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READING
1. Purves, Chapter 12

2. Purves, Chapter 26, pp. 588-591
3. This syllabus

INTRODUCTION
The main topic of this lecture is the visual pathway from the retina to the lateral geniculate nucleus of the thalamus and on to the primary visual cortex in the occipital lobe. The lecture considers the neuroanatomy of this pathway and what is known of the basic functions of the neural substrates. An introduction is also presented to the cortical processing of visual cues that extends beyond the primary visual cortex.
PROJECTIONS OF RETINAL GANGLION CELLS
1. Neuroanatomy
Retinal ganglion cells generate the output of the retina. Their cell bodies lie in the bottom layers of the retina and their axons gather in the optic nerve and course towards the brain. En route, they enter the optic chiasm and the optic tract before signaling to neurons in the midbrain, hypothalamus and thalamus. Thus, the retinal ganglion cells are sometimes referred to as the ‘primary visual pathway’, because they are the first neurons to carry retinal output signals.
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Retinal ganglion cell axons project to four destinations (Fig. 1).

A. Approximately 80% project to the lateral geniculate nucleus (LGN) of the thalamus and carry signals representing vision. Much of this lecture is focused on this pathway.
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B. Some axons signal to the hypothalamus via optic chiasm, the pregeniculate nucleus (primate) or the ventral LGN (non-primates) of the thalamus. This pathway carries signals representing the presence of light to help regulate our circadian cycles.

C. Other axons project to the midbrain pretectal olivary nucleus and carry signals representing the presence of light to help regulate the size of the pupil.

D. Finally, some axons project to the superior colliculus and carry signals representing light and movement of objects to help in orienting the movements of the head and eyes.
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There are three broad classes of retinal ganglion cells based on their size (Fig. 3).
A. Parvocellular  (P) or midget ganglion cells are small. They usually receive input from cones in the foveal region and from rods and cones near the fovea. They have very small, circular receptive fields. They each carry signals of high resolution vision from the fovea and parafoveal regions representing a small part of the visual field.
B. Koniocellular (K) ganglion cells are intermediate in size. Their functions are not understood but it is known that they carry signals that represent the short wavelengths of color vision. They have intermediate sized receptive fields.
C. Magnocellular  (M) ganglion cells are themselves a broad class of larger cells that integrate input from various parts of the retina. They carry signals representing the presence of light, movement, the visual nature of objects, etc. They have large receptive fields. They each carry signals representing low resolution vision, object position and object movement from large segments of the visual field.
All three classes of ganglion cells project their axons to the LGN. The hypothalamus and pretectal nuclei receive axons prom both P and M ganglion cells while the superior colliculus receives input from M ganglion cells.

2. Representing The Visual Field
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The area of the environment that each eye can see is called the visual field of that eye. Since the lens of the eye is a biconcave disk, the visual field is reversed when it is projected onto the retina (the retinal image). That is, the top and bottom of the visual field become the bottom and top of the retinal image, and the left and right of the visual field become the right and left of the retinal image (Fig. 4). (When we refer to visual system functions, we typically describe them in relation to the visual fields and the retinal images are not mentioned. By contrast, to learn about visual system functions, we must pay careful attention to the retinal images, for they are represented in the signals to the brain.) The retina maps visual space: the retinal image of an object falls on an array of receptors. Single receptors, or a small number of receptors, signal to one or more ganglion cells. The representation of visual space is preserved in the ganglion cell’s projections to the LGN and in the LGN’s projections to the primary visual cortex. Thus, these projections are said to be retinotopic.
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We can divide the visual field of each eye into quadrants employing a vertical and a horizontal line which intersect at spot where the fovea is positioned. Vertical  halves of the visual field are named according to neighboring skull bones; thus nasal and temporal refer to the vertical halves of each visual field of each eye. Superior and inferior refer to the horizontal halves. Therefore, the superior nasal quadrant of the right visual field would become the inferior temporal quadrant of the image projected on the right retina. 

Since we have two eyes that are placed to see in a forward direction, the visual fields of the two eyes overlap to some degree. The region of overlap is referred to as the binocular visual field, because ob-jects in it are projected into each of the two eyes. The regions that do not overlap are the monocular portions of the left and right visual fields. The binocular representation of environmental objects highlights the issue of how the images of one environmental object coming from each of the two eyes are combined in the brain. Consider object C in Fig. 5.  Images of C, originating in the right binocular portion of the visual field, fall on the nasal retina of the right eye and the temporal retina of the left eye; in effect, the left half of two separate retinas. Ganglion cells from the temporal retina (left half) of the left eye project their axons to the left LGN via the left optic nerve and left optic tract. Ganglion cell axons from the nasal retina (left half) of the right eye join them; they enter the optic nerve of the right eye, cross to the left in the optic chiasm and join the axons of the left optic tract to synapse in the left LGN. Generalizing from this example, we can state that the right visual field is represented on the left side of the retina and the brain, while the left visual field is represented on the right side of the retina and the brain. This is a very important feature of the pathway, because it permits the processing of visual features from one specific place in the visual field on one side of the brain. Compared to processing each retinal image on separate sides of the brain, the present pathway allows for the development of a richer network of synaptic connections between processing neurons in the brain, conservation of space in the brain, and the expenditure of less metabolic energy.
3. Lesions
Lesions which interrupt the axons in one optic nerve prevent all signals from that eye from entering the brain, so that the entire visual field of that eye is deficient; this is called left or right anopsia.  Lesions which interrupt an optic tract cause a deficit in the contralateral vertical visual hemi-field of each eye; this is called a homonymous hemianopsia. Lesions which interrupt the optic chiasm cause a bitemporal hemianopsia.

PROJECTIONS OF LATERAL GENICULATE NEURONS

1. Neuroanatomy

Neuronal cell bodies in the LGN project their axons to the ‘primary visual cortex’ (Fig. 6, upper right). The axons leave the LGN and enter the posterior part of the internal capsule. Axons carrying signals from the superior half of the retina (representing the inferior half of the visual field) arch superiorly, in the parietal lobe white matter, and synapse in the cortical gray matter of the superior bank of the calcarine fissure in the occipital lobe. Axons carrying signals from the inferior half of the retina (representing the superior half of the visual field) arch anteriorly and inferiorly into the white matter of the temporal lobe before they take a posterior course to synapse in the cortical gray matter of the inferior bank of the calcarine fissure. These two paths, from the LGN to the two banks of the calcarine fissure, are called the ‘optic radiations’. The anterior course of the inferior radiation in the temporal lobe is called ‘Meyer’s loop’. The cortex on the superior and inferior banks of the calcarine fissure of the occipital lobe is called the primary visual cortex.
Since the LGN is organized retinotopically, and the LGN projections are retinotopic, the primary visual cortex also has a retinotopic organization. In the primary visual cortex, the fovea is represented posteriorly with more anterior parts of the retina represented in successively anterior areas in the primary visual cortex. Note that the fovea projects to a large portion of the primary visual cortex, while the rest of the retina projects to a smaller portion.
2. Representing The Visual Field

Axons from the left LGN project to the left primary visual cortex. Since the right visual field is represented on the left side of the retina and in the left LGN, the right visual field is represented in the left primary visual cortex. Similarly, the left visual field is represented in the right primary visual cortex.

3. Lesions
Lesions which interrupt the axons in Meyer’s loop, or further along the inferior optic radiation, produce a contralateral superior quadrant anopsia. Lesions which interrupt the superior optic radiation in the parietal white matter produce a contralateral inferior quadrant anopsia.
REPRESENTING COLOR, FORM & MOVEMENT
1. One Neuroanatomical Pathway to the Primary Visual Cortex (V1)
Visual information is transmitted from the retina to the primary visual cortex (often abbreviated as V1) in a chain of single neuroanatomical structures, such as the optic nerve, optic chiasm, optic tract, LGN, etc.  Within this chain, M, P and K retinal ganglion cells form individual, segregated sub-pathways that convey different information to V1 (Fig. 7). 
A.  Each P ganglion cell receives information from one or two cones or rods. Thus the P pathway transmits information about object detail and color. The axons of P ganglion cells synapse in the superior four layers of the LGN and the axons of these LGN cells synapse, in turn, in a subsection of layer 4 of V1. Thus, the pathway, and the information it carries, is segregated. 
B.  The K pathway is also segregated; its ganglion cells project to LGN neurons located between the principal layers of the LGN. The K LGN neurons transmit information about object color to patches of cells in layers 2 & 3 of V1. 
C.  M ganglion cells receive information from a large array of photoreceptors. They integrate inputs from many cones or rods, so they represent any color but do not distinguish between them. They are particularly sensitive to the movement of a visual stimulus across the array of photoreceptors. Thus, M ganglion cells transmit signals representing movement to the two inferior layers of LGN neurons. These LGN neurons synapse in a subsection of layer 4 of V1. 
2. Two Pathways Beyond the Primary Visual Cortex (V1)
Neurons in V1 project their axons into two pathways that carry different information  (Fig. 8). 
A.  V1 neurons that receive information from the P and K pathways form the inferior (ventral) visual pathway that carries information about form (detail), color and depth (distance). V1 neurons in this pathway project their axons into the inferior part of visual association cortex (V2-V4), on the ventral lateral surface of the occipital lobe. The neurons in this area are sensitive to the color and contours of objects. Neurons in V2-V4, in turn, project their axons anteriorly into the inferior temporal cortex and the occipito-temporal cortex (fusiform gyrus), at the bottom of the temporal lobe. These neurons are sensitive to complex patterns of contours and can be activated by images of environmental objects. This area is considered to be necessary for object recognition and distinction.
B.  V1 neurons that receive information from the M pathway form the superior (dorsal) visual pathway that carries information about location, movement and depth (distance). V1 neurons in this pathway project their axons into the superior part of visual association cortex (V2) on the superior lateral surface of the occipital lobe. V2 neurons are sensitive to the movement of object edges and to binocular disparities that signal the distance of objects. These visual association neurons, in turn, project their axons anteriorly into the posterior-most part of the middle temporal cortex (area MT), where neurons are sensitive to the motion of object edges and whole objects, as well as to the distance of whole objects. Area MT is considered necessary to perceive motion. Area MT neurons project their axons to the posterior part of the superior parietal cortex where more complex perceptions of motion and distance are processed. For example, superior parietal neurons are required to detect and attend to the relationship between two or more environmental objects. They also integrate somatosensory and visual information to develop the perceptions and locations of body parts in relation to objects in the environment. The superior pathway is vital in planning motor activities that involve moving body parts.
C.  There are axonal projections interconnecting the superior and inferior visual pathways near the border between the occipital and temporal cortex, which probably facilitate a significant interaction between the two pathways. For example, certain features of object form (detail) processing are maintained in the superior pathway in V2 and area MT, and color is represented in the superior pathway until area MT. Certain depth (distance) cues are processed throughout the inferior pathway that are necessary to place features correctly along the surfaces of objects. 
D.  Both the superior and inferior visual pathways project axons to several other cortical areas:
1.  Parahippocampal cortex for storage of visual memories.

2.  Cingulate cortex for the assignment of an emotional valence to each visual event.

3.  Prefrontal association cortex for working memory and the analysis of environmental events.

ORGANIZATION OF THE PRIMARY VISUAL CORTEX (V1)
1. Neuroanatomy

Like other regions of the cerebral cortex, V1 is organized into six layers each of which is parallel to the cortical surface (see Purves, pp. 588-589). Together, the layers constitute the cortical grey matter, which is usually about 2 mm in thickness.  
A. Layer 1, the most superficial layer, contains few cell bodies, but many dendrites belonging to the neurons in deeper layers, and axons that traverse the region or make connections with the dendrites. 
B. Layers 2 & 3 contain small to intermediate sized pyramidal cells that project their axons to other areas of the cerebral cortex. In V1, some of these cells are located in patches that receive the axonal endings of the P & K  LGN neurons carrying information about color vision. In addition, it is layer 2 & 3 pyramidal cell axons that form the pathways from one area to another within the cerebral cortex. 
C. Layer 4, which receives most of the thalamic input, contains stellate-shaped cells that project their axons to all the other layers. In V1, layer 4 is divided into several sub-layers: A, B, C-alpha and C-beta. Layer 4C-alpha receives input from the M  LGN neurons while layer 4C-beta receives most of the input from the P  LGN neurons.

D. Layer 5 (which is very thin in V1 but thicker in other areas) contains large pyramidal cells that project their axons to subcortical structures, like the superior colliculus. 
E. Layer 6, the deepest layer, contains large fusiform-shaped cells that project their axons to the thalamus. 
Most of the pyramidal cells in layers 2, 3 and 5 have very long dendrites that extend up into layer 1.
Like other areas of the cerebral cortex, V1 is organized into columns which are perpendicular to the cortical surface. The axons of the stellate cells in layer 4, and collateral branches of the axons of pyramidal and fusiform cells, project to other cells within the column, effectively grouping the cells of a column into a functional unit. Stellate cells in layer 4 and pyramidal cells in layers 2 & 3 often project their axons to adjacent or to distant columns to distribute signals to other cortical regions.
2. Combining inputs from the two eyes
Because of the placement and orientation of the eyes in the head, more than half of our visual field is binocular. This is reflected in the organization of V1, as it devotes most but not all of its cortical area to binocular vision. However, the pathways from each eye remain separate until they reach V1.


For example, in considering the P & K pathway to V1 (Fig. 9), LGN layers 3 and 5 receive retinal ganglion cell axons from the ipsilateral eye while LGN layer 4 & 6 receive ganglion cell axons from the contralateral eye. Thus, signals from the two eyes remain segregated in the LGN and the LGN neurons are monocular. LGN neurons in layers 3 and 5 project their axons to a cortical column in V1 while layers 4 and 6 project to an adjacent cortical column in V1. Thus, layer 4 in each of these columns is essentially monocular and is said to have ‘dominance’ for either the left or right eye. Layer 4 stellate cells, which represent one eye, project their axons throughout their own column but also project heavily to the border of the adjacent column, a column which represents the other eye. Thus cells in the border areas of the columns are binocular, because they receive and integrate signals representing both eyes. In fact, these border areas are quite large and, as a result, most of the cells in any V1 column are binocular, with only a minority of cells in the center of the column and all the cells in layer 4 remaining monocular.
The representation of each eye in the M pathway to V1 is organized similarly. LGN layer 2 receives retinal ganglion cell axons from the ipsilateral eye while LGN layer 1 receives ganglion cell axons from the contralateral eye. LGN axons from these layers project to adjacent columns in V1, etc. 
3. Extracting edges and other features for form vision

V1 organizes retinal inputs into primitive building blocks that are required to represent the visual image in the brain. Neurons in V1 columns are organized to detect or derive a variety of features from the signals carried on the array of LGN axons. Color, edges, depth and movement are some examples of features that are derived or extracted from signals arriving in V1 from the array of LGN axons. For example, the assembly of form (detail) vision begins in V1 with the derivation of edges. Contour information is perhaps the most important element used by the brain to recognize visualized objects. Any visual image can be deconstructed into arrays of edges located at specific positions and oriented at various angles (see Fig. 12.9 in Purves, p. 298). Reassembly of these edges leads to a reasonable (but crude) representation of the original image.

Edge extraction is a vital early step in the process used by the brain to construct the internal representation of a visual image. Signals from individual retinal ganglion cells and LGN neurons represent tiny circular receptive fields from various positions on the retina (Fig. 10, left). Imagine that 3 or more of these retinal receptive fields are adjacent and together they form a row. Convergence of the array of LGN axonal branches representing these fields onto a single layer 4 stellate cell in V1 renders that stellate cell and the neurons in its cortical column sensitive to a line or edge of illumination which has an angle of orientation and a position on the retina (Fig. 11). Such a cell is called a ‘simple cell’ and many of the cells in V1 columns are simple cells. Because of the retinotopic organization of the pathway to V1, adjacent columns in V1 represent adjacent positions on the retina and successive angles of edge orientation (Fig. 11, middle). Thus, any single small place in the visual field will be projected onto adjacent receptors in the retina and will be represented in adjacent cortical columns, each with its own edge orientation selectivity. This ensures a full range of edge orientations can be detected in each region of visual space. The reiteration of this arrangement of cortical columns throughout V1 (Fig. 11, left) ensures that edge orientation features can be derived for objects in any region of visual space. The combination of this information to derive object form and object recognition is a topic in the next lecture.
Reconstruction of a visual image exclusively from edge information leads to a reasonably effective but crude product, as images are not composed exclusively of edges. Surfaces, distance and movement are also relevant visual features. Derivation of these and other details is thought to be achieved by ‘complex cells’  (Fig. 10,  right) located in V1. Convergence of an array of axons from simple and other cells onto individual complex cells in V1 renders the target neuron sensitive to complex features of a visual image, such as size, position and orientation of large illuminated areas, like those that would represent the surfaces of objects, and movements of edges or of whole objects. Thus, cells in V1 also represent surfaces and movements of the visual image.
4. Color

Although it is a topic not covered in this series of lectures, color is an important element of the human visual process. Color is detected at the level of the photoreceptor and ganglion cell in the retina, transmitted through the P & K pathways and distributed to layers 2, 3, and 4C-beta in V1. V1 neurons carry color signals mainly into inferior visual pathway that courses through the association cortex.

LEARNING  GOALS

1. The origin (location of the cell bodies), course (locations of the axons) and destinations (locations of the synaptic endings) of each tract or pathway.
2. Laterality of each tract or pathway: whether the axonal terminations are crossed, uncrossed, or bilateral with respect to the origin.

3. Topographical organization of each tract, pathway or neural region: ordered, sequential, spatial representation in the CNS of the sensory receptor surface.

4. Function of each tract, pathway or neural region: several points regarding the functional significance of the pathway or neural region.
5. Dysfunction: the neurological symptoms or deficits resulting from lesion or disease of one or more of the elements.
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The Thalamus





The thalamus consists of groups of neurons (nuclei) that project to specific areas of the cerebral cortex. Some thalamic nuclei receive visual, somatosensory or auditory input and transmit these signals to specific regions of the cerebral cortex. The lateral geniculate nucleus (LGN) receives input representing vision from the optic tract and transmits these signals to the primary visual cortex on the medial surface of the occipital lobe.
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Figure 11





Figure 10
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