 
inhibitory intemeurones are GABAergic and we have 
ascertained that the nIY cells arc strongly inhibited by 
iontophoretically applied GABA (Jones and Sillito unpub
lished observations), hence any reduction in the influence 
of GABAergic mechanisms in comparison to other Y cells 
must reflect a change in the density o f connections or drive 
generating the inhibitory input. It is plausible that the 
predominance of these “nJY” cells close to laminar borders 
could be of significance in this respect, since there is 
evidence for a decrease in the number of GABAergic cells 
close to interlaminar zones (Fitzpatrick et al. 1984). The 
identification of an apparently distinct subpopulation of Y 
cells on physiological criteria raises the possibility that 
they might be morphologically distinguishable from the 
remainder of the Y cell population. As this subdivision of 
the Y cell group is only clearly identified from length 
tuning curves and would be transparent to many of th e ' 
routine tests, including that for linearity of spatial sum
mation with sinusoidal gratings, it is likely that any 
specific correlation with one of the morphological sub- 
types of cell associated with Y cell function (e.g. 
Friedlander et al. -1981) would have been masked.

It is important to emphasize that we were unable to 
find evidence for a similar division of the X cell population 
into distinctly different length tuned and non-length tuned 
groups. This might be regarded as surprising given the fact 
that there is anatomical evidence indicating several differ
ent patterns of convergence of retinal afferents to 
geniculate X cells (Hamos et al. 1987). Moreover the 
subdivision of the X cell population into normal (X-N) and 
lagged (X -J X cells (Mastronarde 1987; Humphrey and 
Weller 1988) would also suggest possible differences in 
length tuning within the X cell group. Interestingly this 
subdivision does not appear to apply to Y cells and our 
data certainly did not provide grounds for linking lagged 
and non-lagged properties with the length tuning of the 
two groups of Y cells. The presence of a non-length tuned 
group of cells, with poor centre-surround antagonism 
within the Y cell population might however reflect the 
different patterns of inhibitory inputs onto X and Y cells. 
For example, the majority of inhibitory terminals synaps- 
ing on X cells are of the dendrodendritic f2 terminal 
variety, whereas inhibitory synapses onto Y cells are 
predominantly fl type axonal inputs (Wilson et al. 1984). It 
may also be relevant that most of the f2 terminals contact
ing X cells are involved in triadic synaptic arrangements 
with the retina] afferents, which arc rarely observed on Y 
cells. However, over and above this our data suggest a 
variation in the pattern or strength of inhibitory connec
tions within the Y cell population.

It is difficult to establish the actual' frequency of 
particular cell types by clcctrophysiological methods due 
to the problems of electrode selectivity, but our data 
suggests that these “nIY” cells form something in the 
region of 25% of the total population of Y cells. This is a
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Fig, 6. Concept diagram summarising suggested contributions o f 
nl Y cells to  cortical mechanisms influencing presence and absence of 
length tuning. To the left inputs from 3 strongly length tuned dLG N  
cells converge on a layer IV simple cell. Their length tuning profile is 
shown on the extreme left. A short centrally placed bar will produce 
maximal response from the central input cell. Lengthening the 
stimulus brings in the next 2 fields, but produces only a  small increase 
in response amplitude, while further extension precipitates a 
significant reduction. (Increasing the weighting of the outer input 
fields would paradoxically result in the field responding best to two 
short spatially displaced bars moving simultaneously through the 
ends of the field.) Layer III complex cells receiving simple cell input 
would show the same properties. T o  the right, 3 nIY cells providing 
convergent input to  a layer VI cell are shown, together with their 
length tuning profile. Increasing stimulus length increases th e .

m agnitude o f the input to the layer VI cell, plateauing a t the 
maximum output level o f the 3 nIY cells. This type o f convergence 
accounts for the long fields oflayer VI cells. The layer VI cell projects 
to layer IV, providing either direct excitatory drive, o r drive via 
inhibitory interneurones. Where the drive is excitatory, the response 
profile of the layer IV simple cell is progressively enhanced with 
increasing stimulus length, as the increased input from the layer V) 
cell compensates for the decrement in direct geniculate input. This 
generates non-length tuned fields. Conversely, drive via inhibitory 
interneurones, following the suggestion of Bolz and G ilbert (11)86), 
enhances the length tuning smeared by the spatial array of 
convergent geniculate input, which in this example would otherwise 
give a 30%  maximal response for long stimuli. Variations in the 
strength o f these two types of input would produce length tuning 
curves of varying shape.

significant com ponent o f the “Y” cell population and it is 
im portant to  consider their potential role in visual func
tion. D espite their location with respect to  lam inar bor
ders, there are  strong grounds for considering them  to  be 
relay cells. Firstly they are vigorously exciled by ionto- 
phoretically applied ACh. Work from Singer’s g roup  
(Singer 1973; D e Lim a et al. 1985; Francesconi et al. 1988), 
together with tha t of Ahlsen et al. (1984) and the recent 
observations o f McCormick and Pape (1988) clearly indic
ate that relay cells are  excited and inhibitory interneurones 
inhibited by ACh. Secondly, Sherman and Friedlander 
(1988), in an  intracellular study labelling cells with H R P, 
have been unable to  find inhibitory inlerncuroncs in the 
dL G N  with “Y” properties, all examples of inhibitory 
interneurones in their sample were “X” cells.

T he presence of discrete g roups of length and  non
length tuned relay cells could offer a potential answ er to  a 
num ber of questions concerning the synaptic organization 
generating the length response profiles o f cortical cells. 
These are summarised in the concept diagram  in Fig. 6. 
Firstly, where orientation tuned simple cell receptive fields 
in layer IV are constructed from convergent input from 
sharply length tuned fields typifying the m ajority o f dL G N  
cells, increasing stimulus length along the plane generating 
orientation  preference, will paradoxically cause a  decre
m ent in response m agnitude. As recently pointed ou t by 
M artin  (1988), this issue is particularly  pertinent to  the 
long fields seen in layer VI cells. We suggest tha t such fields 
are  derived from convergent input from non-length tuned 
dL G N  cells, responses o f the input cells would add  from
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their maximum value with increasing stimulus length. 
Layer VI cells are known to provide both excitatory .and 
inhibitory drive to layer IV (Ferstcr and Lindstrom 1985; 
McGuire et al. 1984; Bolz and Gilbert 1986). Their direct 
excitatory input to layer IV cells would serve to offset the 
response reduction consequent upon increasing stimulus 
length. Conversely where their input is translated through 
the inhibitory interneurones it would enhance the length 
tuning of the layer IV cells by generating orientation tuned 
“end-inhibition” (Hubei and Wiesel 1965; Orban et al. 
1979, see also Martin 1988). Mixing the excitatory and 
inhibitory components of the layer VI cell input provides 
the potential for generating a spectrum of length tuning 
curves of varying sharpness. The present data add a 
further dimension to what must be regarded as an increas
ingly subtle view of the contribution of geniculate mech
anisms to visual processing. The consideration of length 
tuning both in the context of the different populations of 
dLG N  cells, and the influences of corticofugal feedback, 
provides a means of dissecting out components of the 
organization that have previously been difficult to isolate.
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SUM MARY

2

1. W e have exam ined the  actions and  pharm acology o f 2 putative optic nerve 

transm itters, N -acetylaspartylglutam ate (N A A G ) and L-H om ocysteic acid (L-H CA ), 

in the  feline dorsal la tera l geniculate (dLG N ) nucleus. W e com pared  the  responses 

o b ta ined  to  iontophoretic  application o f these substances w ith those elicited by visual 

s tim ulation  and  application o f specific N M D A  and non-N M D A  recep to r agonists. 

T h e  relative effects o f the selective N -m ethyl-D -aspartate (N M D A ) antagonist 3- 

( ( + / -)-2-carboxypiperazin-4-yl)-propyl-l-phosphonic acid (C PP) and the  selective 

non-N M D A  antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (C N Q X ) w ere tested  on 

these responses.

2. T h ere  was a  pronounced contrast betw een  the  influence o f iontophoretically  

applied  N A A G  and L -H C A  on  dL G N  cells. Ion tophoretic  application of N A A G  

[ejection cu rren t - range 75-200 nA  (m ean  125 nA)] evoked e ith er no effect (17/37), 

o r very w eak and  sluggish excitatory (16/37) or inhibitory (4 /3 7 ) effects. Conversely, 

L -H C A  application [current - range 25-136 nA  (m ean  67 nA)] elicited brisk  and  

pow erful excitatory responses (32 /32) th a t w ere com parable to  those produced by 

visual stim ulation and iontophoresis o f NM D A , kainate  and A M P A.

3. R esponses to  L-H C A  w ere selectively antagonised by application  of th e  N M D A  

recep to r antagonist CPP, bu t w ere generally m uch less affected by the non-N M D A  

recep to r antagonist CNQX. T he  w eak and inconsistent responses to  N A A G  w ere 

no t com patible with an  evaluation of antagonist effects.

4. C PP application a t dose levels selective for N M D A  w ith respect to kainate  and 

A M P A  did no t exert equal effects on  L-H C A  and N M D A . W hile the  m ean  

responses to  L -H C A  w ere reduced  to  31.8%  (+ /-6 .2 %  s.e.m .) o f control for Y  cells 

and  20.9%  ( + /-3 .8) in  X  cells, those to  N M D A . w ere respectively 10.7% (+ /-3 .3 )  

and  10.4% (+ /-3 .3 ) . T he  visual responses w ere reduced  to  35.2%  (+ /-4 .2 )  and  22.3 

(+ /-2 .7 )  o f control for Y  and  X  cells. R esponse levels fo r kainate  w ere 108.6% ( + / -  

9.0) for Y  cells and 106.9% (+ /-1 0 .3 )  for X  cells, and those for A M PA  w ere 94.9%  

(+ /-6 .2 )  and  99.6%  (+ /-8 .7 )  respectively. T he level o f reduction  of the  visual 

response for X  and Y cells was very sim ilar to  th a t o f L-H CA .

5. C N Q X  application reduced the  visual response level o f Y  cells to  48%  o f control



(+ /-1 4 .5  s.e.m ) and  X  cells to  56%  (+ /-1 1 .2 ). T he m ean  level for the  L-H C A  

resporis<e o f Y  cells was 98%  (+ /-1 1 .6 ) of control, the  m ean  for X  cells, 77%  ( + / -  

5.3), was substantially below  control. T he responses to  kainate and A M PA  w ere 

reduced  to a  m uch g rea ter extent (Y  cells 29.2%  + /-5 .7  and 25.29%  + /-9 .4 , X  cells 

25.94%  + /-4 .9  and  43.06%  + /-5 .3 ).

6 . T he da ta  suggest th a t it is unlikely N A A G  is the  optic nerve transm itter.

7. T he visual response o f X  and  Y  cells in  the dL G N  appears to  be  dependen t on 

effects m ediated  via bo th  N M D A  and non-N M D A  receptors. T he strong excitatory 

effects of L -H C A  and com parison of its susceptibility to  blockade by N M D A  and 

non-N M D A  antagonists with th a t of the selective agonists and the visual response, 

suggest th a t it should be  considered a  candidate for the  optic nerve transm itter.



INTRODUCTION

There is now substantial support for the view that the neurotransm itter mediating the 

output from the mammalian retina to the dorsal lateral geniculate nucleus acts at 

excitatory amino acid receptors. It seems clear that both NM DA and non-NMDA 

receptors underlie the response (Kemp & Sillito, 1982; Crunelli, Kelly, Leresche & 

Pirchio, 1987; Moody & Sillito, 1987; Sillito, Murphy, Salt & Moody, 1990a; Sillito, 

Murphy & Salt, 1990b). The immediate assumption from  this might be that the 

actual neurotransm itter involved is glutamate or possibly aspartate. Indeed in the 

bird there is evidence for the release of glutamate and aspartate following 

stimulation of the optic nerve (Canzek, Wolfensberger, Armsler & Cuenod, 1981), 

the calcium dependent release of aspartate from optic nerve fibres in the tectum 

(Beaudet, Burkhalter, Reubi & Cuenod, 1981) and for a  substantial decrease in the 

sodium dependent high affinity uptake of glutamate and aspartate in the optic tectum 

following lesion of the optic nerve (Fonnum & Henke, 1981). Unfortunately the 

evidence for the mammal is much less clear, enucleation of the eye does not affect 

the sodium dependent uptake process for glutamate, the levels of endogenous 

glutamate nor the calcium dependent release of glutamate in the colliculus (Lund- 

Karlsen & Fonnum, 1978; Sandberg & Corazzi, 1983; Fosse, Heggelund, Iversen & 

Fonnum, 1984). Furtherm ore, injections of D-[3H ]aspartate in the cat superior 

colliculus and dLGN failed to produce retrograde labelling of retinal ganglion cells, 

but dLGN injections did label layer VI visual cortical cells (Baughman & Gilbert,

1981). There is, on the other hand, a growing body of evidence for two other 

substances as putative transmitters acting at excitatory amino acid receptors, namely, 

L-homocysteate (Do, M attenberger, Streit & Cuenod, 1986b; Knopfel, Zeise, Cuenod 

& Zieglgansberger, 1987; Do, Herrling, Streit & Cuenod, 1988) and N- 

acetylaspartylglutamate (Bernstein, Fisher, Zaczek, & Coyle, 1985; Westbrook, 

Mayer, Naamboodiri & Neale 1986; Mori-Okamoto, Okamoto & Sekiguchi 1987).

The available evidence for N-acetylaspartylglutamate (NAAG) in the visual system 

is particularly interesting. It is found in retinal ganglion cells and the neuropil of the 

superior colliculus and dLGN in both rats and cats (Anderson, Borja, Cotman, 

Moffett, Namboodiri & Neale, 1987; Tieman, Cangro & Neale, 1987). This together 

with its known excitatory effect and possible action at NM DA receptors (Bernstein 

et al., 1985; W estbrook et al., 1986; Mori-Okamoto et al., 1987) suggests that it must



be considered a  prim e candidate for the transm itter m ediating the optic nerve input 

to the cat dLGN. In  the present paper we have examined the effect of iontophoretic 

application of both N A A G  and L-homocysteate on X  and Y  cells in  the feline 

dLG N. W e have also com pared the strong excitatory responses seen on 

iontophoretic application of L-H CA  to visual stim ulation and iontophoresis of a 

range of selective NM D A and non-NM DA  agonists, in the presence of the selective 

N M D A  antagonist 3-((+/-)-2-carboxypiperazin-4-yl)-propyl-l-phosphonic acid (CPP) 

and the selective non-NM D A  antagonist 6-cyano-7-nitroquinoxaline-2,3-dione 

(CNQX).

M ETHODS

T he experim ents w ere carried out on anaesthetized (70%  NzO, 30%  0 2, 0.1 -0.4% 

halothane), paralysed (10 m g /k g /h r gallamine triethiodide) fem ale cats in the weight 

range 2.2 - 2.8 kg. D etails of the preparation  and procedures are given elsewhere 

(Kem p & Sillito, 1982; Sillito & Kemp, 1983). End-tidal C 0 2, the EC G  waveform, 

intersystolic interval and E E G  waveform w ere m onitored at all times through the 

experim ent. Any perturbations o f these param eters com m ensurate with a  decline in 

the level of anaesthesia w ere imm ediately com pensated for by an increase in the 

level of halothane.

5 or 7 barrelled  m icropipettes w ere used for recording single unit activity and the 

iontophoretic application of drugs. T he electrode barrels contained a  selection of 

the following: 3.0M NaCl, Pontam ine Sky Blue - 2 %  w /v  in 0.5 M  sodium  acetate, 

Acetylcholine chloride (ACh 0.2M, p H  4.5), L-homocysteic acid (L-HCA 0.2M, pH  

8), N-acetyl-aspartyl-glutamate (N A AG  0.1M, pH  8),. N a N-m ethyl-D-aspartate 

(N M D A  0.1M, pH  8), N a kainate (0.1M, pH  8), a-amino-3-hydroxy-5-methyl-4- 

isoxazole-propionic acid (AMPA, 15mM in 150mM NaCl, pH  8), 3 -((+ /-)-2 - 

carboxypiperazin-4-yl)-propyl-l-phosphonic acid (CPP 25mM  in 150 mM  NaCl, pH  

8), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX Im M  in 150mM NaCl, pH  8).
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V isual stim uli w ere generated  optically on  a  tangent screen or on a  P e te r Joyce 

Display (Joyce Electronics, Cam bridge). T he optical m ethod was used to  generate  

flashing spots of varying size and contrast for eliciting visual responses in  the  drug 

trials. T he P e te r Joyce display was utilised for the generation  o f phase reversing 

sinusoidal gratings to  enable classification o f the  cells as outlined below.

Cells w ere first identified as "X" or "Y" type on  the  basis of their responses to  a 

range o f tests, including assessm ent of the  linearity of spatial sum m ation with phase 

reversing sinusoidal gratings p resen ted  a t a  range o f spatial phases in  a  random ised 

interleaved sequence (Enroth-C ugell & R obson, 1967; C leland, D ubin  & Levick, 

1971; D errington  & Fuchs, 1979). T he effects of iontophoretic  application of L- 

H C A  and N A A G  w ere com pared to the  responses elicited by a  visual stim ulus (a  

spot o f light flashed w ithin the  receptive field centre) and  to iontophoretic  ejection 

o f a  range o f excitatory am ino acid agonists and to  ACh. In  o rder to  study the 

pharm acology of the responses to  L-H C A  we established a  control test sequence 

w here the  response to  L -H C A  was com pared to  the  visual response and  to 

iontophoretic  pulses o f the selective agonists, N M D A , kainate and A M PA . T he 

intensity of the  spot (by interposing neu tral density filters) and the  duration  and 

m agnitude of the  drug ejection currents w ere varied in o rder to  obtain  as near 

equ ipo ten t responses as possible. T he m ost reproducible da ta  w ere obtained  if the 

test cycles w ere repeated  in  a  regular unvarying sequence. O nce a  stab le control 

response p a tte rn  was established, iontophoretic application of e ither the  N M D A  

recep to r antagonist CPP or non-N M D A  recep tor antagonist C N Q X  was in itiated  and 

the  effect o f this on several cycles o f the  test sequence ascertained. Following 

cessation of the  antagonist application, the regular sequence of the test cycle was 

rep ea ted  until control values returned . In  m any cases we exam ined the  effects of 

several repeats  of the application of the antagonist a n d /o r  com pared the  effects of 

an o th er antagonist. O ur protocol com pared the  effects o f the  physiological stimulus 

and  the  agonist applications side by side in  the  sam e cycle, there  was no 

extrapolation  betw een antagonist effects on drug and physiological test sequences run  

a t d ifferent tim es. T he spike tim e sequences w ere stored  on  com puter (Cam bridge 

E lectronic D esign A lpha L S I/5 0 2  system), generally w ith a  resolution o f 1 msec, and 

the  d a ta  w ere displayed as peristim ulus/peridrug  histogram s.

Analysis of the  d a ta  involved establishing the spike count in  the response a rea  of the 

histogram  for visual stim ulus and drugs under control conditions. A ntagonist effects



w ere then  rep resen ted  in  term s of the  percen tage change in response counts w ith 

respect to  the  control values.

RESU LTS

T h e  d a ta  re fe r to  a  to ta l population  o f 48 X  cells and  31 Y  cells.

C om parative excitato iy  effects o f NAAG an d  L-HCA

Ion tophoretic  application  o f N A A G  with ejection currents in  the  range 75-200 nA  

(m ean  125 nA ) produced  very little effect on  the  cells tested . In  m ore th an  ha lf the  

popu la tion  studied we observed e ither no effect (17 /37) o r w eak inhibitory responses 

(4 /37). T he  rem aining  cells (16/37) exhibited very w eak and sluggish excitatory 

responses. Tw o exam ples o f the action of N A A G  are  illustrated  in  figure 1. T he 

records show the  response to  a  spot o f light flashed on  and off over th e  receptive 

field centre, and  to  ion tophoretic  pulses of acetylcholine (A Ch) and N A A G . B oth 

the  "on" cen tre  Y  cell in  the  up p er record  and the  "off' cen tre  Y  cell in  th e  low er 

record  gave brisk  excitatory responses to  the  visual stim ulus and  to  the  ion tophoretic  

pulse o f A C h b u t w ere unaffected  by N A A G .

T he virtual ineffectiveness o f N A A G  contrasted  w ith th e  vigorous and  crisp 

excitatory responses observed to  L-HCA. In  all cells tested  (32/32), L-H C A , applied  

w ith ejecting currents in th e  range 25-136 nA  (m ean  67), evoked clear excitations. 

A n  exam ple is shown in  figure 2, which com pares the  response o f an  "off1 cen tre  X  

cell to  visual stim ulation  and  to  iontophoretic  pulses o f N M D A , L -H C A  and N A A G . 

T h e  barely  detectab le  excitatory response to  N A A G  was the best we have seen  and 

highlights the  strong effects o f L -H C A  and  N M D A .

T he w eak and  inconsistent responses to N A A G  m ade it entirely unrealistic  to 

exam ine the relative contribution  of N M D A  and non-N M D A  recep tors to its action. 

W e did, however, exam ine this issue in detail for L-H CA , in o rder to  com pare the  

pharm acology o f its action with th a t o f the visual input.

A ction o f C PP  an d  CN QX  on L-HCA responses

T h e N M D A  recep to r an tagonist CPP produced selective reductions in  th e  responses



to visual stim ulation and L-H CA  as illustrated for an  "off' centre X  cell in figure 3. 

T he PSTH s show the visual response on an expanded tim e scale to the left of the 

figure and the  drug responses recorded in  the sam e test run  bu t plotted utilising a  

larger b in  size on the right. T he iontophoretic application of CPP with a  30 nA  

ejection current for 15 seconds, elim inated all bu t one spike in  the  visual response 

and virtually elim inated that to L-H CA  whilst leaving the responses to  kainate and 

A M PA  close to control values. This supports the view tha t a  significant com ponent 

of the action of L-HCA and the visual stimulus is m ediated via NM DA  receptors.

Indeed, throughout our population of cells, the overall profile of the action of L- 

H C A  was m ost directly com parable with that of NM DA. This point is illustrated in 

figure 4 which com pares the action of CPP and CN Q X  on the responses of an  "on" 

centre X  cell to iontophoretic pulses of NM DA, L-H C A  and AM PA. In the 

presence of CPP the responses to L-H C A  and N M D A  w ere selectively elim inated, 

whilst with CN Q X  the response to A M PA  was reduced to  a  much greater extent 

than  N M D A  or L-HCA.

As has been  previously reported (Sillito e t al., 1990a;b) however, the visual response 

of dLG N  cells is vulnerable to bo th  N M D A  and non-N M D A  receptor blockade. 

Thus w ere L-H CA  to be the transm itter m ediating the retinal input, one would 

anticipate tha t a  com ponent of its action would involve non-N M D A  receptors and 

that doses of CNQX inducing blockade of the visual response would effect the 

response to L-HCA. T he examples in figures 5 and 6 illustrate the effects of CNQX 

on the  visual response. The visual response of the "off' centre Y cell in figure 5 is 

halved during CN QX application whilst that to L-H CA  is largely preserved and those 

to kainate and A M PA  greatly reduced. The actions of CPP and CN QX are 

com pared in a  succession of tests on the sam e cell in figure 6. This refers to an  "on" 

centre X  cell, and the visual response is plotted both on an expanded tim e scale to 

the left of the figure and together with the drug responses in the test sequence on 

the right. B oth the N M D A  receptor selective and the non-N M D A  receptor 

antagonists block the visual response. It is im portant to note th a t there  was some 

reduction in  the  responses to L-H CA  during CN QX  application in this case. It was 

often difficult to achieve a high level blockade of the visual response with CNQX 

w ithout som e effect on the L-H CA  response. The. block histogram s of figure 7, 

sum m arise the m ost selective effects we w ere able to obtain  with CNQX in the 

population of cells studied. T he m ean visual response level of the Y  cells in the 

group was reduced to 48%  of the control level (+ /-14 .53  s.e.m) and that for X cells



to  56%  of the control level (+ /-11 .17  s.e.m). A lthough the m ean level for the  L- 

H C A  response of Y cells was 98%  ( + /-1 1.62 s.e.m) of control, the m ean for X  cells, 

77%  (+ /-5 .3 3  s.e.m), was substantially below control. Clearly the responses to 

kainate and A M PA  w ere reduced to a  much greater extent (Y cells 29.2%  + /-5.74 

and 25.29% +/-9 .44, X  cells 25.94% + /-4 .91  and 43.06% + /-5.34) than  those to 1^ 

H C A  but at least for X  cells our best effects w ere not entirely selective.

T he situation is com plicated by the fact tha t in  addition to its blockade of non- 

N M D A  receptors, CN Q X  is known to block the strychnine insensitive glycine 

recep tor m odulating the N M D A  receptor (Johnson & Ascher, 1987; Thom son, 

W alker & Flynn, 1989; M ayer, Vyklicky & Clements, 1989). Thus a  com ponent of 

the action of CN QX may directly influence effects m ediated via the N M D A  receptor 

and it m ight be expected to  exert some effect on L-H C A  responses via this route. 

F rom  this viewpoint, effects on L-H CA  responses should m irror those seen on 

N M D A  responses. This was not always so. As the records in figure 8 show, in  some 

cases CN QX  appeared  to reduce responses to L-H C A  m ore than  those to  NM DA. 

In  this exam ple CN Q X application nearly elim inated the responses to kainate and 

AM PA, reduced tha t to  L-H C A  but not to NM DA. O n the o ther hand CPP 

application virtually elim inated the responses to  N M D A  and L-HCA, with little or 

no effect on those to kainate and AM PA. Taken as a  whole across the population 

of cells studied, CPP application a t dose levels selective for N M D A  with respect to 

kainate and A M PA  did no t exert equal effects on L-H C A  and NM DA. This is 

sum m arised by the block histograms in figure 9. W hilst the m ean responses to Lr 

H C A  w ere reduced to 31.8%  (+ /-6 .2  s.e.m) of control in Y  cells and 20.9%  ( + / -  

3.8 s.e.m) in X  cells, those to N M D A  w ere respectively 10.7% ( + / -  3.3 s.e.m) and 

10.4% ( + / -  3.3 s.e.m). These values com pare with reductions to  35.2% ( + / -  4.19 

s.e.m) and 22.3% ( + / -  2.72) of control for the visual response of Y and X  cells. The 

m ean  responses to kainate and A M PA  for X  and Y  cells w ere all w ithin 10% of 

control levels.

D ISCUSSIO N

T he da ta  obtained in these experim ents show the effects elicited by iontophoretic 

application of N A A G  to be extremely weak and variable. These contrast with the 

strong excitations elicited by A Ch and the excitatory am ino acid agonists studied. 

O f the putative natural agonists, previous work from  this laboratory has shown brisk 

excitatory effects with bo th  glutam ate and aspartate in the dLG N  (Kem p & Sillito,



1982) and  the p resen t d a ta  show brisk  responses to  L-H CA . T he da ta  obtained  for 

N A A G  are  directly com parable w ith those rep o rted  for th e  ra t som atosensory 

thalam us, for ra t striatal, h ippocam pal and cortical slices and for cat hippocam pus 

and  pulvinar nucleus (Luini, Tal, G oldberg & Teichberg, 1984; R iveros &  O rrego, 

1984; H enderson  & Salt, 1988). They contrast w ith the  p o ten t excitatory effects 

rep o rted  in the  ra t piriform  cortex (ffrench-M ullen, R oller, Zaczek, Coyle, H ori, & 

C arpen ter, 1985). T he  m ost sim ple in terp re ta tion  o f th e  situation  is th a t N A A G  has 

little  d irect excitatory effect in  a  num ber o f b ra in  regions and  is no t for exam ple 

involved in  fast sensory transm ission in  the  som atosensory thalam us or dLG N . O n 

th e  o th er hand, its high concentration  in  cat re tina l ganglion cell term inals in  the  

dL G N  (T iem an e t al., 1987) and  its calcium  dependen t re lease  in  a  num ber o f b ra in  

regions (Zollinger, A m sler, D o, S treit & Cuenod, 1988) argues for its ro le as a  

neu ro transm itte r involved in  the  transfer o f visual inform ation. O ne possibility is 

th a t th e  ap p aren t ineffectiveness reflects its rap id  degradation  by N -acetylated-alpha- 

linked acidic d ipeptidase (N A A LA D ase) w hen released  (R obinson, Blakely &  Coyle, 

1986; Blakely, Ory-Lavollee, G rzanna, R oller & Coyle, 1987; Robinson, Blakely, 

C outo  & Coyle, 1987). This certainly cannot be excluded, b u t taking no te  o f the 

rep o rt th a t N A A G  has p o ten t excitatory effects in  th e  p iriform  cortex, this does no t 

seem  the  m ost com pelling explanation for its inactivity in  the  dLG N . M oreover w ere 

N A A G  to  be  degraded a t a  significant ra te  by N A A L A D ase to  N -acetyl-aspartate 

and  g lu tam ate one would expect an  excitatory effect from  th e  glutam ate. It is also 

relevan t to  no te  th a t we observed inhibitory effects w ith N A A G  in  som e cases, as did 

H enderson  & Salt (1988) in  th e  ra t thalam us. This issue is underlined  by the fact 

th a t N A A G  appears to  be  p resen t in the pu tative G A B A ergic inhibitory 

in terneurones of the  ra t thalam ic reticu lar nucleus (H enderson  & Salt 1988). Thus 

from  several viewpoints, N A A G  does no t appear to  o p era te  as a  classical excitatory 

transm itte r in e ither som atosensory thalam us or dLG N . T he  balance o f the  evidence 

w ould seem  to  favour a  ro le  as a  po ten tial neurom odula to r w ith an  as yet undefined  

m ode o f operation.

T h e  strong excitatory effects seen  with iontophoretically  applied  L -H C A  are 

consistent with the suggestion th a t it m ight be the neu ro transm itter m ediating the 

re tina l inpu t to dL G N  cells. T he retinal input to  X  and  Y  cells seem s to  utilise both  

non-N M D A  and N M D A  receptors in generating the visual response (R em p & Sillito 

1982, M oody & Sillito 1987, Sillito, M urphy, Salt & M oody 1989, Sillito, M urphy & 

Salt 1989, Crunelli, Kelly, L eresche & Pirchio 1987). Selective blockade o f e ither
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group can greatly a ttenuate or elim inate the visual response. Thus logically it would 

seem  tha t the neurotransm itter m ediating the input would exert effects a t both 

groups of receptors. Somewhat in contrast to this, our da ta  show the  m ost obvious 

com ponent of the effect of L-H CA  to  be  m ediated via N M D A  receptors. This point 

needs to be qualified by the com m ent tha t the profile of effects we observed with the 

selective N M D A  receptor antagonist CPP, and non-N M D A  receptor antagonist 

CN Q X  on  the  responses to N M D A  and L-H CA  did not always m atch exactly. These 

points are illustrated m ost clearly in figure 8 and 9. In  the  summ ary figure 9 it is 

apparen t th a t the application of CPP a t dose levels leaving kainate and A M PA  

responses a t control levels, produced a m ore profound blockade of N M D A  than  L - 

H C A  responses in X  and Y cells. T he striking link here  is the similarity in  the level 

of reduction of the visual response in X  and Y cells with tha t to L-HCA. Thus one 

m ight presum e tha t bo th  the rem aining visual response and th a t to L-H CA  in the 

presence of CPP reflect a  similar underlying contribution from  action at non-N M D A  

receptors.

A  contribution from  non-N M D A  receptors to the response to  L-H CA  might be 

expected to be reflected in a reduction in response level during application of CN QX 

at dose levels leaving the response to N M D A  untouched. Occasionally, as in figure 

8 we observed effects which suggested that a com ponent of the  response to L-H CA  

was selectively vulnerable to non-N M D A  receptor blockade. Previous work with L- 

H C A  whilst emphasising its role as an  N M D A  receptor agonist has identified the 

existence of a  potential non-N M D A  receptor com ponent to  its action (Do, H erding, 

Streit, Turski and Cuenod, 1986). This is consistent with the  p resen t observations 

with CPP and CN Q X  and suggests that L-H CA  may be presum ed to have a t least 

some in teraction with non-N M D A  receptors.

O ne complexity relating to the in terpretation  of the action o f CN Q X  is that it also 

exerts effects a t the strychnine insensitive glycine sites associated with the N M D A  

recep tor (Johnson and Ascher 1987, Kessler, Baudry & Lynch 1988). The ability to 

antagonise the action of glycine in this location reduces the glycine m ediated 

potentiation  of the N M D A  response (Johnson and A scher 1987, Thom son, W alker 

& Flynn 1989, Mayer, Vyklicky & Clem ents 1989) and hence m akes it difficult to 

obtain selective effects on non-N M D A  responses with CNQX. Thus the action of 

CN QX on the responses to L-H CA  could be argued to reflect influences on the 

glycine receptor ra ther than  non-N M D A  receptors. T he m ain reason for resisting



this suggestion is th a t bo th  the  d a ta  obtained with CPP and th a t with C N Q X  show 

a p a tte rn  o f effect w here the  changes in  N M D A  response levels did no t m atch those 

for L-HCA . This differentiation betw een N M D A  and L -H C A  is m ost econom ically 

explained by the assum ption th a t L -H C A  exerts a  sm all com ponent o f its effect via 

non-N M D A  receptors.

T he in terp re ta tion  of the possible ro le of L-H C A  needs, however, to take  no te  of 

po ten tial asym m etries in the p roportion  o f N M D A  and non-N M D A  recep to r sites. 

F o r exam ple w ere the num ber o f non-N M D A  recep to r sites in  the post-junctional 

m em brane to be  significantly g rea ter than  the N M D A  receptors, then  the relative 

bias of the  in teraction  of L -H C A  with the two groups could be shifted in  the 

functional sense. T he situation  could be  even reversed for the  extrajunctional 

receptors, m aking com parisons of the  effectiveness o f given doses o f antagonist 

difficult. Thus, although there  m ust b e  a  question m ark  over the  level of in teraction  

w ith non-N M D A  receptors, the p resen t da ta  are  com patible w ith the suggestion tha t 

L -H C A  be considered a  candidate for the transm itter m ediating the  retinal output. 

Equally, they would seem  to exclude the  suggestion th a t N A A G  is a  strong candidate 

for this role.
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Figure 1. Comparison of the effects of NAAG, ACh and visual stimulation (spot of 

light flashed within the receptive field centre) on the responses of an "on" and an 

"off' centre Y cell. The duration of the flash and the iontophoretic pulses are 

indicated by the markers above each record, together with the iontophoretic currents 

used. Top record:- response of an on-centre Y cell, bin size is 450ms. Bottom 

record:- response of an off-centre Y cell, bin size is 400ms. Records are averaged 

over 3 trials. Vertical and horizontal calibration bars show frequency (Hz) and time 

(secs) respectively. Both cells respond well to the visual stimulus and to 

iontophoretic application of acetylcholine, but there is no discem able response to 

NAAG application.
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Figure 2. Response of an off-centre X  cell to visual stim ulation and iontophoretic 

pulses of NM DA (N), L-HCA (L) and NAAG. Broad details as for Fig. 1 bu t the 

visual response is shown on an expanded time scale on the left hand side PSTH (bin 

size is 100ms, vertical calibration indicates spikes/bin) while drug responses are 

shown on the right hand side (bin size is 800ms and vertical calibration denotes 

response frequency). Responses are constructed from 1 trial. Iontophoretic ejection 

of N M D A  and L-HCA elicits strong excitatory responses from  the cell, whereas 

iontophoresis of NAAG produced only a weak excitation.
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Figure 3. A ction of CPP on the responses of an off-centre X  cell. The PSTHs 

docum ent the response of the cell to  visual stim ulation and to iontophoretic pulses 

of L-HCA (L), kainate (K) and AM PA. Broad details as for Fig. 2 but bin size for 

visual response is 120ms and dotted line indicates tim e of offset of the visual 

stimulus. T he top records show the control run. In  the bottom  record, application 

of CPP with a 30nA ejection current shows after 15 sec a  virtual elim ination of the 

visual and L-H CA  responses. W ith respect to control values, the visual response is 

7%  of the original, L-HCA 17%, kainate 119% and AM PA 86%.
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Figure 4. Actions of CNQX and CPP on an On-centre X  cell. T he PSTHs 

docum ent the response of the cell to iontophoretic application of N M D A  (N), L • 

H C A  (L) and AM P A. Broad details as in Fig. 3. Top records show the  control 

responses, middle records show responses during antagonist application and bottom  

records show response recovery. Left hand column sequence docum ents responses 

using CNQX as the antagonist, right hand column with CPP. In the presence of 

CN QX (60nA, 1 min 10 sec), the response reduction seen for N M D A  is actually 

greater than that for L-HCA (responses are 76 and 92% of control respectively) 

while the response to A M PA  is greatly reduced (to 33%). In the presence of CPP, 

the responses to both NM DA and L-HCA are virtually abolished (responses are 

2.5% and 0.5% of control respectively) while the response to AM PA  is actually 

potentiated (to 150%).
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Figure 5. Action of CNQX on the responses of an off-centre Y cell. The PSTHs 

docum ent the response of the cell to visual stim ulation and iontophoretic pulses of 

L-H CA  (L), kainate (K) and AM PA. Broad details as for Fig. 3, bu t bin size for 

visual response is 50ms, and bin size for drug records is 1400ms. The top records 

show the control run. The middle record documents the responses in the presence 

of CN QX (lOnA, 2 min). In this case, the visual response, and the responses to the 

non-N M D A agonists kainate and AM PA are all considerably reduced, while the 

response to L-HCA is in fact increased. With respect to control, the visual response 

is 50%, L-HCA 147%, kainate 41%  and AM PA 58%. The bottom  record shows 

recovery following reapplication of backing current.
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Figure 6. Comparative actions of CPP and CNQX on an on-centre X cell. The 

PSTHs docum ent the response to visual stimulation and iontophoretic pulses of L- 

H CA (L), kainate (K) and AM PA. Broad details as Fig. 4, but right-hand side 

PSTHs show the complete test sequence plotted on 1000ms bins and left-hand 

PSTHs docum ent the visual response only on an expanded tim e scale on 100ms bins. 

Application of CPP (5nA, 5min 30 sec) results in a considerable decrem ent in the 

visual response and the response to L-HCA, while the responses to kainate and 

AM PA rem ain virtually the same (with respect to control, visual response is 14%, 

L-HCA 11%, kainate 93% and A M PA  94%). Following cessation of CPP 

application, the responses recovered and CNQX was then applied. In the presence 

of CNQX (20nA, 12 m in 30 sec), the responses to vision, kainate and AM PA were 

all considerably reduced, while the response to L-HCA was less affected (with 

respect to control, visual response is 21%, L-HCA is 66%, kainate is 14% and 

A M PA  22%). With continued application of CNQX (14 min 15 sec) the responses 

with respect to control are, vision 0%, L-HCA 49%, kainate 8% and AM PA 12%.
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Figure 7. H istogram  sum m arising the  action of C N Q X  on the  population  of X  and 

Y  cells studied. Each  colum n shows the m ean response during CN Q X  application 

expressed as a percentage o f the  control. E rro r bars show standard  erro r o f the 

m ean. O pen  columns refer to X  cells and closed colum ns to  Y cells.
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Figure 8. Actions of CNQX and CPP on an on-centre Y cell. The PSTHs document 

the response of the cell to iontophoretic application of NM DA (N), L-HCA (L), 

kainate (K) and AMPA. Broad details as for Fig. 4, bu t bin size is 1400ms. In the 

presence of CNQX (50nA, 4 sec), the responses to kainate and AM PA are selectively 

blocked with respect to NM DA, but the response to L-HCA is also clearly reduced 

(with respect to control, responses are NM DA 79%, L-HCA 49%, K ainate 4%  and 

AM PA  17%). As the L-HCA response is in a  m ore favourable position in the time 

sequence to be affected by a non-selective blockade, the responses in the presence 

of CNQX at lm in  54sec are also shown. However, it is clear that the response to 

NM D A  is still preserved with this longer period of CNQX application. Following 

cessation of CNQX application the responses recovered and CPP was then applied. 

In  the presence of CPP (50nA, 3min 30sec), the responses to both NM DA and L- 

H C A  are virtually eliminated, while the responses to kainate and AM PA are in fact 

somewhat potentiated (with respect to control responses are, NM DA 6%, L-HCA 

14%, kainate 161% and A M PA  125%).
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F igure 9. H istogram  sum m arising th e  action  o f C PP  o n  th e  popu la tio n  o f X  and  Y  

cells studied. E ach  colum n shows the  m ean  response during C PP app lica tion  

expressed as a  p ercen tage  o f th e  control. E rro r  b ars  show standard  e rro r  o f th e  

m ean . O p en  colum ns re fe r  to  X  cells and  closed colum ns to  Y  cells.
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VARIATION IN LENGTH TUNING WITH DIRECTION OK MOTION IN THE FELINE DORSAL LATERAL GENICULATE 
NUCLEUS (dLGN).
H . E .  J o n e s ,  P . C .  M u r p h y  a n d  A . M .  S i l l i t o ,  D e p a r t m e n t  o f  P h y s i o l o g y ,  U n i v e r s i t y  C o l l e g e ,  
C a r d i f f ,  U . K .

P r e v i o u s  work h a s  d e s c r i b e d  l e n g t h  t u n e d  c e l l s  i n  t h e  dLGN. We c o n f i r m  t h i s  and t h e  
f a c t  t h a t  t h e  d e g r e e  o f  l e n g t h  t u n i n g  a c r o s s  t h e  p o p u l a t i o n  m a t c h e s  t h e  r a n g e  s e e n  i n  
c o r t i c a l  h y p o r c o m p l e x  c e l l s .  The d a t a  r e p o r t e d  h e r e  i s  d e r i v e d  f rom a s t u d y  o f  t he  l e n g t h  
t u n i n g  o f  X and Y c e l l s  i n  t h e  A l a m i n a e  o f  t h e  dLGN. L e n g t h  t u n i n g  p r o f i l e s  we re  
c o n s t r u c t e d  a s  m u l t i h i s t o g r a m s  d e r i v e d  from t h e  a v e r a g e  r e s p o n s e s  t o  t h e  movement  o f  b a r s  
o f  v a r y i n g  l e n g t h  p r e s e n t e d  i n  a r a n d o m l y  i n t e r l e a v e d  s e q u e n c e .  D e t a i l s  o f  a n a e s t h e s i a  and  
t h e  p r e p a r a t i o n  a r e  g i v e n  e l s e w h e r e  ( S i l l i t o  and Kemp 1 9 83 )

W h i l s t  some c e l l s  e x h i b i t  v e r y  s i m i l a r  l e n g t h  t u n i n g  p r o f i l e s  t o  t h e  two d i r e c t i o n s  o f  
m o t i o n  o f  a b a r  o f  l i g h t  o v e r  t h e  r e c e p t i v e  f i e l d  a t  a g i v e n  o r i e n t a t i o n ,  o t h e r s  do  n o t .  In  
t h i s  l a t t e r  c a t e g o r y  o f  c e l l s  t h e  l e n g t h  t u n i n g  p r o f i l e s  t o  t h e  two d i r e c t i o n s  c a n  be  
r a d i c a l l y  and c o n s i s t e n t l y  d i s t i n c t .  The r e a s o n s  f o r  t h i s  a r e  n o t  c l e a r  a t  p r e s e n t ,  b u t  
i m p l y  d i r e c t i o n a l l y  s e n s i t i v e  a s y m m e t r i e s  i n  t h e  o r g a n i s a t i o n  o f  t h e  i n h i b i t o r y  p r o c e s s e s  
u n d e r l y i n g  t h e  l e n g t h  t u n i n g .  G i v e n  t h e  i n c r e a s e  i n  t h e  l e v e l  o f  l e n g t h  t u n i n g  s e e n  i n  t h e  
dLGN w i t h  r e s p e c t  t o  t h a t  i n  t h e  r e t i n a  i t  s e e m s  l i k e l y  t h a t  t h e  a sy mmme try  d e r i v e s  from  
i n t r a g e n i c u l a t e  i n f l u e n c e s  o r  t h e  a c t i o n  o f  t h e  c o r t i c o f u g a l  p r o j e c t i o n .  Work i s  i n  
p r o g r e s s  t o  e v a l u a t e  t h e s e  p o s s i b i l i t i e s .
S u p p o r t  o f  t h e  W e l l c o m e  T r u s t  and MRC i s  g r a t e f u l l y  a c k n o w l e d g e d .
S i l l i t o ,  A.M.  and Kemp J . A .  1983  B r a i n  R e s e a r c h .  2 7 7 ,  6 3 - 7 7
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The length tuning of cells in the feline dorsal lateral geniculate nucleus 
(dLGN)
By II. 10. .Jonesand  A. M. S im .ito . Deparlmenl o f Physioloyy. P.O. Hox7K, University 
( 'olleye, ( Utrdifj ( ' PI 1X L

Hypereomplex cells were first observed in the visual cortex by Hubei & Wiesel 
(19(>5). They described the receptive fields as length-tuned or endstopped, because 
increasing bar length to one or both sides of the receptive field led to a reduction in 
response magnitude. This reduction was a ttribu ted  to intracortically generated in
hibitory ond-zones in the receptive field. However, more recent work has suggested 
th a t a com ponent of the length tuning seen in cortical cells derives from the dLGN 
(Gleland, Lee & Vidyasagar, 1983). In this report we provide further evidence on the 
degree of length tuning seen in dLGN cells, and evaluate w hether extending a bar to 
either side of dLGN cell receptive fields reveals asym m etries in the degree of end- 
stopping.

Length-1 .lining curves were constructed for cells in the A laminae of the dLGN of 
anaesthetized (70%  N2():3 0 %  ()2:(H 0 '4%  halothanc) and paralysed cats (10 mg 
kg“ l h 1 gallamine tricthiodidc). Details of m ethods are given elsewhere (Sillito, 
1979). Moving bars were presented on a .Joycedisplay (Joyce Dleetrouies, Cambridge) 
and the length varied in a randomized interleaved fashion.

If is accepted th a t cortical cells with more than a 50%  reduction in response 
m agnitude to increasing bar length fall info the ‘hypercomplex category*. A sig
nificant portion of the population of dLGN cells studied (54/100) showed a reduction 
in peak response m agnitude with increasing length ( ^ 8 0 % )  equivalent to th a t 
reported for the most tightly  tuned endstopped cortical cells. The average for our 
population of dLGN cells was 77%  (± 2  %• s .r .) . This degree of length tuning is 
significant Iv greater t han th a t reported by Cleland el at. (1983) and the d a ta  underline 
the potential im portance of the geniculate input to the generation of endstopping in 
the cortex. It was notable that the degree of length tuning did not appear to correlate 
with the degree of centre surround antagonism  tested with stationary  flashing spots. 
The cells so far tested do not show any variation in the degree of endstopping to bar 
extension to one or the o ther side of the receptive field centre. This suggests th a t 
intracortically generated inhibitory endzones may contribute to the asym m etry in 
the endstopping seen in some cortical cells (Sillito & Versiani, 1977).
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Directional asymmetries in the length tuning of single cells in the feline 
dorsal lateral geniculate nucleus (dLGN)

By H. E. J o n e s  and A. M. S il l it o . Department o f Physiology, P.O. Box 78, University 
College, Cardiff C FI 1XL

Following earlier evidence th a t the receptive fields of cells in the dorsal lateral 
geniculate nucleus exhibit a degree of length tuning (Cleland, Lee & Vidyasagar, 
1983), we recently dem onstrated th a t the length tuning of dLGN cells, when tested 
with appropriate stimuli, m atches th a t seen in hypercomplex cells in the visual 
cortex (Jones & Sillito, 1987). However, we noted th a t these cells did not exhibit the 
asym m etries in the cnd-zone inhibition th a t characterize some cortical hypercomplex 
cells. In  contrast to this we now report evidence concerning the presence of 
significant asym m etries in the length-tuning curves constructed from the response to 
the two directions of motion of the stim ulus over the receptive field.

Experim ents were carried out on anaesthetized (70%  N 20 , 30%  0 2, (M -0-4% 
halothane), paralysed (10 mg kg-1 h "1 gallamine triethiodide) cats. Details of 
m ethods are given elsewhere (Sillito, 1979). Length-tuning curves were constructed 
for cells in the A laminae of the dLGN for both directions of motion of a bar of light 
varied in length in a random ly interleaved manner.

Out of a sample of 108 cells only 50 % exhibited identical length-tuning curves in 
the two directions of motion. The rem ainder produced length-tuning curves th a t 
differed in a num ber of ways for the two directions of motion. In some cases the 
distinction was reflected in a system atic shift in the responsiveness of the cell to one 
of the two directions of motion but no t a  change in the shape of the profile. Others 
exhibited radically different length-tuning profiles to the two directions of motion. 
For m ost of these cells (44) the difference derived from an apparent reduction in the 
responsiveness to stimuli of optimal length in one direction of motion, while the 
response levels associated with longer length stim uli were relatively unaffected. Thus 
the peak of the tuning curves differed in the two directions bu t no t the p lateau. A 
com ponent of this group, however, showed more complex patterns of variation in the 
two directions of motioYi. There was no correlation of the effects seen here with the 
subdivision of the cells into either ‘ X ’ or ‘ Y  ’ categories. The directional asym m etries 
in the length-tuning curves do not equate with any known facet of the centrc- 
surround organization of the dLGN cell field. We are a t  present exam ining the 
possible contribution of the corticofugal projection to the dLGN.
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A distinct subpopulation of non-length-tuned cells in the dorsal lateral 
geniculate nucleus (dLGN) of the anaesthetized cat

By H. E. J o n e s  and A. ML S il l i t o . Department o f Visual Science, Institute of 
Ophthalmology, Judd St., London WC1II f)QS

Length tuning was first described for the ‘hyporcomplex cell category’ in the 
visual cortex. However, it has subsequently become apparent th a t dLGN cells also 
exhibit a high degree of length-tuning (Cleland el al. 1983) and th a t for the m ajority 
of the population this matches or exceeds th a t associated with cortical hypercomplex 
cells (Jones & Sillito, 1987). Although this indicates th a t visual cortical length-tuning 
could follow from th a t established in the dLGN, the prevalence of length-tuning in 
the dLGN poses certain problems in relation to the generation of non-length-tuned 
fields in the cortex. The present report identifies w hat appears to be a  distinct 
subpopulation of dLGN cells th a t lack length-tuning.

Experim ents were carried out on anaesthetized (70%  N 20 , 30%  0 2, 0,l - 0 ,4%  
halothane), paralysed (10 mg kg-1 h-1 i.v. gallamine triethiodide) cats. Details of 
m ethods are given elsewhere (Sillito & Kemp, 1983). Length-tuning curves were 
constructed from the response to a moving bar of light varied in length in a  randomly 
interleaved fashion, and eentro-surround antagonism was docum ented to flashed 
spots of varying diameter.

The cells were encountered during the course of long penetrations through laminae 
A and A I, exhibited non-linear spatial sum m ation, and were in this sense typical of 
Y cells. However, in contrast to the other Y cells so far studied with clear 
ecntre-surround antagonism and a  mean reduction in response of 74%  (n  =  47) with 
increasing stim ulus length, they exhibited very poor or no centre-surround 
antagonism  and no length-tuning. We originally suspected th a t they could be 
associated with neural dam age or a localized deterioration in dLGN function, bu t 
have now clearly identified a num ber recorded in penetrations where cells with good 
centre-surround antagonism and strong length-tuning were observed both before 
and after those with no length-tuning. Two or three of these cells were often seen 
clustered together and' were m ost frequently observed close to the A /A l lam inar 
border. They m ight be regarded as having one of two roles: either as inhibitory 
interneurones m ediating the oortieofugal influence on length-tuning (Murphy & 
Sillito, 1987) or as excitatory relay cells contributing to the length-tuning of those 
cells with long fields in the visual cortex.
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The discrete group of non-length tuned cells in the dorsal lateral geniculate 
nucleus (dLGN) of the anaesthetized cat may be relay cells

B y  H. E. J o n e s  and A. M. S il l i t o . Department o f Visual Science, Institute o f 
Ophthalmology, Judd St, London W CIII 9QS

We recently reported th a t in addition to the m ajor group of tightly  length tuned 
X  and Y  cells in the dLGN (Oleland el al. 1983; Jones & Sillito, 1987), there is a 
d istinct subpopulation of Y  cells having no length tuning and very poor or no centre- 
surround antagonism  (Jones & Sillito, 1989). Such non-length tuned dLGN cells 
m ight be regarded as having two potential functional roles: either as relay cells 
projecting to the visual cortex, or as intrinsic inhibitory interneurones. Their 
proxim ity to lam inar borders (Jones & Sillito, 1989) suggests they could be 
inhibitory internouroncs. I t  now sceins clear th a t w hilst relay cells are powerfully 
excited by ACh, inhibitory interneurones arc inhibited (Sillito et al. 1983; McCormick 
& Pape, 1988). We have thus checked w hether the non-length tuned cells are excited 
or inhibited by ACh.

Experim ents were carried ou t on anaesthetized (70%  N20 , 30%  0 2, OT-O‘4 %  
halothane), paralysed (10 mg kg-1 h_l i.v. gallamine triethiodide) cats (Sillito et al. 
1983). M ulti-barrelled glass m icropipettes were used for recording neuronal activ ity  
.and for ionophoretic ejection of acetylcholine chloride (Sigma, 0-2 m , pH 4‘5). 
Length tuning curves were contructed from the response to a moving bar of light 
varied in length in a random ly interleaved fashion, and centre-surround antagonism  
was docum ented to flashed spots of varying diam eter.

As previously reported all dLGN cells in the A lam inae with strong centre- 
surround antagonism  were strongly exited by ACh. Similarly 11/11 of the non-length 
tuned Y  cells with poor centre-surround antagonism  were strongly excited by ACh in 
a fashion directly  com parable to th a t seen with ionophoretic’ application of an 
excita to ry  am ino acid. This supports the view th a t these non-length tuned Y  cells are 
relay cells. I t  will be im portan t to ascertain w hether these cells have a  specific 
p a tte rn  of projection to the visual cortex. They m ight be particu larly  critical to  the 
connections generating the long fields typifying layer VI cells (see M artin, 1988).
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Effects of the putative neurotransmitters iV-acetylaspartylglutamate 
(NAAG) and L-homocysteate (l-HCA) on cells in the anaesthetized feline 
dorsal lateral geniculate nucleus (dLGN)
By H. E. J o n e s  and A. M. .Sil l it o . Department of Visual Science, Institute of 
Ophthalmology, Judd Street, London WC1I1 UQS

Although there is strong support for the view tha t excitatory amino acid receptors, 
and particularly A-methyl-n-aspartate (NMDA) receptors, mediate the retinal input 
to the feline dLGN (Kemp & Sillito, 1982; Moody & Sillito, 1987) the available 
evidence suggests it is unlikely th a t either L-glutamate or L-aspartate is the 
neurotransm itter (e.g. Baughman & Gilbert, 1981). Alternative substances th a t may 
be considered putative ncurotransm itters a t this location are l-HCA (Do el al. 1988) 
and NAAG (Tieman el al. 1987). The latter has been demonstrated in retinal ganglion 
cells and the neuropil of the dLGN. YVe have investigated the action of both l-HCA 
and NAAG on X  and Y  cells in the feline dLGN in relation to their possible role as 
the retinal neurotransm itter.

Anaesthesia was maintained with 70% , N20 , 30% 0 2 and (M -0'4%  halothane in 
the presence of gallamine triethiodide, 10 mg/kg hr-1 (Kemp & Sillito, 1982). Seven 
barrelled micropipcttes were used for extracellular recording of single unit activity 
and iontophoret-ic application of drugs. The visual stimulus was a spot of light flashed 
within the receptive field centre.

There was a marked contrast between the influence of iontophorctically applied 
NAAG and l-HCA on dLGN cells. NAAG evoked either no effect (17/37), or very 
weak and sluggish excitatory (10/37) or inhibitory (4/37) effects. Conversely l-HCA 
produced brisk and strong excitatory responses (32/32) tha t were comparable to 
those elicited by visual stimulation and iontophoretic application of NMDA and the 
non-NMDA receptor agonists kainate and a-amino-3-hydroxy-5-methyl-4-isoxazole- 
propionic acid (AMPA). These responses to l-HCA could be selectively antagonized 
by the NMDA receptor antagonist, 3-((± )-2-carboxypiperazin-4-yl)-propyl-l- 
phosphonic acid (CPP), a t ejection current levels which reduced or blocked responses 
to NMDA and visual stimulation but preserved those to AMPA. The responses to 
l-HCA were in a number of cells reduced by application of the non-NMDA receptor 
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) a t dose levels compatible 
with a selective action on the responses to non-NMDA receptor agonists. I t  seems 
unlikely th a t NAAG is the transm itter mediating the visual responses of dLGN cells, 
but l-HCA acting via NMDA and possibly non-NMDA receptors must be considered 
a potential candidate for this role.
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THE PHARMACOLOGY AND ACTION OF THE PUTATIVE RETINAL 
NEUROTRANSMITTERS NAAG AND L-HOMOCYSTEATE ON CAT DLGN CELLS.
BY H.E.  JONES & A.M. SILLITO, Department  o f  Visual  Sc ience ,  
I n s t i t u t e  o f  Ophthalmology,  Judd S t r e e t ,  London WC1H 9QS, UK.

R e c e n t  w o r k  h a s  r a i s e d  t h e  p o s s i b i l i t y  t h a t  t h e  
n e u r o t r a n s m i t t e r  m e d i a t i n g  the r e t i n a l  o u t p u t  t o  dLGN c e l l s  
could be e i t h e r  the  d i p e p t i d e  N - a c e t y l - a s p a r t y l - g l u t a m a t e  (NAAG) 
o r  L-horaocyste ic  a c i d  (L-HCA). The evidence  s u g g e s t s  t h a t  t he se  
may m e d i a t e  t h e i r  e f f e c t  v i a  N - ' m e t h y l - D - a s p a r a t e  (NMDA) 
r e c e p t o r s .  In t h e  l i g h t  o f  d a t a  f r o m  o u r  l a b o r a t o r y  
d emo n s t r a t i ng  t h a t  i n  t he  c a t  dLGN, the  t r a n s f e r  o f  the  r e t i n a l  
i n p u t  i s  dependent  on bo th  NMDA and non-NMDA r e c e p t o r s ,  we have 
examined the  a c t i o n  o f  NAAG and L-HCA in  t h i s  l o c a t i o n .

I o n t o p h o r e t i c  a p p l i c a t i o n  of  NAAG to c a t  dLGN c e l l s  evoked 
e i t h e r  no e f f e c t  ( 17 / 37 )  or  very weak e x c i t a t o r y  (16/37)  or  
i n h i b i t o r y  ( [l /37)  e f f e c t s .  The r e s ponses  were s l u g g i s h  and 
o f t e n  d i f f i c u l t  t o  r e p r o d u c e .  In c o n t r a s t  i o n t o p h o r e t i c  
a p p l i c a t i o n  o f  L-HCA produced f a s t  powerful  e x c i t a t o r y  r e sponses  
(32 /32)  t h a t  were d i r e c t l y  comparable wi th  t hose  e l i c i t e d  by 
NMDA, k a i n a t e ,  q u i s q u a l a t e ,  AMPA and v i s u a l  s t i m u l a t i o n .  . The 
e f f e c t s  o f  L-HCA could  be s e l e c t i v e l y  an t ag on i se d  by a p p l i c a t i o n  
o f  t h e  NMDA a n t a g o n i s t ,  CPP, and showed r e d u c t i o n s  t h a t  
p a r a l l e l e d  t hos e  seen in  the NMDA and v i s u a l  r e s po n s e s .  The 
e f f e c t s  of  L-HCA, were n o t  reduced by a p p l i c a t i o n  of  the  non- 
NMDA a n t a g o n i s t  CNQX, a t  dose l e v e l s  r educ i ng  r e s ponses  to non- 
NMDA r e c e p t o r  a g o n i s t s  bu t  p r e s e r v i n g  the  NMDA re s po n se .  These 
d a t a  app ly  e q u a l l y  to  X and Y c e l l s .

We s u g g e s t  t h a t  L-HCA could  be the  t r a n s m i t t e r  media t i ng  the 
f a s t  v i s u a l  r e s p o n s e s  o f  dLGN c e l l s  v i a  an a c t i o n  a t  NMDA 
r e c e p t o r s .  Thi s  l e a v e s  open the q u e s t i o n  o f  t h e  s u b s t a n c e  
m e d i a t i n g  t h e  non-NMDA r e c e p t o r  component  o f  t h e  v i s u a l  
r e s p o n s e .  I t  seems u n l i k e l y  t h a t  NAAG i s  i n v o l v e d  i n  t h e  
t r a n s m i s s i o n  o f  f a s t  s en s o r y  i n f o r m a t i o n .


