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ABSTRACT

Studies in primates suggest the existence of at least three separate systems operating in parallel

and specialized to process information about: 1) shape; 2) colour; and 3) motion. In visual cortex,

these systems are segregated into either the “blobs” staining densely for cytochrome oxidase (CO),

or the less densely staining interbiobs. Recent reports of CO blobs in the cat led to this

investigation to determine whether CO blobs in this species also act to segregate inputs and

outputs.

LGN inputs to cat Vi arise from three classes of cells, known as X, Y, and W cells. W cell

input was found in different layers of areas 17 and 18 than the X and Y cell input and was localized

to CO blobs but not interblobs. The Y cell input from layer C was also found to be confined to the

blobs.

Area 17 has five major output pathways; to areas 18, 19, 20a, 21a, and the posterior medial

lateral suprasylvian area (PIvILS). In areas 17 and 18, PMLS-projecting cells were clustered

within the CO blobs. Labeling from injections in PMLS was also observed in other cortical areas,

and was always clustered, most notably in area 19, where clusters of labeled cells were much

wider than in other areas, and often elongated in a direction perpendicular to the 18/19 border.

Large injections of tracers into area 19 labeled both blobs and interblobs in areas 17 and 18

while small injections often labeled either only blobs, or only interblobs.

Labeling of the callosal pathway, while dense and uniform at the 17/18 border, showed, at the

edges of the labeling pattern in areas 17 and 18, regular fluctuations of labeling density that aligned

with the CO blobs.

Together, these results provide the first demonstration of segregated visual processing streams

in a non-primate species. Such an organization may be a general characteristic of mammalian

visual cortical organization and not a primate specialization, as was once thought. Knowledge of

these pathways in cats, a frequently used system for many developmental and physiological

studies, should prove valuable.
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“If one were to study the distribution of the
1

efferent cortical projectionsfrom area 17, one

might well suppose that ... one of its major

functions might be to segregate out the

information coming over the retinogeniculate

cortical pathways and parcel this information

out to different cortical areas for further

analysis”

(Semir Zeki, 1975).

1 GENERAL INTRODUCTION

In mammals, visual information is processed in several consecutive stages by a

hierarchically organized group of interconnected structures: the retina, which performs the

actual transformation of light energy into neural activity; the lateral geniculate nucleus (LGN),

which is the main thalamic relay between the retina and the visual cortex; primary visual cortex,

which receives the bulk of the inputs from the LGN; and a host of extrastriate areas, some of

which receive direct inputs from primary visual cortex and all of which are richly interconnected

amongst themselves. This complexly interconnected system of eyes and brain is the machinery

that allows us to perceive and react to all manner of visual stimuli.

As with the study of any complex neural system, one of the goals of visual neuroscience

is to learn “.. .what takes place along the way-how the information arriving at a certain group of

cells is transformed and then sent on....” (Hubel, 1988). Hubel and Wiesel showed that the

ascension through the hierarchy, from retinal ganglion cells through the LGN to striate and

extrastriate cortex, was marked by increasingly complex receptive field properties and

increasing specificity of neuronal responses for stimulus parameters (Hubel and Wiesel, 1962;
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Hubel and Wiesel, 1965; Hubel, 1988). Although this implies a rather serial, hierarchical

organization of visual pathways, each local portion of visual space is not analyzed by a single

chain of neurons extending from the retina, through the LGN and striate cortex, and then

through each extrastriate area in turn. Rather, multiple pathways originate at each level of the

hierarchy. In cats and primates three separate, functionally distinct pathways can be traced from

the retina to the LGN, and thence to the cortex; for review, see Stone et al. (1979), Sherman,

(1985), and Casagrande and Norton (1991). Although information is not as complete for other

species, it has been suggested that “..three pathways from the retina to striate cortex appear

ubiquitous in mammals..”(Casagrande, 1994); for review, see Stone (1983). Moreover, each

cortical area has connections with several other areas, so a single hierarchical sequence of visual

processing cannot be identified in the cortex either (Symonds and Rosenquist, 1984a; Zeki and

Shipp, 1988; Felleman and Van Essen, 1991).

It has been suggested that the individual pathways “...independently analyze different

aspects of the same visual scene, and that these different analyses are combined to form the

neural representation of the visual environment” (Sherman, 1985). The notion of “parallel

pathways”; as they have come to be called, has become a popular concept, helpful towards

organizing the plethora of anatomical and physiological data recently uncovered on the visual

pathways.

The cat has been used extensively as a model system for the study of visual pathways.

As reviewed below, the first evidence for parallel pathways in the visual system was from

electrophysiological recordings in the retina of the cat (Enroth-Cugell and Robson, 1966); the

first demonstration of visual responses in an area outside of the geniculorecipient primary visual

cortex was also in the cat (Marshall et al., 1943; Clare and Bishop, 1954). In light of these facts,

it is somewhat surprising that relatively little is known about the organization of parallel

pathways in the primary visual cortex and the extrastriate visual areas of this species. In

contrast, a complex and precisely detailed organization of parallel pathways through the primary
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visual cortex and extrastriate areas has been exhaustively documented in several species of

primates. This leads to the following question: “Can parallel pathways of information flow

be traced through striate and extrastriate areas of visual cortex of the cat?’

In the following paragraphs, the current knowledge of the organization of parallel

pathways from the retina to the visual cortex in the cat will be reviewed. This organization will

then be compared to that of primates, and the detailed organization of parallel pathways through

primate extrastriate visual areas will be briefly discussed. Finally, the hypothesis will be

discussed that information flow through the visual cortex of the cat may be organized into

identifiable parallel pathways, as has been found to be the case in primates.

Organization Of Parallel Visual Pathways In The Cat

Retina

In the 1950’s, Kuffler showed that the receptive fields of cat ganglion cells (the output

cells of the retina) consisted of roughly circular centers and annular surrounds which had

antagonistic responses to visual stimulation (Kuffler, 1953). In some cells, changes in firing

rate were sustained as long as the receptive field was stimulated, while other cells responded to

prolonged stimulation with only a transient burst of spikes at light onset. Enroth-Cugell and

Robson (Enroth-Cugell and Robson, 1966) showed that the sustained cells, which they called X

cells, summed visual stimulation across their receptive fields in a nearly linear fashion; thus, a

flickering grating of the proper spatial frequency could be so positioned that stimulation of the

mutually antagonistic center and surround counterbalanced to give little or no response. For the

transient cells, dubbed Y-cells, no such “null” position could be found and it was concluded that

these cells summed inputs from the center and surround in a non-linear fashion.

From this beginning, a whole host of characteristics in which X-cells and Y-cells

differed were discovered; for review see Sherman and Spear, (1982), Stone (1983) and
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Sherman, (1985). It was found that X-cells have smaller receptive fields, and respond to higher

spatial frequencies, while Y-cells have larger receptive fields and respond to lower spatial

frequencies, at a given retinal eccentricity. Y-cells respond to higher velocities of a moving

stimulus and with a shorter latency than do X-cells. X-cells are relatively more concentrated in

the area centralis versus the periphery than Y-cells. X-cells and Y-cells have different

morphologies as well. Y-cells correspond to the alpha class of retinal ganglion cells and are

characterized by larger soma size, thicker axon, and a more widespread dendritic arborization

than the X-cells, which correspond to the beta class of ganglion cells. Both cell types project to

the LGN.

It has been suggested that X- and Y-cells are concerned with different aspects of visual

processing, with X-cells being well suited for visual tasks requiring high acuity, and Y-cells

being more fit for the detection of visual motion. This dichotomy between X- and Y-cells was

the first example of parallel processing in the visual system. As will be seen, this theme of a

“division of labor” is repeated at all levels in the visual system.

Not all ganglion cells in the cat retina could be classified as X-cells or Y-cells. Some

cells lacked a concentric center-surround receptive field organization and often had unusual

requirements for effective stimulation; again, see Sherman and Spear (1982), Stone (1983) and

Sherman (1985), for review. All of these cells, termed W-cells, responded more slowly than X

or Y-cells, and had more slowly conducting axons. This heterogeneous class of cells included:

cells with continuously maintained activity that were suppressed by contrast of any sign; cells

that preferred a contrasting border of a size smaller than the receptive field; cells with a preferred

direction of movement. Several different morphological classes corresponding to different

subtypes of W-cells have been described as well. What aspect of visual processing these cells

might be specialized for is not clear, but W cells of all kinds make up at least 20% of all retinal

ganglion cells, and, as will be shown, their projections can be traced through several levels of the

visual system.
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Lateral Gemculate Nucleus

The LGN is the principle thalamic relay between the retina and the visual cortex; see

Stone et al. (1979), Sherman (1985) and Casagrande and Norton (1991) for review. There does

not appear to be a great deal of elaboration of visual receptive field properties at the level of the

LGN; rather, the same classes of X-, Y, and W-cells encountered in the retina are also found in

the LGN. Thus, the three parallel streams of information that originate in the retina are

maintained in the LGN.

The LGN in most mammals is a laminated structure, with different laminae receiving

input from either the contra- or ipsilateral eye, and/or containing cells of different receptive field

class. In the cat LGN, X-, Y-, and W-cells are only partially segregated into different lamina.

The two largest geniculate layers, layers A and Al, contain a mixture of X and Y cells and

receive inputs from the contra- and ipsilateral eye, respectively. Electrophysiological studies

show that there is little or no convergence of X- and Y-retinal cells onto the same cells in the

LGN (Cleland et al., 1971; Hoffmann et a!., 1972).. Thus, although X- and Y-cells are

intermingled spatially in these layers, they are kept functionally distinct by virtue of their

different patterns of synaptic connectivity. The C layers, ventral to the A layers, can be

subdivided into an upper, magnocellular division (layer C) containing both Y and W cells, and a

lower, parvocellular division (layers Cl and C2) containing mostly W cells (Guillery, 1970;

Hickey and Guillery, 1974; Guillery and Oberdorfer, 1977). Cats and other carnivores also

possess a medial interlaminar nucleus (MIN) adjacent medially to the LGN, which contains

mostly Y-cells, with W-cells in the lower part of the nucleus, adjacent to the W cells in layers Cl

and C2 of the LGN(Kratz et al., 1978; Dreher and Sefton, 1979; Rowe and Dreblier, 1982).

As in the retina, there are anatomical correlates of the X-, Y-, and W-cell classes shown

physiologically (Friedlander et al., 1979; Friedlander et al., 1981). Y-cells are larger than X
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cells, and possess many stout, radially arranged dendrites that may cross laminar boundaries. X

cells, on the other hand, are smaller and have fewer, thinner dendrites that are more restricted

spatially. W-cells have the smallest cell bodies in the LGN, but can have extensive dendrites;

often these are arranged parallel to the thin C laminae in which these cells are found (Hitchcock

and Hlckey, 1983; Stanford et al., 1983; Raczkowski et al., 1988).

Primary Visual Cortex

Geniculocortical Inputs

X-, Y-, and W-cells in the LGN project to the visual cortex. Circuitry within the cortex

produces novel physiological classes of cells from these LGN inputs. The two main categories

of cells in primary visual cortex, termed simple and complex (Hubel and Wiesel, 1962), can be

differentiated from LGN cells by the fact that they respond best to slits of light of a particular

orientation. The simple cell has separate on- and off- subfields with summation within each

subfield and antagonism between adjacent subfields. Complex cells differ from simple cells in

not having separate on- and off-subfields. Simple cells are found most commonly in cortical

layers 4 and 6, the layers that receive the bulk of the inputs from the LGN, while complex cells

are found most commonly outside of layer 4 (Gilbert, 1977; Bullier and Henry, 1979a; Bullier

and Henry, 1979c; Bullier and Henry, 1979b). It should be noted that there are different

subclasses of simple and complex cells, and that these can correlate with laminar position; see

Henry (1988) for review.

In the cat, it is not completely clear whether inputs from the three classes of cells in the

LGN are kept separate in the visual cortex, or at what stage they might be integrated. There is

some physiological evidence, mainly differences in latency, suggesting that simple cells in the

visual cortex that are monosynaptically activated from the LGN receive inputs from either X- or
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Y-cells, but not from both. Anatomically, however, different classes of LGN terminations are

only partially segregated into separate layers of the cortex. Thus, in area 17, intracellular fills of

single, physiologically characterized LGN afferents have shown that, while Y afferents are

mostly confined to the upper half of layer 4, X afferents terminate throughout the depth of this

layer (Freund et al., 1985; Humphery et al., 1985a; Humphery et al., 1985b). Both X and Y

axons make collaterals to layer 6. In area 18, where X afferents are rare or absent, Y afferents

terminate throughout the depth of layer 4, but still appear to terminate most heavily in the upper

part of the layer (Humphery et al., 1985b; Friedlander and Martin, 1989).

No W afferents have been intracellularly filled, probably due to their smaller axonal

diameter. Bulk injections of tracers in the C layers of the LGN, which contain both Y and W

cells, resulted in labeling at the layer 3/4 and the layer 4/5 borders in area 17 and throughout

layer 4 in area 18 (LeVay and Gilbert, 1976). The projection of the C-layers to layers 3 and 5,

but not layer 4, of area 17 was also suggested by small injections of tracers restricted to

individual cortical layers (Leventhal, 1979). Interestingly, LeVay and Gilbert noted that the

labeling from the C laminae had a patchy distribution in the cortex, being present in some

cortical columns but not others, suggesting that there may be a tangential, as well as a laminar,

segregation of the different classes of geniculate inputs.

Corticocortical Outputs

In addition to the parallel inputs from the X, Y, and W-cell classes of geniculate cells,

area 17 has multiple parallel outputs to other visual cortical areas (Symonds and Rosenquist,

1984a). These include areas 18, 19, 20, 21, and the posterior medial lateral suprasylvian area

(PMLS). With few exceptions, each projection neuron in area 17 targets a single visual area, and

populations of cells projecting to the individual extrastriate areas have unique laminar or

sublaminar distributions,(Symonds and Rosenquist, 1984b; Salin, 1989; Einstein and Fitzpatrick,
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1991). This suggests that different information is being sent in parallel to each of the extrastriate

visual areas.

Another feature of these corticocortical connections which may suggest the existence of

parallel pathways from area 17 is that many of these connections are patchy. That is, a single

injection of a tracer substance into an extrastriate area gives rise to multiple, separate patches of

labeling in area 17 (see review by LeVay and Nelson (1991)). As described by Ferrer et al.

(1988), there are at least two different ways by which patchy connections may be generated. The

first way involves the whole extent of an area taking part in the connection, with any single small

site in this area connecting to multiple separate sites in the target area. The second means by

which patchy connectivity could be organized is with the distribution of cells projecting to a

particular area in a genuinely discontinuous or uneven fashion. In order to distinguish this type

of organization from the first, the injection site must be made larger than the divergence of the

projection being investigated; if the labeled cells are no longer patchy, then the projection is not

truly discontinuous. These two types of patchiness have been termed “soft-patterning” and

“hard-patterning,” respectively (Shipp and Grant, 1991).

In general, patchiness of a projection has been thought to reflect a specificity for some

property that varies tangentially in a columnar fashion across the surface of the cortex. For

instance, the projection from area 17 to area 18 has been shown to connect sites with the same

orientation (Gilbert and Wiesel, 1989). Thus, the patches of labeling in area 17 following a small

injection in area 18 must represent orientation columns matching that of the column injected in

area 18. If orientation was the only variable governing the connectivity between these two areas,

then when the injection site in area 18 is made large enough to cover a full range of orientation

columns, the labeling in area 17 would be continuous. That this does not happen (Ferrer et al.,

1988) indicates that, in addition to orientation selectivity, some other variable that changes in a

regular fashion across the surface of the cortex is governing the connectivity between area 17 and

area 18.
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In addition to the projections of area 17 to area 18, projections from area 17 to area 19

and to area PMLS have also been shown to be hard-patterned (Shipp and Grant, 1991; Ferrer et

al., 1992). What variable might differ between projecting and non-projecting columns of area 17

is unknown, and it cannot be assumed that the same variable is involved in each of these

projections. No connections between visual areas in the cat have been shown definitively to be

soft-patterned. This is likely because most of the connections between visual cortical areas of the

cat have only been examined using relatively small injections of tracers, so it is not known

whether they are soft-patterned or hard-patterned.

Extrastriate Visual Cortex

At least 19 retinotopically organized extrastriate visual areas have been described in the

cat (Rosenquist, 1985; Updyke, 1986). Figure 1.1 shows the organization of visual areas on the

surface of the cat’s cerebral cortex, adapted from a summary of the work of Tusa and colleagues

(Tusa et al., 1981). The boundaries of the visual areas shown in this figure are only approximate

because of inter-animal variability, which is relatively minor for areas 17 and 18, but is likely

greater for some of the extrastriate areas. Many of these areas have not been. mapped

extensively, and their boundaries (and even, in some cases, their very existence) are not agreed

upon by all investigators (Sherk, 1988). Nevertheless, there is evidence that each of these areas

has a different pattern of connections with subcortical nuclei and other cortical areas (Graybiel

and Berson, 1981; Updyke, 1981; Raczkowski and Rosenquist, 1983; Symonds and Rosenquist,

1984a; Harting et al., 1992). Although few of these extrastriate areas have been closely

examined physiologically, it would appear that differences also exist in the neuronal response

properties for at least some of these areas. The PMLS, for example, responds well to rapidly

moving stimuli and contains a high percentage (at least 80%) of neurons selective for direction of
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Figure 1.1. Arrangement of the visual areas on the surface of the cerebral cortex of the

cat. A shows the brain of a cat from a dorsal-lateral view. The approximate boundaries of the

different visual cortical areas with respect to sulcal and gyral patterns, as obtained from (Tusa et

al., 1981), are marked by dashed lines. Many of the visual areas are partially or completely

hidden within the lateral sulcus (Lat) or the suprasylvian sulcus (SS). AMLS: Anterior Medial

Lateral SUprasylvian area. ALLS: Anterior Lateral Lateral Suprasylvian area. PMLS: Posterior

Medial Lateral Suprasylvian area. PLLS: Posterior Lateral Lateral Suprasylvian area. VLS:

Ventral Lateral Suprasylvian area. DLS: Dorsal Lateral Suprasylvian area. PS: Posterior

Suprasylvian area. The solid line shows the cuts that were made to remove a block of cortex

similar to the one from which the section in B was taken. B shows a section through a block of

cortex, as shown in A, that was unfolded, flattened, and sectioned tangentially. This section was

stained for cytochrome oxidase, which stains densely through layer 4 of areas 17 and 18. The

darkly stained oval corresponding to areas 17 and 18 is interrupted by a cut which was made to

relieve the intrinsic curvature of the cortex while flattening. Approximate boundaries of cortical

areas were marked with dashed lines as in A., using the maps of Tusa et al. (1981). The lips and

the fundi of the lateral and the suprasylvian sulci are shown; the hatched areas correspond to the

areas which were buried within these sulci prior to unfolding and flattening. Cortical areas

buried within the sulci, such as the lateral suprasylvian areas, are now visible.
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stimulus motion (Hubel and Wiesel, 1969b; Spear and Baumann, 1975; Camarda and Rizzolatti,

1976; von Grunau et al., 1987; Zumbroich and Blakemore, 1987) This physiological data, in

addition with the facts that this area receives projections from area 17, 18, and 19, (Hubel and

Wiesel, 1969b; Symonds and Rosenquist, 1984a; Sherk, 1986; Shipp and Grant, 1991) indicates

that PMLS may be part of a processing stream important in the discrimination of moving stimuli.

In the extrastriate area 21a, on the other hand, only about 30% of neurons are direction

selective, which is less than the percentage of direction selective neurons found in area 17. In

addition, area 21a neurons have been shown to respond poorly to fast-moving stimuli (Wimbome

and Henry, 1992; Dreher et al., 1993; Toyama et al., 1994), again unlike the cells in PMLS.

Cells in this area do, however, possess orientation tuning that is sharper than in PMLS, even as

sharp as is found in area 17 (Dreher et aL, 1993).

Sensitivity to binocular retinal disparity is another response parameter that can differ

between extrastriate areas. Cells in area 21a, for instance, have been tested and found insensitive

to retinal disparity (Wieniawa-Narkiewicz et al., 1992), while disparity, sensitive cells are not

uncommon in area 19 (Guillemot et al., 1993). This property does not appear to have been tested

in area PMLS: If the properties of these areas reflect the properties of their corticocortical inputs,

these findings suggest that the different populations of cells projecting from primary visual

cortex to these extrastriate areas may, indeed, be transmitting different information.

Are the segregated retinogeniculocortical pathways to visual cortex matched by a series

of segregated parallel output pathways from primary visual cortex and terminating in different

extrastriate visual cortical areas? It is just such a series of segregated input and output pathways

that has been so well described in another mammalian group, the primates. Unlike cats, or any

other mammalian group, for that matter, processing streams through primary visual cortex and

extrastriate areas have been extensively studied in primates. Thus, when setting out to study the

organization of parallel pathways in cats, the only mammalian system available for comparison is
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the primate. For this reason, the organization of parallel pathways in primates will be reviewed

and compared to what is currently known for the cat.

Organization Of Parallel Visual Pathways In Primates

Magno, Parvo, and Komocellular Streams

As does the cat, the primate visual system contains three parallel pathways that begin at

the retina and remain segregated until at least the first synapse in primary visual cortex. Parasol

cells (magnocellular-projecting, or M-cells) are among the largest retinal ganglion cells, with

widespread dendritic fields and thicker axons, while midget cells (Parvocellular-projecting or P

cells) have more restricted dendritic fields and narrower axons (Leventhal et al., 1981; Rodieck

et al, 1985). M-cells have larger receptive fields, respond well to rapidly moving targets, and

have transient responses to visual stimuli, while P-cells have smaller receptive fields, are

sensitive to wavelength, respond poorly to rapidly moving targets, and have sustained responses

to visual stimuli (Gouras, 1968; Gouras, 1969; DeMonasterio and Gouras, 1975). For a review

of the physiology of primate retinal ganglion cells, see Rodieck and Brening (1983), and Kaplan

(1991). As in the cat, the physiological types first generated in the retina are maintained in the

LGN. Axons from M-cells and P-cells segregate into the two ventral, large cell (magnocellular,

M) and the four dorsal, small cell (parvocellular, P) layers, respectively; see Casagrande and

Norton (1991) for review. There is also a third class of LGN neurons, found in the smallest

celled layers of the LGN, which may be ventral to the magno layers, or intercalated between the

main layers of the LGN, depending on the species (Casagrande, 1994). These koniocellular (K)

layers receive input from a separate class of cells possessing the smallest caliber retinal axons

(Lachica and Casagrande, 1988; Rodieck, 1992); their physiology is also different from the

magno and parvo layers, at least in the galago, the only primate species in which they have been
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studied physiologically (Irvin et al., 1986). The segregation of the M, P, and K pathways

continues in the striate cortex, where axons from the M and P layers terminate in different

sublayers of layer 4 (Hubel and Wiesel, 1969a; Blasdel and Lund, 1983; Fitzpatrick et al.,

1983), while the K pathway terminates within patches in layer 3 (Fitzpatrick et a!., 1983;

Livingstone and Hubel, 1987c). Thus, the general principles of organization of parallel

pathways from the retina first described in the cat can also be identified in primates. In fact,

segregation of the M, P and K pathways in the LGN and primary visual cortex is, spatially if not

functionally, substantially more pronounced in primates than is the segregation of the W, X and

Y pathways in the cat.

Processing in Primate Extrastriate Cortex

In primates, as in cats, there are multiple extrastriate visual areas (certainly more than 20

in the macaque and the owl monkey, but the exact number is unclear) (Sereno and Ailman,

1991; Felleman and Van Essen, 1991). Also as in cats, primary visual cortex (Vi) has multiple

major projections (to V2, V3, V4, and the mid-temporal area, MT), as well as minor projections

to other areas. As in the cat, cells almost always project from primary visual cortex to a single

extrastriate area, and cells projecting to different areas can be segregated into different layers

and columns (Maunsell and Van Essen, 1983; Van Essen and Maunsell, 1983; Felleman and

Van Essen, 1991). As first argued by Zeki in the 1975, “It would be difficult to imagine that the

same small region of Vi sends identical signals to these different, functionally specialized,

visual areas in these independent and parallel pathways” (Zeki, 1993). Thus, a crucial role of

Vi is to direct the flow of different types of visual information to more specialized extrastriate

visual areas. It has also been shown that area V2 of primates receives projections from all of the

processing streams in Vi and that it too has segregated connections to specialized extrastriate
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areas (Livingstone and Hubel, 1983; Livingstone and Hubel, 1984; Livingstone and Hubel,

1987a).

Clues to the specializations of the multiple processing streams from Vito extrastriate

areas were first gained by examination of the physiological specializations of the different

extrastriate areas, themselves. Primate extrastriate visual cortex has the advantage of an

extensive record of anatomical and physiological investigation, and functional specializations of

different areas have been well documented. For a review of the functional organization of

primate visual cortex, see Zeki (1993). Two areas in particular have received a great deal of

attention. In an extrastriate area of the temporal lobe, the mid temporal area (MT), all of the

cells are sensitive to motion, and over 90% are selective for a particular direction of motion

(Albright, 1984; Girard et al., 1992; Zeki,1974). Conversely, responses of cells in MT contain

little information about stimulus color; a spot moving in the preferred direction could be black

or white or any color against a background of any other color, and still be an effective stimulus

for driving the cell. In the extrastriate area V4, on the other hand, most cells are color selective,

in that they respond better to some wavelengths of light than to others (Zeki, 1973; Zeki, 1977;

Desimone and Schein, 1987; Schein and Desimone, 1990). Together, the two areas make the

best argument for a division of labor among extrastriate cortex, with different areas undertaking

different tasks in parallel. As differences in receptive field properties in V4 and MT were likely

a reflection of differences in their afferent input coming from Vi and V2, they provide indirect

evidence as to what functions are being segregated by the anatomically-distinct processing

streams through Vi and V2.

From Enzymes to Segregated Streams

As in the cat, the connections of the various primate visual areas are patchy. In the cat,

the difficult process of divining the relationships among these pathways has, for the most part,
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not been attempted; in contrast, the spatial relationships between many of the patchy

projections from primate areas Vi and V2 have been well established. A great aid to the

establishment of these relationships was the discovery, originally by Margaret Wong-Riley

(Hubel, 1988) of a discontinuous distribution within Vi and V2 of the metabolic enzyme

cytochrome oxidase (CO) (Horton and Hubel, 1981; Humphery and Hendrickson, 1983;

Horton, 1984). CO staining provided a needed system of cortical landmarks with which to

compare the different distributions of labeling and also electrophysiological response

properties. For a review of CO staining in primate visual cortex, see Wong-Riley (1994).

In Vi, histochemical staining for this enzyme in layers 2 and 3 shows patches of dense

staining, also known as blobs, which colocalize with the patchy koniocellular geniculate input

(Fitzpatrick et al., 1983; Livingstone and Hubel, 1987c). The magno and parvo geniculate

input zones of layer 4 are labeled densely and continuously. In V2, CO-rich compartments

form an alternating cycle of thick and thin stripes separated by pale stripes (Tootell et al.,

1983). These stripes extend across the thickness of V2, roughly at right angles to the V1IV2

border. The blobs of Vi and the thin stripes of V2 are interconnected, as are the interblobs and

interstripes (Livingstone and Hubel, 1983; Livingstone and Hubel, 1984), while the thick

stripes receive input from layer 4B of Vi (Livingstone and Hubel, 1987a). The thick stripes of

V2 project to MT. while the thin stripes and interstripes project to V4 (DeYoe and Van Essen,

1985; DeYoe et al., 1990). The CO system thus marks processing streams originating in Vi,

passing through separate columns in V2, and terminating in V4 or MT (DeYoe and Van Essen,

1988).

It has often been pointed out (Martin, 1988) that the enzyme cytochrome oxidase is a

very general metabolic enzyme found in different levels in all parts of the body. It does not

appear to have a specific role in visual processing, but has only been used as an opportunistic

marker. Nevertheless, it is easy to imagine how difficult the demonstration of such intricate

patterns of connectivity would be if no simple marker for the various columns had existed. For
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instance, the question of hard-patterning versus soft-patterning can be answered without the use

of very large injections; if injections in one area (like MT) always produce labeling in the same

CO compartment (thick stripes in V2), then that projection is hard patterned. (It is noteworthy

that the terms “hard-patterned” and “soft-patterned” were coined for use in describing labeling

patterns in cats, i.e., connectivity in the absence of CO architecture). Similarly, CO staining

allowed the relationship between a column’s inputs and its outputs (e.g., inputs from layer 4B

and outputs to MT for thick CO stripes) to be demonstrated without the need for comparing

labeling from multiple tracer injections in a single animal (for the example given above, one

tracer in MT to label the thick stripes, and a different tracer in V2).

Parallel Streams in the Cat’s Visual Cortex: Hypothesis

Before the demonstration of parallel processing streams through primate visual areas

Vi and V2, their existence was postulated by Semir Zeki based on several principles then

known about visual cortical organization (Zeki, 1975). These were: the multiple inputs to Vi

from the different LGN cell classes; the multiple outputs from Vito the various extrastriate

areas; the functional differences between the different extrastriate areas; and the divergent

connections between visual areas. It is important to note that Zeki’s hypothesis remained

unproved (and untested) until CO staining provided a set of anatomical landmarks with which

to correlate it. This has implications for the demonstration of similar organizations in other

cortical systems.

As has been reviewed in the preceding paragraphs, the visual system of the cat possesses

all of the organizational motifs that prompted Zeki’s hypothesis of parallel processing streams:

multiple inputs from X, Y, and W LGN cells; multiple outputs of area 17 to extrastriate areas 18,

19, area 21a and PMLS; physiological differences between extrastriate areas; and patchy

connections of area 17 to extrastriate areas. However, the visual cortex of the cat has, until
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recently, been described as lacking CO architecture (Horton, 1984). It is not surprising, then,

that the segregation of connectivity and physiology characterized in the visual cortices of

primates has not been shown in the cat. As CO is used merely as an opportunistic marker, it

seems possible that segregated patterns of connectivity could exist in the visual cortex of other

species “cryptically” without an attendant patchy pattern of CO staining to draw attention to it.

While these arguments were being developed, it was reported that CO blobs are, in fact,

present in area 17 of cats (Murphy et al., 1990). By unfolding and flattening the cortex and

cutting sections tangential to the cortical surface, it was possible to show patterns in CO labeling

that were not apparent in sections cut in the coronal plane. An example of these blobs in a

tangential section of cat visual cortex stained for CO is shown as Figure 1.2. Therefore, it was of

great interest to compare the organization of corticocortical and geniculocortical labeling with

the organization of CO blobs in the cat.

In this thesis, the relationship of CO staining to geniculocortical and corticocortical

pathways is examined. Chapter 3 deals with inputs from the LGN; Chapter 4 with corticocortical

projections to PMLS; Chapter 5 with projections to area 19; and Chapter 6 with the callosal

projections of areas 17 and 18. A close relationship was found between the CO blobs and

patterns of geniculocortical inputs and corticocortical outputs. Two components of the visual

system known to be related to the Y-cell and/or W-cell stream, the C-layers of the LGN and

PMLS, are connected preferentially with the CO blobs. Inputs from blob and interbiob regions

remain segregated within area 19, and output from this area to PMLS is also segregated. Callosal

connections extended farther from the vertical meridian representation in CO blobs than in

interblobs.

These results argue for a segregation of processing stream(s) within the CO blobs, and

continuing through certain columns in area 19 and into the PMLS. These results are consistent

with the notion that parallel pathways of information flow from the retina through to extrastriate

areas in the visual system of the cat. It is concluded that different input and output pathways of
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Figure 1.2. A tangential section through the visual cortex of a cat, stained to visualize

cytochrome oxidase activity. The dashed outline indicates the extent of areas 17 and 18. The

arrowheads mark the bottom of the lateral sulcus, which, at this AP level, marks the lateral

border of area 19. Due to residual curvature in the cortical tissue present after flattening, the

plane of section passes in an irregular fashion through the different cortical layers. Layer 3 is

pale, and the blobs are not visible, or only faintly visible towards the bottom of the layer. Layer

4 stains darkly; the blobs are most visible in the upper part of layer 4. Scale bar: 5 mm.
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the cat’s visual cortex are segregated in accordance with the general principles in which

pathways are segregated in primates. These data show that parallel processing in the visual

cortex is not specific to primates and suggest that it is, instead, a general principle of visual

cortical organization that will likely be extended to other mammals as they have herein been

extended to cats.



2 METHODS AND MATERIALS

Many aspects of the experiments reported in subsequent chapters utilize similar

techniques for the injection of tracers into LGN or visual cortex, and the subsequent histology to

visualize the tracers. Therefore, procedures common to the various experiments have been

gathered into one chapter. Only details which vary from experiment to experiment, such as

tracer injected, number of animals used, location of injection, and survival time will be reported

in the individual chapters.

Surgery

Tracer Injections

In all of these experiments, adult cats of both sexes were used. Prior to surgery, animals

were given a mixture of 0.5mg/kg acepromazine maleate (atravet; M.T.C. Pharmaceuticals) and

0.05 mg/kg atropine sulfate (M.T.C. pharmaceuticals) i.m. as a preanaesthetic. Animals were

also given 0.1 mg/kg dexamethasone (Austin Laboratories) i.m. to reduce brain edema.

Anesthesia was induced by sodium methohexital (Brietal; Eli Lilly Canada, mc) i.v. and

maintained by trifluoroethane (halothane; M.T.C. Pharmaceuticals) inhalation through an

endotrachial tube. Expired CO2 and EKG were continuously monitored. Animals were

positioned in a stereotaxic frame and the site of the incision was injected with 3-5 ml of a long

lasting local anesthetic, 0.25% bupivacaine hydrochloride (Marcaine; Winthrop Laboratories).
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Under sterile surgical conditions, craniotomies and duratomies were performed over the

relevant areas using the appropriate stereotaxic coordinates from the work of Tusa and coworkers

(Tusa et al., 1981). Injections of tracers were made with micropipettes of tip diameter 10-20 urn.

Volume was calculated by measuring, with a dissecting microscope and eye-piece micrometer,

the drop in the meniscus following application of a brief pulse of positive air pressure.

At the conclusion of the injections, the craniotomy was packed with saline soaked

gelfoam, and the fascia and skin overlying the wound were sutured. The animals were then

given antibiotics (Durapen, 0.2 cc/Kg) and allowed to recover from the anesthesia.

Electrophysiology

For the injection of tracers into the LGN, it was necessary to first localize the injection

sites using electrophysiology. The surgical procedures for these animals thus differed from the

other experiments. Before surgery, animals were given a mixture of 0.5mg/kg acepromazine

maleate (Atravet; M.T.C. Pharmaceuticals) and 0.05 mg/kg atropine sulfate (M.T.C.

Pharmaceuticals) i.m as well as 0.05 mg/kg dexamethasone (Austin Laboratories) i.m.

Anesthesia was maintained during surgery by sodium methohexital (Brietal; Eli Lilly Canada,

Inc.) i.v. The sites of all incisions were injected with 3-5 ml of a long lasting local anesthetic,

0.25 % bupivacaine hydrochloride (Marcaine; Winthrop Laboratories). The saphenous vein was

cannulated and a tracheotomy was performed. The animal was then positioned in a stereotaxic

frame and a craniotomy and duratomy was performed.

After all surgery was completed, the animal was paralyzed with gallium triethiodide and

artificially respired with a 70:30 mixture of nitrous oxide and oxygen. The animal was infused

with 10 mg/kg/hr gallium triethiodide and 1.0 mg/kg/hr sodium pentobarbital dissolved in 5%

dextrose in lactated Ringer’s solution. The EEG and EKG were monitored and the end-tidal
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pCO2 was maintained near 4%. Contact lenses were inserted having 4 mm artificial pupils and

the appropriate refractive power to focus the eyes on a tangent screen 1.3 m away.

Electrophysiological recording using glass insulated platinum-iridium electrodes

(resistance 0.5-1.0 MW) was used to find the ipsilateral and contralateral eye layers of the LGN.

Visual stimuli (bright spots 1-10° diameter on a dark background) were generated with a

computer driven projector and neuronal responses were bandpass-filtered to remove 60 Hz noise.

Signals were then amplified and displayed on an oscilloscope and an audio monitor. After the C

laminae were identified by observing reversals in eye dominance of evoked responses, the metal

electrode was replaced with a glass pipette containing 2% WGA-HRP in saline. Electrical

recordings could also be obtained through the glass pipette. Although no single units could be

isolated, the background multi-unit “hash” showed clear shifts in eye dominance so that the

position of the injection could be re-verified. When the appropriate injection site was found,

polyethylene tubing was attached to the back of the pipette and air pressure from a syringe was

used to inject 0.1 to 0.5 ml of tracer.

Perfusion and Sectioning

After appropriate survival times, animals were euthanized with an overdose of

barbiturate. They were then perfused through the aorta with 1500 ml phosphate buffer (0.1 M,

pH 7.2 with 0.5% sodium nitrite), followed by 400 ml 0.25% glutaraldehyde and 4%

paraformaldehyde in phosphate buffer delivered over 5-7 mm by means of a perfusion pump.

In some experiments, visual cortex was sectioned coronally after cryoprotection in 30%

sucrose. In other experiments, visual cortex was removed from the brainstem, unfolded and

flattened before sectioning (Olavarria and Van Sluyters, 1985). The flattened cortex was then

pressed between glass slides, left for several hours in 4% paraformaldehyde and 25% sucrose in
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phosphate buffer, and then left overnight in 25% sucrose. A block of tissue through the posterior

thalamus containing the lateral geniculate nucleus from each animal was also postfixed and

cryoprotected with the same solutions.

Tangential sections of the visual cortex were cut at 5Ojim on a freezing microtome, while

coronal sections were cut at 50 or 75tm. Coronal sections through the posterior thalamus were

cut at 100 rim.

Histology

Horseradish Peroxidase

Wheatgerm agglutinin-conjugated horseradish peroxidase (WGA-HRP; Sigma) was used

as a 1-2% solution dissolved in sterile saline. Sections from experiments using WGA-HRP were

processed by the standard tetramethylbenzidine (TMB) method (Mesulam, 1978) sometimes

followed with stabilization in chilled ammonium heptamolybdate and cobalt-diaminobenzidine

(Horn and Hoffman, 1987). Unstabilized sections, whether coronal or tangential, were always

counterstained for Nissl substance with neutral red; stabilized sections were sometimes

counterstained with cresyl violet.

Biotinylated Dextran Amine

Biotinylated dextran amine (BDA; Molecular Probes, mc) was used as a 10% solution in

0.9% saline. Sections from the BDA experiments were incubated for 48 hours in avidin

horseradish peroxidase (Vector Laboratories; 0.5% in 0.1 M phosphate buffer, pH 7.2), rinsed in
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buffer, and then processed to visualize peroxidase activity with nickel and cobalt intensified

diaminobenzidine (DAB) (Adams, 1981).
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Cholera Toxin

Cholera toxin subunit B, either unconjugated (CTB) or conjugated to 7nm colloidal gold

particles (CTB-Au; List Biological) was used as a 1% solution in 0.9% sterile saline. CTB-Au

was visualized by silver intensification (Jannsen IntenSE M) with incubation times ranging from

one to two hours. Unconjugated CTB was localized using immunocytochemistry. Incubation for

two days in goat anti-CTB (List Biological; 1:10, 000), was followed by two hours each in

biotinylated rabbit anti-goat IgG (Vector Laboratories; 1:250) and avidin-biotin-HRP (eIElitee

ABC kit; Vector Laboratories; 1:150). Incubations were separated by 45 minute rinses in buffer.

Incubation solutions contained 1% Triton-X-100 and (excepting the ABC solution) 1% normal

rabbit serum. Finally, a glucose oxidase-driven DAB (Itoh et al., 1979),without cobalt

intensification, was used for visualization.

Cytochrome Oxidase

Cytochrome Oxidase (CO) staining was performed in experiments using coronal sections

as a guide to placement of laminar borders. More importantly, CO staining was used in

tangential sections to show the pattern of CO blobs. Earlier studies have found nickel, alone or

in combination with cobalt, to be very effective in enhancing CO staining (Silverman and

Tootell, 1987; Crockett et al., 1993; Dyck and Cynader, 1993b; Liu et al., 1993). In these

experiments, sections were reacted for cytochrome oxidase (CO) using either the protocol of

Silverman and Tootel (Silverman and Tootell, 1987) adapted for free floating sections, or, in

later experiments, modifications on this protocol. Of the various modifications tried, the CO

reaction solution judged most sensitive consisted of 20-25 mg diaminobenzidine, 30 mg

cytochrome C, 15mg catalase, and ig sucrose dissolved in 100 ml 0.06 M phosphate buffer pH
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7.2, to which was added 3-5 ml of a 1% nickel ammonium sulfate solution and 3-5 ml of a 1%

cobalt chloride solutionS Sometimes 250m1 dimethyl sulfoxide was added as well. Incubation

times ranged from two to four hours. In all of the coronally-sectioned brains and some of the

tangentially-sectioned brains, sections were divided into two one-in-two series, one of which was

reacted for the tracer, and the other was reacted for CO. In some of the tangentially-sectioned

brains, only selected sections from the middle depths of the cortex were stained for CO.

Data Analysis

Patterns of retrograde labeling were analyzed with a Nikon Optiphot compound

microscope which was equipped with an x-y coordinate stage encoder. This was connected to a

Compaq 386 computer running custom designed software. A drawing tube attached to the

microscope was focused on the computer monitor. With the aid of a mouse, the image of the

cursor as seen through the drawing tube was aligned with the image of the labeled neuron as seen

through the microscope, and the x-y position of the labeled neuron was entered by selecting a

symbol type and pressing a button. When a point was entered, a symbol on the monitor appeared

which, through the drawing tube, overlay the labeled neuron. The image on the monitor was

programmed to move in register with movements of the stage. In this way, large areas of the

section could be scanned without missing any labeled neurons or entering the same neuron twice.

In addition to labeled neurons, the positions of many radially-oriented blood vessels were also

recorded. These could be recognized from section to section and were used as landmarks to

align serial sections by means of custom designed software. The accuracy of this alignment was

evidenced by the fact that the average distance between the centers of matching blood vessel

profiles in two aligned serial sections was typically less than 5011m. This accuracy seemed quite

adequate for examining fluctuations in labeling density on the scale of 1mm. The positions of
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cells from an entire series of aligned tangential sections could then be displayed and plotted on

the same axes, providing a “surface” view of the labeling pattern with labeling in different

laminae collapsed onto a single plane.

Other software calculated and plotted the amount of labeling under each square of a

superimposed grid of variable size (1OOpm was used in the figures shown). These density data

were then displayed and manipulated using NIH Image v. 1.47 software running on a Macintosh

IIfx computer. In order to illustrate periodic patterns in the data, images were averaged with a

0.25 mm radius convolution kernel (Callaway and Katz, 1991) and contrast could be enhanced

by manipulating the look-up table.

Images of alternate sections stained for CO were digitally captured using a Cohu CCD

camera (4915) and a Data Translation (DT-2255) frame grabber card with Image . Using

radially-oriented blood vessels as landmarks, these images were aligned with the patterns of

labeling by an Image module that allowed precise superimposition of successive images on line.

By means of a slide processor, these computer images were copied onto black and white negative

film (Ilford FP4), and then printed onto photographic paper. In other cases, computer images

were printed on a Tektronix phaser USDX dye sublimation printer.
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3 LAMINAR AND COLUMNAR PATTERNS OF

GENICULOCORTICAL PROJECTIONS

The lateral geniculate nucleus (LGN) is the main thalamic relay between the retina and

the visual cortex. In the cat, three main classes of LGN cells, known as X, Y, and W, have been

distinguished on both physiological and anatomical criteria (see Casagrande and Norton (1991)

for review). These separate populations of LGN relay cells each receive input from

corresponding classes of retinal ganglion cells (Boycott and Wässle, 1974; Leventhal et al.,

1985). Thus, three parallel streams of information originate in the retina and are kept separate in

the LGN. What is less clear is whether X, Y, and W inputs from the LGN are kept separate in

the visual cortex, or at what stage they might be integrated.

The projections from the C laminae (C, Cl, and C2) of the LGN, which include both Y

and W-cells, are at least partially segregated into different layers than the X- and Y-cell

projection from the A laminae (A and Al) of the LGN (LeVay and Gilbert, 1976). Interestingly,

these authors noted that the labeling from the C laminae had a patchy distribution in the cortex,

which they incorrectly attributed to ocular dominance domains. As will be shown in this chapter,

the C-laminae terminate in a patchy distribution and CO-localize with CO blobs in visual cortex.

In primates, the smallest cells in the LGN, the koniocellular geniculate cells, bear a

certain resemblance to the W cells of the cat in their small size, projection outside of layer 4, and

physiological responses; interestingly, koniocellular LGN cells project only to the CO blobs

(Hendrickson et a!., 1978; Fitzpatrick et al., 1983; Weber et a!., 1983; Horton, 1984; Livingstone

and Hubel, 1987c; Lachica and Casagrande, 1992). It was wondered whether W-cell

terminations in the cat, which have a similar patchy projection to layer 3, might also show a

relationship with CO staining.
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The terminations of different geniculocortical projections in the cat were examined.

These were compared to CO staining patterns to determine which classes of geniculate afferents

are correlated with high levels of CO activity and, in particular, which classes of afferents

provide input to the CO blobs. A preliminary account of this work has been previously presented

(Boyd and Matsubara, 1993).

Methods and Materials

Experiments were performed on eight cats. Some of these cats were also used for

electrophysiological recordings unrelated to the present experiments. We also examined sections

through the LGN and cortex from a separate series of experiments in this laboratory involving

cortical injections of tracers. These were used to demonstrate the general topography of the

geniculocortical projection. General details of the surgical procedures and electrophysiological

techniques are found in Chapter 2.

The LGN was located by physiologically recording visual responses. The electrode was

introduced into the brain at stereotaxic coordinates AP +9 to ÷4 and ML 7 to 12 mm. These

coordinates, targeting the lower visual field representation, were chosen using Sanderson’s map

of the LGN (Sanderson, 1971a). The C laminae were located by following the shifts in eye

dominance from contralateral to ipsilateral, and back to contralateral eye, as the electrode

traversed the lamina A, Al, and C. It was not possible to record a shift to ipsilateral responses at

the C/Cl border, probably because the low impedance of the electrodes precluded recording from

the very small cells in layers Cl and C2, or because these cells were not responsive under the

anesthetic regime used. Therefore, we centered the injections 0.5 - 1.0 mm below the last

recorded visual response.

Injection sites were specifically chosen in areas where receptive field elevation changed

rapidly along the penetration (see results). At such sites, the isoelevation projection lines of the
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visual field run at steep angles to the coronal plane (Sanderson, 1971b). Therefore, although the

injection site usually included layer Al as well as all of the C layers of the LGN, labeling from

the different layers was separated topographically in the cortex.

Twenty-four hours was allowed to pass from the time of the last injection until perfusion.

In four cases, the cortex was sectioned coronally. In the remaining four cases, visual cortex was

removed from the brainstem and unfolded and flattened In all cases, the thalamus was sectioned

coronally to verify injection site placement.

In all cases, one one-in-two series of sections was reacted for WGA-HRP and counter

stained for Nissl substance with neutral red. The alternate series of sections was reacted for

cytocbrome oxidase.

Results

We used the technique of injecting multiple geniculate lamina with a single injection, but

at varying retinotopic locations. The rationale for this technique is illustrated in Figures 3.1 and

3.2. Figure 3.1 is a schematic diagram showing receptive field isoelevations for an injection site

in the LGN and for the resulting labeling in the cortex and retina. As shown in Figure 3. 1A, a

vertically oriented pipette penetration into the curved region in the anterior part of the LGN

traverses a 300 range of isoelevations. Elevation steadily decreases as the pipette passes from A

through Al and C and into the ventral C laminae. Differing elevation representations are thus

injected in each layer. As elevation is also mapped across the surface of the retina (Fig. 3.1B)

and the cortex (Fig. 3.1C), labeling from the different LGN layers will be separated across the

surface of these structures. Retinotopic separation of labeling from different LGN layers

following a single LGN injection has been previously noted by Tiling and Wässle (filing and

Wässle, 1981). In a study of retinogeniculate projections, they injected the curved region in

posterior part of the LGN and found separated sectors of labeling in the contralateral retina.
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Figure 3.1. Schematic diagram of the isoelevation map in the geniculate and how aspects of its

organization were utilized to obtain topographically separated labeling from different geniculate

lamina. A shows a parasagital section of the lateral geniculate with isoelevation lines marked for

the lower visual field. An injection pipette in the coronal plane passing through the curved

anterior part of the nucleus traverses a wide span of elevation, and each geniculate lamina is

injected at a different, though slightly overlapping, range of elevations. Lamina A will be

injected at representations of higher elevations, and lamina Cl and C2 at lower elevations. B

shows the expected pattern of labeling in the retinae. A zone of labeling corresponding to each

lamina is present, and these zones are separated across the retina. The X, Y, and W cell classes

labeled from each geniculate lamina are shown as three different sizes of dots, W-cells being the

smallest and Y-cells being the largest. C shows the expected distribution of labeling in the

cortex. In this view of a flattened cortex, the border of the oval-shaped lower visual field

representation of area 17 is outlined, and approximate isoelevations for the visual field map are

indicated. As in the retina, labeling from the various geniculate layers is segregated according to

the elevation representation injected in each geniculate lamina. Thus, labeling from layers Cl

and C2 is found further anterior, and labeling from lamina A is found further posterior in area 17.
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Figure 3.2 shows results from tracer injections illustrating the mapping of geniculocortical and

retinogeniculate projections as outlined in Figure 3.1. Figures 3.2A and 2B show retrograde

labeling in the LGN from the three small, widely separated injections of retrograde tracers in the

visual cortex shown in Figure 3.2C. Figure 3.2B is at an A-P level where isoelevation lines are

nearly parallel to the coronal plane; labeling from a single cortical injection site (the most

posterior one) therefore appears throughout all of the geniculate laminae. This is in contrast to

the situation in Figure 3.2A, which shows a section anterior to the one in Figure 3.2B. At this

level, isoelevation projection lines run at steep angles to the coronal plane. Labeling from all

three injection sites shown in Figure 3.2C are present in this one section, thus showing that the

representation of elevation changes greatly from lanzina A to lamina C2. The section in Figure

3.2A is at the approximate level where injections were made for this study, a typical example of

which is shown in Figure 3.2D.

Topographical separation of labeling from the various LGN laniinae was also seen in the

retina. Labeling in topographically separated parts of the retina could be verified as arising from

different layers of the LGN because different LGN laminae receive input from different classes

of ganglion cells. Layers Cl and C2 (the parvocellular division of the C-laminae) receive mostly

input from W retinal ganglion cells, layer C (the magnocellular division of the C-laminae)

receives inputs from Y and W retinal ganglion cells, and layers A and Al receive input from X

and Y retinal ganglion cells (Guillery and Oberdorfer, 1977; Guillery et a!., 1980; Leventhal,

1982; Leventhal et al., 1985). The fact that different classes of retinal ganglion cells were

labeled at different elevations in the retina is evidence that we were successful in injecting

different LGN layers at different elevation representations.

Figure 3.2E shows a low power photomicrograph of the flat-mounted retina ipsilateral to

the LGN injection shown in Figure 3.2D. Lower visual field elevations are shown in the lower

part of the figure. With progression from higher into lower representations of visual fields, the
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Figure 3.2. Results from tracer studies demonstrating the mapping outlined in Figure 3.1. A and

B show the coronal sections of the LGN at anterior-posterior levels ÷7.5 and +6.0, respectively.

Approximate positions of isoelevation lines are shown (dashed lines) in A; the A-P level of B

corresponds roughly to a plane of isoelevation at 00. Scale bars in A, B: 500 Jim. A reverse

contrast photograph of a flattened, tangential section of visual cortex from the same animal is

shown in C. The outline of area 17 is shown in dashed white lines. Scale bar: 2 mm. Three

injections of retrograde tracers, widely separated in the A-P dimension and thus with greatly

differing isoelevations) were made into areas 17 and 18 of this animal. A single column of

labeling, arising from only the most posterior injection site and extending across all of the

geniculate layers, is present in B, but three separate clusters of labeling in different geniculate

layers, each from a different injection site (arrowheads) is found in A. A bright field

photomicrograph of a typical injection of WGA-HRP in the LGN is shown in D. The injection is

at a similar A-P level as the section shown in 1A. Scale bar: 500 JIm. The injection site

included all of the C layers, layer Al, and part of layer A. E shows a photomicrograph of the

ipsilateral retina from this animal, flat-mounted, stained for HRP, and Nissi stained with neutral

red. Lower elevations, corresponding to the part of the parvocellular C laminae injected, are

represented at the bottom of the photograph. The arrowheads mark four retrogradely labeled Y

ganglion cells, recognized by their large cell bodies and dendritic arborization. Above these

cells, many other Y ganglion cells are labeled; below these cells, only small ganglion cells are

labeled. Scale bar: 200 pm. F and G show the area of small cell labeling at higher

magnifications. Large ganglion cells stained with neutral red can be seen, arrowheads in F, but

these do not contain HRP reaction product. Scale bar in F: 100 pm. Scale bar in G: 25 pm.
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pattern of labeling changes such that only smaller retinal ganglion cells are labeled. Higher

magnification photomicrographs of the area in the lower part of Figure 3.2E (Figs. 2F and 2G)

show large, unlabeled ganglion cells intermixed with the smaller, retrogradely labeled cells.

Thus, the portion of the injection site which extended into lamina Al resulted in labeling of

many large (X and Y) retinal ganglion cells, and only at higher receptive field elevations. In

contrast, the part of the injection site extending into layer Cl resulted in the labeling of only the

smaller (W) ganglion cells, and only at lower elevations. In this experiment, a relatively large

amount of HRP was used, so that the visual field representations of the different LGN layers

injected were relatively large and overlapped somewhat. The injected visual field representation

of layer C (which receives input from the contralateral eye) was completely overlapped by the

visual field representations injected in surrounding layers Al and Cl. An unlabeled region of

ipsilateral retina sandwiched between lower elevations labeled from layer Cl and higher

elevations labeled from layer Al was thus not present.

Cytochrome Oxidase Staining

As the goal of this study was to compare patterns of geniculocortical labeling to the

pattern of CO staining, the laminar and columnar organization of the latter in area 17 and 18 will

first be described (Figs. 3-5). The laminar terminology employed in this study was that of

O’Leary (O’Leary, 1941), and as further expounded by Lund eta!. (Lund et al., 1979). Although

originally developed for area 17, this laminar scheme has also been used for area 18 (Friedlander

and Martin, 1989), and we have done the same. In this scheme, the layer 3/4 border is at the

level of the largest pyramidal cells in the upper layers- the so-called “border pyramids”. Layer 4

is divided into sublayers 4a and 4b. Layer 4a has many large stellate cells in addition to smaller

stellate cells and some pyramidal cells. Layer 4b is composed mostly of small stellates, and is

more tightly packed than 4a. Figure 3.3A shows the border between areas 17 and 18 in a Nissi
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Figure 3.3. Laminar pattern of CO staining in areas 17 and 18. The left and right panels of A

show CO staining in coronal sections through areas 17 and 18, respectively. These photographs

were matched to an adjacent section stained for Nissi substance with cresyl violet, in the middle

panel. This section includes the 17/18 border, area 17 to the left, area 18 to the right.

Arrowheads mark examples of large pyramidal cells at the layer 3/4 border, stained for Nissl or

CO. Scale bar: 200 JIm. These sections were taken from the area between the dashed lines in B,

which shows a low power drawing of the CO stained section (A-P -2). Layer 4 is shown as a

thick black line. Scale bar = 2 mm. A high power photomicrograph of layer 4 at the 17/18

border, area 17 to the left, area 18 to the right is shown in C. Arrowheads mark three examples

of large pyramidal cells at the layer 3/4 border Scale bar: 200 jim. The middle of these cells is

shown at higher power in D (large arrowhead). Below this cell, in layer 4a, is a large cell, with

dendrites (small arrowheads) radiating from the soma in the manner of a star-pyramid. Scale bar:

50 m.



1
j

cI
Q



Geniculocortical Projections 40

stained section, flanked by matched areas in an adjacent section stained for CO. The laminar

pattern of CO staining was generally in agreement with previous studies (Wong-Riley, 1979;

Kageyaina and Wong-Riley, 1986). In both areas 17 and 18, a dense band of CO staining was

coextensive with layer 4 as determined by cytoarchitecture. There was also moderately dense

CO staining in layer 3. The border between this moderate level of staining in layer 3 and the

dense band of layer 4 was usually quite sharp. In our material, the large pyramids at the layer 3/4

border often stained for CO. Below 4b is layer 5a, a thin layer of very small pyramids. This

layer does not stain for CO. Layer 5b contains both large and medium pyramidal cells, and is

very loosely packed. The largest pyramidal cells in area 17, the Meynert cells, are found at the

5a15b border, and these cells were densely stained for CO. Often, a thin band of neuropil

staining was coextensive with these large pyramids, giving layer 5 a trilaminar appearance, as the

rest of layer Sb did not stain for CO. Layer 6 is composed of small and medium sized pyramidal

cells, and can be differentiated from layer Sb by its more tightly packed cells. This layer stained

moderately for CO.

An identical pattern of CO staining was found jn area 18, in disagreement with a previous

report that the dense band of CO staining in layer 4 in this area extended part way into layer 3

(Price, 1984). This discrepancy is probably due to a different assignation of the layer 3/4 border,

rather than true differences in staining patterns. In particular, the large cells in layer 4a tend to be

larger in area 18 than in area 17, as can be seen clearly in Figure 3.3C. Larger cells, such as

these, have apparently been mistaken for Thorder pyramids” in area 18, resulting in deeper

placement of the layer 3/4 border. We also noted that some of the large cells in layer 4a of area

18 were clearly not standard pyramidal cells. One of the cells shown in Figure 3.3D has a thin

apical dendrite as well as other dendrites originating from various positions around the cell soma,

giving it the appearance of a star-pyramid, a cell characteristic of layer 4 in area 17.

In addition to the laminar variation of CO staining, there was also a marked columnar

organization, i.e., the CO “blobs”. Figure 3.4 shows low power views of the CO blobs in the
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Figure 3.4. CO blobs in coronal and tangential planes of section. A shows a low magnification

photograph of a CO stained section near-adjacent to the one shown in B. The 17/18 border is

marked by a large arrowhead. The small arrowheads mark examples of CO blobs, which appear

as increases of labeling density in layers 3 and 4a, in area 17 and 18. CO blobs are clearly visible

in the tangential section through layer 4a of area 17 shown in B. Scale bars in A, B: 1 mm. C

shows a high power photomicrograph of layer 4. A CO blob is at the left, an interbiob zone is at

the right. Within the blob, layer 4a is much more densely stained than layer 4b. In the interblob,

layer 4a is only slightly darker than layer 4b. The arrowheads mark two border pyramids

staining for CO. Scale bar: 100 1m. The border pyramids are also seen in tangential sections

through the layer 3/4 border (D). Truncated apical dendrites can be seen arising from some of

these cells (arrowheads). Scale bar: 50 J.tm.
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coronal and tangential planes. The center-to-center spacing of the blobs, uncorrected for

shrinkage (estimated to be around 20%), was about 0.75 mm. In the tangential plane, the blobs

were not arranged in orderly rows, as was found to be the case in some primates. Figure 3.4C

shows a high power photomicrograph through layer 4. A CO blob to the left of the figure is

marked by dense staining in layer 4a, with only moderate staining in 4b. To the right of the

figure, in an interbiob zone, there is little difference in the staining intensity of layers 4a and 4b.

Note that, in addition to neuropil staining, several stained cell bodies are visible. Two large

pyramidal cells at the layer 3/4 border are marked with arrow heads. These border pyramids

were clearly seen in tangentially cut sections through the layer 3/4 border stained for CO.

Several such cells can be seen in Figure 3.4D embedded in a meshwork of CO reactive

processes. These cells can be identified as pyramidal cells by their apical dendrites, which are

viewed face-on and thus appear fore-shortened. Basal dendrites can often be seen as well.

The photomicrographs of Figure 3.5 show nine alternate 50 p.m sections progressively

deeper into the same zone of cortex in area 17. The first three sections (Figs. 4A-C) are mostly

through layers 3. The CO blobs first appear, albeit faintly, in the middle part of this layer,

becoming more visible towards the bottom of layer 3, as seen in Figure 3.5B and 5C. In Figures

3.5B-C, CO stained cell bodies can be seen as small dark spots which are more numerous within

the CO blobs; these cells are the layer 3/4 border pyramids. Figures 3.5D-E contain mostly layer

4a, and it is in this layer where the blobs are most visible. Although Figures 3.5A-5B also show

layer 4a, these prints were intentionally overexposed to show the faint staining of blobs in layer

3. Consequently, layer 4a in these sections appears densely and evenly stained which was not, in

fact, the case. Figures 3.5F-5G contain mostly layer 4b. The blobs are not visible in this layer,

and the CO staining has a fine mesh-work pattern to it, which differentiates it from layer 4a.

This pattern may result from the tight packing of cells in this layer, which might constrain the

positions of reactive dendrites and axon terminals. The darkly stained Meynert cells are clearly

visible wherever the layer 5a15b border is in the plane of section. A large expanse of
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Figure 3.5. A series of 50 J.Lm thick tangential sections through area 17 stained for CO. Every

other section, starting from the middle of layer 3 (5A) and continuing to layer 6 (51) is shown.

Cortical layers are numbered; “wm”: white matter. Scale bar: 1 mm; applies to A-I.
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these cells is visible in Figure 3.51. Layer 6, which can first be seen in Figure 3.4F, was found to

be uniformly stained and the CO blobs were not visible in this layer.

Laminar Organization of Geniculocortical Projections

Figures 3.6-9 present the results of the laminar distribution of geniculocortical projections

from different layers of the LGN to cortical areas 17 and 18. As described in materials and

methods, injections were made in such a way that different LGN laminae were injected at

different isoelevation representations. As the pipette passed through representations of lower

azimuths in the C laminae than in the A laminae, labeling from the C laminae was found more

anteriorly in the visual cortex, and labeling from the A laminae was found more posteriorly. The

position of coronal sections with respect to both the well established visual field map of areas 17

and 18 (Tusa et al., 1978; Tusa et al., 1979), and the overall extent of labeling, was recorded.

With this information, it was possible to classify labeling in the cortex as arising from the A

laminae versus arising from the C laminae. Labeling from the A laminae of the LGN is shown in

Figure 3.6. Ocular dominance (OD) columns were often visible, as in Figure 3.6A, showing that

labeling arising from a single lamina could be isolated. As this section was just slightly posterior

to sections containing labeling from the C laminae, it is assumed that the labeling in Figure 3.6a

arose from lamina Al. With slightly larger injections, labeling from both layer A and layer Al

could be obtained at some locations in the cortex, and in these cases, labeling was continuous in

layers 4 and 6. Figure 3.6B and 6C show A laminae projections to areas 17 and 18, respectively.

In both areas, terminal labeling extended throughout layers 4a and 4b, but did not extend

appreciably into layer 3 or layer 5a. Adjacent sections stained for CO showed a band of heavy

staining of CO in layers 4 and 6 that perfectly matched the terminal labeling in these layers.

Layer 6 contained retrograde as well as anterograde labeling. In some experiments, many of the

large cells at the border of layers 5a and Sb were also labeled, possibly due to the spread of the
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injection into part of the lateral posterior/pulvinar nucleus (Mason, 1978; Lund et al., 1979).

Although their labeling in this material was fortuitous, these cells provided a useful guide to the

5a15b border in the dark-field photographs. The clear gap between these cells and the band of

labeling showed that layer 5a was not labeled from the A laminae of the geniculate.

In area 18, other studies have shown that Y axons in area 18 extend well into the lower

part of layer 3 (Humphery et al., 1985a; Humphery et al., 1985b). We found that, as in area 17,

geniculate terminals from the A layers were nearly completely confined to layers 4 and 6. Figure

3.6D shows a bright field photomicrograph of the layer 314 border in area 18, in a section

counterstained for Nissl substance with neutral red. Three large border pyramids are shown, and

it can be seen that these are above the zone of heavy geniculate terminations. Viewing the same

field with more sensitive dark field optics, very sparse terminal labeling could be seen extending

to a level just above the border pyramids. The same result was observed in area 17. As was the

case for the CO staining in area 18, the discrepancy between this study and previous ones

probably involves differences in the assignment of the layer 3/4 border.

Labeling from the C laminae of the LGN in areas 17 and 18 had a different laminar

pattern from labeling from the A laminae. Figure 3.7A shows a low power photomicrograph of

labeling from the C laminae in area 17. Note that the labeling is patchy, with a spacing (after

considering the slightly greater shrinkage that occurs during the TMB reaction) similar to that of

the CO blobs (Fig. 3.4). As the labeling from the C-laminae was always patchy, and the

injections used were certainly large enough to include laminae C, Cl, and C2, these patches were

not likely due to projections to one set of ocular dominance columns as might be expected from

injections into a single eye-specific layer. Figures 3.7B-D are higher power photomicrographs of

three examples of C laminae labeling in area 17. Labeling from the C laminae took the form of

patches spanning the border of layers 3 and 4. The labeling in layer 4, which was often much

more dense than the labeling in layer 3, extended to the bottom of layer 4b. This laminar pattern

was confirmed by comparison to adjacent sections stained for CO, and by the Nissi
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Figure 3.6. Labeling from the A laminae in areas 17 and 18. A shows a low magnification, dark

field photomicrograph of ipsilateral ocular dominance columns in area 17 resulting from WGA

HRP transport from lamina Al of the LGN Scale bar: 500 j.tm. B and C show higher

magnification photomicrographs of A laminae labeling in areas 17 and 18, respectively. Laminar

boundaries, using the criteria described in the text, are marked by dashed lines and laminae are

numbered. Scale bar: 200 lIm; applies to both B and C. D shows a bright field photomicrograph

of the layer 3/4 border in area 18. The arrowheads mark 3 border pyramids counterstained with

neutral red. Scale bar: 50 JIm.
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Figure 3.7. Labeling from the C-laminae in area 17. A shows a low magnification dark field
photomicrograph of layer C labeling in area 17. The white arrows mark columns of anterograde
labeling. The black arrowhead marks a labeled layerS pyramidal cell (see text). Scale bar: 500

!.tm. B-D show examples of C-laminae labeling at higher magnification. Laminar boundaries are
marked by dashed lines; see figure 3.6 for labeling scheme. Scale bar: 200 lIm; applies to B, C,
and D. E shows a bright field photomicrograph of a patch of labeling in layers 3 and 4 in a
section counterstained with neutral red. The larger arrow marks a border pyramid at the layer 314
border and the smaller arrow marks the deepest large stellate cell, which roughly indicates the
layer 4a14b border. Scale bar: 100 jim.



51

Figure 3.7

. _i II. •o..•• h. ‘



Geniculocortical Projections 52

counterstaining (Fig. 3.7E). The extent of labeling in layer 3 varied from section to section, but

in some cases extended to near the top of layer 3. A narrow band of labeling in layer 5a was also

present, and this was patchy as well, although not always as clearly., with the layer 5a patches in

register with those in layer 3/4. As well as the patchy labeling in other layers, there is a thin,

continuous band of labeling confined to the top half of layer 1, and continuous, mostly

retrograde, labeling in layer 6.

As in area 17, patches of terminals spanning layers 3 and 4 were also present in area 18

following C laminae injections (Fig. 3.8). However, in area 18 the dense labeling in layer 4

extended throughout the entire depth of the layer and was not confined to layer 4a. Moreover,

while the terminal patches in layer 3 were as pronounced as those in area 17, .the labeling in layer

4 tended to be less patchy than in area 17. When patches of increased labeling density were

present in layer 4, however, they were always in register with patches in layer 3. The labeling in

layer 5a in area 18 was also patchy, as in area 17, even when the labeling in the intervening layer

4 was nearly continuous, and these patches were also always in register. with the patches in layer

3 (Fig. 3.8B).

The C-laminae are composed of a magnocellular layer C, which contains many Y-cells,

and parvocellular layers Cl and C2 which contain mostly W-cells. The labeling in Figures 3.7

and 3.8 likely originated from both magnocellular and parvocellular subdivisions of the C

laminae. At the edge of the labeling pattern, at the most negative visual field elevation labeled in

the cortex, a slightly different pattern was found. This is illustrated in Figure 3.9A for area 17.

Here, only one component of the patches spanning the layer 3/4 border is present- the sparse

labeling in layer 3. Because this pattern was found at the lowest iso-elevation representation

labeled, it suggests that the labeling originated from the bottom of the C-laminae, where the

lowest iso-elevation representations were injected. Thus, the small W cells of layers Cl and C2

appeared to project to patches in layer 3, while the large Y cells in the top part of the C layers

projected to patches in layer 4a precisely in register with the projection to layer 3.
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Figure 3.8. Labeling from the C-larninae in area 18. A and B show low magnification dark field

photomicrographs of C-laminae labeling in area 18. The white arrows mark patches of labeling

in layer 3. In A there are dense patches of labeling in layers 4a and 4b aligned with those in layer

3; in B, layer 4 is nearly continuously labeled. Scale bar: 500 jim; applies to both A and B. C

• shows the labeling pattern at higher magnification. Laminar boundaries are marked by dashed

lines. Scale bar: 200 jim. V
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Figure 3.9 Labeling from the parvocellular C laminae (A) and from the MIN (B) in area 17.

Laminar boundaries are marked by dashed lines. Scale bar: 500 jim; applies to both A and B. C

and D show high magnification photomicrographs of layer 4 of the same section in dark field to

show labeled terminals, and in bright field to show cytoarchitecture. The upper arrowhead marks

a layer 3/4 border pyramid, the middle arrowhead marks the deepest large stellate cell in layer 4

in this section, approximately marking the layer 4a/4b border, and the bottom arrowhead marks a

pyramidal cell in layer 5. Scale bar: 100 jim; applies to both C and I).



r
V

—
-

q
•

•
1

,
1.

•
•
1

.
:

.
‘
•
‘

•
:
.

.%
1
n
1
)

,
.

‘
•
.

;
b
,

_
‘

I
I

•
•
i

C
’.

’•
‘

‘
.l

s
I
I

•h
e
”

•
,

a
I
i

•
•

•
S

•
I

—
—

i
*

a
b

‘
•
.

•
b

:
‘

:
•

•
b

(

%
I
I
.

•
•

:.
•

*
•

£

a
•

I
e

:
I

•
I

•
‘

%
•

•
.
s

-

S
t
t

b
’
.
•

.
•
•
•

I
‘
p
.

•
‘I

-
‘p

•
I

-•
p

•
•

•
‘

‘p
•

‘S
-

•
•

•
‘
•

a
’p

•
a
•

I



Geniculocortical Projections 57

In some sections from one of our experiments, a different pattern of geniculate terminal

labeling was found, in addition to the pattern described above. In this case, labeling in layer 4

was confined to sublayer 4a (Fig. 3.9B-D). In this experiment, the injection site involved the

medial interlaminar nucleus (MIN) where it curves laterally underneath the LGN (see Figure 3.2

d). This pattern was found at the most negative visual field elevations labeled in this experiment,

which would be consistent with the retinotopy of this part of the MIN where it appears

underneath the LGN (Sanderson, 1971a).

Tangential Organization of Geniculocortical Projections

The relationship between the patches of geniculate labeling from the C-laminae and the CO blobs

was examined in sections cut tangential to the cortical surface. Figures 3.10, 11, and 12 show

labeling from the C-layers of the LGN in tangential sections. In each case, sections reacted for

HRP to visualize thalamic afferents were aligned with sections reacted for CO to visualize the

blobs, using the pattern of radially penetrating blood vessels. Figure 3. 1OA shows an example of

labeling from the C layers of the LGN in layer 3 of area 17. The labeling is arranged in patches

with a center-to-center spacing of slightly less than 1 mm. Often, the patches align to form rows,

with bridges of labeling connecting patches in a row. A similar pattern of patches, or blobs, with

connecting bridges is seen in the section stained for CO in Figure 3.1OB. To facilitate

comparison between the two patterns, each patch of anterograde labeling in Figure 3. 1OA has

been marked with an asterisk, and these asterisks have been transferred to the CO stained section

using the blood vessels as landmarks. Except for the top right part of Figure 3.1OB, where the

plane of section passes out of layer 4 into layer 5, there is good correspondence between the

patches of anterograde labeling and the CO blobs.
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Figure 3.11 shows, from a different experiment, another example of the relationship

between labeling from the C layers of the LGN and CO blobs in area 17. In this case, the

sections shown are not from layer 3, but from layer 4a. Note that the patches of anterograde

labeling are more dense and have a slightly larger diameter than those in layer 3, but that they

have a similar spacing. (The greater density of labeling in layer 4a versus layer 3 was also noted

in the coronal sections, and is thought to reflect Y versus W inputs, respectively.) Likewise, the

CO blobs in layer 4a are more robust than, but have a similar spacing to, those than in layer 3.

As in layer 3, there is good correspondence between the patches of anterograde labeling and the

CO blobs in layer 4.

Figure 3.12 shows that the relationship between patches of labeling from the C layers of

the LGN and CO blobs is also present in area 18. The section in 12A is from layer 3, and the

section in 12B grazes the layer 3/4 border. In area 18, the spacing of both the patches of

anterograde labeling and the CO blobs was slightly larger than in area 17. The patches of

anterograde labeling, and especially the CO blobs, were not as well defined as those in area 17.

However, the correspondence between the anterograde labeling and the CO staining was still

reasonably good.

Discussion

The pattern of geniculocortical terminations in the cat’s visual cortex was examined. It

was desirable for this study to examine geniculocortical projections arising fràm particular

classes of geniculate cells, in isolation from labeling of other cell classes. In the cat LGN, X, Y,

and W cells are only partially segregated into different lamina. The two largest geniculate layers,

layers A and Al, contain a mixture of X and Y cells. The C layers, ventral to the A layers, can

be subdivided into an upper, magnocellular division (layer C) containing both Y and W cells, and

a lower, parvocellular division (layers Cl and C2) containing mostly W cells. Knowing the
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Figure 3.10 Comparison of cytochrome oxidase blobs and C-laminae labeling in layer 3 of area

17. A shows a tangential section through the lower part of layer 3 in area 17 containing

peroxidase labeling arising from the lateral geniculate C-laminae. In this dark field

photomicrograph, patches of anterograde labeling are numbered. B shows an adjacent section

reacted for cytochrome oxidase, over which the numbers of A were superimposed, showing the

alignment between the two patterns Scale bar: 1 mm; applies to both A and B.
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Figure 3.11 Comparison of cytochrome oxidase blobs and C-laminae labeling in layer 4a of area

17. A shows a tangential section through the layer 4a in area 17 reacted for peroxidase. B shows

an adjacent section reacted for cytochrome oxidase. As in Figure 3.10, asterisks have been used

to mark patches of anterograde labeling and then superimposed on the cytocbrome oxidase

pattern using blood vessels for alignment. Scale bar: 1 mm; applies to both A and B.
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Figure 3.12 Comparison of cytochrome oxidase blobs and C-laminae labeling in area 18. A

shows a tangential section through the lower part of layer 3 reacted for peroxidase. B shows a

slightly deeper section reacted for cytocbrome oxidase. Other conventions as in Figure 3.10.

Scale bar: 1 mm; applies to both A and B.
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laminar distribution within the LGN of the various cell types, it is possible to analyze our results

from bulk injections of tracers into particular lamina in terms of X, Y, and W projections.

Laminar Pattern of Geniculocortical Terminations

The input from the A laminae, containing X and Y cells, was nearly completely confined

to layers 4 and 6 in areas 17 and 18. Other studies have suggested that Y cell projections might

extend several hundred microns into layer 3, especially in area 18 (Humphery et al., 1985b).

These discrepancies are probably due to the use of different laminar schemes and to the

inconsistent usage of the same scheme between different studies. For instance, the small

pyramidal cells of O’Leary’s (1941) layer 5a have been considered both equivalent to (Garey,

1971), and excluded from (LeVay and Gilbert, 1976), layer 4c of Otsuka and Hassler’s (1962)

lamination scheme, according to different authors.

Regarding the Y cell projections in layer 3 of area 18 reported by Humphery et aL (1985),

their layer 3/ 4 border appears to correspond to O’Leary’s 4a/4b border, as the cells marked

“border pyramids” in their Figure 7 are smaller than some pyramidal cells in the figure that are

several hundred microns more superficial in the cortex. This scheme of area 18 lamination

appears to be related to the fact that the cells in layer 4a of area 18 are larger than their

counterparts in area 17, and were thus considered a sublayer of layer 3 (layer 3b) by Otsuka and

Hassler (Otsuka and Hassler, 1962). Size aside, however, the cell types of this layer, including

the star pyramids, are similar in areas 17 and 18, as noted in Golgi studies by Lorente de No

(Lorente de No, 1943). As previously mentioned, use of this scheme also appears to account for

the claim that the band of dense CO staining spans the layer 3/4 border in area 18 (Price, 1984).

Regardless of whether it should be termed layer 4a or layer 3b in area 18, this sublayer is marked

by similar cytology, geniculate A laminae inputs, and dense CO staining in both area 17 and area

18.
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The input from the C layers was segregated into an upper and a lower tier in the visual

cortex, straddling the A laminae input in layer 4. Our findings concerning the lower tier of

labeling contrast slightly with those of LeVay and Gilbert (LeVay and Gilbert, 1976), who

concluded that this tier straddles the layer 4/5 border. This may have been due, in part, to the

scheme of cortical lamination used (see above). Also, it can be difficult to determine this border

in Nissi stained sections, although it was very clearly marked in the alternate sections stained for

CO in this study. The lower tier of C laminae labeling appears to specifically target the small

pyramidal cells of layer 5a. It would be interesting to examine closely the response properties of

cells in layer 5a for physiological evidence of this W-cell projection.

We were also able to show that the upper tier of labeling, straddling the layer 3/4 border,

is actually composed of two components, since labeling from the parvocellular C layers (Cl and

C2) projected to layer 3 (and also layers 5a and 1), but not to layer 4. Therefore, the labeling in

layer 4 appears to arise from the Y-cells in the magnocellular layer C, and the labeling in layer 3

from the W-cells in layers Cl and C2. If future experiments confirm this finding, then W cell

input would be completely segregated from cortical cell layers receiving X-and Y-celI input.

Geniculate Inputs and Cytochrome Oxidase Staining

The laminar pattern of geniculate terminations in visual cortex is thought to be related to

that shown by histochemical staining for the metabolic enzyme cytochrome oxidase (CO). It has

been repeatedly shown that termination sites of thalamic inputs often have high levels of CO

staining, and that levels of CO staining are correlated with levels of neuronal activity (Wong

Riley, 1979; Wong-Riley and Riley, 1983; Wong-Riley et al., 1989). It is thought that the high

activity level of geniculate terminals, in turn, creates higher activity levels in cortical cells

monosynaptically activated from the LGN. The higher activity levels in geniculate recipient

layers means these layers will have increased metabolic demand and, therefore, higher CO levels
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relative to cortical layers not receiving direct input from the LGN (Kageyama and Wing-Riley,

1986). Also, W, X, and Y geniculate cells have different levels of CO staining, which appear to

correlate well with reported differences in rates of maintained and visually evoked activity

among these different populations.

At the level of the cortex, layer 4a, the main termination site of Y input in area 17, stains

more densely for CO than layer 4b, which is thought to receive only X input. It has been

suggested that different levels of activity and, hence, CO staining might be present in populations

of cortical cells postsynaptic to different classes of geniculate inputs (Kageyama and Wong

Riley, 1985). Thus, density of CO staining in a cortical layer may be a marker for the number

and type of geniculate afferents received. The close correspondences between the dense band of

CO staining in layer 4 and the terminations of the more active X- and Y-cells from the LGN and

between the lesser CO staining in layers 3 and 5a and the terminations of the less active W-cells

are consistent with this. Our data appear to extend this relationship between CO staining and

geniculate inputs to comparisons of different cortical columns, as well as layers. In particular,

the CO blobs were shown to be specifically targeted by the projections from the C layers of the

LGN The differences in CO staining between blobs and interbiobs could be seen in layer 3,

where W-cell terminations are made, and also in layer 4a, where the Y-cells from magnocellular

layer C terminated.

It is suggested that, in each layer, the difference in CO staining between blob and

interblob is due to the presence of a geniculate input in the blobs that is not present in the

interblobs. In layer 3, this is readily apparent, as there is no geniculate input to layer 3 in the

interblobs. In layer 5a, there is a patchy geniculate input aligned with the blobs in the

supragranular layers, but no CO staining. It is possible that the W-cell input to layer 5a arises

from a different class of W-cells in the C-layers, which have lower levels of activity than those

that project to the blobs in layer 3. It is known that W-cells in the parvocellular C laminae are
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physiologically heterogeneous and that several morphologically identified subclasses (gamma,

epsilon, gi, g2) of retinal “W-cells” project there (Leventhal, 1982).

In layer 4, although there is obviously geniculate input to and dense CO staining in both

blobs and interbiobs, this study showed that the Y-cells from the C layers terminate only in the

blobs. As Y-cells in the LGN have greater spontaneous and evoked activity than X-cells, and

also stain more darkly for CO than X-cells, it is suggested that Y-cell input is responsible for the

more dense CO staining in layer 4a blobs versus interbiobs. The less dense CO staining in the

remainder of layer 4 would then be due to X-cell terminations. At present, it is not known if Y

cells in the A layers of the LGN also selectively target the CO blobs, as is the case for those from

the C layers. This question was not possible to address with the bulk injections used in this

study, as the A layers contain a mixed population of X-cells and Y-cells so it was not possible to

selectively label either population alone. Experiments combining intracellular staining of

identified Y-cells from the A laminae with CO histochemistry are needed to answer this

question.

Although there is currently no data on the relationship of Y-cell projections from the

geniculate A layers to the CO blobs, it is interesting to note that in many other respects A-layer

projections show few differences from the Y-cells in the C layers of the LGN. Since single

retinal Y-cell axons often send collaterals to lamina A, lamina C, and the MIN (Bowling and

Michael, 1980; Sur et al., 1987) , it is not surprising that Y-cells in all of these regions have

similar physiological response properties (Dreher and Sefton, 1979) . Also, the morphology of

the geniculocortical arborizations of Y-cells from the various parts of the LGN appears similar

(Humphery et al., 1985a; Humphery et al., 1985b). Intracellular injection of HRP has shown that

geniculocortical arbors of Y-cells from the A layers, layer C, and the MIN (but not X-cells)

possess a patchy distribution of terminals (Humphery et al., 1985a; Humphery et al., 1985b).

While thought to be due to the spacing of ocular dominance columns, this patchiness might also

be due to the spacing between CO blobs. One difference in connectivity of A and C layer Y
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cells is that a small percentage of presumed Y-cells (based on soma size) in layer C and the MIN

project to extrastriate visual areas whereas essentially no cells in the A layers do (Tong et a!.,

1982). (Some A layer cells do project to extrastriate areas in the kitten, but these appear to be

lost during development (Bruce and Stein, 1988; Tong, 1991)). Thus, there is little reason to

suspect that Y-cells in layers A and C should have different projection patterns in visual cortex.

Concentration of Y-cell input in the blobs is also suggested by our recent results showing that

clusters of cells projecting from area 17 to the posterior medial lateral suprasylvian area (Shipp

and Grant, 1991) are concentrated in the CO blobs (chapter 4), and this area is thought to be

dominated by Y-cell input (Berson, 1985; Rauschecker et al., 1987).

Because there is no segregated population of X-cells in the LGN, we were not able to

examine X-cell terminations in isolation in this study. However, comparing the results of the C

laminae and A-laminae labeling (and assuming that the Y-cell terminations from layer C are

representative of all geniculate Y-cell terminations), it appears that X-cell terminations must

include both 4a and 4b in the interblobs and at least 4b underneath the blobs. It is not possible to

tell, from the results of this study, whether intermingling of X-cell terminals and Y-cell

terminations occurs in the layer 4a blobs, or whether X-cell terminations avoid the blobs

altogether. A marker for X-cell terminals has recently been tentatively proposed, however (Dyck

and Cynader, 1993a). Receptor autoradiography has shown that mesulergine (a selective ligand

for the serotonin ic receptor) binding in the visual cortex disappears after lesions of the LGN.

This suggests that these receptors, like nicotinic acetylcholine receptors (Prusky et a!., 1987), are

located on LGN terminals. Unlike the nicotine receptors, which were present throughout the

thickness of layer 4 in both areas 17 and 18, the serotonin ic receptors were restricted to area 17,

mirroring the distribution of X-cell terminations. Moreover, binding was different in the two

sublayers of layer 4, forming a continuous band in layer 4b, with evenly spaced columns

extending into layer 4a. Comparison with CO staining showed that these columns precisely

interdigitated with the CO blobs (Dyck and Cynader, 1993b). If serotonin lc receptors truly
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mark X-cell terminals, it would suggest that X-, Y-, and W-cell terminations are largely

segregated within the cat’s visual cortex. A schematic diagram illustrating the laminar and

columnar terminations of LGN X, Y, and W cells demonstrated in this study is shown in Figure

3.13.

Relationship of C-laminae patches to Ocular Dominance

Columns

LeVay and Gilbert (1976) were the first to note that the projection from the C-laminae to

area 17 was patchy. They suggested that this patchiness was due to the fact that even though the

C-laminae receive inputs from both eyes, the input to the C-laminae from the contralateral eye

was greater than the input from the ipsilateral eye. It was thus suggested that the patches of C

laminae labeling represented the ocular dominance columns of the contralateral eye. In a similar

vein, this chapter has argued that the input from the C-laminae to layer 4a is from Y-ceils, and

these Y-cells are thought to be confined to laniina C, which receives input from the contralateral

eye only. However, evidence from CO staining suggests that the C-laminae patches are not

aligned with contralateral OD columns. It was shown in the current study that the patches of

labeling from the C-laminae align with the CO blobs, and the relationship of CO blobs and OD

columns in the cat has been examined, albeit with slightly conflicting results (Murphy et al.,

1991; Dyck and Cynader, 1993b). One study (Dyck and Cynader, 1993b) concluded that the

OD and CO blob systems were independent, with CO blobs found roughly equally over both the

centers and edges of OD columns, while the other study (Murphy et al., 1991) found that CO

blobs tended to be associated with the centers of OD columns. Both of these studies, however,

agreed that CO blobs in the cat were over both contralateral and ipsilateral eye dominance

columns. Thus, it is not likely that the patchiness of the C-laminae projections was due to OD

columns.
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Figure 3.13 Diagram of the X, Y, and W pathways of the cat’s visual system. The diagram

shows the three different cell classes in the retina (bottom), and the lateral geniculate (middle).

The top part of the diagram shows the termination in area 17 of W-, X-, and Y-geniculocortical

fibers, shown by three different densities of shading, W being lightest and Y being darkest. It is

assumed that the Y-cell terminations from layer C described in this study are representative of all

geniculate Y-cell terminations. The crosshatched pattern in layer 6 and layer 4a shows mixing of

X-cell and Y-cell inputs. The X-cell input to layer 4a of the cytochrome oxidase blobs is marked

with question marks because it was not possible to tell from this study whether X-cell

terminations are found in or avoid the 4a blobs.
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If CO blobs are associated with both ipsilateral and contralateral OD columns, however,

how can every CO blob, some of which must be over ipsilateral OD columns, have a Y-cell

projection to layer 4a that apparently comes from the magnocellular lamina C, a contralateral

eye-dominated layer? There are several possible explanations. First, cat OD columns are not as

well defined as in macaque monkeys, for instance, and it has been argued that inputs from the

contralateral eye are more confluent than those from the ipsilateral eye, which are more

obviously patchy (Shatz et al., 1977). However, at least one recent study has shown that the

segregation of inputs from the two eyes in the cat’s visual cortex is better than previously

expected (Hata and Stryker, 1994). Therefore, overlap of contralateral and ipsilateral inputs

probably does not account for the Y-cell input into CO blobs over ipsilateral OD columns. Is it

possible that an ipsilateral Y-cell-containing counterpart to the contralateral Y-cell-containing

layer C exists? It has been noted that a few ipsilateral retinal Y-cell axons terminating in lamina

Al also send a collateral to the C-laminae (Bowling and Michael, 1984). Another, more likely

source of ipsilateral Y-cell input to visual cortex is the large cells that are found in the

intralaminar space between layers Al and C. Often, the density of cells in this space is nearly as

great as the density of cells in lamina C itself, making the border between lamina Al and C much

less clear than the border between lamina A and Al. The large size of cells in the intralaminar

space is suggestive of Y-cells, and the position of these cells next to lamina Al suggests that they

could possibly receive ipsilateral inputs. Unpublished observations from this laboratory show

that abundant retinal projections are made to the intralaminar space between Al and C, but not

between A and Al.

Geniculocortical Projections in Area 18

We also studied geniculocortical terminations in area 18. Previous studies have shown that X

cell input is lacking in area 18 (Tretter et al., 1975; Dreher et a!., 1980; Harvey, 1980; Humphery
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et al., 1985b). The W-cell input in area 18 appears to have the same laminar termination pattern

and relationship with the CO blobs as seen in area 17. The Y-cell input, however, has a different

laminar pattern of termination in area 18 than in area 17. In agreement with the study of LeVay

and Gilbert (1976), we found that labeling in layer 4 from the C laminae, instead of being

confmed to layer 4a as in area 17, extended throughout layer 4. However, labeling in layer 4 was

often slightly patchy, being densest in the CO blobs, although the gaps between the patches were

never as free of labeling as was the case in area 17. Sometimes the patchiness in layer 4

disappeared, showing complete filling-in with terminal labeling, although the W-cell

terminations in layers 3 and 5a were still patchy. However, a similar pattern of layer 4 showing

complete filling-in with patches of labeling in layer 3 and 5a was sometimes seen in area 17

following very large injections which spread to involve all layers of the geniculate at particular

isoelevation representations; a similar explanation for the lack of patchiness in area 18 in some

sections cannot be ruled out. Therefore, it is likely that projections from the C laminae are

somewhat patchy in layer 4 of area 18. Projections from the A layers, however, appeared to be

continuous in layer 4 of area 17, raising the possibility that projections from the C layers of the

geniculate to area 18 are organized differently than projections from the A layers. However,

both the A layer and the layer C projection to area 18 is thought to arise from Y-cells and, as

discussed above, Y cells in the various parts of the LGN have not been shown to differ

significantly.

Another explanation of these results is that Y-cell input from the different parts of the

LGN to area 18 is similarly organized, but that input is not homogeneously distributed, being

stronger to the blobs in layer 4a than to other parts of layer 4. Reconstructions of individual

intracellularly filled Y-cell axons, from both A and C layers in area 18, have shown that,

although these axons have projections to both layers 4a and 4b, the projection to layer 4a is

invariably stronger than that to layer 4b (Freund et al., 1985). The patchiness of Y-cell axons,

which we have suggested might be partly due to their selective termination in blobs, appears to
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be less distinct in area 18 than in area 17, with many more boutons distributed to the spaces

between the patches (Humphery et a!., 1985a; Humphery et a!., l985b). The single axon data are

thus consistent with the hypothesis that the driving geniculate input that is responsible for the

CO blobs of layer 4a of area 18 is the same, albeit more profuse, Y-cell input that is found in the

other parts of layer 4. Presumably, when labeling of layer 4 in our experiments was relatively

weak, the patchiness was visible; however, when the labeling was more robust, whether from A

layers or C layers, the patchiness was no longer visible due to the high contrast in the WGA-HRP

reaction procedure. It would then be expected that a more quantitative labeling procedure would

show a difference in numbers of Y-cell geniculate terminations between blobs and interbiobs in

area 18. The increased CO activity in the layer 4a blobs of area 18 would thus be caused, not by

the presence of a special class of inputs with higher activity than those that terminate elsewhere

in layer 4, but by a higher concentration of the same inputs that terminate elsewhere in fewer

numbers.



7(0

4 CORTICAL AFFERENTS TO A LATERAL

SUPRASYLVIAN AREA

The medial bank of the suprasylvian sulcus of the cat contains a visually responsive area

which has the distinction of being one of the first areas outside of the striate cortex in any animal

to be found to be visually responsive. This area was first mapped in detail by Tusa and

colleagues (Palmer et al., 1978), who subdivided the area into several smaller areas. One of

these areas, the posterior medial lateral suprasylvian area (PMLS) receives input from the striate

cortex. The area defined by the presence of area 17 inputs does not exactly match the area

defined as PMLS by Tusa et aL, suggesting that their maps of the area need to be revised (Sherk,

1986). On these grounds it has been suggested that the terminology of Tusa et aL be dropped,

replacing the term PMLS with the more generic lateral suprasylvian area (Sherk, 1986); the term,

however, is maintained here (with full awareness that extent of the area differs from that

originally proposed by Tusa et al.) because it is topographically descriptive, is compatible with

the presence of other visual areas in the suprasylvian sulcus and, at any rate, has become

entrenched in the literature.

An earlier study showed that many of the corticocortical connections of PMLS are patchy

(Symonds and Rosenquist, 1984a). Perhaps more interestingly, two recent studies using

relatively large injections have suggested that cells in area 17 projecting to PMLS have a truly

discontinuous, hard patterned organization (Shipp and Grant, 1991; Ferrer et al., 1992). Because

PMLS has a high percentage of neurons selective for direction of stimulus motion (Hubel and

Wiesel, 1969b; Spear and Baumann, 1975; Camarda and Rizzolatti, 1976; von GrUnau et al.,

1987; Gizzi et al., 1990; Yin and Greenwood, 1992), the patchy pattern of connections with area

17 was argued to provide evidence for segregation of a motion pathway in area 17 (Shipp and
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Grant, 1991). However, it was not completely clear that these studies used large enough

injections to demonstrate a truly discontinuous distribution of PMLS-projecting cells.

The purpose of this study was to confirm these results by using large series of injections

extensive enough to cover most of the lower visual field representation of PMLS. The second

aim of the study was to compare the hard patterned labeling pattern of PMLS-projecting cells in

area 17 to the blobs shown by CO staining. It was hypothesized that some regular relationship

might exist between these two patterns. Very large injections of retrograde tracers were made in

PMLS. Tangential sections through flattened visual cortex were used to better appreciate the

variation in labeling density and in CO staining. The existence of a discontinuous organization

of PMLS-projecting cells in area 17 was confirmed. In addition, this finding was extended to

area 18. In both of these areas, the patches of PMLS-projecting cells were found to correspond

to cytochrome oxidase blobs. These results show that a tangential organization marked by

differences in CO staining and corticocortical connections is not restricted to visual areas of

primates, but is also found in certain visual areas of the cat. Some of these results have been

previously presented in abstract form (Boyd and Matsubara, 1992).

Methods and Materials:

Data presented were obtained from eight experiments involving large injections of tracers

into the PMLS of adult cats of both sexes. Five animals received injections of WGA-HRP.

Three animals received injections of cholera toxin subunit B, either unconjugated (CTB) or

conjugated to 7nm colloidal gold particles (CTB-Au).

The brain was exposed from stereotaxic coordinates AP -3 to +6 and ML 7-15 mm.

Injections were made into the medial bank of the suprasylvian sulcus, beginning just anterior to

the genu where it becomes the posterior suprasylvian sulcus, and continuing for 5 or more mm.

Several laboratories have physiologically mapped this area, and it is known to contain the lower
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visual field representation of PMLSILS (Palmer et aL, 1978; Grant and Shipp, 1991; Sherk and

Mulligan, 1993). Pipettes with long, narrow tapers were tilted medially at 300 to 45° (depending

on AP level) from vertical in order to follow the slope of the sulcus. Ten to fifteen 500-750 .tm

spaced penetrations were made through the 4-5 mm depth of the sulcus, injecting tracer at 1 mm

intervals along each penetration. About 10-12 ml of tracer was injected in total in each

experiment. Survival times varied from 1-4 days.

Results

Tangential organization of PMLS-projecting neurons

In order to demonstrate that the distribution of PMLS projecting neurons was truly

discontinuous, it was necessary to make the injection sites very large. It was also important that

the injection site be of uniform density. Figure 4.1A is a low power photomicrograph of part of a

tangential section illustrating one of the injection sites used in this study. The more than 15

small injections made side by side have fused into one continuous injection site, with no gaps or

fluctuations in density between injections. Fluctuations of labeling density, then, were not likely

due to differences in the uptake of tracer from different parts of the injection site. This is more

easily appreciated in Figure 4.1B, which shows the same injection site at a slightly higher power.

Here, many of the individual pipette tracks are visible. In addition to the even density of staining

between pipette tracks, note that many of the pipette tracks can be followed for 2-3 mm before

they pass out of the plane of section. Thus, the pipettes were angled correctly down the medial

bank of the suprasylvian sulcus. The exact angle of the injection pipette was crucial, since the

area of interest was located down the bank of the suprasylvian sulcus, and since an incorrect

angle would lead to injection of tracer into the white matter. An injection site, similar to those

used in the present study, but cut in the coronal plane, is shown in Figure 4.1 C. The dense center
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Figure 4.1. Examples of injection sites in PMLS typical of those used in this study. A. The

dashed white line outlines the WGA-HRP injection site in this tangential section. Anterior is

towards the top of the figure, and medial is towards the left. The boundary of areas 17 and 18,

determined from an adjacent section stained for CO, is outlined by the dashed black line. The

small right-pointing arrowheads show patchy labeling medial to area 17 in the splenial visual

area. The small left-pointing arrowheads show patches of labeling in area 19. The large left-

pointing arrowhead shows labeling in the posterior suprasylvian sulcus. Scale bar: 5mm. B.

Same injection site shown in Figure 2A, at higher magnification. The white arrowheads show

the close spacing of individual pipette tracks. Scale bar: 2mm. C. WGA-HRP njection site

similar to the ones used in this study, but cut in the coronal plane. This figure shows the minimal

involvement of the white matter in these injections, and the depth of the injections within the

sulcus. Scale bar: 1mm.
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of the injection site is confined to the cortical gray matter. There is a slight spread of tracer into

the underlying white matter. This was probably typical for the injection sites used in this study.

As only damaged fibers in the white matter are thought to transport HRP effectively

(Ferster and LeVay, 1978), the slight spread of tracer into the white matter was assumed not to

have affected the results. This assumption is also supported by the fact that similar patterns of

labeling were obtained from injections confined to gray matter using CTB-Au, a tracer which is

not readily diffusable due to gold conjugation (LLewellyn-Smith et a!., 1990). Additionally,

patterns of thalamic connectivity arising from these injections were always in agreement with

results from other studies of the PMLS (Grant and Shipp, 1991; Tong, 1991); as surrounding

areas of cortex have different patterns of thalamic connectivity (Raczkowski and Rosenquist,

1983; Rosenquist, 1985), this again suggests that the injection sites were confined to the cortical

gray matter of the PMLS.

The injections sites used in this study were purposefully larger than those used in

previous studies (Shipp and Grant, 1991; Ferrer et al., 1992), attempting to show a hard patterned

distribution of PMLS-projecting cells in area 17. The extent of labeling in area 17 from the

injections in earlier studies only covered an extent of about 5mm and thus only 5-6 cycles of the

pattern (Figure 5 of Shipp and Grant (1991), e.g.) and may not have been very much larger than

the convergence of multiple patches of area 17 onto a single injection site. Would PMLS

projecting cells still be hard patterned with injections large enough to give labeling over a much

larger extent of area 17? Figure 4.2 is a reverse-contrast “histograph”, made by placing the

section directly into the enlarger, showing cells in a tangential section of area 17 retrogradely

labeled from a very large series of injections in PMLS. Retrogradely labeled cells formed an

irregular lattice of dense clusters of labeling separated by spaces of less dense labeling. The

spacing of these clusters ranged from 0.5 to 0.9 mm. Note that the patchy labeling shown in this

figure has an extent of well over 10 mm. Thus, convergence from spatially separated columns in
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Figure 4.2. A tangential section through area 17 showing cells retrogradely labeled from a large

WGA-HRP injection in PMLS. This ‘histograph” was produced by placing the slide-mounted

tissue directly into the photographic enlarger, so labeled cells appear bright on a dark

background. The retrogradely labeled cells do not have a uniform distribution, but are clustered

at intervals of slightly less than 1mm. Scale bar: 1mm
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area 17 onto a single injection site in PMLS was effectively ruled out as a source of the

patchiness, and a hard patterned projection from area 17 to PMLS was confirmed.

Figure 4.3A shows a reconstruction of labeling in areas 17 and 18 following a large injection in

PMLS. In this experiment, only four tangential sections were used to show CO staining and the

remainder were reacted for HRP to show PMLS-projecting cells. Labeling from all of the HRP

reacted sections is collapsed onto a single plane, wherein each dot represents a single

retrogradely labeled cell body. In order to identify the position of the 17/18 border, which is

difficult to determine in tangential sections, a small injection of CTB was made in area 17 near

the 17/18 border, just anterior to the area shown in Figure 4.3. The patches of corticocortical

labeling in area 18 (which could be distinguished from local, intrinsic labeling in area 17 by their

larger spacing and different laminar distribution) arising from the injection of CTB in area 17

provided a guide to the placement of the 17/18 border in Figure 4.3A. The dashed line indicating

the border was placed parallel to the lateral border of area 18 (visible in the CO stained sections)

and midway between the lateral-most of the local patches in area 17, and the medial-most of the

corticocortical patches in area 18. Although these groups of patches were only a few mm apart,

they could be differentiated by the larger sizes of the patches in area 18. The patchy pattern of

PMLS-projecting cells in both area 17 and area 18 is evident.

Figure 4.3B shows the same data expressed as the density of labeled cells under a 100 j.Lm

grid. The largest number of PMLS-projecting cells under a single 100 .Lm2 grid box was 36,

corresponding to 3600 PMLS-projecting cells/mm2.The average density of labeled cells within

the dashed rectangle was 928 cells/mm2. As can be seen from the transects shown in Figure

4.3D-E, the density of labeled cells appeared to be slightly greater in area 18 than in area 17,

although an average density was not calculated for area 18 as the smaller area labeled made it

more difficult to get a sample that was not biased towards either the patches of labeled cells or

the spaces in between them.
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The fluctuations in density of PMLS-projecting cells were especially apparent when the

reconstructions of labeling patterns were blurred with spatial averaging or a Gaussian filter, as

shown in Figure 4.3C. Patches of relatively greater density can clearly be seen in both area 17

and area. 18. It is apparent that the patches are, on average, slightly larger and more widely

spaced in area 18 than in area 17. In area 18, the largest spacing observed between patches was

slightly larger than 1mm, while in area 17, the largest spacing observed was slightly less than

1mm. The differences in labeling in areas 17 and 18 are also shown in Figures 4.3D and 4.3E.

These profile plots of transects through area 17 and 18 taken along the marked lines in Figure

4.3B show the differences in periodicity and labeling density between these two areas.

Correspondence of PMLS-Projecting Cells and CO Staining

Direct comparison of CO blobs to patches of PMLS-projecting cells was obtained by

reacting alternate sections for HRP and CO. Figure 4.4 is a low power photomicrograph

showing the alignment of CO staining with PMLS-projecting cells in area 17. To make this

figure, a section reacted for HRP was placed directly on top of an adjacent section stained for

CO. and carefully aligned using blood vessels common to the two sections. Note that this direct

comparison of alternate sections shows that the dense patches of PMLS-projecting cells align

with the CO blobs.

The correspondence between CO blobs and PMLS-projecting cells in areas 17 and 18

was also evident after quantification of the labeling pattern. Another example of the

correspondence of CO blobs with patches of PMLS-projecting cells is shown in Figure 4.5. In

this figure, part of the computer reconstruction of PMLS-projecting cells shown in Figure 4.3

was graphically superimposed on a digitally captured image of CO staining from an adjacent

section. Area 18 is to the right, while area 17 is to the left; the area 17/18 border runs
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Figure 4.3. Computer-generated plot of PMLS-projecting cells in areas 17 and 18. A. WGA

HRP labeling from 15 tangential sections, aligned and collapsed onto a single plane to give a

surface view of PMLS labeling. Each dot represents a single retrogradely labeled cell. The

17/18 border (dashed line) was determined from the pattern of labeling from an injection of CTB

into area 17 near the 17/18 border. Scale bar applies to A-B B. the same data as in Figure 4.4A

expressed as the density of labeled cells per unit area. The size of each grid square is 100 pm.

The dashed box outlines the area used to calculate the average density of PMLS-projecting cells

(see text). The arrows show the lines sampled for the profile plots shown in D and E. Lines D-E

illustrate transects through area 17 and 18, respectively. This data was then Gaussian filtered to

produce C. Note the difference in spacing of the pattern in area 18 (E), which is slightly larger

than in area 17 (D). D. Profile plot of transect through area 17 marked “D” in Figure 4.4B. The

numbers to the left show the minimum and maximum number of cells encountered in the plot;

the number underneath the plot corresponds to its length. Arrows mark peaks in the density of

labeling. E. Profile plot of transect through area 18 marked “B” in Figure 4.4B. Other

conventions as in 4.4D. F. Power spectra of spatial frequency for area 18 (thin line) and area 17

(thick line). Each line shows the averaged spectra of three (area 18) or five (area 17) separate

transects. The left axis shows the Fourrier energy at each frequency along the bottom axis. As

would be expected from visual inspection, the major peak for area 18 occurs at slightly less than

1 mm/cycle, while that for ara 17 occurs at just greater than 1mm/cycle.
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approximately through the middle of the figure. It can be seen that, as in area 17, patches of

PMLS-projecting cells in area 18 tend to lie within the CO blobs.

Labeling in Other Cortical Areas

Many other areas other than 17 and 18 also contained extensive labeling, as has been

previously described in earlier studies (Symonds and Rosenquist, 1984a; Grant and Shipp, 1991).

As the borders of many of these areas are difficult to determine, especially in flat sections, it is

not easy to assign labeling to individual cortical areas. However, it is interesting to note that

labeling in areas other than areas 17 and 18 were also patchy following the very large injections

used in this study. In Figure 4. 1A there is an area of patchy labeling posterior to the injection

site in the posterior suprasylvian sulcus which may correspond to area VLS (large arrow-head),

and irregular clumps of labeling medial to area 17 (small right-pointing arrow-heads), in what

has been called the splenial visual area (SVA) (Kalia and Whitteridge, 1973). Note also in

Figure 4.6 the patchy labeling anterior and slightly medial to the injection site, on the crest of the

suprasylvian gyrus. This is the first demonstration that, in addition to area 17, extrastriate areas

can also demonstrate hard patterning of corticocortical connections arising from PMLS

injections. In all labeled areas, with one exception, the patches of labeling had a spacing of

roughly 1mm.

In area 19, however, a completely different, and quite unexpected, pattern of PMLS

projecting cells was found. The patches of PMLS-projecting cells in area 19 had a larger spacing

than in any other area, several times greater than the spacing of patches of labeling in area 17 and

18. Patches of labeling were often elongated at right angles to the long axis of area 19. An

example of these patches is visible in Figure 4. 1A (small left-pointing arrow-heads). Another

example of these large patches in area 19 is shown in Figure 4.6 (arrows). The labeling shown in

Figure 4.6 is shown again in Figure 4.7A, but displayed as a density map.. A photomicrograph,
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Figure 4.4 Photograph of two superimposed serial tangential sections through area 17, one

reacted for CO to show the blobs and one reacted for WGA-HRP to show the patches of PMLS

projecting cells. The two sections were aligned using blood vessels as landmarks. Many of

these paired blood vessels are visible in the photomicrograph (arrowheads). As the focal plane is

at the level of the WGA-HRP-reacted section, the blood vessels in the CO-reacted section appear

slightly out of focus. The patches of PMLS-projecting cells align with the CO blobs in area 17.

Scale bar: 2mm.
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Figure 4.5. Computer-generated plot of PMLS-projecting cells in areas 17 and 18 superimposed

onto a digitally captured image of CO staining. This figure shows the same PMLS-projecting

cells shown in Figure 4.3. As in Figure 4.4, the pattern of blood vessels was used for alignment.

The patches of PMIS-projecting cells align with the CO blobs in area 18 as well as in area 17.

The CO blobs and patches of PMLS-projecting cells tend to be slightly larger in area 18 than in

area 17.
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Figure 4.7B, shows how clearly these patches are visible, even in a single section. PMLS

projecting cells in area 19 were extensive throughout nearly the entire series of tangential

sections, in contrast to areas 17 and 18 where retrograde labeling was quite sparse in the deeper

sections. Terminal labeling was also differently organized among these areas.. In areas 17 and

18, terminal labeling was found to be confined to layers 1 and 6, distinctly separate from the

labeled cells in layers 3 and 4, and was not patchy; in area 19, terminals were found in the same

layers and in the same patches as the labeled cells (Fig. 4.7C).

Discussion

By making significantly larger injections in PMLS than were used in previous studies

(Shipp and Grant, 1991; Ferrer Ct al., 1992), the experiments reported in this chapter have

confirmed previous suggestions that cells in area 17 projecting to PMLS have a truly

discontinuous organization; i.e., they show hard patterning Additionally, hard patterning of

PMLS-projecting cells in areas 18 and 19 has been found. Moreover, in areas 17 and 18, a

matching pattern of CO staining was observed. What do these results tell us about the tangential

organization of PMLS-projecting areas?

Role of Y-cells in Tangential Organization of CO Blobs

Shipp and Grant have previously discussed the discontinuous organization of PMLS

projecting cells and the possible implications for columnar organization in area 17 arising from

this (Shipp and Grant, 1991). The Y-cell pathway dominates the inputs to PMLS, as measured V

physiologically by differences in latency to stimulation along different parts of the visual

pathway. The absolute latency suggests a polysynaptic and most likely corticocortical origin of

at least some of these inputs(Berson, 1985; Rauschecker et al., 1987). Thus, it was speculated
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Figure 4.6. A computer generated plot of PMLS-projecting cells labeled with CTB-Au in four

alternate tangential sections. Each dot represents a single labeled cell. The edge of the tissue is

shown in solid black lines, and the fundi and lips of the lateral (Lat) and suprasylvian (SS) sulci

are indicated by finely dashed lines. The outline of areas 17 and 18 is indicated by a coarsely

dashed line. The arrows indicate patches of labeling in area 19. The outline of the injection site

(Inj) is shown. Medial (M) and anterior (A) cortical axes are indicated by the arrows. The

cortical areas that some of the foci of dense labeling correspond to are indicated based on gyral

and sulcal patterns. Note the patchiness of the labeling, and the large size of the patches of

labeling in area 19. SVA, splemal visual area; VLS, ventral lateial suprasylvian area.
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Figure 4.7. The pattern of PMLS-projecting cells in area 19. A. Density chart of labeled cells in

area 19 retrogradely labeled from a CTh-Au injection in PMLS (data from figure 3). Note the

dense patches of PMLS-projecting cells with a spacing of approximately 2 mm. Often, the

patches are elongated into stripes that run across the width of area 19. B. A photomicrograph of

a section through area 19 from the same experiment illustrated in A, showing the same clusters

of CTh-Au labeled cells in a single section. C. A photomicrograph of a section through area 19

from a different experiment in which WGA-HRP was injected in PMLS. Anterograde as well as

retrograde labeling is clustered into elongated patches. In A, B, and C, medial is towards the left,

and anterior is towards the top. Scale bars in B and C: 1mm.
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that the PMLS-projection bands might correspond to a (hypothetical) tangential segregation of

the Y-cell pathway through area 17. In support of this suggestion, they cited evidence for a

columnar organization of spatial frequency selectivity in area 17 (Tootell et al., 1981; Berardi et

al., 1982) which might be expected if Y-cells, possessing larger receptive fields were segregated

from X-cells with smaller receptive fields. It has recently been shown that the C-laminae of the

lateral geniculate nucleus (LGN), which contain Y- and W-cells (Sherman, 1985; Spear et al.,

1989; Casagrande and Norton, 1991), project selectively to the CO blobs (Chapter 3; Boyd and

Matsubara, 1993). As the clusters of PMLS-projecting cells are also within the CO blobs, there

is now some evidence for a segregated pathway driven by Y- and W-cells extending from the

retina, through the LGN and area 17, and into extrastriate cortex.

Tangential Organization of Area 18

It is thus perhaps rather odd that in area 18, an area that appears to be dominated by Y

input and does not appear to receive X-input (Tretter Ct al., 1975; Humphery et aL, 1985b), we

have found a similar segregation of inputs from the LGN C-laminae and outputs to PMLS into

CO blobs. The CO blobs in area 18, if not marking a segregation of Y- and W-cell input from X

cell input, may be showing sites of increased density of LGN inputs, or they may be marking a

segregation between different sub-classes of Y-cell input. Alternatively, there may be

differences in projections from area 17, or some other cortical area, to interbiobs and blobs in

area 18. Any of these possibilities could explain the CO blob-related corticocortical connectivity

of area 18. Future experiments will hopefully address these possibilities.
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LS-projecting Cells in Area 19

The distribution of PMLS-projecting cells in areas other than areas 17 and 18 was also

hard patterned. Interestingly, the patches of LS-projecting cells and their spacing in area 19 was

much larger than in areas 17 and 18, or any of the other labeled areas in this study. The

significance of this is not known, but it points towards area 19 having a columnar organization as

does areas 17 and 18, but with a periodicity about double that of these areas.

There is little physiological evidence for columnar organization in area 19. It was noted

by Hubel and Wiesel that cells with similar orientation specificity were grouped together in area

19, but the organization of orientation specificity across the surface of the cortex was not studied

(Hubel and Wiesel, 1965). Ocular dominance columns, on the other hand, have been shown not

to be present in area 19 (Hubel and Wiesel, 1965; Tieman and Tumosa, 1983). It has been noted,

however, that the retinogeniculocortical inputs to area 19 have a patchy organization, with a

spacing that is at least as large as the spacing shown here (Anderson et al., 1988).

In conclusion, the discontinuous organization of CO staining and corticocortical

connectivity demonstrated in this study suggests the presence of novel forms of columnar

organization in multiple visual areas of the cat. This columnar organization may be related to the

segregation of different processing streams, one of which passes through PMLS.
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5 ORGANIZATION OF CORTICAL AFFERENTS

FROM AREAS 17 AND 18 TO AREA 19

Area 17 of the cat has projections to multiple target areas. These include area 18, area 19,

and areas of the lateral suprasylvian gyrus. Cells in area 17 projecting to each of these areas

have a patchy distribution (Ferrer et al., 1988; Ferrer et al., 1992). This raises the interesting

question of how all of these different patchy patterns are related. One study has concluded that

there is a “...complex relationship between the sets of association cells projecting to different

extrastriate regions: they do not completely overlap, only partially, and share some cortical zones

but not other&’ (Ferrer et al., 1992). As it has been shown in this thesis that at least one

population of cells projecting from area 17 (those projecting to PMLS) are concentrated within

the CO blobs (Chapter 4), one way of determining the spatial relationship of the various

corticocortical labeling patterns would be to compare them all to patterns of CO staining.

In this chapter, the tangential distribution of cells projecting to area 19 were examined.

Area 19 has been variously thought of as being a specialized extrastriate area (Hubel and Wiesel,

1965) or as forming, with areas 17 and 18, three “parallel primary visual cortical areas” (Spear,

1991). Although there is direct geniculate input to area 19, it is derived only from the W-cells of

the LGN (Dreher et al., 1980), and is distributed in a patchy fashion, such that parts of area 19

receive no LGN input at all (Anderson et al., 1988). A substantial portion of the input to area 19,

then, may be from intercortical sources.

Cells in area 17 projecting to area 19 have been reported to have a patchy distribution

(Gilbert and Kelly, 1975; Gilbert and Wiesel, 1981; Bullier et a!., 1984; Bullier and Kennedy,

1987). A previous study has provided evidence that the projection from area 17 to area 19 is

hard patterned (Ferrer et al., 1992). The purpose of this study was to confirm these results by
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using a series of large injections, extensive enough to cover a substantial visual field

representation of area 19. The second aim of the study was to compare the labeling patterns in

area 17 to the blobs shown by CO staining.

A third aim of the study was to examine local connectivity within area 19. This was of

special interest because studies of projections to the PMLS (Chapter 4) show that PMLS

projecting cells in area 19 are organized in larger, more widely spaced patches than are found in

areas 17 and 18. It was thus of interest to see if this same scale of patchiness would be reflected

in local connectivity.

Large injections of retrograde tracers were made in area 19, and alternate tangential

sections were stained for CO or to visualize the tracer. Unlike PMLS projecting-cells, cells

projecting to area 19 were found in both blobs and interblobs of area 17 and 18, though perhaps

not with equal density. Small injections gave patchy labeling in areas 17 and 18 that either

aligned with the blobs or with the interbiobs. These results show that, although both blob and

interbiob compartments of area 17 and 18 project to area 19, their terminations are kept

segregated into different compartments of area 19. Some of these results have been previously

presented in abstract form (Boyd and Matsubara, 1992; Boyd and Matsubara, 1994).

Methods and Materials

Data presented were obtained from ten experiments involving injections of tracers into

area 19. Two animals received a large series of injections of CTh-Au. The remaining animals

received small, focal injections of CTh-Au or unconjugated CTB. In some cases, one injection

of each tracer was made side by side in area 19.

Two different approaches were used in making the large injections. In one case,

injections were made at levels AP 0 to +6, where area 19 is located on the medial bank of the

lateral gyrus. As for injections into the PMLS, pipettes with long, narrow tapers were tilted
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medially at 300 from vertical in order to follow the slope of the sulcus. Seven 500 .tm spaced

penetrations were made through the 4-5 mm depth of the sulcus, injecting tracer at 1 mm

intervals along each penetration. About 10 t1 of tracer was injected in total. In the other

approach, injections were made farther forward in the brain where area 19 is exposed on the

surface of the lateral gyrus, from AP +9 to +13. A series of 24 injections in a 4 by 6 matrix, with

a spacing of approximately 750 jim between each injection, was made starting at AP +10 and

working forward. Approximately 10-12 j.tl of tracer was delivered in total.

Small, focal injections of CTB-Au and CTB were made where area 19 is on the surface of

the lateral gyrus, at approximately AP +12. In these cases, 0.2 jii of tracer was injected. Paired

injections of the two tracers were placed 1-2 mm apart. In all cases, survival times varied from

1-4 days.

Results

Both Blobs and Interblobs Project to Area 19

As was done for the PMLS, large series of injections were made in order to determine if

the area 19-projecting cells were truly hard patterned, as has been claimed (Ferrer et al., 1992).

Figures 5.1 and 5.2 show the results from one of these injections. As can be seen, connections

from areas 17 and 18 to area 19 are not concentrated within CO blobs as are the projections to

area PMLS. Although both blobs and interbiobs project to area 19, there still appears to be some

fluctuation in labeling density suggesting that one of the compartments, either the blobs or the

interblobs, projects more strongly than the other to area 19.

Another example is shown in Figures 5.3 and 5.4. In this experiment, the injection was

made farther anterior, where area 19 is on the lateral gyms. Also, note that the posterior part of

the injection in this case encroached on area 18. This results in a different pattern of labeling in
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the posterior part of the labeled zone. Here, the labeling is distinctly patchy, whereas further

anterior the labeling is less patchy. Note that the change from patchy to more continuous

labeling occurs at the A-P level where labeling in the splenial visual area (SVA) commences. As

SVA projects to area 19, but not to area 18, this shows the approximate level where the labeling

shifts from area 18-projecting more posteriorly to area 19-projecting more anteriorly. This

change in labeling pattern from a single series of injections that crosses area! borders

demonstrates the different patterns of connectivity that area 17 has with areas 18 and 19. As was

done for PMLS-projecting cells in areas 17 and 18, plots of labeling density were computer-

generated and then filtered with a Gaussian filter. Labeling in areas 17 and 18 from the same

experiment shown in Figure 5.1 is shown enlarged in Figure 5.5A, and expressed as a density

plot in Figure 5.5B. The same data are shown after Gaussian filtering in Figure 5.5C. The

average density of labeled cells within the boxed area in Figure 5.5B is 1959 cells/mm2.This

density value is uncorrected for the fact that half the sections were not used to visualize the

retrograde labeling, but instead, were processed for CO. A density plot from the same

experiment shown in Figure 5.6A is shown in Figure 5.5D. In this experiment, a single, small

injection was made in area 19. Again, half of the sections were processed for CO, so the values

of labeling density would be correspondingly higher. The arrows in Figures 5.5B and 5.5D show

the transects used to generate the profile plots in Figures 5.5E-G. The density plots show that the

fluctuations in labeling density are not as great after area 19 injections as they are after PMLS

injections. The density of labeled cells along the transects does not drop to the near 0 values

seen following the PMLS injections. It can also be seen that the density of area 19-projecting

neurons in areas 17 and 18 is about the same.

Segregation of Projections to Area 19

Although the large injections in area 19 gave rise to fairly uniform labeling in areas 17

and 18, small injections in area 19 often, although not always, gave rise to very distinct patches.
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Figure 5.1. Labeling in areas 17 and 18 from a large injection in area 19. A. A dark field

photomicrograph of a tangential section through visual cortex showing cells in areas 17 and 18

retrogradely labeled from a large series of injections of CTh-Au in area 19. The injection site is

visible towards the bottom of the figure. B. A section from the same experiment, stained for CO.

The dashed line shows the lateral border of area 18, determined from CO staining in the full

series of sections. The arrowheads mark corresponding blood vessels in A. and B. Scale bar:

2mm
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Figure 5.2. A computer generated plot of area 19-projecting cells labeled with CTh-Au in the

full one-in-two series of sections from the same experiment shown in Figure 5.1. Each dot

represents a single labeled cell. The edge of the tissue is shown in solid black lines, and the

fundi and lips of the lateral (Lat) and suprasylvian (SS) sulci are indicated by finely dashed lines.

The outline of areas 17 and 18 is indicated by a coarsely dashed line. The outline of the injection

site (Inj) is shown. Medial (M) and anterior (A) cortical axes are indicated by the arrows. Some

of the labeled cortical areas are indicated based on gyral and sulcal patterns. SVA, splenial

visual area; PMLS, posteromedial lateral suprasylvian area; VLS, Ventral lateral suprasylvian

area.
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Figure 5.3. Another example of labeling in areas 17 and 18 from a large injection in area 19.

This dark field photomicrograph shows a tangential section through visual cortex following a

large series of injections of CTB-Au that was in area 19 for the anterior portion (rightward in the

figure) but was in area 18 in the posterior portion (leftward in the figure). The injection site is

visible towards the bottom of the figure. The visuotopic organization of areas 17, 18, and 19

allows cells in area 17 labeled from that part of the injection in area 18 to be distinguished from

those labeled from that part of the injection in area 19. The bulk of the labeling in area 17 arises

from the area 19 injection. The beginning of the labeling in the splenial visual area (SVA),

marks the transition from area 18-projecting cells more posteriorly to area 19-projecting more

anteriorly. Scale bar: 2 mm. A section from the same experiment, stained for CO. is shown in

the inset. The arrowheads mark rows of injections that are partly within the oval shaped region

of dense CO staining that contains areas 17 and 18. Scale bar: 5 mm.
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Figure 5.4. A computer generated plot of area 19-projecting cells labeled with CTB-Au from the

same experiment shown in Figure 5.3. In this composite figure, all cells labeled in the one-in-

two series of section reacted for CTB-AU were charted and displayed. Labeling conventions as

in Figure 5.2.
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Figure 5.5. Computer-generated plots of area 19-projecting cells in areas 17 and 18. A.

Enlargement of labeling in areas 17 and 18 from Figure 5.2 Scale bar applies to A-G. B. The

same data as in Figure 5.5A expressed as the density of labeled cells per unit area. The size of

each grid square is 100 VIm. This data was then Gaussian filtered to produce C. The arrows

show the lines sampled for the profile plots shown in D and E. The fluctuations in labeling

density are much less evident than for injections in PMLS (compare to Figure 4.4). D-E. Profile

plots of lines marked “D-E” in Figures 5.5B. The numbers to the left show the minimum and

maximum values encountered in the plot. The number on the bottom shows the length of the

transects. F. A density plot of labeling in areas 17 and 18 from the small injection shown in

Figure 5.6A. Same conventions and scale as for B. The arrow show the line sampled for the

profile plot shown in G. Note that labeling in areas 17 and 18 was not patchy from this small

injection, which was not always the case (see Figures 5.6-7). G. the profile plot shown in F.

Conventions as in D. H. Power spectra of spatial frequency for transects shown in D (thick line)

and G (thin line). The left axis shows the Fourrier energy at each frequency along the bottom

axis. Although there is a slight peak in the power spectra near 1 cycle/mm, note that this peak

has relatively little energy compared to the power spectra shown in Figure 4.4. Only results from

single transects, instead of averages, are shown because averaging results from single transects

broadened the peaks until they were indistinguishable.
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Examples of injections which gave rise to non-patchy and patchy labeling, respectively, are

shown in Figures 5.6A and B. Charts of these experiments are shown in Figure 5.7. Note that

the sizes of these two injections are very similar, yet one produced distinct patches in areas 17

and 18 (5.7B), and the other produced continuous labeling, with almost no hint of periodicity

(5.5 D, G, 5.7A).

In order to further examine the mechanism by which patchy labeling might be obtained

with small injections but not large injections, paired injections of two different, distinguishable

tracers (CTB and CTB-Au) were made side by side in area 19. In some cases, patches of

labeling from the two tracers overlapped, and in some cases they interdigitated. In other cases,

one tracer gave patchy labeling and the other tracer gave more continuous labeling. An example

where the two tracers interdigitated is shown in Figure 5.8. An example of a case where labeling

from the two tracers was in the same patches is shown in Figure 5.9. In both cases, the injections

are of similar size and spacing.

Relationship to Cytochrome Oxidase Blobs

In some experiments, adjacent sections were reacted for CO in order to visualize the CO

blobs in areas 17 and 18. Patterns of labeling from area 19 were aligned with the CO stained

sections using radially-penetrating blood vessels as landmarks. An example of this alignment is

shown in Figure 5.10. In Figure 5. bA, two sections, one reacted for CO and the other to silver-

intensified for CTB-Au, were directly superimposed on the microscope stage and photographed.

Figure 5.10 shows the same experiment, but here the retrogradely labeled cells were first charted,

and then graphically superimposed on a computer-captured image of the CO stained section.

The graphic superimposition has the advantages that many more of the labeled cells, not just

those that are visible in a single section, can be shown at one time, and that small differences in

shrinkage of the sections during processing can be easily compensated for by using computer
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scaling commands. By both methods, it can be seen that there is quite good correspondence

between CO blobs and the patches of cells projecting to area 19.

Figure 5.11 shows three further examples of alignment between CO staining and area 19

projecting cells. Figures 5.11 A and 5.11 B are from area 17 and area 18, respectively, of the

experiment shown in Figure 5.6B. Again, there is good correspondence between the blobs and

the patches of cells projecting to area 19. Figure 5.11C shows the CTB labeled cells in area 17

from the experiment shown in Figure 5.7. The CO staining pattern in this case is not as clear,

due to unevenness in the plane of section. Nevertheless, it is apparent that the patches of

retrogradely labeled cells are not aligned with CO blobs, but are found mostly in the interbiobs.

The CTB-Au labeled cells from this case, which interdigitated with those labeled by CTB, were

aligned with the CO blobs. Thus, the CO blobs in areas 17 and 18 appear to be important in

ordering the patchy connections terminating in area 19.

Intrinsic Connectivity in Area 19

While the main focus of this study was the connectivity of area 19 with areas 17 and 18,

data was also obtained on the local connectivity within area 19 itself. Local connections in area

19 can be seen in Figures 5.6 to 5.9. The patches of labeling in area 19 were of a larger size and

spacing than patches arising in area 17 or 18 from the same injections. Sometimes, these patches

were noticeably elongated, as seen in Figure 5.6 The difference in size of intrinsic patches in

area 19 and area 17 from two separate injections in the same hemisphere is reinforced by Figure

5.12. These injections were separated in the anterior-posterior dimension by about 7 mm, so

intracortical labeling was not confused with intercortical labeling. Local connections of area 17

(Fig. 5. 12B) had, as previously reported (Gilbert and Wiesel, 1983; LeVay, 1988; Gilbert and

Wiesel, 1989), a spacing of about 1mm. Local connections of area 19 (Fig. 5. 12A), with a

spacing of about 2 mm, were organized with a periodicity larger than that of local connections

within area 17. This suggests that the internal organization of areas 17 and 19 may be

substantially different.
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Figure 5.6. Dark field photomicrographs of two different patterns of labeling in visual cortex

following similarly-sized small, focal injections of CTB-Au in area 19. A. In this case, also

shown in Figure 5.5D, labeling in 17 and 18 was not patchy. B. In this case, labeling was patchy

in areas 17 and 18. Also, note the patches of intrinsic labeling in area 19 itself, which have a

larger spacing than labeling in areas 17 and 18, and are often elongated. SVA, splenial visual

area. Scale bar: 2 mm.
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Figure 5.7. A computer generated plot of area 19-projecting cells labeled with CTh-Au in the

full one-in-two series of sections from the same experiments shown in Figure 5.6. Each dot

represents a single labeled cell. The difference in the patchy pattern of S.5B and the non-patchy

pattern of Figure 5.5A is just as obvious when all of the cells, not just those in a single section,

area shown. The injection site (Inj) is shown in white. The lateral border of area 18, as

determined from the adjacent sections stained for CU, is shown as a solid black line. Note that

labeling in areas 17 and 18 is separated by a gap in B, but not in A. This is likely due to the fact

that the visuotopic organization of azimuth in areas 17 and 18 is mirror symmetric around their

border, which represents the vertical meridian, and that the two injections were at different

azimuths. Thus, A illustrates an injection near the vertical meridian in area 19, labeling the

vertical meridian representation that forms the 17/18 border, while B illustrates an injection at

some point more peripheral in area 19, such that the gap between the patches of labeling in areas

17 and 18 represents the vertical meridian at the 17/18 border.
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Figure 5.8. A computer generated plot showing the results of paired injections of unconjugated

CTB and CTB-Au in area 19. A one-in-two series of sections was charted and each dot

represents a single labeled cell. White cells contained CTh-Au, which were retrogradely labeled

from the larger injection to the right of the figure. Black cells contained unconjugated CTB,

labeled from the smaller injection site. The extent of areas 17 and 18, determined from CO

staining, is shown by a solid black line. In this case, labeling in areas 17 and 18 from the two

injections formed an interdigitating pattern. Again, note the large, sometimes elongated patches

of local connectivity within area 19.
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Figure 5.9. A computer generated plot showing the results of another example of paired

injections of unconjugated CTB and CTB-Au in area 19. Labeling conventions as in Figure 5.8.

In this case, labeling in areas 17 and 18 from the two injections overlapped in the same sets of

patches.



- I.— —A
!t.

‘Ir

123

4.

‘

Vt1 -

I -

•1.

-

b

., .ç
a

:“ :--
r-L’

- z.•.: C-;e-r’.-’ .

c

Figure 59



Cortical Afferents to Area 19 124

Discussion

Are the Area 19 Connections Truly Soft Patterned?

It was found in this study that the projections from areas 17 and 18 to area 19 arise from

both the CO blobs and interbiobs. Thus, after large injections (and sometimes even small

injections) of tracers in area 19, labeling in areas 17 and 18 was continuous. This finding is at

odds with a previous report that the projection from area 17 to area 19 is discontinuous (Ferrer et

aL, 1992). Figure 5 of Ferrer ët al. shows large cell free gaps 1-2 mm wide separating patches of

labeling in area 17 following a large series of injections in area 19. Also, nearly all of the labeled

area in their figure has a density of less than 2000 cells/mm3. In order to compare this to the

density of labeled cells obtained in this study, it is necessary to convert from density based on

volume of labeled tissue to density based on surface area of cortex. The value of Ferrer et a!.

was calculated based on the total volume of layers 2/3 and upper layer 4; as the distance from the

surface of the cortex to the middle of layer 4 is certainly less than 1 mm, the values for labeling

density obtained in their study would be smaller if expressed as cells/mm2.Thus, the density of

area 19-projecting cells reported by Ferrer et al. was much lower than was found in this study.

The differences in labeling density may have been due to methodological differences between

the two studies, as Ferrer et al. used the fluorescent tracers diamidino yellow and fast blue, while

colloidal gold-conjugated cholera toxin was used in the present study. It is argued here that the

lesser labeling density of the previous study might also have contributed to the finding of a

discontinuous labeling pattern.

Although it might be argued that the continuous labeling pattern found in this study

following large injections in area 19 might be artifactual due to involvement of white matter or

other cortical areas, this is unlikely. First, patterns of labeling in the LGN never contained

labeled cells in the A-layers, which would be expected if the white matter or area 18 had been
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Figure 5.10 Relationship of patches of area 19-projecting cells and CO blobs in area 17. A.

Photograph of two serial tangential sections through area 17, directly superimposed. The bottom

section was reacted for CO to show the blobs and the top section was reacted for CTB-Au to

show the patches of area 19-projecting cells. The two sections were aligned using blood vessels

as landmarks. Many of these paired blood vessels are visible in the photomicrograph

(arrowheads). As the focal plane is at the level of the HRP-reacted section, the blood vessels in

the CO-reacted section appear slightly out of focus. As there is unequal shrinkage in the two

histochemical procedures, it is not possible to align the two sections perfectly. Nevertheless, the

correspondence between area-19 projecting cells and CO blobs is evident. B. Computer-

generated plot of the same patches of area 19-projecting cells shown in A, superimposed onto a

digitally capiured image of CO staining from an adjacent section As in A, the pattern of blood

vessels (black circles) was used for alignment. However, differences in shrinkage could be

corrected by scaling the computer-generated plot. Also, cells from the entire one-in-two series

of sections can be shown in the computer reconstruction. As in A, the patches of area 19-

projecting cells can be seen to align with the CO blobs. Scale bar: 2mm.
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Figure 5.11 Relationship of patches of area 19-projecting cells and CO blobs in areas 17 and 18.

A. Computer-generated plot of the same patches of area 19-projecting cells in area 17 shown in

Figure 5.7A, superimposed onto a digitally captured image of CO staining. As in Figure 5.10,

the pattern of blood vessels was used for alignment. In this case as well, the patches of area 19-

projecting cells can be seen to align with the CO blobs. B. Computer-generated plot of patches

of area 19-projecting cells in area 18 from the same experiment shown in Figure 5.7A,

superimposed onto a digitally captured image of CO staining. Note that the patches of area 19-

projecting cells and associated CO blobs are slightly larger in area 18 than in area 17. C.

Computer-generated plot of the patches of CTB-labeled cells in area 17 shown in Figure 5.8,

superimposed onto a digitally captured image of CO staining. The light oval area in the center of

the figure corresponds to the area of the suprasplenial sulcus. The sulcus was not optimally

flattened in this experiment, and the plane of section in the area of the sulcus passes through the

upper part of layer 3, where CO staining is very light. Nevertheless, it is possible to determine

that, in this case, patches of labeling interdigitate with the interblobs. Scale bar: 2mm, applies to

A,B,andC.
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contaminated. Second, of the areas abutting area 19, area 18 receives inputs from a

discontinuous pattern of cells in area 17 (Figure 5.3), and the cortex directly lateral to area 19

does not appear to receive projections from area 17 (Symonds and Rosenquist, 1984a). That the

distribution of cells in areas 17 and 18 projecting to area 19 is truly continuous, i.e., soft

patterned, was also indicated by the fact that even small injections in area 19 could sometimes

give rise to continuous patterns of labeling in areas 17 and 18 (Figure 5.6).

Although labeling in areas 17 and 18 was continuous after a large injection, slight

fluctuations in labeling density were visible. These may have been real, indicating that either

blobs or interblobs project slightly more heavily to area 19. Alternatively, these relatively slight

fluctuations in labeling density might have resulted from the injections being more heavily

concentrated in one particular compartment of area 19 than the other. This is not as implausible

as it may initially seem, as the columnar organization of area 19 appears to be of a larger scale

than in areas 17 or 18 (see below). Thus, even injections spanning 5mm might be weighted to

favor one compartment or the other in area 19.

Segregated Processing Streams through Area 19?

Small injections of tracers in area 19 often, but not always, gave rise to segregated

patches of labeling in areas 17 and 18. This suggested that some parameter in area 17 with a

columnar organization was correlated with the organization of this projection. In experiments

where alternate sections were reacted for CO. it was possible to show that either blobs or

interblobs selectively projected to a single locus in area 19. This shows that area 19 continues

the segregation of blob and interblob information began in areas 17 and 18. At least two types of

columns can be demarcated in area 19, one that receives inputs from blobs, and one that receives

inputs from interbiobs. Thus, large injections would have included both columns of area 19

receiving inputs from blobs, and columns receiving inputs from interbiobs, while small injections

would have a greater chance of targeting a single type of column. Small injections that labeled
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Figure 5.12 Patchy intrinsic labeling in areas 17 and 19. These two photomicrographs, printed

at the same scale, show the difference in the size of intrinsic labeling in. these two areas. A.

Intrinsic labeling in a tangential section through area 19. The edge of the injection site is visible

in the top right. Elongated patches of labeled cells, with a characteristic spacing of about 2 mm,

are marked by arrowheads. Scale bar: 1mm, applies to A and B. B. Intrinsic labeling in a

tangential section through area 17. This injection was made in the same hemisphere of the same

animal shown in A. However, it was made slightly posterior to the injection in area 19, so

corticocortical labeling from the two injections was separated by about 10mm, and was not

confused. The edge of the injection site is visible in the top right. Patches of labeled cells, with

a characteristic spacing of about I mm, half of that shown for labeling in A, are marked by

arrowheads.



k
)

I
—

.1

I



Cortical Afferen ts to Area 19 132

cells in both blobs and interbiobs could be explained by the injection straddling the borders of

two such columns. (A less parsimonious, but possible, explanation would be the existence of a

third type of column in area 19, one that receives input from both blobs and interblobs of areas

17 and 18.)

It is interesting to note that outputs from area 19 to PMLS were also arranged in a

discontinuous fashion (Chapter 4). It is not yet known if a relationship exists between the

columns containing PMLS-projecting cells and the columns receiving either blob or interbiob

input from areas 17 and 18. As PMLS receives inputs only from the blobs of areas 17 and 18, it

is suggested that it may, analogously, receive input only from the columns of area 19 that also

receive inputs from the blobs.

It should be mentioned that it is possible that, in addition to CO blobs, another columnar

system, such as orientation or ocular dominance is also involved in the organization of the

projections from areas 17 and 18 to area 19. Clustering of orientation selectivity has been noted

in area 19 (Hubel and Wiesel, 1965), but no evidence for ocular dominance columns has been

found. Thus, columns of like orientation could be connected, as in the projection from area 17 to

area 18 (Gilbert and Wiesel, 1989).

Columnar Organization of Area 19

These data also shed some light on the relative scale of the columnar organization in area

19 versus areas 17 and 18. By three separate connectional organizations: inputs from the C

layers of the LGN (Anderson et al., 1988); columns of cortex projecting to the PMLS (Chapter

4); and local connections (Figure 5.5, e.g.), area 19 has a larger spatial scale to its columnar

organization than does areas 17 or 18. Anderson et al. (1988) showed that projections from the

LGN to area 19 following transneuronal transport from interocular WGA-HRP injections formed

large patches with a spacing of 2-3 mm. Although only one eye was injected, these patches do

not appear to be related to ocular dominance because this property is not organized in a columnar
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fashion in area 19 (Tieman and Tumosa, 1983). Similar results were also seen following the

LGN injections reported in Chapter 3. A spacing of about 2 mm was also seen for the patches of

PMLS-projecting cells in area 19, and for the patches of intrinsic labeling. In addition, a lower

limit on the size of the columns of terminations from area 17 and 18 can be inferred from Figure

5.9. Here, two injections with a combined extent of about 2mm both gave patchy labeling of

blobs in area 17. Thus, projections from blobs and interblobs must segregate, in area 19, into

columns that are at least 2 mm wide. Thus, the input-defined columns and the output-defined

columns likely have a similar spacing, which is consistent with the suggestion that they are

related.

This larger scale of cortical organization in area 19 is apparently unique among cortical

areas in the cat. Patches of labeling in other cortical areas from axonal transport studies,

including areas 17, 18, and PMLS, all appear to have a spacing of about 1mm (Chapter 4; LeVay

and Nelson, 1991; Symonds and Rosenquist, 1984a). Why area 19 should be so different from

other cortical areas in this respect is not yet clear.

In summary, it has been shown that projections from blobs and interblobs of area 19 are

segregated within different columns of area 19. Thus, a single column in area 19 receives input

from blobs or interblobs, but not both. It is suggested that a relationship may exist between the

various input- and output-defined columns in area 19, and that these columns mark a segregation

of different processing streams from areas 17 and 18 through area 19 and into other extrastriate

areas such as the PMLS.



6 TANGENTIAL ORGANIZATION OF

CALLOSAL CONNECTIVITY

Among the most studied of corticocortical pathways in the visual system is the callosal

system connecting the two hemispheres (Innocenti, 1986). The opportunities to examine visual

responses after cutting the corpus callosum (Leporé et al., 1986; Engel et al., 1991), to record

directly from callosal fibers (Hubel and Wiesel, 1967), and to record callosal and thalamocortical

responses in the same cell using the split optic chiasm preparation (Berlucchi and Rizzolatti,

1969; Leporé and Guillemot, 1982), have no parallel in the study of other corticocortical

connections. Because physiological correlates of this pathway can thus be obtained, the callosal

system has been particularly useful for studies of corticocortical connectivity

In some primates, callosal connection to areas Vi and V2 are patchy and are made most

densely to the CO blobs (Cusick and Lund, 1981; Cusick et al., 1984; Cusick et al., 1985;

Kennedy et al., 1986). It has been speculated that the differences in the physiological properties

of blob and interblob cells are responsible for their differing callosal connectivity. Thus, it

seemed interesting to ask whether the callosal pathway connecting the 17/18 border regions of

the cat’s visual cortex is patchy, and whether it is correlated with the blobs marked by CO

staining.

Previous studies have reached different conclusions regarding a patchy organization of

the visual callosal pathway in the cat. Most have found callosal cells and terminals in areas 17

and 18 to have a continuous distribution (Innocenti and Fiore, 1976; Innocenti, 1980; Segraves

and Rosenquist, 1982; Innocenti and Clarke, 1984; Segraves and Innocenti, 1985), although

some studies have suggested that the callosal pathway in the cat’s visual cortex might be arranged

in a discontinuous, patchy fashion (Berman and Payne, 1983; Voigt et al., 1988; Payne and

Siwek, 1991). All of these studies used sections of tissue cut in the coronal plane, which is not

the optimal plane of section for showing variation in labeling density in the direction tangential
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to the cortical surface. In this study, sections cut tangentially through flattened cortex were used;

this avoids the problems associated with the reconstruction of surface views from serial coronal

sections. One previous study has examined the pattern of callosal labeling in cat visual cortex in

the tangential plane (Olavarria and Montero, 1983), but this study was concerned mostly with

extrastriate areas, and did not comment on the uniformity of labeling along the 17/18 border.

This study is thus the first to examine in the tangential plane the modular organization of the

visual callosal pathway in the cat.

Very large injections of retrograde and anterograde tracers were made centered on the

17/18 border in order to show the complete distribution of homotopic callosal cells and terminals

in areas 17 and 18. Labeling was examined in tangential sections through flattened visual cortex.

Callosal labeling was not completely uniform even along the 17/18 border, and connections

medially in area 17, and laterally in area 18 displayed periodic fluctuations in density with a

spacing of about inun and slightly greater than 1mm, respectively. Large, irregularly spaced

bands of callosal connections swept from the lateral part of area 18 across area 19 and into more

lateral areas. Cytochrome oxidase blobs in areas 17 and 18 were found to align with the callosal

labeling.

Methods and Materials

Six adult cats of both sexes were used to study the callosal pathways originating and

terminating in the 17/18 border region. Four animals received injections of WGA-HRP and two

animal received injections of BDA.

For two animals receiving WGA-HRP injections (cases 1 and 2) and for the two animals

receiving BDA injections (cases 3 and 4), injections were made between stereotaxic coordinates

A-P= -ito +6, ML 0 to 3. This level corresponds to part of the visual meridian representation

along the area 17/18 border (Tusa et a!., 1978; Tusa et al., 1979). For the other two animals

receiving WGA-HRP injections (cases 5 and 6), the crainiotomy and durotomy were extended to
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uncover nearly the whole anterior to posterior extent of the lower visual field vertical meridian

representation.

In the first four animals, a series of 18 injections in a 3 by 6 matrix with 500 -750 mm

spacing between each injection were made delivering a total of 10-12 tl of tracer. In the last two

animals, a larger series of injections delivering correspondingly more WGA-HRP (up to 40 p.1)

was made. Survival periods were 48 hours for experiments with WGA-HRP and two weeks for

the experiment with BDA

Results

The callosal pathway is patchy

Figure 6.1 A shows a low power photomicrograph, taken through crossed polarizing

filters, of callosal labeling in areas 17 and 18 of case 1. At this magnification, the terminal

labeling is more evident than cellular labeling. In the center of the photomicrograph, there is a

dense zone of callosal cells and terminals with less dense labeling extending medially and

laterally. Based on evidence from previous studies in the coronal plane, it has been assumed that

the 17/18 border is coincident with the densest zone of callosal labeling. (The 17/18 border is

impossible to locate histologically in the tangential plane, although the border of areas 18 and 19

can be identified with myelin or CO stains). It is apparent that callosal labeling is not uniform,

and that several different periodicities are present in the fluctuations of labeling density in

different zones. Medially in area 17, and laterally in area 18, definite patches of dense callosal

labeling are separated by less dense labeling. This can be seen more clearly in Figure 6.1B,

which shows, from the same experiment but at higher magnification, patches of labeling 2-4 mm

away from the border in area 17. Both retrogradely labeled cells and dust-like terminal labeling
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Figure 6.1. Callosal labeling in a tangential section through the 17/18 border region of case 1. A.

Low power photomicrograph. Medial is to the left, anterior is to the top. The dense callosal

labeling along the presumed 17/18 border is marked by large patches of increased WGA-HRP

labeling density. The arrows mark smaller patches of labeling that extend away from the border

into area 17 (left) and area 18 (right). The patches in area 17 are smaller and more closely

spaced than the patches in area 18. Mostly terminal labeling is visible at this magnification.

Scale bar: 1mm. B. High power photomicrograph of callosal labeling from same experiment.

Both cell and terminal labeling is found in the same clusters, which are separated by areas of less

dense labeling. Scale bar: 0.5 mm
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are found in the same clusters of callosal labeling, which have a spacing of about 1mm in area

17. In area 18, the patches of callosal labeling often had a slightly larger spacing than in 17.

Even in the zone of densest labeling, along the presumed 17/18 border, the labeling was not

continuous. In this zone, patches of increased labeling density often appeared larger and more

widely spaced (about 2mm) than patches in areas 17 or 18, but there was also evidence of

fluctuations in labeling density with a smaller periodicity (about 1mm) as well. The patchiness

along the 17/18 border was most pronounced in case 1. In other cases, patchiness, especially the

large periodicity patchiness, was less pronounced along the 17/18 border, although callosal

labeling further away from the border retained its characteristic patchiness.

Uniformity and size of the zone of effective tracer uptake

The observed fluctuations in callosal labeling density were not likely due to the fact that

more than one injection of WGA-HRP was made, as the injections coalesced to form a single,

continuous zone of dense reaction product in the injected area. In order to determine if uptake of

tracer from the injection site was uniform, the pattern of labeling in the lateral geniculate nucleus

(LGN) was examined. The labeling in the LGN was always continuous, with no gaps that might

suggest that uptake from the injection site was discontinuous. Lateral geniculate labeling from

case 2 is shown in Figure 6.2. Although these photomicrographs were taken with crossed

polarizing filters (filing and Wässle, 1979), which increases contrast, the labeling also appeared

dense and continuous with conventional brightfield optics.

Labeling in the LGN was also examined to determine the effective size of the injection

site. In the four animals with restricted injections, it is probable that little callosal labeling

resulted from uptake of tracer from areas other than 17 and 18, in spite of the fact that the halo of

the cortical injection site extended laterally past the area 18/19 border. This is because labeling

did not extend to the lateral part of the LGN, where the periphery of the visual field is

represented (Sanderson, 1971a). As the three sections in Figure 6.2 are from levels along the
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Figure 6.2. Labeling in the LGN at three different A-P levels following injection of WGA-HRP

at the 17/18 border (case 2). Low power photomicrographs were taken with crossed polarizing

filters, so labeling appears light on a dark background. The figures were printed at high contrast

to show the maximum extent of labeling in the LGN. Outline of the LGN in each section is

shown with dashed white lines. Approximate A-P levels for each section are: 7.5 mm anterior

for A; 6 mm anterior for B; and 4.5.mm anterior for C. Medial is to the left, dorsal to the top.

Arrows in B mark intralaminar spaces between lanunae A and Al (top arrow) and between

laminae Al and C (bottom arrow). Scale bar: 1mm.
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anterior-posterior axis separated by several millimeters, they also give some indication of the

extent of the range of visual field elevation represented within the injection site. Labeling is

concentrated in laminae A and Al in anterior parts of the nucleus (Fig, 2A), and in the C laminae

in posterior parts of the nucleus (Fig. 2C) because, due to the curved shape of the cat’s LGN,

lines of isoelevation do not run parallel to the coronal plane throughout the nucleus (Sanderson,

1971b). The finger-like projections of labeling seen in Figure 6.2b are in the intralaniinar spaces

and might represent greater divergence of corticogeniculate projections to the intralaminar spaces

of the LGN, compared to corticogeniculate projections to the A and C laminae. In the last two

animals, in which the series of injections were more extensive, the whole medio-lateral extent of

the LGN was labeled at some A-P levels; in these two animals the possibility that some callosal

labeling was from area 19 cannot be excluded, although these two experiments did produce

callosal labeling patterns comparable to our other experiments. The labeling in the LGN was also

much more extensive in its A-P extent in these animals. The LGN labeling thus showed that all

the injections produced uniform uptake of tracer from a large area of visual field representation

in the cortex.

Computer reconstructions of callosally labeled cells

The patchy organization of callosal connections was evident not only in single sections,

such as shown in Figure 6.1, but also, after appropriate averaging, in the reconstructions of

retrograde labeling from serial sections through the entire thickness of the cortex. Figure 6.3A

shows the reconstruction of retrograde labeling from case 2. Each dot represents a single

retrogradely labeled cell body, and labeling from the entire set of tangential sections is collapsed

onto a single plane. The pattern of labeling looks quite continuous, except possibly at the medial

and lateral edges. The fluctuations in density. of labeled cells are easier to appreciate in Figure

6.3B, which shows the same data expressed as the density of labeled cells under a 100 J.tm grid.

As described above, The zone of densest callosal labeling was used to estimate the 17/18 border.
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The average change in labeling density progressing from medial to lateral Was calculated, as

shown in the graph in figure 6.3B. A one mm wide strip centered on the peak of a Gaussian

function fit to the data was designated as the 17/18 border. Although the largest number of

callosal cells under a single 100 J.tm2 grid box was 20, corresponding to 2000 callosal cells/mm2’

the average density along the border, obtained from the peak of the curve in figure 6.3b was

about 800 cells/mm2. Given that 1 mm2 of area 17 contains 61,900 neurons (Beaulieu and

Colonnier, 1983), approximately 1.3 % of neurons in the vicinity of the 17/18 border project to

the contralateral 17/18 border; this should be considered a minimum estimate, as the methods

used may not have visualized all of the projecting cells.

The fluctuations in density of callosally projecting cells were even more apparent when

spatial averaging and contrast enhancement were applied to the density data for case 2, as shown

in Figure 6.3C. Patches of relatively greater density can clearly be seen in area 17, area 18, and

even along the presumed border of these two areas. Again, the patches are sometimes slightly

larger and more widely spaced in area 18 than in area 17 (Fig. 3, asterisks). Unlike case 1, the

17/18 border shows only fluctuations in labeling density with a 1mm periodicity; the 2 mm

spacing was not observed in this case. The same process of averaging and contrast enhancement

was applied to the data from case 1 to produce Figure 6.4. The reconstruction of retrograde

labeling before averaging is overlaid on top of the figure in order to show the relationship

between the raw data and the image generated from it. Although it is much easier to appreciate

the patches in the processed image, they can be seen in the raw data, especially medially in area

17, using the superimposed image for comparison. As the labeling in area 17 extended farther

from the 17/18 border than in any of the other cases, the details of the labeling pattern can be best

appreciated in this case. The patches were aligned in irregular rows to form a complex lattice

like structure. This level of organization was only hinted at when examining the labeling from a

single section, thus demonstrating the usefulness of our method of charting labeling in all serial

sections.
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Figure 6.3. Three different representations of the same data (case 2), same scale and vertically

aligned. A. Each dot represents a single cell labeled with WGA-HRP, and data from all serial

tangential sections was collapsed onto a single plane “A” and “L” show anterior and lateral,

respectively. Numbers show location of visual areas. B. The data in A replotted to show the

density of labeled cells. Each pixel is 100 jim square. The graph underneath shows the average

density of pixels across the M-L extent of the labeling. The “0” in the x-axis of the graph shows

the location of the peak of labeling density, as determined by a fitted Gaussian function. A 1 mm

zone centered on the peak of labeling density is shown by dotted lines which are extended into A

and C. C. The density data in B after the smoothing procedure described in the text. The same

patches of callosal labeling are marked with asterisks in B and C.



A
4 I •‘7••

1/
,

itt.
.%e ‘

.%

A :. :.•:

C?,

1,

•
.

*

*

*

‘4

145

A

B

I

Cells/mm2

—100 *

L1000

(54 1500
E800 1
E6001 2000

40°1
=2001
0o40

3 2 2 3 4

C

Figure 6.3



Callosal Connections of Visual Cortex 146

Figure 6.4. The complete pattern of callosal labeling from case 1. The positions of all the

callosally labeled cells are shown superimposed onto the smoothed image obtained from the

same data. The dashed lines mark a 1mm zone centered on the peak labeling density. The

patches of labeling within the box are the same patches shown in Figure 6. 1B, a

photomicrograph of a single section.
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Distribution of callosal terminals

The anterograde tracer BDA was used to demonstrate the terminations of callosal axons.

Although terminal labeling was present from the WGA-HRP experiments, BDA has several

advantages over WGA-HRP for anterograde labeling. One advantage is that, unlike WGA-HRP,

BDA is transported rather poorly in the retrograde direction (Brandt and Apkarian, 1992;

Veenman et al., 1992). Therefore, labeled terminals can more definitively be assumed to have

arisen from cell bodies in the area injected, and not to have arisen from the collaterals of

retrogradely labeled cells This collateral labeling has conclusively been shown to occur

following large WGA-HRP injections (Takeuchi et al., 1985; White and Keller, 1987). Also,

BDA fills labeled axons completely, unlike WGA-HRP which gives a grainy, dust-like reaction

product following anterograde transport.

As was accomplished for the WGA-HRP experiments, large, continuous injection sites

were made by a series of closely spaced injections. Callosal labeling from a BDA injection is

shown in Figure 6.5. The dense strip of fibers in Figure 6.5a along the 17/18 border shows the

same patchy organization as seen with retrograde labeling. In this experiment, both larger (about

2mm spacing) and smaller scale (about 1mm spacing) patchiness can be seen along the border.

Higher magnification photomicrographs of labeling medially in area 17 and laterally in area 18

are shown in Figures 5b and 5c, respectively. In both areas, a patchy distribution of fibers is

present having the approximately 1mm spacing shown previously. Thus, the overall distribution

of callosal terminals is similar to the distribution of callosal cells. In addition to anterograde

labeling, some retrograde labeling was found from the BDA injections, raising the issue of

collateral labeling. Retrogradely labeled cortical neurons were marked by perinuclear granular

reaction product that extended only into proximal dendrites, making it unlikely that these cells

had retrogradely transported enough tracer to fill their axon collaterals. It was concluded that the
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Figure 6.5. Anterograde callosal labeling from a BDA injection. A. Labeling along the

presumed 17/18 border zone. The labeling is patchy, with both the large and the small

components described earlier being present. Medial is to the left and anterior is to the right.

Scale bar: 1mm. B. Labeling 2-3 mm medially in area 17 from the same experiment. Patches of

labeling are marked by arrow heads. A retrogradely labeled cell is marked by a small arrow.

Scale bar: 500 jim, and applies to both B and C. C. Labeling 2-3 mm laterally in area 18. Arrow

heads mark patches of labeling. Patches are slightly larger and more widely spaced than in area

17.
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labeled fibers represented true anterograde transport from the injected hemisphere, not collateral

labeling from retogradely labeled cell bodies.

Callosal stripes in areas 18 and 19

In cases 5 and 6, a more extensive series of injections was made and labeling patterns in

area 19 were reconstructed , as well as 17 and 18. Figures 6.6a and 6.7 show the reconstruction

of callosal labeling for cases 5 and 6, respectively. In addition to callosal labeling near the 17/18

border, there are multiple, irregularly spaced, 2-3 mm wide stripes of callosal labeling that begin

in the lateral portion of area 18 and progress laterally across the surface of the cortex for many

millimeters. Although present in the labeling from our earlier injections (see Fig. 4), it was only

following more extensive injections that their organization and spacing could be appreciated.

These stripes likely correspond to previous descriptions of isolated callosal projections laterally

in area 18 which were termed callosal “islands” (Sanides and Albus, 1980). The reconstructions

showed that callosal “islands” are actually medial-laterally elongated stripes of labeling that cross

multiple visual areas.

Relationship of Callosal Labeling to CO Staining

The patchy callosal labeling in areas 17 and 18 was compared to the pattern of CO

staining in cases 5 and 6 by reacting alternate sections with CO histochemistry. Figure 6.6b

shows an enlargement of the callosal labeling within the box in Figure 6.6a. As in previous

cases, patches of labeling extend away from the 17/18 border into areas 17 and 18. In this case,

labeling along the border itself was fairly continuous, but some fluctuations of labeling density

can be seen there, especially in the upper part of Figure 6.6b. The CO pattern in the

corresponding part of an alternate section is shown in 6c. In addition to finding CO blobs in area

17, as previously reported (Murphy et al., 1990), CO blobs in area 18 were also
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Figure 6.6. Retrograde labeling and CO staining from case 5. A. Reconstruction of retrogradely

labeled cells. Each dot marks the position of a single callosal cell retrogradely labled with

WGA-HRP. Two callosal stripes are marked by arrows. The boxed area is shown enlarged in B.

B. Enlargement of caflosal labeling from A. Some examples of clustered callosal labeling in

areas 17 and 18 are shown with arrows. The small circles show some of the blood vessels used

for alignment with the CO stained section. C. The pattern of CO staining in the same area. Note

the blobs of increased staining. D. Superimposition of the callosal labeling pattern onto the

image of the CO stained section. Alignment of the two was achieved by matching radially

penetrating blood vessels. The clusters of callosal labeling in areas 17 and 18 tend to align with

the CO blobs.
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found which, although having a slightly larger spacing, resembled those in area 17. Matching

blood vessels are shown for the two patterns. Figure 6.6d shows the callosal labeling

superimposed onto the CO stained section. The patches of labeling extending medially into area

17 tend to overlie the CO blobs. In area 18 of this animal, the pattern of callosal labeling was

less markedly patchy than in area 17, but here too, some correspondence between the CO blobs

and the callosal labeling can be seen. The alignment of callosal labeling and CO staining is

shown for another case in Figures 6.7 and 6.8. Figure 6.8 shows the callosal labeling from

within the boxes in Figure 6.7 superimposed on the pattern of callosal labeling in the same

manner as for case 5 in Figure 6.6. Again, the alignment of the patches of callosal labeling and

the CO blobs is evident, especially in area 17. Two callosal stripes within area 18 are included in

Figures 6.8 d-f, and it can be seen that there is no relationship between the CO staining pattern

and the stripes of callosal labeling.

Discussion

It is shown that the callosal pathway in the cat is organized in a truly discontinuous

fashion. In fact, several distinct, differing forms of patchy organization are present in this

pathway. At the border of areas 17 and 18, large patches of callosal labeling with a spacing of

about 2 mm were often evident, although occasionally fluctuations in labeling density with

spacing of about 1mm were also visible. Slightly lateral or medial to the border, where callosal

labeling was less dense, smaller patches of callosal labeling could be seen. These had a spacing

of approximately 1mm in area 17, slightly greater in area 18. These patches of callosal labeling,

but not the larger patches along the border, were found to align with the CO blobs. Also present

in area 18 were several large, irregularly spaced stripes of callosal labeling. These callosal

stripes typically began about halfway across the mediolateral extent of area 18 and continued

laterally through area 19 and as far as the suprasylvian sulcus; they had no apparent relationship

with the CO blobs. Each of these forms of patchy organization will be discussed in turn.
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Figure 6.7. Reconstruction of WGA-HRP retrograde labeling for case 6. The boxed areas are

enlarged in figure 6.8. Arrows mark two callosal stripes. The dotted line marks the lateral

border of area 18, as determined by CO staining.
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Figure 6.8. Alignment of WGA-HRP callosal labeling and CO staining for case 6. A.-C. show

area 17 and D.-F. show area 18. A and D show the caflosal labeling, B and E show the CO

staining, and the C and F show the superimposition of the callosal labeling pattern onto the

image of the CO staining. The two were aligned by matching radially-penetrating blood vessels,

some of which are shown as small circles.
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Patchy callosal labeling at the 17/18 border

Irregular fluctuations in labeling density were often evident even in the area of densest

callosal labeling, the presumed 17/18 border. These fluctuations appeared to have two

components, one roughly the same size as the cytochrome blobs, and the other approximately

twice as large. Presumably, the small scale fluctuations in callosal labeling density correspond to

the CO blobs at the 17/18 border, as they do elsewhere. In Figure 6.6d, for instance, there are

examples of small increases in labeling density along the border corresponding to CO blobs.

However, because the fluctuations of labeling density along the border are often not very

striking, especially for the retrograde labeling, it is more difficult to make these sorts of

comparisons than it is for the more obvious patches of callosal labeling that occur slightly medial

or lateral to the border. It would appear that both blobs and interbiobs are callosally connected at

the vertical meridian representation, but that sometimes the blobs have a greater density of

callosal connections.

The presence of larger scale fluctuations in callosal labeling density at the 17/18 border is

more difficult to interpret. However, our unpublished observations indicate that this large scale

fluctuation in callosal labeling density along the 17/18 border is also present when the

contralateral injection site is the lateral suprasylvian area. The large scale fluctuation is not

present in the ipsilateral projection from the area 17/18 border to the lateral suprasylvian area

suggesting that it is a unique feature of callosal pathways. Detailed electrophysiological

mapping of neuronal receptive field locations in the 17/18 border region (Diao et al., 1990) has

shown that cells with receptive fields located. 1 to 7° into the ipsilateral hemifield are restricted to

confined zones with a size and spacing similar to the larger scale fluctuations in callosal labeling

along the 17/18 border. It is possible that the large scale fluctuations in density of callosal

labeling along the 17/18 border might be the result of these zones of ipsilateral field

representation making stronger callosal connections than surrounding areas of contralateral
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representation. It is also interesting to note that the ipsilateral field zones were marked by the

presence of larger receptive fields and broader orientation tuning than was found outside these

zones (Diao et al., 1990). It has been suggested (Payne, 1990a; Payne, 1990b) that zones of

ipsilateral field representation along the vertical meridian might be the main cortical target of

layer 3 of the medial interlaminar nucleus, which is the only part of the LGN complex to contain

any ipsilateral field representation (Lee et al., 1984). It would be interesting to see if the

projections to visual cortex of this layer are organized into patches that match the large scale

fluctuations of callosal labeling density and/or the patches of ipsilateral field representation.

Callosal connections and CO staining in areas 17 and 18

Callosal connections within area 17, away from the vertical meridian representation, were

found to be clustered, sometimes forming a complex lattice-like structure extending more than 5

mm from the 17/18 border. In cat area 17, the CO blobs form a lattice-like structure that matches

the pattern of callosal labeling (fig. 4; fig. 8). The organization of callosal connections and CO

staining in area 18 was similar, except that the blobs of CO staining and patches of callosal

labeling were slightly larger than in area 17. This contrasts with the situation in the primate,

where Vi is marked by blobs of CO staining similar to those in the cat (although having a

smaller periodicity, and a more regular organization than in the cat) and V2 shows a series of

CO-rich stripes oriented approximately at right angles to the V1/V2 border.

Often, the patchiness of callosal labeling was not as obvious in area 18 as in area 17.

This might be related to the fact that, as area 18 is much narrower than area 17, less space in area

18 contained patchy callosal labeling. Also, the presence of the callosal islands in area 18

sometimes obscured the patchy labeling in the CO blobs. Therefore, it was more difficult to

compare callosal labeling and CO patterns in area 18 than in area 17, although it appears that

patches of callosal labeling in area 18 are in the CO blobs, as they are in area 17.
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The organization of callosal connections in the cat is comparable to the organization

described for various primate species. Callosal labeling within area 17 of the owl monkey was

found to exhibit a periodic fluctuation in density with a spacing about 400mm (Cusick et al.,

1984). In the galago, the same study showed an even greater extent of clustered labeling

medially in area 17, and the clusters of labeling were coextensive with CO blobs. In the

macaque monkey, callosal labeling in area 17, although more restricted in extent, is also patchy

in a fashion that correlates with the CO blobs (Kennedy et al., 1986). In owl monkeys and

macaques, the CO stripes of V2 are also preferentially connected callosally (Kennedy et al.,

1986; Cusick and Kaas, 1988; Kennedy and Dehay, 1988; Olavarria and Lewis, 1992). Thus, the

callosal connections of visual cortex in primates and cats appear to be organized similarly in that

they are preferentially made to zones of high CO activity, regardless of the spatial organization

of these zones, i.e., blobs versus stripes. Recently, blobs of dense staining of CO activity have

been demonstrated in ferrets (Cresho et al., 1992). As of yet, the tangential organization of

callosal connections in this species and its relationship to the CO blobs, has not been

investigated.

The callosal stripes

Although mainly concerned with the organization of areas 17 and 18, some observations

were also made on callosal labeling in other visual areas. These areas were marked by stripes of

callosal labeling extending from the lateral portion of area 18 to as far lateral as the fundus of the

lateral suprasylvian sulcus. Within area 18, these stripes have been shown to correspond to

anomalous representations of the vertical meridian in the lateral part of area 18 (Sanides and

Albus, 1980), and there are also discontinuities in the visual field map of area 19 (Hubel and

Wiesel, 1965; Donaldson and Whitteridge, 1977; Tusa et al., 1979) which may be associated

with the stripes. It should be mentioned that visual cortex in the lateral suprasylvian sulcus

contains duplicated representations of the vertical meridian (Sherk and Mulligan, 1993) which
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might be expected to correspond to the course of the callosal stripes through that area as well.

No changes were found in the pattern of CO staining in the vicinity of the callosal stripes, which

included both blobs and interbiobs in their territory. If the callosal stripes are truly associated

with anomalous representations of central visual field, then the inclusion of both blobs and

interbiobs within them would not conflict with the observation that callosal connections in the

rest of areas 17 and 18 become more and more confined to blobs with increasing distance from

the vertical meridian. It is also possible that blobs may be slightly more heavily labeled than

interbiobs within the callosal stripes, as was sometimes seen at the 17/18 border.
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7 GENERAL DISCUSSION

The studies described in the preceding chapters have provided important new information

regarding the organization of corticocortical and intrinsic pathways in the visual cortex of the

cat. Specifically, these studies have shown:

1. The fmding of a patchy pattern of CO staining in area 17 of the cat (Murphy et aL,

19888) was confirmed, and extended to area 18.

2. Projections from W-cells of the LGN were confined to the CO blobs, and were

segregated into cortical layers (11, 13, and 5a) while the projections from the X-cells

and Y-cells were confmed to layer 4)

3. Projections from the large Y-cells in the magnocellular portion of layer C were

confined to layer 4a of the CO blobs in area 17.

4. The finding that cells projecting from area 17 to visual area PMLS were hard

patterned(Shipp and Grant, 1991) was confirmed and extended to area 18.

5. Patches of PMLS-projecting cells in areas 17 and 18 were concentrated in the CO

blobs.

6. Cells projecting from area 19 to PMLS were also hard patterned, but with a larger

spatial scale than patches in area 17 or 18.

7. Cells projecting from areas 17 and 18 to area 19 were found to be soft patterned; .e.,

both blobs and interblobs of area 17 and 18 projected to area 19.

8. The projections of blobs and interbiobs were segregated into different columns in

area 19. These columns were at least 2 mm wide.

9. Local connections in area 19 had a larger size and spacing than local connections in

areas 17 or 18.
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10. Callosal connections of areas 17 and 18 were patchy, with several different scales of

patchiness present.

11. Callosal connections tended to be heavier to the CO blobs in areas 17 and 18, and

this was especially true of callosal connections farther from the border of these two

areas.

These data are consistent with the existence of segregated, parallel input and output

processing streams throughout the visual cortex of the cat. In particular, the blobs of areas 17

and 18 receive classes of inputs from the LGN that the interbiobs do not receive, and project, in

turn, to a visual area that the interbiobs do not project to. Many of the implications of these

findings, with respect to the organization of pathways in the visual cortex of the cat, are

discussed extensively within the individual chapters. Here, only aspects related to the hypothesis

of segregated parallel pathways will be discussed, with an emphasis on comparison of these data

to the system of parallel visual pathways in primates that has been so exhaustively demonstrated

(Van Essen et al., 1992; Van Essen and Gallant, 1994)

Segregation of Pathways in Area 17: A Comparison with Primates

It appears that CO blobs in the cat, like those in primates, are associated with the segregation of

different processing streams. The similarity between pathways in cats and primates is most

striking for the comparison between the W-cell pathway of the cat and the so-called

“koniocellular” pathway in primates. At the level of the LGN, both the K layers of primates and

the parvicellular C layers of cats receive input from the superior colliculus, while the rest of the

LGN does not (Harting et al., 1991). Also, the parvicellular C laminae resemble the K layers of

primate LGN in that they stain densely for one calcium binding protein (calbindin) and weakly

for another (parvalbumin), while the opposite pattern is found in the main layers of the LGN in
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both species (Stitchel et al., 1987; Casagrande, 1994). The neurochemical distinctness of the K

pathway was strengthened by a recent study showing that K relay cells in the macaque are the

only LGN cells that stain densely for calciumlcalmodulin dependant protein kinase II (Hendry

and Yoshioka, 1994); the staining pattern fOr this enzyme in the cat LGN is not yet known.

Physiologically, the K layers contain, cells with W-type properties (Irvin et al., 1986), at least in

galagos, the only primate species in which the K layers have bcen studied physiologically. Like

the parvicellular C-layers of the cat, the koniocellular layers terminate in layer 3 selectively

within the CO blobs (Fitzpatrick et al., 1983; Weber et al., 1983; Livingstone and Hubel, 1987c;

Lachica and Casagrande, 1992). It is interesting to note that in tree shrews, the small-cell layers

of the LGN also receive projections from the superior collicülus (Fitzpatrick et al., 1980), stain

densely for calbindin (Diamond et a!., 1993)), and terminate specifically in patches in layer 3

(Fitzpatrick and Raczkowski, 1990). CO blobs have yet to be observed in this species. Ohe

intriguing difference in the projections of the parvicellular C layers of the cat LGN and the small-

cell layers in other species is the projection to layer 5a, which has only been described in the cat.

Whether this pathway has analogs in other species is unknown.

Another question concerning the similarity of geniculocortical organization in cats and

primates is whether CO blobs in the cat are aligned with ocular dominance columns, as they are

in most primates (Horton, 1984). At present, there are conflicting reports concerning this

question, with onr study finding that CO blobs are centered over OD columns, (Murphy et al.,

1991), and another study concluding that these two columnar systems are relatively independent

in the cat (Dyck and Cynader, 1993b). Certainly, the relationship between these two columnar

systems cannot be as precise as it is in the macaque, for, instance. This is because the spacing

between CO blobs in the cat is too large to provide for blobs centered over the ocular dominance

columns of each eye (compare Figs. 3.6A and 3.7A). In addition, ocular dominance columns in

the cat have an irregular, highly branched pattern, and there is a greater degree of overlap of

inputs from the two eyes in the cat (Anderson et a!., 1988). The relationship between CO blobs
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and ocular dominance does not hold for all primates, as evidenced by the squirrel monkey, in

which inputs from the two eyes are nearly completely mixed, while CO blobs are very distinct

(Weber et al., 1983; Horton, 1984). It has been speculated that OD columns arose independantly

in several different lines of mammalian descent, (Florence et al., 1986). This could explain why

CO blobs are related to OD columns in some species, but not others. At any rate, it appears that

the variation in geniculocortical organization between primates and cats is not that much greater

than the variation among different primate species.

It is suggested that Y-cell input in area 17, at least the Y-cell input from layer C, in

addition to W-cell input might also be confined to the CO blobs, thus accounting for the fact that

the blobs are visible in layer 4a, but not in layer 4b. Although not a matter of universal

agreement (Shapley and Perry, 1986), the Y-ceIl pathway in the cat has traditionally been, on the

basis of similarities in relative cell size, and physiological properties, likened to the

magnocellular pathway in primates (Casagrande and Norton, 1991). The suggestion that the

blobs in the cat are part of a Y-cell driven, motion-densitive processing stream is at odds with

findings in the macaque and squirrel monkey that the blobs are dominated by parvicellular

instead of magnocellular inputs and do not contain direction selective cells (Livingstone and

Hubel, 19874). However, it has been suggested that blobs or interbiobs may be dominated by

either magno- or parvo- streams in different primate species, possibly depending on

specialization for nocturnal versus diurnal niches (Casagrande and Norton, 1991).

It is interesting to note that, in one report, the magnocellular inputs to Vi of the nocturnal

new world owl monkey are confined to the CO blobs in layer 4a (Horton, 1984), just as it has

been suggested here that the Y-cell inputs from the C-laminae are confined to the CO blobs in

layer 4a in the cat. In the owl monkey, (Horton, 1984), and in the prosimian galago (Condo and

Casagrande, 1990), CO blobs are visible in the top part of layer 4, where the magnocellular LGN

afferents terminate, similar to the arrangement of CO blobs in the cat. (This does not appear to

be the case in other, diurnal new world primates such as the squirrel monkey, or in any old world
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primates examined (Horton, 1984). It is suggested that, in both cats and some nocturnal

primates, the dense CO staining in blobs in layer 4a is a reflection of the concentration of Y-cell

or magnocellular terminations. Also, an area that receives projections from the CO blobs in owl

monkeys, the dorsomedial visual area, has a large percentage of direction selective neurons

(Krubitzer and Kaas, 1989; Krubitzer and Kaas, 1993), as does PMLS in the cat. Thus, there is

reason to beleive that in some primate species, at least, a large celled, motion sensitive pathway

through the blobs and into an extrastriate area may exist, as has been shown here for the cat.

Another piece of evidence that would suggest a specific magnocellular input to the CO

blobs in primates is the staining pattern for the Cat-301 antibody (Hockfield et a!., 1983). This

antibody stains a cell-surface molecule on select populations of cells in the brain. In the LGN of

macaque monkeys, this marker stains the magnoceelular layers most densely (Hockfield et a!.,

1983; Hendry et al., 1988), while in the visual cortex, Cat-301 stains patches in layer 4Ca and

the bottom part of layer 4B (Hendry et al., 1988; DeYoe et al., 1990). These patches align with

the CO blobs in layer 3 (Hendry et al., 1988). The presence of Cat-301 in layers of the LGN and

cortex known to receive magnocellular input, as well as. in extrastriate areas such as V3 and MT

thought to be dominated by magnocellular inputs (DeYoe et al., 1990), suggest that the

abundance of Cat-301 in the CO blobs versus the interbiobs reflects some differential

magnocellular input. Unfortunately, there are no published reports of Cat-301 staining in new

world monkeys, and the antibody appears to label only faint, scattered cells in prosimian LGN

and cortex (Hendry et a!., 1988; Jam et a!., 1994).

In the visual thalamus of the cat, Cat-301 recognizes Y-cells, but not X- or W-cells, in the

A and C laminae of the LGN, and in the MIN (Sur et a!., 1988) Interestingly, a recent report has

shown that çat-301 stained cells in the cortex are patchy (Chehil et al., 1992). Unpublished

experiments from this laboratory have shown that the patches of Cat-301 labeling are in the CO

blobs in the cat, just as they are in the primate. Again, these data are consistent with the idea that

the blobs in the cat preferentially receive Y-cell input.



Discussion 168

Thus, CO blobs in cats and primates appear to be manifestations of similar principles of

visual cortical organization. It is suggested that further study will show that other differences

between blobs and interbiobs in primates, such as intrinsic interlaminar connectivity (Lachica et

al., 1992; Lachica et a!., 1993), dendritic field organization (Hübener and Bolz, 1992), and

physiological response properties (Livingstone and Hubel, 1984; Tootell et al., 1988; Ts’o and

Gilbert, 1988), will also be found between blobs and interbiobs in the cat.

Comparison of Area 18 and Area 17

One striking finding that has emerged from these studies is that columnar organization of

CO staining, LGN inputs, and corticocortical connections of area 18 is very similar to that of area

17. Because of its strong input from the main layers of the LGN, area 18 has previously been

considered to be a primary visual area (Tretter et al., 1975) and “a unique magnocellular area in

the cat” (Henry, 1988). In other carnivores, such as ferrets, there is also strong input from the

LGN to area 18(Law et al., 1988), suggesting that this condition may be a feature common to all

members of this order. It is speculated that area 18 in carnivores is not homologous to the

second visual area V2 of other mammalian orders, for in primates (Bullier and Kennedy, 1983),

rodents (Ribak and Peters, 1975), tree shrews (Conley et al., 1984), and even the marsupial

opossum (Coleman and Clerici, 1981), the main projection from the LGN is restricted to area 17.

It would be of interest to determine in which other mammalian groups the second visual area

receives geniculate input, as in the cat, or lacks such input, as in primates.

It is suggested that area 18 may have arisen by duplication or splitting of area 17 (Kaas,

1989) subsequent to the divergence of the carnivore and primate lines. Interestingly, recent

evidence suggests that Cheirogaleus medius, a prosimian primate, possesses a region of cortex

inside architectonically defmed Vi that contains a non-mirror image (V2-like) representation of

the visual field (Paolini et al., 1994). This representation may be an independent example of a
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partial duplication of primary visual cortex. An alternative suggestion is that the second visual.

areas of the different mammalian groups are homologous, and that LGN inputs to the second

visual area were either selectively lost in some groups, or selectively gained in other groups.

Continuation of Segregated Streams Through Area 19

Area 19 was found to receive inputs from both blobs and interblobs, andio keep these

inputs segregated into different columns; these columns were of a larger size than blobs and

interblobs in areas 17 and 18. It was also found that cells projecting from area 19 to PMLS were

arranged in similarly large clusters, and it was hypothesized that a relationship between these two

types of patches might exist. Thus, if the same columns of area 19 that received projections from

the blobs in areas 17 and 18 projected to PMLS, then a segregated pathway of W/Y-ceIl

projections could be traced through area 19. The projections from areas 17 and 18 to PMLS

directly would then be an example of connections that skip a stage in the processing hierarchy

(Felleman and VanEssen, 1991). It is interesting to note that projections from the C-layers of the

LGN also terminate in large spaced patches in area 19 (Anderson et a!., 1988), and it is suggested

that these projections may also correlate with the input-and/or output-defined columns in area 19.

In primates, projections from the thalamus have been shown to terminate in stripes of dense CO

staining in area 18 (Curcio and Harting, 1978; Horton, 1984; Livingstone and Hubel, 1987c). As

the CO stripes in primate area also V2 segregate inputs from blobs and interbiobs of area Vi, and

segregate outputs to different extrastriate areas, there is a precedent for such intricate

interrelationships of connections with different levels of the visual system.

Because it receives both blob and interbiob information, area 19 must have a different

function in the processing of visual information than area PMLS, for instance, which receives

inputs mostly from the blobs in areas 17 and 18. Zeki and Shipp (1988) suggested that primate

areas Vi and V2 act as segregators to funnel different visual information into different
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extrastriate areas, such as MT and V4, which are specialized for particular visual functions.

These results would suggest that area 19 in the cat should be considered a segregator of visual

infonnation, like Vi and V2, and not a specialized visual area, like primate area V3, as has been

suggested (Payne, 1993).

If area 19 is truly acting as a segregator, then projections to different visual areas should

be segregated within area 19. That is, there should be projections to other areas “slotting in”

between the patches of cells projecting to PMLS, as for instance, patches of cells projecting to

MT and V4 are interdigitated in area V2 of the primate visual cortex (DeYoe and VanEssen

1985). As area 19 has several robust outputs to areas other than PMLS (Symonds and

Rosenquist, 1984; Figure 5.2), this is certainly a possibility. Unpublished experiments from this

laboratory have, in fact, showed that when area PMLS and another extrastriate visual area that

receives projections from area 19 (area 21a) were injected with two different tracers, the patches

of labeling from the two tracers formed an interdigitated pattern in area 19. It is interseting to

note that 21 a and PMLS have been described as having rather different physiological properties

(Toyama et al., 1994). This is consistent with the hypothesis of segregated processing streams in

area 19.

The Organization of Inputs to PMLS

Many studies of the physiological properties of PMLS have shown that this area contains

neurons selective for the direction of stimulus motion (Spear, 1991). The segregation of inputs

to this area suggests the existence of processing stream through areas 17-19 and into PMLS

concerned with analyzing stiimulus motion. In the visual cortex of primates, a similar

organization exists in that area MT is also concerned with analysis of stimulus motion, and

receives segregated inputs from Vi and V2 (Van Essen and Gallant, 1994). As the similartities

between these two areas have led others (Zeki, 1974; Lund et al., 1979; Payne, 1993) to suggest
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that they may be homologous, it is interesting to compare the organization of their respective

connections from primary visual cortex.

The input from primary visual cortex to MT, originates mostly from a layer of large cells

at the base of layer 4B, (Lund et al., 1975; Shipp and Zeki, 1989).and not from layer 3, as in the

cat (Lund et al., 1979; Shipp and Grant, 1991). This comparison is not entirely valid, though, as

the cat does not have a layer corresponding to primate 4B. However, Lund et al. (1979) have

argued that the large pyramidal cells at the layer 3/4 border in the cat may be analogues of the

large cells in layer 4B of the primate that project to MT; these border pyramids make up a sizable

percentage of the cells that project to PMLS (Sbipp and Grant, 1991). Moreover, a reveiw of the

cytology of Vi in different primates shows that layer 4B is only poorly differentiated in the

prosimian galago (Casagrande and Kaas, 1994), and cells projecting to MT in galagos are more

widely distibuted in the upper parts of layer 3 (Diamond et al., 1985). It is possible that the

confinement of cells projecting to MT and the creation of a special sublayer containing these

cells is a refinement that reaches its full development only in simian, particularly old world,

primates(Lund et al., 1979); Casagrande, 1994 #2 145. Another possibility is that non-primates

such as the cat, which do not have a homologue to. primate layer 4B also do not have a

homologoue to primate area MT, and that this specialized sublayer of primary visual cortex

developed in parallel with its target area.

Do Functional Correlates Exist?

This study has shown an impressive degree of segregation of connectivity within

different areas of the visual cortex of the cat. This raises the interesting question of whether

there are any functional correlates of this segregation, as has been documented for similar

patterns of segregation in primates. At present, there have been no studies examining differences

in response properties inside and outside of CO blobs in the cat. The possibility that the CO
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blobs in area 17 represent zones of Y-cell activity has been discussed above. As the

physiological differences between X-cells and Y-cells in the LGN have been well characterized,

physiological evidence for X-like and Y-lilce properties in blobs and interbiobs of the cat could

be sought. As previously mentioned, differences in preferred spatial frequency would be one

such possibility, and a columnar organization of spatial frequency in the cat visual cortex has

been previously described (Tootell and Silverman ,. 1981).

Differences in physiology of the CO blobs and interbiobs in primates have been used to

explain the result that the confinement of callosal connections to the CO blobs becomes more

pronounced with distance from the vertical meridian representation in primates (Cusick et al.,

1984); the difference in callosal connectivity between blobs and interbiobs increases with

increasing receptive field azimuth. As a similar organization of callosal connections was noted in

cats (Chapter 6), differences in the function of blobs and interblobs in cats might also be inferred

from their different callosal connectivity. One hypothesis is that receptive fields of cells in the

CO blobs in primates are larger than those of cells in the interbiobs (Livingstone and Hubel,

1984) and will therefore overlap with the vertical meridian at greater azimuths. If this

mechanism were at work in the cat, it would be consistent with the notion that blobs in the cat

are preferentially receiving Y-cell inputs, as these have larger receptive fields than X-cells

(Casagrande and Norton, 1991).

Another possibility is that processing of information in the different CO compartments

requires different callosal connectivity. For instance, the thick CO stripes in area V2 of the

squirrel monkey contain a high proportion of cells responsive to binocular disparity (Hubel and

Livingstone, 1987) which might be generated, in part, by their callosal connectivity. However,

both the thin stripes as well as the thick ones are connected callosally (Olavarria and Lewis,

1992) and the thin stripes, at least in the squirrel monkey, posses unoriented cells which lack

disparity tuning (Hubel and Livingstone, 1987).
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A third hypothesis is that CO blobs have lower selectivity and more spontaneous activity

than interbiobs (Livingstone and Hubel, 1984). At that period in development when the original

exuberance of callosal axons is “pruned back” (Innocenti, 1981; Innocenti and Clarke, 1984), the

higher levels of activity may help to stabilize callosal axons in the blobs relative to the

interblobs. In the cat, most callosal axons destined to be pruned are lost between the ages of two

weeks and two months, with callosal axons continuing to be lost as late as three months of age

(Elberger, 1993). Cytochrome blobs are present at least as early as 50 days of age in the kitten

(Dyck and Cynader, 1993b) and these may be present at earlier ages, given that they develop

prenatally in the macaque monkey (Horton, 1984). Therefore, CO blobs are present and can

possibly affect callosal axon elimination for at least the latter part of the period during which this

loss occurs. Whichever, if any, of these explanations is correct, it would appear to be difficult to

account for the differential callosal connectivity of blobs and interblobs without the presence of

some physiological differences between these two compartments.

As the segregation of connectivity seen in areas 17 and 18 is maintained in area 19, it is

also suggested that segregation of physiological properties might exist in this area. Toyama et al.

(Toyama et al., 1994) have recently compared the physiological properties of cells in area 19 to

cells in PMLS and area 21a. They found that most cells in 21a had strong orientation tuning, but

few were selective for direction of motion, and few cell were end-stopped, that is, they responded

as well to very long bars as to bars that just filled the excitatory portion of the receptive field.

Cells in PMLS, on the other hand, were selective for direction of stimulus motion, and were

strongly end-stopped, but only weakly selective for orientation. Cells in Area 19 were either

strongly endstoppped with moderate direction selectivity, or weakly end-stopped with strong

orientation selectivity. Another study has shown that the two types of cells in area 19 with

different end-stopping response properties are segregated into different columns. These results

are consistent with the suggestion that area 19 acts as a segregator and different processing

streams pass through it, while areas such as 21a and PMLS are more specialized, and receive
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inputs from only a single processing stream. It is speculated that the different columns seen

physiologically might correspond to the columns that provide output to the different extrastriate

areas. Experiments combining electrophysical recordings with anatomical identification of the

various processing streams would be necessary to answer these questions.

Conclusions and Future Directions

It is concluded that segregated processing streams exist in the visual cortex of the cat, and

that these are intimately associated with the CO blobs in areas 17 and 18, and with at least two

different input- and output-defined columns in area 19. Still, many questions remain concerning

the organization of parallel pathways through the visual cortex of the cat. At the level of the

inputs to the visual cortex, the studies in Chapter 3 could not determine if Y-cells from the A

laminae terminate in the CO blobs, as do as those from the C-laminae, nor could they state with

certainty the relationship of X-cell terminations to the CO blobs in layer 4a. These questions

have important implications for the segregation of X- and Y-inputs, and for the

homogeneity/heterogeneity of LGN Y-cells in the A and C laminae. These important questions

can only be answered with techniques, such as intracellular filling, capable of resolving the

trajectories of indiviual LGN axons.

In area 19, the relationships of the columns defined by inputs from areas 17 and 18,

inputs from the LGN, and outputs to PMLS is completely unknown. Studies are required in

which two of these pathways are labeled in the same experiment, such as combining large

injections in the PMLS with small injections in area 19, hoping to hit either a PMLS-projecting

column, or one of the intervening columns.

Secondly, area 19 also projects to areas other than PMLS (Symonds and Rosenquist,

1984a), and the organization of cells projecting to these areas needs to be examined and

compared to those projecting to PMLS. As previously mentioned, unpublished data from this
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laboratory suggests that cells projecting to area 21a are found in different columns than those

projecting to PMLS, but the projections from area 19 to other areas, such as area 20, remain to be

explored. For example, it is possible that more than two types of projection columns exist in area

19.

There is evidence that the connections of many different visual areas demonstrate hard

patterning (Chapter 4). These connections may indicate the existence of segregated function, as

well as connectivity, within multiple extrastriate areas in the cat. Such a continuation of multiple

processing streams in extrastriate areas has been recently demonstrated in the monkey (Tootell

and Born, 1992; DeYoe et aL, 1994). Clearly, the present studies have only uncovered a small

portion of the complexity that must exist in the visual cortex of the cat.

Some of the findings of this thesis are summarized in Figure 7.1. In this figure, the

organization of parallel pathways in the cat, as ellucidated in this study, are compared to an early

view of the organization of parallel pathways in the visual system of the macaque monkey

(Livingstone and Hubel, 1987b). This early, rather simplistic, version of parallel processing

streams in primates has, with much further study, given way to an increasingly more complex

view of the connections of cortical areas in primates, culminating in a diagram of connectivity

that resembles a computer cirtcuit board (Felleman and Van Essen, 1991). However, the earlier

version was chosen for comparison here as an aknowledgement that studies of parallel pathways

in the cat’s visual cortex are still many years behind those in primates; with further study, similar

“circuit diagrams” for the cat will undoubtably become more complex as well.
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Figure 7.1 A summary diagram showing the contributions of this study towards

understanding the columnar organization of some of the inputs and outputs of cat visual cortical

areas and a comparison with the columnar organization of some macaque monkey visual areas.

Prior to this study, there was little evidence for a columnar organization of the parallel inputs and

outputs of areas 17 and 18, and even less evidence for such an organization in area 19 (left panel;

area 18 has been omitted from this diagram because of the similarity of its organization to that of

area 17). Thus, the parallel inputs to area 17 were previously shown as becoming completely

intermixed, and the parallel output pathways shown as being intermingled, in a homogenous

layer 3. Likewise, a single pathway was previously shown connecting areas 17 and 19, and the

cells in area 19 projecting to other areas were not thought to be segregated. This study has

shown a columnar organization of the inputs and outputs of areas 17 and 19 (middle panel). The

diagram for the monkey (right panel) was adapted from Livingstone and Hubel (1987b). Note

the general similarity of the organization of the visual system in the two species. In both cat and

monkey, multiple streams exist at all levels of the visual system, and these streams have different

connections. Note that this figure is merely to show the general principles of parallel processing

in these species, and not to indicate any homologies between visual areas in the two species.

Question marks indicate projections which have not been established with certainty. The

relationship of the input- and output-defined columns of area 19 is not yet known, and, thus, the

projections of the different columns of area 19 are also marked with question marks.
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