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Abstract
Studies of the primary visual cortex of the cat have been essential in establishing
features of visual cortical organization that are fundamental to all mammalian species.
One feature discovered in the cat is the presence of separate pathways that process
different aspects of visual space in parallel. These parallel pathways can be defined by
their organization with respect to the punctate pattern of cytochrome oxidase (CO)
staining in the primary visual cortex (i.e. C O blob versus interblob). The extrastriate
areas of the cat however, have not enjoyed such close scrutiny and the relationship
between these areas and the parallel pathways is unknown. The aim of this study is to
examine the modular organization of extrastriate area 19 (defined as a modular mosaic) in
order to identify features which are shared with other mammalian species and which may
be critical to overall extrastriate organization and function.
Specifically, this study demonstrates that cells located in both the C O blobs and
interblobs project to area 19, but they project to different regions or modules within area
19. Furthermore, it is found that intrinsic connections within area 19 form a patchy
network. Two of the main recipients of projections from 19 are extrastriate areas LS and
21a. These two areas are distinguished physiologically: L S is responsive to motion,
while 21a is sensitive to form (Dreher et al., 1996a). This study found that cells in area
19 that project to either 21a, or LS are organized in bands, which have spacing larger than
the intrinsic patches. The bulk of the 21a and LS projection bands interdigitate, however
regions that are less densely labeled tend to overlap.
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The characterization the contribution of parallel pathways to the modular mosaic
in area 19 identifies several features of extrastriate cortical organization that may be
shared by other mammals. First, the parallel pathways are not limited to the primary
visual cortex but extend into extrastriate cortex. Second, these pathways are only
partially segregated and with regions of convergence; this pattern is important, as it
would allow for the efficiency of parallel processing while providing communication
between the separate pathways.
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Chapter 1: General Introduction
P a t h w a y s :

P a r a l l e l

a n d

H i e r a r c h i c a l

There are two divergent concepts of cortical organization, which dominate vision
research: hierarchical organization and parallel pathways. A hierarchical organization
requires that information is serially processed with each subsequent area doing a more
complex analysis. This concept was promoted by the simple, complex and hypercomplex
classification of cells developed by Hubel and Wiesel (1965), which was well suited for
hierarchical interpretation. On the other hand, parallel processing requires that a single
input arriving to the visual system be divided into different processing streams or
pathways. The individual processing streams, each of which performs a specialized
function, activate various parts of the visual system in parallel. This increases the
computational power of the visual system and decreases the time required for processing.
This model became popular after the discovery that functionally distinct X , Y and W cell
types have different patterns of visual cortical connections (Stone et al., 1979). Current
research supports a dualistic view of parallel processing that incorporates hierarchical
organization with functional specialization. Thus, there is an overall hierarchy that
encompasses different visual areas, but within that hierarchy there is some division of
input into parallel pathways (DeYoe and Van Essen, 1988; Felleman and Van Essen,
1991). It is within this dualistic context that the hierarchical extension of parallel
pathways from primary visual cortex into extrastriate cortex (specifically area 19) will be
presented.

The anatomical hallmark of a parallel processing stream is modular organization.
A module is defined here as a discrete group of cells that is distinguished from
neighbouring cells by virtue of a common element. Anatomical modules are typically
distinguished on the basis of a characteristic connectivity pattern. These characteristic
connections are often referred to as segregated since the afferent and efferent connections
of an anatomical module are sequestered from surrounding cortex. The segregated
connections to and from a module imply it is performing a specialized process or function
distinct from neighboring cortex. Maps may have formed as part of the parallel pathway
scheme to allow for shorter connections between neighboring neurons doing related
analysis, as opposed to the more metabolically taxing long connections that would result
if the neurons were not grouped (Kaas, 1997). One example of modular organization is
the patchy input of the koniocelluar pathway to the C O blobs in primate V I (Casagrande,
1994). Patchy is defined here as a discontinuous labeling pattern that results when the
majority of labeled cells belong to aggregates. Specificity for a single stimulus property
is often manifest by a patchy pattern that varies across the surface of a visual area.
While not all modules have such a well-defined relationship with known parallel
pathways, optical imaging experiments have revealed modules that have functional
specialization (Ghose and Ts'o, 1997; Ts'o et al., 2001).
The term mosaic has been used to describe the arrangement of functionally
defined modules in the primary visual cortex. This term refers to the fact that there is no
basic module, which is homogenous in design but different in function. Rather the
modules for each function appear to be different in structure and arranged in a complex
semi-independent fashion (Swindale, 1998). For example, in area 17, singularities are
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centered on ocular dominance bands while low spatial frequency domains tend to avoid
the borders of ocular dominance columns (Hubener et al., 1997). The arrangement of
heterogeneous modules is a modular mosaic.
A modular mosaic includes information on both the structure of a module as well
as the spatial relationship between different modules. This spatial relationship is
important because it provides a basic framework or guide for future physiological
exploration of the functional modular composition of an area. More importantly, the
spatial relationships between modules help define the map of an area. It is believed a
map is organized with specific geometric relations between different functional modules
in order to optimize coverage (Hubener et al., 1997). Coverage is the degree to which all
possible combinations of stimulus properties are distributed uniformly across a cortical
area (Swindale et al., 2000). Segregated pathways, which are indicated by the presence
of modular or patchy anatomical connections, mean that one cortical region will receive
different information for processing than a neighboring cortical region. In V 2 of the
primate for example, the thin, thick and pale stripes, which were first identified
anatomically (Tootell et al., 1983; Livingstone and Hubel, 1984a), represent functionally
differentiated modules that are preferentially tuned to colour, motion and orientation
stimulus parameters respectively (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985;
Hubel and Livingstone, 1987). Thus, in this case the anatomical modules underlie a
functional segregation that prevents total coverage (Hubener et al., 1997). Since a map of
stimulus features for area 19 has yet to be determined, the anatomical modules identified
in the present study, will be the first step towards defining a map of area 19. Ultimately,

a necessary part of defining the map of 19 will be to work out the geometric relationships
between the different modules that constitute its modular mosaic.

Primary visual cortex: Afferents
In the cat, visual inputs that travels from the eye to the lateral geniculate nucleus
(LGN) and then to the cortex are divided into three different processing streams: the X , Y
and W streams. Each of these streams or pathways is composed of X , Y or W cell types
that are distinguished both morphologically and physiologically (see Table 1.1 for
summary). Based upon the individual features of these streams it has been proposed that
each serves a unique function; the most common supposition is that the X - pathway may
be involved in spatial analysis and the Y pathway in temporal resolution. This is
supported by the fact that X-cells have good spatial resolution, responses that are linear
Table 1.1. Summary of the different properties of the Y , X and W pathways in the cat.
W-cells
X-cells
Y-cells
•
Small
soma
•
Medium
soma
•
Large
soma
Morphology
• Long sparse
• Small dendritic tree
• Large dendritic tree
traits
dendrites
• Slow conducting
• Linear summation
• Nonlinear
Physiological
• Medium conducting • Large receptive
summation
traits
fields
• Fast conducting
• Small receptive
•
Receptive fields
fields
• Medium receptive
evenly distributed
fields
• Receptive fields
•
Sluggish response
• Receptive fields
concentrated in the
• Poor spatial
evenly distributed
area centralis
resolution
• Transient response
• Sustained response
• Medium spatial
• High spatial
resolution
resolution
For review see Sherman and Spear (Sherman and Spear, 1982).
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and sustained, and small receptive fields concentrated in the area centralis, all of which
could contribute to spatial analysis. On the other hand, Y-cells prefer fast velocities and
have transient responses with larger receptive fields spread fairly evenly across the retina,
thus making them appropriate candidates for temporal resolution (Stone et al., 1979). It
is difficult to speculate on the function of W-cells, as there is substantially less
information about them. One reason for this is that their small size and sluggish response
makes it difficult to record from W cells (Stone and Dreher, 1973; Rowe and Dreher,
1982). With its main retinal input traveling to the superior colliculi (Hoffmann, 1973;
Fukuda and Stone, 1974), the W pathway has been linked with fixation/orientation and
saccade responses (Waleszczyk et al., 1999). Although, functional significance has been
placed on X , Y and W cells, it is important to keep in mind that not all retinal and
geniculate cells fit into these classifications (Humphrey and Murthy, 1999) and there is
still much debate as to the subtypes within the pathways (Rowe and Stone, 1977; Rowe
and Stone, 1980; Friedlander et al., 1981; Kolb et al., 1981; Mastronarde, 1983; Stanford
et al., 1983; Humphrey et al., 1985a; Chen et al., 1996). This uncertainty leaves open the
possibility for other pathways additional to X , Y and W.
Axons of the Y , X and W retinal ganglion cells travel from the eye to the L G N
(Fukuda and Stone, 1974; Cleland et al., 1975; Saito, 1983). The cat L G N is divided into
six layers with the top five alternate layers receiving input from the contralateral or the
ipsilateral eye (Boycott and Wassle, 1974; Hickey and Guillery, 1974; Cleland et al.,
1976) [See Figure 1.1 for illustration]. The bottom layer, C3 receives input from the
superior colliculus (Hoffmann, 1973; Halting and Guillery, 1976; Graham, 1977;
Kawamura et al., 1980; Itoh et al., 1981). Each layer contains a retinotopic map, which is

5

to contralateral
hemisphere

Area 17
Figure 1.1. A schematic of the parallel pathways from the eye to area 17. As the
retinal ganglion axons leave the eye the nasal fibers travel to the contralateral
hemisphere while the temporal fibers travel to the ipsilateral L G N . The shaded
regions of the L G N represent the layers that receive ipsilateral input and unshaded
regions represent layers that receive contralateral input. Note that layer C3 does not
receive a retinal input like the other layers, but is instead contacted by the superior
colliculus (SC). The partially segregated input of the L G N is then relayed to the
primary visual cortex, including area 17. The darkened regions in area 17 represent
the C O blobs, which receive the segregated W and Y input.
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in register with the maps in other layers. Thus, a coronal electrode penetration would
record from the same region in visual space as it descended through the layers
(Sanderson, 1971). The top two laminae, A and A l , both receive X and Y input while
the next laminae, layer C, receives W and Y input The remaining three laminae, C1-C3,
receive W input exclusively (Leventhal et al., 1985). The partial segregation of the
processing streams in the L G N further underlies their parallel nature.
The X , Y and W cells of the L G N send axons to the primary visual cortex. In the
cat, the primary visual cortex includes both areas 17 and 18, as these two areas both
receive substantial thalamic input and share many of the same properties (Payne, 2002).
The W cell projection from the C1-C3 layers terminate in a patchy pattern in layer 3 of
the primary visual cortex (LeVay and Gilbert, 1976; Boyd and Matsubara, 1996;
Kawano, 1998). Also terminating in a patchy pattern, are the Y thalamocortical
projections from layer C. These Y terminals are found in layer 4a of the cortex and align
with the W-cell terminals of layer 3 (Boyd and Matsubara, 1996). Since Layers 4a and
4b receive mixed X and Y terminals from layers A and A1 of the L G N , it is difficult to
determine if there is any X / Y segregation occurring here. There is indication from
intracellular studies that the Y fibers prefer to terminate in the upper portion of layer 4,
while X fibers tend to terminate in the lower portion (Freund et al., 1985a; Humphrey et
al., 1985a; Humphrey et al., 1985b). However, these studies examined only a small
number of cells and also report finding considerable overlap between the X and Y input.
Thus, like the L G N , the primary visual cortex likely also receives a partially segregated
input.
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Primary visual

cortex: Cytochrome oxidase architecture

One tool that has been very useful for examining parallel pathways is the
histological stain for cytochrome oxidase (CO) (Wong-Riley, 1979). Cytochrome
oxidase is located in the mitochondria and is the terminal enzyme in the electron transport
chain (Wikstrom et al., 1981). A s such, it is essential for the oxidative metabolism of
many organs, including the brain. Staining for C O in the primary visual cortex results in
a distinctive mosaic of dark patches (blobs) interspersed by lighter stained regions
(interblobs) (Horton and Hubel, 1981; Horton, 1984; Murphy et al., 1995; Boyd and
Matsubara, 1996). A n example of typical C O staining is shown in Figure 1.2. This
differential staining suggests some underlying metabolic difference between cells in
blobs versus cells in interblobs. Thalamic input is believed to be a possible contributor
to the increased levels of cytochrome oxidase found in the blobs. One indication of this
is that various visual deprivation paradigms, such as monocular and binocular
deprivation, enucleation and impulse blockade, all result in decreased C O staining

Figure 1.2.
Cytochrome oxidase
staining of blobs and
interblobs in area 17 of
the cat.

in the primary visual cortex (Wong-Riley, 1979; Kageyama and Wong-Riley, 1986c;
Wong-Riley et al., 1989a; Wong-Riley et al., 1989b; Murphy et al., 1995). This means
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that maintaining normal levels of C O in the primary visual cortex depends on afferent
thalamic input. Also, the W and Y cells in the C lamina of the L G N directly innervate
the C O blobs, but not the C O interblobs (Boyd and Matsubara, 1996). The fact that the
selective termination pattern of the C layers corresponds with the C O blobs suggests that
the blobs may also represent a functional module. A s the cells in the C O blobs receive a
segregated input, it is possible that the visual processing in a C O blob is different from
processing in an interblob. It is clear, as will be presented later, that the cells in the C O
blobs have a different afferent/efferent pattern of connections than cells in the interblobs.
It is this segregated input and output that has identified C O staining as a useful marker for
examining parallel pathways.

Primary visual cortex: Functional organization
The organization of functional modules within primary visual cortex is similar,
with area 18 demonstrating slightly larger periodicities. In layer 4 there are branching
ocular dominance bands, in which alternating bands receive input from one eye and then
the other. These bands have been demonstrated both anatomically (LeVay and Gilbert,
1976; Shatz et al., 1977; Shatz and Stryker, 1978; Anderson et al., 1988) and functionally
(Tieman and Tumosa, 1983; Crair et al., 1997; Muller et al., 2000). In addition to the
ocular dominance map, various stimulus features are also mapped onto the primary visual
cortex. One of the first features discovered to have an orderly map was orientation
selectivity. Cells that prefer similar orientation are clustered together (Hubel and Wiesel,
1962; Hubel and Wiesel, 1963) and these clusters are grouped together to form a
pinwheel structure (Bonhoeffer and Grinvald, 1991). Clusters representing all orientation
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preferences meet at the center of the pinwheel, which is called a singularity and has broad
orientation tuning. There is a relationship between orientation maps and ocular
dominance bands, as pinwheel structures tend to be centered over ocular dominance
bands and iso-orientation lines tend to cross the bands at right angles (Crair et al., 1997;
Hubener et al., 1997; Muller et al., 2000) forming a modular mosaic. Direction
preference maps are inherently linked with the orientation maps (as one component of
direction is orientation) and demonstrate similar patterns of organization but on a smaller
scale (Shmuel and Grinvald, 1996). There is also a map for spatial frequency with bands
of cells preferring low spatial frequency and high velocities interdigitating with bands of
cells preferring high spatial frequency and low velocities. In fact, the low spatial
frequency bands that prefer high velocities coincide with C O blobs, thus demonstrating a
functional relationship in the cat between C O staining and spatial frequency tuning
(Shoham et al., 1997). Another modular feature is the patchy intrinsic connections of the
primary visual cortex (Gilbert and Wiesel, 1983; Luhmann et al., 1986; Boyd and
Matsubara, 1991; Luhmann et al., 1991; Kisvarday and Eysel, 1992; Kisvarday et al.,
1997). These patchy intrinsic connections have a relationship with the orientation map.
The excitatory intrinsic connections that originate from an iso-orientation domain
terminate mainly in regions of cortex that have similar orientation preference (Michalski
et al., 1983; Nelson and Frost, 1985; Ts'o et al., 1986; Gilbert and Wiesel, 1989,
Kisvarday et al., 1997). Not all studies are in agreement with this finding (Matsubara et
al., 1985,1987), but this may have more to do with the different methods employed in the
various studies.
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Extrastriate

visual cortex

It is established that anatomy and function are both modularly organized in the
primary visual cortex. Oh the other hand, extrastriate visual cortex has not been studied
in such detail and its organization remains largely unknown. In order to determine the
fundamental cortical structure of the cat visual system (parallelism versus hierarchy), it is
important to rectify this gap in knowledge of extrastriate organization. The next logical
area to examine is area 19, since it borders the primary visual cortex and is believed to be
the next processing center in the visual hierarchy (Sherk, 1986b; Burke et al., 1998;
Scannell et al., 1999). Ascertaining the connections of area 19 is important in revealing
the functional subdivisions within the extrastriate visual cortex, since the function of an
area is believed to be dependent upon the information which that area receives (Sherk,
1986b). And on a broader scale, tracing the pathways through extrastriate cortex and
comparing cat cortical organization with primate organization will aid in determining and
defining the common fundamental features of the visual system.
Fifteen different visual areas have been identified in the cat and are illustrated in Figure
1.3. Most of these areas were initially defined by a series of exhaustive retinotopic
studies (Palmer et al., 1978; Tusa et al., 1978; Tusa et al., 1979; Tusa and Palmer, 1980).
Experiments using anterograde and retrograde tracers later verified the unique pattern of
connections for each visual area (Symonds and Rosenquist, 1984a; Symonds and
Rosenquist, 1984b). To date, most research on extrastriate cortex is restricted to three
areas: area 19, area 21a and a portion of the lateral suprasylvian area (LS) called the
posteromedial lateral suprasylvian area (PMLS). This thesis will focus on these three
areas, particularly area 19.

ll

Figure 1.3. A schematic of the cat brain. The visible visual areas are labeled and area
boundaries are marked by dotted lines. Areas found in the lateral sulcus (lat) or the
suprasylvian sulcus (SS) are indicated by arrows. The suprasylvian genu is located just
below area 21a where the suprasylvian sulcus makes a 90° turn. A M L S : Anterior
Medial Lateral Suprasylvian area. A L L S : Anterior Lateral Lateral Suprasylvian area.
P M L S : Posterior Medial Lateral Suprasylvian area. PLLS: Posterior Lateral Lateral
Suprasylvian area. V L S : Ventral Lateral Suprasylvian area. DLS: Dorsal Lateral
Suprasylvian area. The area locations are based on (Tusa et al., 1978; Palmer et al.,
1978; Tusa et al., 1979; Tusa and Palmer, 1980).

Extrastriate

visual cortex: Area 19

Area 19 lies adjacent to the lateral border of area 18 and the retinotopy of the two
areas closely mirror each other with an emphasis on the lower half of the visual field
(Tusa et al., 1979). Although there is intra-animal variation in the border between areas
18 and 19 (Donaldson and Whitteridge, 1977; Tusa et al., 1979; Albus and Beckmann,
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1980; Raczkowski and Rosenquist, 1983), it is visibly defined by a decrease in C O
staining in all laminae of area 19 (Price, 1985a). Despite the retinotopic similarities
between the two areas, area 19 is not considered part of the primary visual cortex (Payne,
2002) and any deviations from the pattern of organization established in the primary
visual cortex may provide insight into the functional role of area 19.
Behavioral experiments on lesioned animals have lead to multiple suggestions of
the function of area 19. This area is implicated in form discrimination (Doty, 1971;
Sprague et al., 1977; Hughes and Sprague, 1986; Kruger et al., 1988) and discrimination
of partially obscured figures (Cornwell et al., 1980a; Cornwell et al., 1980b). However,
the lesion site in these experiments included areas other than area 19 so it is difficult to
attribute a specific perceptual loss to just area 19. One study with a lesion restricted to
area 19 found deficits in the detection of slow and fast moving patterns but not in
medium moving or stationary patterns (Dinse and Kruger, 1990). Based upon these
findings area 19 may be involved in both form and motion processing.
The physiology data also support the notion that area 19 is involved in form and
motion analysis. However, electrophysiological study of area 19 is limited because of the
difficulty in getting area 19 to respond under anaestsia (Feldon et al., 1978; Saito et al.,
1988; Sherk, 1990). It is worth noting that the receptive field properties (e.g. orientation
tuning, end-stopping, direction selectivity) obtained from area 19 has a greater range than
those recorded from extrastriate areas 21a and P M L S , two higher-order visual areas
(Mizobe et al., 1988). There is a consensus that the majority of cells in area 19 are
binocular and disparity tuned (Leventhal and Hirsch, 1983; Tieman and Tumosa, 1983;
Ptito et al., 1991; Guillemot et al., 1993a; Guillemot et al., 1993b; Wang and Dreher,
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1996) with a preference for bars of a specific length (Hubel and Wiesel, 1965; Kimura et
al., 1980; Duysens et al., 1982a; Duysens et al., 1982b; Tanaka et al., 1987; Mizobe et al.,
1988; Saito et al., 1988; Toyama et al., 1994). This preference for bar length is called
end-stopping. It has been suggested that areal9 is selective for stereoscopically divergent
stimuli, while area 17 prefers stereoscopically convergent disparities (Pettigrew and
Dreher, 1987). However, disparity specialization divided between two areas is unlikely
since area 19 has broader disparity tuning than area 17 and probably plays a minor role in
disparity processing (Guillemot et al., 1993a; Guillemot et al., 1993b). The orientation,
direction, spatial frequency, and temporal tuning of cells in area 19 are largely disputed
(Dreher et al., 1980; Duysens et al., 1982a; Duysens et al., 1982b; Tanaka et al., 1987;
Mizobe et al., 1988; Guillemot et al., 1993a; Guillemot et al., 1993b; Toyama et al.,
1994; Bergeron et al., 1998). Nonetheless, response properties of cells in area 19 are
similar to those found in areas 17 and 18, suggesting that area 19 is performing a
redundant or parallel analysis (Kimura et al., 1980; Duysens et al., 1982b; Bergeron et al.,
1998).
The discrepancy in the physiological data may arise from the fact that there are
different populations of cells in area 19. Toyama et al. (1994) defined two separate
response profiles in area 19: 1) cells that display strong end-stopping and moderately
selective orientation and direction tuning. 2) cells which are weakly end-stopped with
highly selective orientation tuning. They concluded that there are two populations of
cells acting in area 19, one that codes for position and motion of discontinuous features
and another that codes continuous elements. Saito et al. (1988) also reported two
different populations of cells in area 19, one that responds to spots of light (dot
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responsive) and a second population mat prefers long lines (elongation-requiring). Dot
responsive and elongation-requiring cells are located in columnar patches in area 19,
implying a functional segregation. Similar to Toyama et al.'s classification, one cell type
(the dot responsive) is well suited to processing terminations in contours and the other
cell type (the elongation-requiring) is suited for processing orientation of continuous
elements. The patchy organization of these functional cell types raises the question of
whether the anatomy in area 19 is also organized in patches.
The predominant projection of fibers from the primary visual cortex is to area 19
(Bullier et al., 1984b; Symonds and Rosenquist, 1984a; Symonds and Rosenquist, 1984b;
Mulligan and Sherk, 1993). Although this projection is topographic (Heath and Jones,
1970; Montero, 1981), studies using small deposits of anterograde and retrograde tracers
determined that discrete patches of cortex in area 17 project to patches of cortex in area
19 (Gilbert and Kelly, 1975; Bullier et al., 1984b; Symonds and Rosenquist, 1984a; Price
and Blakemore, 1985a; Price and Blakemore, 1985b; Mulligan and Sherk, 1993). Even
with large deposits of tracer, area 17 efferents to area 19 are reported to be clustered in
patches (Ferrer et al., 1992). However, the spacing of these deposits was 1 mm apart and
may have missed modules in area 19 that occur on a smaller scale between the 1 mm
deposits. Area 19 also demonstrates patchy callosal organization such that the callosal
projecting cells and callosal terminals overlap in patches along the area 19/21a border
(Segraves and Rosenquist, 1982a). The majority of area 19 projections are to areas 7,17,
18,20a, 21a, and P M L S (Heath and Jones, 1970; Squatrito et al., 1981; Symonds and
Rosenquist, 1984b; Price, 1985b). The results from experiments looking at small
injections (Symonds and Rosenquist, 1984a; Symonds and Rosenquist, 1984b) as well as
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large injections (Boyd and Matsubara, 1999) report clustering of efferent cells in area 19.
Thus, it would seem that the organization of afferent, callosal and efferent connections in
area 19 is modular.
Area 19 also receives direct thalamic input. The majority of this input originates
from the C layers of the L G N (layers A and A l only project to the primary visual cortex)
(Maciewicz, 1975; Hollander and Vanegas, 1977; Raczkowski and Rosenquist, 1980;
Raczkowski and Rosenquist, 1983) and terminates in patches in area 19 (Kawano, 1998).
Patches of label in area 19 are also visible following an ocular injection of anterograde
tracer (Anderson et al., 1988). A s area 19 does not have ocular dominance columns
(Tieman and Tumosa, 1983), this patchy labeling is likely the result of patchy input from
the L G N . Area 19 also receives projections from subcortical structures, such as the
lateral posterior-pulvinar complex, superior colliculus and the medial interlaminar
nucleus (MIN) (Graybiel, 1972; Updyke, 1977; Niimi et al., 1981; Symonds et al., 1981;
Raczkowski and Rosenquist, 1983; Bullier et al., 1984b; Harting et al., 1992). The input
from these structures is not included in Figure 1.1, as there is not enough information on
the nature of their connections to place them in the parallel pathway scheme. There is
evidence that W and Y cells relay through these subcortical structures (Cleland et al.,
1975; Hoffmann and Schoppmann, 1975; Wilson and Stone, 1975; Cleland et al., 1976;
Wilson et al., 1976; Dreher and Sefton, 1979; Rowe and Dreher, 1982; Crabtree et al.,
1986; Berson, 1987), providing W and to a lesser extent Y input to area 19 (Dreher et al.,
1980).
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Extrastriate

visual cortex: Areas LS and 21a

The cortex surrounding the suprasylvian sulcus is first described by Marshall et
al. (1943) and Clare and Bishop (1954) as a visually responsive cortical region. It has
since been divided up into multiple visual areas (see Figure 1.3) based upon exhaustive
retinotopic studies (Palmer et al., 1978; Tusa and Palmer, 1980). The region of cortex
immediately bordering the suprasylvian sulcus is divided into four groups, P M L S , PLCS,
A M L S and A L L S . This is the classic division of the lateral suprasylvian area (LS) and is
the classification system used by the majority of researchers to date. However, the
retinotopic organization in this region is complex with substantial local and between
animal variations (Grant and Shipp, 1991; Mulligan and Sherk, 1993). A t the time of the
retinotopic studies Palmer et al. stipulated "...meaningful division of the cortex based on
retinotopy alone must remain speculative until they [sic] can be verified by other means."
This classification of LS was later challenged based upon new retinotopic studies and the
finding that a large part of the suprasylvian region shared similar connections. A new
area was officially defined as LS and included portions of 21a, P L L S , A M L S and all of
P M L S (Sherk, 1986b; Grant and Shipp, 1991). More recently, on the basis of parametric
cluster analysis of connectional data, it is suggested that perhaps LS ought to once again
be divided up into the different areas 21a, P M L S , P L L S , A M L S (Hilgetag and Grant,
2000). As there is still no collective agreement as to the border or definition of these
areas, this study will use the designation of LS as defined by the more detailed
experiments that included both physiological and anatomical data (Sherk, 1986b; Grant
and Shipp, 1991). Although comparing studies using different area classifications can get
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confusing, P M L S lies within in LS and therefore findings from studies of P M L S are
applicable to the LS designation.
Much of the physiological data supports the notion that LS is a major contributor
to the "high-order motion stream'' (Dreher, 1986; Spear, 1991). Over all, cells in LS are
end-stopped with large receptive fields, contain a contralateral bias, and have good
direction selectivity but poor orientation tuning (Hubel and Wiesel, 1969; Spear and
Baumann, 1975; Smith and Spear, 1979; Y i n and Greenwood, 1992; Toyama et al., 1994;
Dreher et al., 1996c). A preference for visual noise and motion are also pronounced in
LS cells (Yin and Greenwood, 1992; Toyama et al., 1994; Dreher et al., 1996c; Mulligan
et al., 1997; Akase et al., 1998; Merabet et al., 2000; L i et al., 2001). Removal of LS
does not affect the ability to discriminate stationary objects but does affect velocity and
direction discriminations, as well as structure-from-motion and integration of local
motion cues (Sprague et al., 1977; Spear et al., 1983; Pasternak et al., 1989; Rudolph and
Pasternak, 1996). Cooling of LS results in deficits in motion, spatial and attention tasks
(Lomber, 2001). More recently, studies have proposed that LS plays a significant role in
optic flow processing (Sherk et al., 1995; K i m et al., 1997; Mulligan et al., 1997; L i et al.,
2000; Brosseau-Lachaine et al., 2001; L i et al., 2001).
Various functional properties appear to be segregated within LS.
Microstimulation of spatially distinct regions within L S result in either lens
accommodation (Bando et al., 1981; Maekawa and Ohtsuka, 1993; Bando et al., 1996),
pupillary responses (Bando et al., 1988) or convergent eye movements (Takagi et al.,
1992; Toda et al., 2001). Also, there are reports of an anterior/posterior dichotomy in
optic flow responses in LS. Sherk et al. (1995) found that the posterior portion of L S
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responds to centrifugal (optic flow) directions while the anterior portion of LS responds
to directions that are orthogonal to the optic flow. On the other hand, Akase et al. (1998)
found that the posterior portion of P M L S is sensitive to receding or frontoparallel motion
while the anterior portion of P M L S prefers approaching stimuli. Another group also
found anterior/posterior differences in optic flow responses in P M L S but attributed this
to the fact that the area centralis is located in the posterior portion of this area while the
peripheral representation is located more anteriorly (Brosseau-Lachaine et al., 2001).
Another pattern of functional organization in LS is proposed for orientation selectivity.
Cells with similar orientation are grouped together (Hubel and Wiesel, 1969), while 2deoxyglucose (2DG) experiments show only discrete portions of LS responding to
orientation tasks (Vanduffel et al., 1997). Also, when the LS cortex is silenced with
kinaic acid the input from other areas can be recorded in LS. Moving the recording
electrode through L S in an orderly manner reveals a systematic shift of preferred
orientation and direction for LS afferents travelling from area 17. This means that there
is a slight shift in preferred orientation for afferents inputting into two neighbouring
regions (Sherk, 1990). Thus, there is some evidence of modular organization of the
functional aspects of L S .
The majority of input into LS originates from areas 17,18 and 19 (Kawamura et
al„ 1974; Sherk, 1986a; Lowenstein and Somogyi, 1991; Maekawa and Ohtsuka, 1993;
Norita et al., 19%). The anatomical inputs to LS from the primary visual cortex originate
from cells located in the C O blobs (Boyd and Matsubara, 1999) and terminate in patches
in LS (Sherk, 1986a; Grant and Shipp, 1991; Shipp and Grant, 1991). Similar to area 19,
LS also has patchy callosal innervation, in which callosal terminals overlap with
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contralateral projecting cells (Segraves and Rosenquist, 1982), and patchy L G N input
(Sherk, 1986a; Sherk, 1986b). The posterior-pulvinar complex (Raczkowski and
Rosenquist, 1980; Tong et al., 1982; Raczkowski and Rosenquist, 1983; Kato et al.,
1984; Sherk, 1986a) and superior colliculus (Segal and Beckstead, 1984) also project to
LS. The functional specificity of this area combined with the selective modular afferent
input makes LS a candidate to part of a single segregated pathway.
Despite their juxtaposition, there exists both physiological and anatomical data
supporting the idea that 21a and LS are two functionally separate areas. Area 21a
contains a representation of only the upper central 20 degrees of visual field (Tusa and
Palmer, 1980). Unlike LS, area 21a cells have an ipsilateral bias and are highly
orientation selective but not direction selective (Dreher et al., 1993; Toyama et al., 1994;
Dreher et al., 1996c). Despite its selectivity for orientation, 2DG and lesion studies do
not suggest that area 21a is involved in discrimination of orientation (Sprague, 1996;
Vanduffel et al., 1997). On the other hand, it is form recognition and not motion tasks
that are affected when area 21a is inactivated through cooling (Lomber, 2001). Although
areas 21a and LS receive input from the same thalamic nuclei, as well as the same
cortical layers in area 17, this input originates from two non-overlapping populations of
cells (Dreher et al., 1996a). For example, in area 17 both 21a and L S projecting cells are
found in the C O blobs. However, there are very few cells in the C O blobs that project to
both 21a and LS (Conway et al., 2000). Thus, the source of 21a inputs are separate from
the source of L S inputs and is involved in a different function than L S , which is likely
related to form analysis
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Primate

Comparison

The primate is also a frontal-eyed mammal whose visual system has been
extensively studied. The primate line diverged from the carnivore line (which includes
cats) more than 65 million years ago and each developed different ecological niches
(Young, 1981). The macaque Old World monkey is generally the preferred primate for
visual studies but there have also been studies that have looked at the visual system of
New World monkeys, tarsiers and prosimians (e.g. galagos). Despite the divergence of
the carnivore and primate lines, these two orders share many visual characteristics.

Primary Visual Cortex: VI

Like the cat, cells in the L G N of the primate are also classed into three distinct
groups: the magnocellular (M), parvocellular (P) and koniocellular (K) cells. Different
retinal ganglion cell types terminate in different layers of the L G N , which in the primate
consists of six layers. The ventral two layers receive an M input while the four dorsal
layers receive a P input (Leventhal et al., 1981; Perry et al., 1984). The K input
originates from cells found in the intercalated layers, in between the M and P layers. The
dorsal two K layers relays low-acuity information, while the middle two K layers relay
short-wavelength input and the ventral two K layers are related to the superior colliculus
function (Hendry and Reid, 2000). In terms of function and morphology, the primate and
cat pathways can be compared such that M pathway is Y-like, while the P pathway is X like and the K pathway is similar to the W pathway (Norton and Casagrande, 1982; Irvin
et al., 1986; Norton et al., 1988; Casagrande, 1994; Hendry and Reid, 2000). However,
this comparison remains controversial as there are functional differences between the
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primate and cat parallel pathways (Dreher et al., 1976; Sherman et al., 1976; Benardete et
al., 1992).
Like areas 17 and 18 of the cat, the first visual area (VI) in primates also
demonstrates C O blob and interblob staining. While it has been suggested that C O blobs
are specialized for color processing (Livingstone and Hubel, 1984a) this is contradicted
by the fact that even nocturnal species with a single cone have C O blobs (Casagrande,
1994; Ding and Casagrande, 1998; Shostak et al., 2002). In addition to this, a subsequent
study found no link between C O staining and the degree of orientation, direction or color
selectivity in V I (Leventhal et al., 1995). Like the cat, K (W-like) cells input into C O
blobs in layer 3, while the P and M pathways terminate in layer 4C8 and 4Ca respectively
(Hubel and Wiesel, 1972; Wiesel et al., 1974; Hendrickson et al., 1978; Livingstone and
Hubel, 1982; Blasdel and Lund, 1983; Freund et al., 1989; Lachica et al., 1992; Ding and
Casagrande, 1997). Despite this segregation of L G N input there is still some
convergence of the pathways as exemplified by the dendritic overlap of M and P
receiving neurons inthe mid part of layer 4 and input into layer 3 blobs and interblobs
from all layers but layer 1 (Lund and Yoshioka, 1991; Peters and Sethares, 1991; Lachica
et al., 1992; Lachica et al., 1993; Levitt et al., 1996; Boyd et al., 2000). Layer 4C is
further divided into ocular dominance bands with input from the left and right eyes
innervating alternate bands (Levay et al., 1975; Florence and Kaas, 1992). There are also
clusters of cells in layer 2/3 that prefer similar orientation and are arranged in a pinwheel
fashion. Unlike the cat, both orientation pinwheels and C O blobs are centered over
ocular dominance columns. However the centers of orientation pinwheels do not
coincide with the center of C O blobs and the two modules are spatially independent of
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each other (Bartfeld and Grinvald, 1992). Thus, while primate V I demonstrates many
similarities to the cat primary visual cortex, both anatomically and functionally the
modular mosaic of these two areas differ.

V2

V I is the only visual area in the primate to receive a substantial L G N input. Thus,
area V 2 is considered the first extrastriate area in the primate visual system. However, it
is worthwhile noting that various extrastriate areas, including V 2 have been shown to
receive a minor geniculate input, which may originate from the K cells (Benevento and
Yoshida, 1981; Fries, 1981; Yukie and Iwai, 1981; Bullier and Kennedy, 1983; Kennedy
and Bullier, 1985; Lysakowski et al., 1988; Tanaka et al., 1990; Hendry and Yoshioka,
1994; Hernandez-Gonzalez et al., 1994). Nevertheless, inactivating V I has strong
depressive effects on the functioning of V 2 (Schiller and Malpeli, 1977; Girard and
Bullier, 1989). This suggests that unlike area 19, which sustains its performance even
after primary visual cortical lesion (Dinse and Kruger, 1990), primate V 2 cannot function
on thalamic input alone and relies heavily on V I .
Extrastriate V 2 has a very distinct pattern of C O staining with thick and thin
stripes of dense C O staining interspersed by pale stripes of C O staining (Tootell et al.,
1983; Livingstone and Hubel, 1984a). These C O stripes have traditionally been viewed
as separate functional compartments and at close inspection appear as a band of fused C O
patches (Carroll and Wong-Riley, 1984; Cusick and Kaas, 1988; Tootell and Hamilton,
1989; Krubitzer and Kaas, 1990). The patchy intrinsic connections in V 2 also support the
notion of a patchy substructure within the bands (Malach et al., 1994). Analysis of
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intrinsic connections reveal cytochrome oxidase rich stripes (thin and thick) preferentially
connect with other C O rich bands while the connections emanating from the pale stripes
are not preferentially concentrated in either the pale, thin or thick stripes (Levitt et al.,
1994a). These C O stripes also mark the location of thalamic connections, as the majority
of cells in V 2 that project to the superior colliculus are located in the thick bands (Abel et
al., 1997) and input from the pulvinar terminates in thick and thin stripes (Levitt et al.,
1995). This pattern of C O staining in V 2 is not consistent for all primates. Prosimians are
a suborder of primates that are separate from the human containing simian suborder.
Although prosimian primates have C O bands that are either poorly developed or are not
apparent (Condo and Casagrande, 1990; Krubitzer and Kaas, 1990; Preuss et al., 1993;
Rosa et al., 1997) there still exist connectionally distinct bands of cells in V 2 , as in
simian primates (Collins et al., 2001).
The projection from V I to the V 2 C O stripes is also fairly specific. The thick
stripes receive input from layer 4B and are associated with the M stream while the thin
stripes receive input from cells located in C O blobs and thus are believed to receive
information from the K system. The pale stripes are innervated from cells in the
interblobs and are believed to constitute part of the P pathway (Livingstone and Hubel,
1984; Livingstone and Hubel, 1987). Although historically, much research has centered
on this segregated input from V I into V 2 , this scheme has recently been challenged by
Sincich and Horton (2002a). They report that the different stripes receive projections
from the same layers of V I . Specifically, the thick and pale stripes both receive input
from C O interblob columns extending from layer 3 to layer 4b with about one third of
cell projecting to both the thick and pale stripes. The thin stripes receive input from the
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blob columns and do overlap with the interblob column projection (for illustration see
Figure 7.1). If these new findings by Sincich and Horton are indeed accurate, then the
model of parallel pathways in the primate will have to be rethought with an emphasis on
convergence into two pathways instead of the segregation of three pathways.
It is important to point out that there exist numerous projections between the
different C O stripes and hence between the different pathways (Levitt et al., 1994a). A
convergence of pathways is further suggested by single cell recordings that show
individual cells respond to a variety of stimuli associated with the different pathways.
Thus, cells in a particular stripe may be selective for both velocity (M-associated) and
chromatic (P-associated) stimuli. However, pathway convergence is less visible on a
larger scale such that within a C O stripe there is an overall bias towards a single
functional type of stimuli (e.g. color, form, motion) (Levitt et al., 1994b). This
segregation of function according to different C O stripes is even more apparent in optical
imaging data. Patches of V 2 that respond to color and luminance are found in the thin
stripes while the thick stripes have clusters of cells that respond to retinal disparity (Roe
and Ts'o, 1999). Clusters of broadly tuned cells are found in thin stripes and clusters of
highly tuned orientation cells are found in thick stripes (Ts'o et al., 1990; Malach et al.,
1994; Roe and Ts'o, 1995). The clusters seen in the optical imaging may represent the
patchy substructure suggested by the C O staining. The optical imaging data supports the
idea of tripartite organization of function in V2, with the thick stripes processing motion
and disparity, the thin stripes processing color and the pale stripes processing orientation
(DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Hubel and Livingstone, 1987). So
the C O stripes in V 2 represent both a functional and anatomical modular mosaic.
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However, ocular dominance is one functional segregation that is absent in V 2 (Friedman
et al., 1989; Tootell and Hamilton, 1989; Ts'o et al., 1990). Absence of ocular dominance
bands is characteristic of extrastriate areas in both the primate and cat.

V3

Initially V 3 of the primate was called area 19 and was studied with the aim of
drawing similarities between primate and cat area 19 (Cragg, 1969; Zeki, 1969).
However, it soon became apparent that the area that was originally viewed as V 3 or area
19 in the primate, may in fact be parceled into several different visual areas (i.e. V3d,
V3v, V P and DM). The division of V 3 remains highly contentions and if in fact is
accurate the subsequent areas would be a substantial departure from cat area 19 (for
review see Kaas and Lyon, 2001). It is difficult to draw conclusions as to the function of
such an area(s) when its existence is in dispute. Consequently not much research has
focused on this area. The physiological studies that have looked at this region have
concluded that V 3 has strong binocular interactions (Zeki, 1978a; Zeki, 1978b) and a
preponderance of orientation and disparity tuned cells that are organized in columns
(Zeki, 1978b; Adams and Zeki, 2001). Cells in V 3 are also direction selective, color
selective and end-stopped. This suggests that both M and P input is processed in this area
(Felleman et al., 1987; Gegenfurtner et al., 1997). It would be worthwhile to determine if
V 3 received input from all of V 2 or if only a specific C O stripe(s) type projected to it. It
is known that V3 projects to both V 4 and M T (Zeki and Shipp, 1988; Felleman et al.,
1997). Based on the above findings it is thought that V 3 may be processing dynamic
form (Zeki and Shipp, 1988; Gegenfurtner et al., 1997). Despite the dispute over the
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division of V 3 and the limited research on this area, V3 appears to shows some
physiological similarities with cat area 19.

MT/V4

Primate areas M T and V 4 are two extrastriate areas that share many similarities to
cat areas LS and 21a respectively. These similarities have led to M T and LS, as well as
V 4 and 21a, being labeled as homologous areas (Payne, 1993). However, the issue of
homology will only be answered with a cladistic study of visual systems that
encompasses more species than just primates and cats (Kaas and Lyon, 2001). Hence, for
propriety sake these areas will be treated as analogous, but this does not preclude the
possibility of a true homology.
The medial temporal areas (MT — also known as V5) is strongly implicated in the
analysis of motion. Optical imaging reveals distinct maps for both direction and
orientation selectivity in M T (Malonek et al., 1994). Similar to LS, direction selectivity
in M T varies for bars versus textures (Albright, 1992; Mulligan et al., 1997). Also, both
LS and M T neurons are sensitive to pattern motion (Rodman and Albright, 1989; Stoner
and Albright, 1992; Albright and Stoner, 1995; L i et al., 2001). Damage to M T impairs
direction discrimination and as well as the ability to detect and pursue moving stimuli
(Newsome et al., 1985; Newsome and Pare, 1988). This too is similar to the impaired
performance on detection and discrimination motion tasks following LS lesioning or
cooling. Based on its physiological features it has been put forward that M T might be
involved in pursuit eye movements and analysis of optic flow (Lennie, 1998), two
functions which are also proposed for LS in the cat.
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The main anatomical input to M T is well characterized. Cells in V I that project
to M T are preferentially located below C O blobs (Boyd and Casagrande, 1999). In the
cat, L S projecting cells are found in the C O blobs. Projections from V I terminate in
patches within M T (Montero, 1980). The termination pattern of area 17 projections to L S
is also clustered in the cat. And M T receives a major input from the thick stripes in V 2 .
The primary source of input to M T is believed to originate in the M pathway (DeYoe and
Van Essen, 1985; Shipp and Zeki, 1985). In turn, M T provides the major input into the
medial superior temporal area (MST) (Maunsell and van Essen, 1983; Boussaoud et al.,
1990), which is an area also strongly implicated in optic flow analysis (Saito et al., 1986;
Sakata et al., 1986; Tanaka et al., 1989; Tanaka and Saito, 1989; Duffy and Wurtz, 1991;
Orban et al., 1992; Graziano et al., 1994; Lagae et al., 1994). The majority of input that
leaves M T travels to other parietal areas that comprise the dorsal pathway. This pathway
is believed to be responsible for identifying where a particular object is and in what
directions it is moving (Ungerleider and Mishkin, 1982).
Area V 4 , on the other hand, is an area that has been implicated in form
processing. Initial findings on V 4 stressed the chromatic responses of cells (Zeki, 1973).
But subsequent studies show that the chromatic responses found in V 4 are similar to V I
(Kruger and Gouras, 1980; Schein et al., 1982) and lesions of this area only slightly
impair color discrimination (Gross et al., 1971; Hey wood and Cowey, 1987; Heywood
and Cowey, 1992; Kulikowski et al., 1994). Instead, V 4 appears to be involved in form
discrimination, like cat area 21a. Recently, experimenters have preferentially focused on
the response of V 4 to contour features and complex shapes (Gallant et al., 1993;
Kobatake and Tanaka, 1994; Gallant et al., 19%; Pasupathy and Connor, 1999). Within
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V 4 there are reports of clustering of chromatic, luminance (Tanaka et al., 1986; Ghose et
al., 1994a; Ghose et al., 1994b; Ghose et al., 1995), spatial frequency (DeYoe et al.,
1992) and Cartesian versus non-Cartesian responses (Gallant et al., 1993). Also, optical
imaging has revealed patches cortex containing cells with similar orientation selectivity
and patches that are selective for small stimuli (Ghose and Ts'o, 1997). Hence, the
physiology in V 4 is also clustered in a modular mosaic. Cells within the thin and pale
stripes in V 2 project to V 4 (DeYoe and Van Essen, 1988; Shipp and Zeki, 1989;
Felleman et al., 1997). This projection from V 2 to V 4 shows both segregation and
convergence of inputs from the thin and inters stripes (Xiao et al., 1999). Efferent
projections from V 4 to PITv are also organized in a patchy fashion (Felleman et al.,
1997). Despite the functional specialization between V 4 and M T it is important to note
that these areas are not acting in isolation and there are connections between them.
However, the majority of V 4 efferents project to the areas in the inferotemporal cortex
(Van Essen et al., 1990; Felleman and Van Essen, 1991) that constitutes the ventral
pathway. This pathway is commonly believed to be involved in the identification of
objects (Ungerleider and Mishkin, 1982).

E x t r a s t r i a t e

R e l a y

o f P a r a l l e l

S t r e a m s : A n

H y p o t h e s i s

Visual cortical research has traditionally been fueled by the desire to understand
human cortical organization. This is one reason that the primate is a popular choice as an
animal model. However, the amount of information that can be gather from this
approach is limited. Only by examining multiple species is it possible to make between
species comparisons. In V I , cross-species studies have determined which characteristics
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have been conserved between species, have lead to interpretations of V I function and
have resulted in predictions for V I organization in less studied mammals (Rosa and
Krubitzer, 1999; Preuss, 2000). For example, the function of C O blobs was initially
believed to be related to colour analysis (Livingstone and Hubel, 1988). However, the
discovery of C O blobs in multiple species lacking acute colour vision (Horton, 1984;
Casagrande, 1994; Murphy et al., 1995; Preuss and Kaas, 1996; Ding and Casagrande,
1998; Shostak et al., 2002) has seriously challenged this belief and initiated a new search
to identify the function of C O blobs. The next step in this process is to amass
information on extrastriate organization from multiple species. This information will
make it possible to eventually: 1) determine which areas may have existed in a common
ancestor, 2) identify clusters of similarly structured areas that may have evolved from a
single ancestral area, 3) distinguish distinctive specialized areas that evolved
independently in different species, and 4) reconstruct the visual cortex of ancestors.
Therefore, studying species from mammalian orders other than the primates (e.g. the cat),
provides more information and ultimately allows for a broader approach that is not
limited to a comparison to the human.
The purpose of this thesis is to determine if the anatomical organization underlying
parallel pathways exists in area 19 of the cat (the first extrastriate area of the visual
hierarchy) in the form of a modular mosaic. Features of the modular mosaic in area 19
that are shared with extrastriate areas in other species may represent fundamental
building blocks of visual extrastriate cortex. In order to examine this possibility, three
specific hypotheses were generated to test the organization of pathways traveling to area

30

19, within area 19, and from area 19 to other specialized areas. The hypotheses are as
follows:
1. Afferents from C O blob and interblob pathways in area 17 remain segregated within
area 19 (illustrated in Figure 1.4).
2. The intrinsic patches in area 19 are larger and have a greater spacing than those found
in areas 17 and 18. The spacing of the intrinsic correspond to the 21a and LS efferent
modules.
3. The efferent output to the functionally distinct areas 21a and LS are segregated in an
interdigitated band fashion (illustrated in Figure 1.4).
Hypothesis one, which examines the relationship between the C O blob and interblob
pathways and area 19 is detailed in Chapter 3; hypothesis two, which deals with
characterizing the intrinsic connections is covered in Chapter 4; Chapter 5 and 6 deal
with hypothesis three and the spatial relationship between the 21a and L S projecting
cells within area 19.
The results from tests of these three hypotheses show that area 19 is organized in
a well-defined modular mosaic that corresponds to different parallel pathways. The
first demonstrated that area 19 receives input from both the blob and interblob
pathways but this input remains segregated. Segregation means that the input from one
pathway (the C O blobs) is spatial separate or isolated from the input arriving from
another pathway (the C O interblobs). Second, the intrinsic connections of area 19 are
organized in a variably patchy fashion, that is the majority of intrinsically labeled cells
are found in multiple clusters which are separated from each other by regions of cortex
with relatively few labeled cells. The spacing of the intrinsic patches does not
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CO rich area
CO poor area
Figure 1.4. The hypothesized organization of area 19. Within area 19 there are blobrecipient modules and interblob-recipient modules. These modules preferentially
connect with each other in a patchy fashion. Area 21a receives input from one type of
area 19 efferent module while LS receives input from the other type of area 19 efferent
module. Thus in this model the input, intrinsic and efferent organization of area 19 is
segregated.

Correspond to other known modular units in area 19. This means that interconnected
intrinsic patches can sample from a variety of different modules. Third, the efferent cells
projecting to 21a and LS are organized in discrete bands that projecting bands a classic
characteristic of modular mosaic but may also be a partially overlap. This partial overlap
between 21a and L S projection bands may be a fundamental feature of extrastriate
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organization, as it has been reported in extrastriate areas of the primate. From this I
conclude that area 19 is a recipient of two parallel pathways (CO blob and interblob) and
a propagator of parallel pathways (partially segregated input to 21a and LS). However,
the relationship, if any, between the afferent and efferent pathways still needs to be
established. Also, the patterns of segregation with regions of overlap found in this area
are not specific to primates, but represents a general principle of mammalian visual
cortical organizations.
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Chapter 2. Methods
The experiments that are presented in this thesis share similar procedures. For
the sake of brevity, the methods that are common to all the experiments will be
expounded in this chapter. Details that vary from experiment to experiment (such as the
tracer used and injection placement), or methods that are specific to a single experiment
will be reported in the appropriate subsequent chapter.

Animals

and Surgical

Procedure

Normal adult cats of both sexes were used. Animals received injections of three
retrograde tracers: 1) cholera toxin subunit B conjugated to 7 nm colloidal gold (CTXA u ; List Biological; 1 % in 0.9% sterile saline), 2) injections of wheat germ agglutininhorseradish peroxidase (WGA-HRP; Sigma; 1% solution in 0.9% saline) and 3) cholera
toxin subunit B (CTB). The animals were preanaesthetized with a subcutaneous injection
of glycopyrilate (0.05 mg/kg, Associated Veterinary Purchasing, CO. Ltd.), followed by
an intramuscular injection of ketamine (20 mg/kg, Associated Veterinary Purchasing, Co.
Ltd.) and diazepam (2 mg/kg, Sabex Inc.). Animals were also given an intramuscular
injection of dexamethasone (0.5 mg/kg, Austin Laboratories) to prevent brain edema.
During surgery, anesthesia was maintained by inhalation of trifluourethane (halothane,
M.T.C. pharmaceuticals). Under sterile surgical conditions an incision was made along
the midline of the head and a long lasting local anesthetic, 0.25 % bupivacaine
hydrochloride (Marcaine, Winthrop Laboratories), was injected into the incision. A
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craniotomy and duratomy were performed at stereotaxic co-ordinates above the
appropriate cortical areas.
Long glass micropipettes, with tapered ends that had inner diameters of 16-20/«n,
were used to make the injections. Three different tracers were used at different times in
this study to verify that the pattern of label was independent of tracer used and to also
allow for more than one set of connections to be traced in a single case (e.g. L S
projecting cells versus 21a projecting cells). Tracer was injected by a brief application of
positive air pressure, which allowed for control of the volume injected. The total volume
of tracer injected was measured by calculating the drop in the meniscus of the solution in
the pipette. A l l injections were made at a cortical depth of 500 pirn. In cases where
multiple injections were made in a single area the spacing of the injections was
approximately 500 urn to 1 mm. These multiple injections created an aggregate injection
that saturated a large portion of the area. Gelfoam was then put in the craniotomies and
the fascia and skin along the incision site sutured. Following the surgery, daily injections
of dexamethasone (0.25 mg/kg, Austin Laboratories) were given to the animals to reduce
brain edema.

Perfusion and

Sectioning

The animals were given an overdose of barbiturate anesthetic three days after
surgery. They were then perfused transcardially with 700 ml of phosphate buffer (0.1 M ,
pH 7.2) with 0.5% sodium nitrite. A solution of 2% paraformaldehyde in phosphate
buffer was delivered with a perfusion pump at a rate of 60 ml/min for four minutes. The
visual cortex was then unfolded and flattened tangentially as described by Olavarria &
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Van Sluyters (1985). The visual hemispheres were left between two glass slides
submersed in 4% paraformaldehyde and 20% sucrose in phosphate buffer. After five
hours, the glass slides were removed and the sections were allowed to float free for eight
hours in a solution consisting of 4% paraformaldehyde and 20% sucrose in phosphate
buffer. The tissue was then frozen and cut tangentially at 50 ]im on a microtome. In
order to prevent degradation in signal, sections were reacted for the appropriate tracer
immediately following slicing.
For both hemispheres, the posterior portion of the thalamus that contained the
L G N was blocked. The L G N tissue block was then postfixed and cryoprotected in 4%
paraformaldehyde and 20% sucrose and phosphate buffer for 24 hours. Next, coronal
sections of the L G N block were cut at 50 fim on a freezing microtome. The sections
were then processed for visualization of the appropriate tracer. These L G N sections were
used to aid verification of the injection placement

Histology
Cytochrome

Oxidase

Cytochrome oxidase staining was used to help locate area borders and to reveal
the C O blob and interblob pattern in areas 17 and 18. Alternate tangential sections from
the superficial half of the cortex were stained for C O using a cobalt and nickel
enhancement method (Crockett et al., 1993; Dyck and Cynader, 1993; Liu et al., 1993).
The C O staining solution contained 20 mg diamine-benzidine, 30 mg cytochrome C, 15
mg catalase, 2 g sucrose, and 50 ml of 0.01 M phosphate buffer (pH 7.2) to which 5 ml of
1% nickel ammonium sulphate was added. One percent cobalt chloride was then added
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dropwise until the solution became cloudy. The tissue sections were incubated in the
solution for 4-6 hours then rinsed in phosphate buffer and mounted on slides. Once dried
the sections were then dehydrated and coverslipped.

Cholera

Toxin

Both the retrograde tracers cholera toxin subunit B (CTB) and cholera toxin
subunit B conjugated to 7nm colloidal gold (CTX-Au) were used in the following
experiments. The tracer CTB was visualized with immunocytochemistry. Tissue sections
were incubated for two days at 4 degrees Celsius on a shaker table with the primary
antibody, goat anti-CTB (List Biological; 1:10 000). Following this the sections were
placed in the secondary antibody, biotinylated rabbit anti-goat IgG (Vector Laboratories;
1:250), for two hours. Both of the solutions containing the primary and secondary
antibodies also contained 1% Triton-X-100 and 1 % normal rabbit serum. The tissue
sections were then placed for one hour in avidin-biotin-HRP ("Elite" A B C kit; Vector
Laboratories; 1:150). Finally, a glucose oxidase driven D A B reaction was used to
visualize the label, which appeared as a brown precipitate (Itoh et al., 1979). Incubation
of the sections in each of the solutions was separated by three 15 minute washes in
buffer.

The C T X - A u was visualized by silver intensification and appeared as a black

precipitate. This was done by incubating the sections for 1-2 hours in a silver
enhancement solution (Jannsen IntenSEM). Sections reacted for C T X - A u were
counterstained for Nissl substance with neutral red to improve contrast and help visualize
labeled cells. Sections were then dehydrated and coverslipped.
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Horseradish

Peroxidase

The retrograde tracer wheatgerm agglutinin-conjugated horseradish peroxidase
(WGA-HRP) was also used. The tissue sections were reacted for W G A - H R P using the
standard tetramethylbenzidine (TMB) method (Mesulam, 1978). To prevent any loss of
the reaction product, sections were mounted immediately on glass slides and air-dried.
The next tissue slides were counterstained with Neutral Red and sections were
dehydrated and coverslipped.
Data

Analysis

Cell charting typically began several days to several months after the processing
the sections. IGOR Professional 3.1 software (Wavemetrics, Inc.), a compound
microscope (A Nikon Optiphof), an x-y coordinate stage encoder and a drawing tube
were used to determine the spatial layout of labeled cells and landmarks in each tissue
section. To superimpose the computer records onto the tissue slide, the drawing tube,
which was attached to the microscope, was focused on a computer monitor. The
computer mouse cursor was positioned so that it aligned with the object being recorded or
charted (e.g. labeled cell). Once the two were aligned, the x, y coordinates were recorded
in IGOR Pro. To prevent charting the same object twice a symbol appeared on the
computer screen that was superimposed upon the recorded object with the aid of the
drawing tube. Moreover IGOR Pro used the stage microscope stage encode so that the
image on the screen moved in register with the stage. This allowed for large regions of
the section to be scanned without missing labeled cells or recording the same cell twice.
The type of labeled cell (CTB, C T X - A u or WGA-HRP) being recorded was also entered
into IGOR Pro for comparisons between cells labeled by different tracers. The cross
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sections of blood vessels were used as landmarks to align multiple sections and collapse
them into a single plane, creating a cell chart. Examples of such a cell chart are
illustrated in Figure 2.1 A and B .
Density plots were made from the cell charts. The density plots had bins of 0.1 x
0.1 mm so that the value of each pixel corresponded to the number of cells found within
the 0.01 mm region. Also, a smoothing of the cell charts was done in which the position
2

of each charted cell was overlaid with a 2D Gaussian low-pass filter. This was made by
positioning a convolution kernel, with a radius of 0.25 mm (o = 1.25 mm), over each data
point. Examples of the resulting smoothed image are illustrated in Figure 2.1C and D.
From the smoothed image, transects were drawn, by eye, across two labeled modules
perpendicular to the axis of elongation (solid line in Figure 2.1C). A module was defined
in this study as being cluster of labeled cells that was greater than 0.5mm in width and
was bordered by regions of cortex with relatively few or no labeled cells. Each transect
produced a profile plot (examples in Figure 2.IE and F) that measured the density of
pixels the transect passed through. Thus, a transect through a module resulted in a profile
plot in which there was a rise in the density of label from zero, or close to zero, a peak in
density label and then a decline back to zero, or close to zero values. The length of the
transect corresponded to the distance from the outer edge of one module to the far edge of
a second module. A peak in the profile plot corresponded to a single module, so a single
transect would have two peaks. Within a module there were sometimes variations in
labeling density resulted in miniature peaks. Figure 2.IF is an example of a profile plot
in which there are miniature fluctuations in the labeling density within two modules.
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These miniature peaks were not included in spacing estimates i f the peaks did not meet
the criteria of a module as defined above. Due to the irregular shape of the modules,

E

F

Figure 2.1. A ) and B ) are cell charts. Each dot represents a single retrogradely filled
cell. A ) represent C T X - A U labeled cells while B ) represent C T B labeled cells. C )
The cell chart in A after a 2D Gaussian low-pass filter was used to smooth the chart.
The solid line is an example of a transect, made perpendicular to the axis of
elongation, to measure spacing between two modules. D) The cell chart in B filtered
with a 2D Gaussian . The dashed lines represent the progression of transects from
medial to lateral. The measurements from each of these transects is added up and then
averaged to give a mean spacing for those two modules. E) and F) are profile plots
generated from the transect (solid line) in C ) and D ) respectively. The profile plots
represent the density of label along the length of the transect. Note in F) there are
multiple miniature peaks within the two modules. These miniature peaks were not
replicable and were not included in spacing measurements. Scale bar in A ) = 1 m m
while the scale bar in B ) = 2mm.
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multiple transects progressing through the module from medial to lateral were taken
(dotted and solid lines through Figure 2.1 D) and then averaged for each pair of modules.
The spacing of the modules was determined by dividing the distance between peaks by
the number of modules (two). The spacing measurements were then averaged for an
overall mean spacing per case. Measurements were not adjusted to take into account
shrinkage of tissue from both fixation and processing and are thus minimal estimates of
width and periodicity of the modules.
A quantification of clustering was also performed for each chart. The Cluster
Index (CI) (Ruthazer and Stryker, 1996) which was based on the Hopkins' statistic
(Hopkins, 1954; Ripely, 1981) required a measurement of nearest-neighbor distance (w)
and the distance between a randomly chosen point and the closest data point (JC). The CI
value was Log [(^/(w )] with random distributions resulting in values near zero and
2

clustered distributions resulting in higher CI values. The CI index does not measure the
number of cells within a given cluster but rather is a measurement of the total
distribution of cells. Thus, the greater the number of cells in between cell clusters the
lower the CI value. In IGOR Pro, 25000 cells were chosen, along with an equal number
of randomly chosen points, and were used to calculate CI. Ten different samples were
preformed and the results averaged to give a CI value for each case.
The location of retrogradely labeled cells with respect to the C O blobs was also
determined. Images of the C O sections were obtained using a digital camera (Coolpix
990, Nikon) at high resolution. A correlation between the two was preformed. First, the
C O image and cell chart were aligned in IGOR Pro using blood vessels. A 2D Gaussian
low-pass filter was applied to the cells to create a smoothed image of the labeling density.
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Both the GO image and smoothed cell chart had scale axes attached. The two images
were imported into PhotoShop and their axes aligned using the opacity option. Once
aligned the overlaid images were cropped tightly around the labeling pattern. Typically
the patchy pattern of cells was strong in the central area and faded towards the edges,
probably reflecting the topographical connectivity between the injection site and the
labeled cells, To focus the calculations on the area of interest a third image was created
with a strong Gaussian blur with a radius of 50 pixels that reduced the cell pattern to a
Gaussian centered on the area of interest This third image thus showed the regions of the
cell image that had labeling and the regions that did not and was used in the correlation to
weigh the data so the regions without cell labeling had less of an impact on the analysis.
Lastly a fourth image was created from the C O image that masked blood vessels, tears
and tissue edges from the correlation analysis. A l l images had a resolution of 300
pixels/inch. A correlation was then preformed to give a correlation co-efficient for the
C O and the cell image. A hypothetical case of cells concentrated in the interblobs would
result in a negative correlation while a hypothetical case of cells concentrated in the blobs
would result in a positive correlation. Next, this correlation was repeated but with the
image of the cells shifted from -0.6mm to 0.6 mm at 0.1mm intervals. The range of -0.6
to 0.6 was chosen as the C O blobs are about 0.7mm in size and a shift of that magnitude
ought to include at least one cycle through a C O blob. It was theorized that if the two
patchy systems (CO versus patches of cells) were related then the pattern of correlations
over the -0.6 to 0.6 mm shift would show a U shaped function (cells related to the
interblobs) or a inverted U shaped function (cells related to the C O blobs). Thus, the
correlation co-efficient for the -0.6 to 0.6 mm shift was graphed.
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This simple analysis was sometimes backed with a full two dimensional cross
correlation between C O density and labeled cells (Boyd and Casagrande, 1999). To do
this the image was first low-pass filtered in PhotoShop. The levels were then adjusted to
improve contrast. The whitest parts of the C O image, which corresponded to blood
vessels, tears in the tissue and the glass slide beyond the edge of a slice, were then
selected, with the colour select option and filled in with black to mask these regions from
the analysis. The image was then transferred into IGOR Pro and the charted cells aligned
with the C O image using blood vessels . For a hypothetical case in which labeled cells
were concentrated in C O blobs, C O staining density would be higher than average close
to the labeled cells. This would create a central area of high correlation (indicted by
darkness in the resultant image), with the spot having the same size, orientation and
spacing as an average C O blob. In a hypothetical case in which the cells are located in
interblobs the dark C O staining from the blobs would occur some distance from cells and
thus the peak positive correlations would be offset from the origin of the plot. A onedimensional summary of the spatial correlation plot was also created that quantified the
correlation and hence the density of C O staining at different distances from labeled cells.
The darkest staining was represented by the value of zero while lighter C O staining
corresponded to higher values. For example, in a case in which the labeled cells overlap
with C O blobs, the C O values increased as the distance from labeled cells increased.
This same procedure was performed to give a "segregation" estimate between modules
labeled by separate tracers. Thus, if the cells were segregated or interdigitated the onedimensional spatial correlation plot showed that as the distance from one type of labeled
cell increased so did the density from a second type of labeled cell. Also, a cell chart
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including one type of labeled cell (e.g. CTX-Au), which was illustrated by either red or
blue dots, was superimposed upon the density plot generated from the cell chart from a
second type of labeled cell (e.g. CTB). Since the density plot was illustrated in grey
scale, the overlaid red and blue cells were easily visible. This allowed for a relative
comparison by eye of the label density between labeling patterns generated by the two
types or tracers.
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3. The Projection from CO Blobs and
Interblobs to Area 19
Introduction
The periodic modular mosaic of cell networks is a notable feature of the cat
primary visual cortex. The different anatomical structures of modules reported in visual
cortex include patches/blobs (Boyd and Casagrande, 1999), stripes (Olavarria and Van
Essen, 1997) or irregularly shaped clusters (Xiao et al., 1999; Tanaka, 2003). This
modular organization is visible in tract tracing studies that examine geniculate (LeVay
and Gilbert, 1976; Boyd and Matsubara, 1996), mtrinsic (Ferrer et al., 1988; Gilbert and
Wiesel, 1989), efferent (Gilbert and Kelly, 1975; Symonds and Rosenquist, 1984a;
Symonds and Rosenquist, 1984b; Boyd and Matsubara, 1999; Conway et al., 2000) and
callosal connections (Segraves and Rosenquist, 1982; Berman and Payne, 1983; Voigt et
al., 1988; Payne and Siwek, 1991; Boyd and Matsubara, 1994a; Olavarria, 2001). The
patchy distribution of connections to and from the primary visual cortex is spatially
related to the pattern of C O staining (Boyd and Matsubara, 1994a; Boyd and Matsubara,
1996; Boyd and Matsubara, 1999; Conway et al., 2000). In the primate, this modular
organization is an anatomical hallmark of the parallel processing streams associated with
the M , P and K classes of retinal ganglion cells. Functionally, these three pathways differ
in such variables as contrast, spatial sensitivities, receptive fields and temporal resolution
(for review see Casagrande and Norton, 1991). Cytochrome oxidase blobs in the primary
visual cortex of the primate receive a direct thalamic input from the K cells (Lachica and
Casagrande, 1992). Also, in V2, C O thick and pale stripes receive projections from the
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CO interblobs, whereas the thin stripes of V 2 receive input from the CO blobs (Sincich
and Horton, 2002a). It may be in the cat that the modular populations of cells that align
with C O blobs represent a distinct processing stream.
The purpose of this chapter is to examine primary visual cortex efferents to
extrastriate area 19 in order to determine if this population of efferent cells has any
spatial relationship with CO staining. Previous studies (Gilbert and Kelly, 1975; Bullier
et al., 1984a; Symonds and Rosenquist, 1984b; Price and Blakemore, 1985a; Price and
Blakemore, 1985b; Kato et al., 1993) have shown that small injections of a retrograde
tracer in area 19 yield patches of labeled cells in area 17. A s patchy efferents to other
extrastriate areas coincide with C O blobs (Boyd and Matsubara, 1999; Conway et al.,
2000), it may be that patches of area 19 efferent cells are also localized in the C O blobs.
However, because of the small sizes of the injections used, these studies do not address
the issue of whether the connections between the primary visual cortex and area 19 are
hard or soft patterned, as defined by Shipp and Grant (1991). Hard patterned connections
result from a discontinuous organization of either efferent cells (Figure 3.1 A ) or
terminals (Figure 3. IB). Modular organization is an inherent feature of hard patterning.
Alternatively, soft patterned connections occur when cells projecting to another area are
organized continuously and involve the entire efferent area (Figure 3.1C). Soft patterning
can also demonstrate modular organization on a local scale (Shipp and Grant, 1991). For
example, in Figure 3.1C i f a small injection that labeled only a shaded region was made,
it would result in modular label even though all of area X projects to area Y .

Therefore,

to determine if a connection is hard or soft patterned the size of the injection must be
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Figure 3.1. A schematic drawing of hard and soft patterned connections between
hypothetical areas X and Y . A ) An example of hard patterning in which the efferent cells
are clustered in discrete modules. B) An example of hard patterning of afferents. The
axon terminals in this case are restricted to a single module. C) This is an example of
soft patterning, such that on a global scale the connections are continuous. A l l regions of
area X project to area Y . However, there are still discontinuities or modules within the
areas so that if an injection was restricted to a single module in either area X or Y then a
modular pattern of labeling would result in the other area.
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large enough to cover existing modules. Although most studies looking at the projections
from area 17 to area 19 only look at small injections, one study by Ferrer et al. (1992)
reports that clusters of cells in area 17 that project to area 19 are independent of the
amount of retrograde tracer injected. Ferrer et al. concludes that only specific patchy
regions within area 17 send input to area 19. While this result suggests that organization
of this efferent population may be hard patterned, the Ferrer et al. study does not specify
the size or amount of the tracer injected and therefore it is difficult to say if the injection
was sufficiently large to determine hard versus soft patterning. In the primate, input to
V2, which is the next area in the visual hierarchy following V I (Felleman and Van Essen,
1991; Scannell and Young, 1993), is soft patterned, that is the connections between V I
and V2 are globally continuous and only small injections reveal a modular pattern (Van
Essen et al., 1986). As area 19 in the cat is the next area in the visual hierarchy
following the primary visual cortex (Scannell et al., 1999) and receives the bulk of its
input from area 17 (Bullier et al., 1984a; Symonds and Rosenquist, 1984a; Symonds and
Rosenquist, 1984b; Mulligan and Sherk, 1993) it is a likely candidate for soft patterning,
like V2. In fact, it has been found that when sufficiently large injections of retrograde
tracer (diameter of approximately 5 mm) are made in area 19 the label in area 17 is
continuous. That is the projection from area 17 to area 19 is soft patterning such that
there are patches of retrogradely labeled cells in both C O blobs and interblobs (Stewart et
al., 2003b).
In the present experiment, the relationship between C O blobs and the efferent
cells in area 17 that project to area 19 is addressed. It was hypothesized that ce^ls located
in C O blobs would project to modules that were separate from the modules receiving
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input from the C O interblobs. This is important in identifying which parallel pathway/s
are projecting to area 19 and establishing the pattern of the afferent contribution (i.e. soft
versus hard patterning) to the modular mosaic within area 19. A schematic of this is
visible in Figure 3.1C where the blobs and interblobs are projecting to different
compartments.

49

Method
Animal and Surgical

Procedure

Twelve hemispheres from nine normal adult cats were used. A craniotomy and
duratomy were performed at stereotaxic co-ordinates A P -3 to +6 and M L +7 to +15.
The craniotomies were made this size to allow for a small injection to be made in area 19,
in addition to the injection of other tracers in areas 21a and LS for the purpose of
experiments detailed in Chapters 4-6. In one case, a bulk injection CTB was made in
area 19. The small injection was made in the posterior portion of area 19, on the crown
of the suprasylvian gyrus, medial to the genu. The pipette was oriented perpendicular to
the cortical surface and the injections were spaced 1 mm apart in a 2 by 2 grid. A total of
3-4[xl of tracer was injected.
In the remaining eleven hemispheres a single small injection of a retrograde tracer
was made in area 19 on the far medial side of the suprasylvian gyrus above the genu.
Amounts ranging from 0.04-1.3 jxl of W G A - H R P or C T B were made in area 19.
Multiple injections of C T X - A u , which were placed in area 21a for another experiment,
resulted in label in area 17 that was used as an additional marker for C O blobs (Conway
et al., 2000).

Histology

The animals survived 1-3 days following surgery. The visual cortex was
unfolded, flattened, and sliced tangentially. Alternate tangential sections from the
superficial half of the cortex were stained for C O using a cobalt and nickel enhancement
method (Silverman and Tootell, 1987). The remaining tangential slices, as well as the
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L G N sections, were reacted for their respective retrograde tracer. The C T X - A u was
visualized by silver intensification. The W G A - H R P was visualized using the standard
tetramethylbenzidine (TMB) method (Mesulam, 1978). The C T B label was reacted for
by immunocytochemistry and visualized by the glucose oxidase-driven diaminobenzidine
method (Itoh et al., 1979).

Data

Analysis

The labeling in area 17 was charted and aligned with photographs of the C O
staining using blood vessels as landmarks. Two-dimensional histograms measured the
density of labeled cells. Two-dimensional Gaussian histograms and transects measuring
the spacing of labeled cells in area 17 were also made. A cluster analysis was conducted
and each case received a CI index to demonstrate the degree of "patchiness". To show
that the distribution of labeled cells in relation to the C O staining was greater than
chance, a chi square analysis was performed. Finally, 2D cross correlations were used to
further demonstrate the relationship between the pattern of labeled cells and C O staining.
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Results
Global Projections to Area 19
A portion of area 17 was labeled (as illustrated by the composite cell chart in
Figure 3.2A) following a bulk injection (3-4ul) of retrograde tracer that covered over 1
mm of area 19. The resulting pattern of label in area 17 was continuous; there were no
2
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Figure 3.2. The pattern of label in area 17 following a large injection in area 19. A ) a
composite cell chart of labeled cells in area 17. Note that there were no discrete patches
of label. B) A 2 D histogram in which each pixel corresponds to a 0.01 mm region of
cortex and the darkness of the pixel represents the number of cells found within it. C) a
2 D Gaussian low-pass filter image demonstrates fluctuations in the density of labeled
cells. The dotted line is a transect drawn through the image to measure density. D) the
resultant profile plot from the transect drawn in C. Note the variations in labeling
density. The mean spacing of these fluctuations was 0.78mm. Scale bar = 1mm. Tracer
used: CTB.
2
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discrete clusters or modules separated by regions of unlabeled cortex, except a little
around the edges of the labeled zone where the density of label fell off. This is illustrated
in figure 3.2B in which a 2D histogram shows the distribution and density of labeled cells
throughout the labeled patch. The CI value for the large injection was low at 0.28 (S.D. =
0.04). This large zone of continuous label encompassed both CO blobs and interblobs.
Thus, the projection from area 17 to extrastriate area 19 is not just restricted to one type
of CO module, as is the case for LS and 21a projections (Boyd and Matsubara, 1999;
Conway et al., 2000). There was some structure within the labeled region as fluctuations
in the density of labeled cells varied in a periodic manner. Transects measuring labeling
density, as demonstrated in Figure 3.2C, revealed regions that contained a higher density
of labeled cells (Figure 3.2D). These most densely labeled regions had a mean spacing of
roughly 0.78 mm, similar to spacing of CO blobs, which is approximately 0.75 mm
(Boyd and Matsubara, 1996). However, when compared with an alternate section that
had been stained for CO there was no obvious relationship between the pattern of CO
staining and labeled cells.

Patchy Projections to Area 19

A small injection ranging from 0.04-1.3 ul of retrograde tracer in area 19 resulted
in patchy labeling in area 17. The amount and degree of clustering varied for different
cases and the CI ranged from 0.32 to 1.42. The cluster values from each case are
presented in Table 3.1. Cell charts in Figure 3.3A, B and C illustrate this variability. The
2D histograms in Figure 3.3D, E and F show the density of the patches. Unlike the
continuous labeling found after a large injection, the patchy label resulting from the small
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Figure 3.3. Variation in the amount of "patchiness" between different cases. A) B)
and C) Cell charts of patchy labeling in area 17 following a small injection in area 19.
Their CI values were 0.72. 0.57 and 0.32 respectively. The tracer used for each case is
WGA-HRP, WGA-HRP and C T B respectively. D) E) and F) a 2D histogram
illustrating the density of label for each pixel. Scale bar = 1mm.

injection has regions of cortex between the clusters of label that contain few labeled cells.
The overall mean CI value for the patches resulting from a small injection was 0.62
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(SD=0.337). This CI values was significantly greater (t-test, p < 0.0001) than those for a
random distribution. The average spacing of labeled patches was approximately 0.63
mm.
Table 3.1: Cluster Index and Spacing Values for Each Case.
Case No.

Cluster Index (CI)

Spacing (mm)

0.28
SI*
0.34
S3
S4
0.36
0.72
S5
S6-LH
0.64
0.72
S6-RH
0.57
S7
S9
0.91
S10-LH
0.42
S10-RH
0.32
Sll-LH
0.90
1.45
Sll-RH
*Case in which a large injection was mac e in area

0.78
0.68
0.67
0.79
0.60
0.68
0.57
0.70
0.66
0.66
0.72
0.66
19.

The clustering data from 21a and LS projecting cells in area 17 was obtained from
previous experiments (Boyd and Matsubara, 1999; Conway et al., 2000) and compared to
the clustering of area 19 projecting cells. The biggest difference was that following a
large injection in either area 21a or L S, labeled cells were concentrated in the C O blobs.
In the case of area 19 a large injection of retrograde tracer labeled cells in both the C O
blobs and interblobs. Also, after a small injection in area 19 labeled cells clearly had a
larger range of CI values (0.28-1.44) in area 17 compared to either the 21a (0.44-1.16) or
LS (0.28-0.309) projecting cells. This is illustrated in Figure 3.4. The large range for
area 19 projecting cells is not unexpected since cells in both the C O blobs and interblobs
projected to area 19. Thus, injections in area 19 created a large number of possible •
labeling outcomes and thereby increased the range of clustering.
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19

21a

LS

3.4. A comparison of the range of CI values obtained from cells in area 17
that project to area 19,21a and LS. Note that the area 19 projecting cells produce the
greatest range of CI values. There are cases with very high clustering of areal9
projecting cells and cases with relatively low clustering of area 19 projecting cells.
Figure

Comparison of CO and Patches ofLabel

Since the pattern of labeled cells were clustered a direct comparison between
labeled cells and CO blobs and interblobs was done. This comparison was preformed
(n=7) by staining alternate tissue sections for either CO or retrograde label and then
aligning the sections using radial blood vessels. When the labeled cells were overlaid on
the CO sections they appeared to be either concentrated in the blob compartments or, in
other cases, concentrated in the interblob compartments. This impression was tested
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quantitatively by generating two dimensional spatial cross correlation that determined the
average CO staining intensity at different distances from the labeled cells. The
relationship between CO staining and labeled cells was also examined by correlating the
pattern of cell label with the CO image. The cells were then shifted 0.6mm to - 0.6m in
0.1mm increments. After each shift, the correlation between the CO staining and labeling
pattern was determined.
In overlaid sections, the labeled cells appear to be preferentially located in some
cases in the CO blobs or in other cases in the interblobs. Figure 3.5B and D are examples
of labeled cells (red dots) overlaid on corresponding CO sections. In Figure 3.5B and D
the majority of labeled cells are encountered in the blobs (the more darkly stained
regions), while in Figure 3.5D the labeled cells have a tendency to fall in the interblobs
(the less densely stained regions). The patchy distribution of the labeled cells illustrated
in Figure 3.5, is evident in the smoothed images of the labeling displayed in A and C; a
Gaussian filter was applied to more easily identify the cell clusters.
The qualitative observations were supported by the results from the 2D cross
correlation analysis. This analysis demonstrated a tendency for the cells to be located in
the CO blobs or interblobs. Figure 3.6 show the 2D cross correlations for six cases. The
origin of the plot (white circle) is the reference point. Figure 3.6 A, B, C and F are
examples in which the majority of labeled cells are found in the interblobs. Figure 3.6D
and E are examples in which the majority of labeled cells are found in the blobs. The
interblob cases tended to have light pixels around the origin, at the center of the plot. In
these cases the pixels began to darken around 0.4mm away from the origin. This
indicates that the CO staining intensity was greater away from the cells. In comparison
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Figure 3.5. A comparison of C O staining and retrogradely labeled cells. A ) To more
easily view the patches of labeled cells, a Gaussian filtered was applied to the cell
chart. B) The C O stained section is overlaid with the cell chart that was smoothed in
A . Each labeled cell is indicated by a red dot. Note that the majority of labeled cells
co-localize with the C O blobs (darker stained regions) while there are some cells also
scattered in the interblobs (lighter stained regions). C ) A cell chart that was smoothed
with a Gaussian filter. The patchy nature of the labeled cells is visible. D) The C O
stained section is overlaid with the cell chart that was smoothed in C . Each
retrogradely labeled cells is indicated by a red dot. Note in this case that the majority
of labeled cells co-localize with the C O interblobs (lighter stained regions) while there
are some cells also scattered in the blobs (darker stained regions). The tracers used in
these cases were C T B and W G A - H R P respectively.

the blob cases had dark staining at the origin o f the plot. This indicated that the C O
staining was darker close to the blobs. The 2D cross correlations also showed many
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Figure 3.6. Two dimensional spatial cross correlations that look at the average C O
staining intensity at different distances from the labeled cells. Dark pixels correspond
to darker CO staining. The white circle represents the origin of the plot. Light
regions surrounding the origin illustrate that the CO staining near the cells is lighter
(i.e. interblobs). Dark regions surrounding the origin of the plot illustrate that the C O
staining near the cells was darker (i.e. blobs). Thus, A , B, C, and F are examples of
cells being concentrated in the interblobs, while D and E are examples of cells that are
concentrated in the blobs. The axes are in mm.
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dark pixels near the center of the plot, but also along the left edge of the plot. These
variations are likely due to fluctuations in the C O pattern of staining. This is the case for
Figure 3.6D in which the auto-correlation of the C O (Figure 3.9 - S9) did not show a
consistent pattern.
Plots of one-dimensional spatial cross correlation are shown in Figure 3.7. Dark
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Figure 3.7 One dimensional spatial correlations between the C O staining intensity and
different distances from the labeled cells. Examples A - F correspond to those shown in
Figure 3.6 respectively. Higher values represent lighter C O intensity. Note that in
cases A , B , C and F the C O staining shifts from higher levels (lighter C O intensity) to
lower levels (darker C O intensity) over a 0.6mm distance. Thus at further distances
from the cells the C O intensity is increasing. The opposite happens in D and E. In
these cases the C O staining is shifting from low levels (darker CO intensity) to higher
values (lighter C O intensity). Thus, at further distance from the cells the C O intensity
is decreasing. This further suggests that the cells in examples A , B , C and F are found
in the interblobs and cells in examples D and E are located in the blobs.
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CO staining is represented by lower values in these graphs. The A - F placement in this
figure corresponds to the A-F placement respectively in Figure 3.6, so 3.7A is derived
from the same case as 3.6A, and so on. For the interblob cases (A, B , C, F), the ID plots
show an increase in C O staining (represented by a decrease in the value of the left axis)
as you move approximately 0.6mm away from the cells. In the blob cases (D, E) the ID
plots show a decrease in C O staining (represented by an increase in the value of the right
axis as you move approximately 0.6mm away from the cells.
Images of the C O staining and the labeling pattern were also correlated. Although
the correlation coefficients were relatively low (listed in Table 3.2), they showed a
Table 3.2 Correlation Analysis on C O and Cell Labeling.
Case
S5
S6-LH
S6-RH
S7
S9
S10-RH
Sll-LH

C O Analysis
Interblobs
Interblobs
Interblobs
Interblobs
Blobs
Interblobs
Blobs

r
-0.047
-.0152
-0.119
-0.04
0.264
-.054
0.062

Figures
3.8D
3.6C/3.7C/3.8C
3.6B/3.7B/3.9
3.6F/3.7F/3.8A
3.6D/3.7D/3.9
3.6A/3.7/3.8E
3.6E/3.7E/3.8B

distinct pattern. The interblob cases resulted in negative correlations while the blob cases
resulted in positive correlations. One of the aligned images was then shifted in 0.1 mm
increments to the right and the left and the correlation after each shift was calculated.
Graphing the correlation distribution resulted in a rough U shaped pattern, shown in
Figure 3.8. In a blob case (Figure 3.8B), an inverted U shape become apparent with the
aligned correlation being positive. As you shift to right and left to -0.6 mm and 0.6 mm
the correlation coefficient becomes negative. In the interblob cases (3.8A, C, D and E),
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Figure 3.8 The distribution of correlation co-efficients as the image of the labeled cells is shifted
with respect the C O image. While the correlation co-efficients are relatively low, they change in a
systematic fashion. Zero represents the point at which the two images are aligned. In A , C and D
the peak correlation is offset from the aligned position by 0.2-0.3mm. A n exception is E , which is a
case in which the cross correlations suggest the cells are located in the interblobs (Figure 3.6A and
3.7A). In E the correlation co-efficients cycle through two peaks in relatively small distance. This
is not seen in the other cases.

as you shift away from the aligned position the correlation decreases and shifts into
positive correlations. In three cases (S5, S6-RH and S7) the peak correlation was offset
from the aligned position by 0.2 -0.3mm. Case S10-RH was an exception, in that it
62

cycled through a rise and fall o f the correlation coefficient in about half the distance o f
the other cases.
There were two cases that when shifted did not show this U shaped pattern in
correlation coefficients. A s the cells were shifted from -0.6 to 0.6mm the correlations
increased in a linear fashion. One of these cases ( S 6 - R H ) had a very large edge, which
likely affected the calculations. For the other case (S9) the C O oxidase staining was
irregular, which is demonstrated in the auto-correlation in Figure 3.9, and thus shifting
the cells did not show the typical inverted U shaped pattern.

CO Staining

Labeled Cells

S9

RHS6

Figure 3.9 Auto-correlations of the C O and labeled cell images for the two
cases that did not show a U shaped pattern of correlation coefficients. For S9,
the auto-correlation of the C O staining shows a non-typical pattern of C O
staining, which would effect the results of a shifting analysis. The auto
correlations for C O staining and labeled cells for S 6 - R H are also shown. For
this case, there was a large edge effect that resulted in an linear increase in the
correlation coefficient as the labeled cells were shifted away onto the C O
stained tissue and away from the edge.
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LGN

Labeling
In cases that received a small injection of retrograde tracer in area 19, coronal

sections of the L G N were also reacted for the appropriate tracer. These sections
consistently revealed labeling in the C layers of the L G N and medial interlaminar nucleus
(MIN). A n example of typical L G N label following an injection in area 19 is shown in
Figure 3.10. The arrows are pointing to labeled cells in the C layers and M I N .

There

were an absence of labeled cells in layers A and A 1 .

Figure 3.10 Labeled cells in the L G N following a small injection in area 19. The
labeled cells appear as dark spots located in the C layers of the L G N and M I N .
Arrows indicate several labeled cells. The background has been stained for Nissl to
help visualize the geniculate layers.
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Discussion
A bulk injection in area 19 that covered a large region (about 2.5 mm ) resulted in
2

continuous label in area 17. Within this continuous label there were periodic regions that
contained denser label. On the other hand, small focal injections of retrograde tracer in
area 19 resulted in a patchy distribution of labeled cells. This means that the afferent
connections in area 19 that originate in area 17 are soft patterned. Within area 19 there is
a modular organization enmeshed in a global projection. This scenario is illustrated in
Figure 3.1C. To differing degrees, the majority of labeled cells were concentrated in
either the blobs or the interblobs. This suggests that within area 19 there are specialized
compartments that received input from cells primarily located either in the blobs or the
interblobs. Therefore, when more than one type of compartment is injected (i.e. large
bulk injection) cells in both the blobs and interblobs become labeled. Although the
specialized 17 recipient compartments remain to be defined in area 19, there presence
likely contribute to the area 19 modular mosaic.

Methodological Considerations

While a large injection of tracer in area 19 yielded continuous labeling, the
density of labeling fluctuated in periodic clusters. It could be argued that fluctuations in
labeling density arose from uneven absorption and transport of tracer. The size, structure,
and spacing of the dense patches of labeling were consistent with other similar
experiments that involved a bulk injection in area 19 (Stewart et al., 2003b). There is
some evidence that area 19 is modular, with large efferent modules projecting to area 21a
- the details are found in Chapter 5 (Stewart et al., 2000). If this is the case, the periodic
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fluctuations in density may have resulted from injecting more tracer into one type of
module over another. This may have occurred with the large injection so that the denser
patches of label may represent cells projecting to a single type of module within area 19,
which just happened to receive more tracer. With the small injections, the amount of
tracer used was sufficiently small to minimize spread from one module to another.
Injection sites for area 19 were detennined based upon stereotaxic co-ordinates
and sulcul patterns. Comparing alternate sections that were stained for CO allowed for
visual confirmation that the retrograde tracers were correctly placed in area 19.
Cytochrome oxidase staining remarkably drops off at the area 18/19 border (Price,
1985a). This border is clearly visible in tangential sections (Boyd and Matsubara, 1996).
Thus, alignment of C O stained sections with sections processed for labeling allowed
identification of the injection site with reference to the area 18/19 border.
The placement of the small focal injection was further verified by examining
L G N slices for labeling. Figure 3.11 is a schematic of typical labeling in the L G N , and
the neighboring subcortical nucleus M I N , after an injection in either area 18,19 or 21a.
It was ruled out that the focal injections were placed in any of the three areas, which
border area 19 around suprasylvian and lateral genu (areas 18, 21a and 7). First, the
L G N layers A and A l did not contain any label confirming that the injection placements
did not encroach on area 18, as area 18 and not area 19 projects to A and A l (Stone and
Dreher, 1973; Maciewicz, 1975; LeVay and Gilbert, 1976; Hollander and Vanegas, 1977;
Harvey, 1980; Geisert, 1985; Humphery et al., 1985a; Kawano, 1998). Not surprisingly,
layers C1-C3 of the L G N , which is the main source of geniculate input to area 19
(Maciewicz, 1975; LeVay and Gilbert, 1976; Hollander and Vanegas, 1977; Dreher et al.,
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1980; Raczkowski and Rosenquist, 1980; Raczkowski and Rosenquist, 1983; Kawano,
1998), had labeling present. Area 7, which borders area 19 along its anterior lateral

Figure 3.11. A schematic of the label in the L G N following an injection into areas
18,19 and 21a. Open circles represent area 18 projecting cells, open diamonds are
area 19 projecting cells and the closed circles represent 21a projecting geniculate
cells. The location of area 18 projecting geniculate cells is based upon previous
research (Stone and Dreher, 1973; Maciewicz, 1975; LeVay and Gilbert, 1976;
Hollander and Vanegas, 1977; Harvey, 1980; Geisert, 1985; Humphery et al., 1985;
Kawano, 1998). However, the position of area 19 and 21a projecting cells is based
upon data from this experiment and previous studies in our lab (Conway et al.,
2000). Area 18 geniculate efferents originate in layers A , A l , and C (but not C1-C3)
as well as M I N . Area 19 injections on the other hand resulted in label in the C1-C3
layers of the L G N as well as M I N , while 21a injections only labelled the C1-C3
layers and not M I N .

extent, does not receive projections from the L G N (Olson and Lawler, 1987), so the
presence of label in the C1-C3 layers ruled out the possibility of the injection accidentally
being placed in area 7, but this does not rule out the possibility of spillage of the tracer
into area 7. Last, M I N also contained labeled cells. As area 19, and not area 21a,
receives
Calculating the correlation of the C O and cell images as they were shifted relative
to each other resulted in a consistent pattern, despite the low correlation coefficients. The
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low correlation coefficients are likely related to the noise in the C O image. This noise
originated from portions of the image that had no tissue or labeling present, or where the
where the slice went through a layer without C O blob/interblob, tears in the tissue, blood
vessels and variation in the intensity of CO staining within a section. However,
notwithstanding this noise, for the cases that the cross correlation revealed a
correspondence between the cells and the interblobs, the correlation for the two aligned
images was negative. As the image of the cells was shifted either to the right or left of
the aligned position the correlations value decreased created a U shaped pattern (Figure
3.8A, C, D, E). For a case that the cross correlation revealed a correspondence between
cells and blobs the correlation between these images was positive. As the image of the
cell was shifted to the right or left the correlation systematically decreased (Figure 3.8B).
Interestingly, for three of these cases there were better correlations when the images were
shifted in one direction 0.2-0.3mm. This difference between the aligned images and the
peak correlation is greater than minor misalignments that come from differential
shrinkage and stretching of the two tissue section. It is possible that while there is a
relationship between the C O staining the patches of labeled cells, they are slightly offset
from each other by about 0.2 mm. However, there were also two cases where the peak
correlations corresponded to the aligned images, suggesting that this is not the case

Patchy Area 19 Efferent Cells in Primary Visual Cortex

The large zone (approximately 2.5 mm ) of labeling in area 17 following a bulk
2

injection of retrograde tracer in area 19 suggests that the organization of these efferent
cells was soft patterned. That is, the projections from area 17 to area 19 were not
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restricted to a single type of module or C O blob; area 17 projections to area 19 were
continuous. Having said that, there were periodic fluctuations in the density of labeled
cells within the labeled region in area 17. This fluctuation has also been noted for other
cases that have received a large injection in area 19 (Stewart et al., 2003b). Thus, while
the projections from area 17 to area 19 were continuous there is a suggestion that the
projections is uneven, with some regions having a greater number of cells projecting to
area 19. It was recently reported in the primate that the pale stripes in V2, which receive
input from the C O interblobs, receive a stronger projection than the other stripe
compartments. Thus when bulk injections of an anterograde tracer are placed in V I the
pale stripes show the densest number labeled terminals (Sincich and Horton, 2002b). By
logical extension, it would be expected that bulk injections of a retrograde tracer in V 2
would then result in heavier label of the C O interblobs. This may be the case with the
bulk injections in area 19.
In this current study it was discovered that labeled cells could form a
discontinuous patchy pattern, but only when a small subset of area 17 efferent cells are
labeled. This was accomplished by making small focal injections in area 19. The
spacing of the area 19 projecting patches fall within the range of other anatomical
modules reported for a area 17 (see Table 3.3), but are closest in value to the C O blobs.
Table 3.3 Spacing of the Different Anatomical Structures in Area 17
Afferent
W input

Afferent
Y input

Ocular
Dominance
Columns

Blobs

Intrinsic
Clusters

Efferent 19
Projection

Efferent 21a
projections

Efferent LS
projections

0.73
Area 17 <1.0
<1.0
1.1
0.75 0.92
0.63
<1.0
(Boyd and Matsubara, 1996; Kisvarday et al., 1997; Boyd and Matsubara, 1999; Conway
et al., 2000; Rathjen et al., 2002)
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Other studies also reported a patchy organization of area 17 cells projecting to extrastriate
area 19 (Gilbert and Kelly, 1975; Bullier et al., 1984a; Symonds and Rosenquist, 1984b;
Price and Blakemore, 1985a; Price and Blakemore, 1985b; Ferrer et al., 1992). Most of
these studies used small injections of tracer. However, Ferrer et al., also made large
injections of retrograde tracer in area 19 and found discrete patches of labeled cells that
were independent of the injection size. This differed from the present findings that bulk
injections in area 19 resulted in density fluctuations of labeled cells but did not create
labeled patches that were discreetly separated from one another. One reason for this
difference could be that different planes of viewing were used in the two studies. For
analysis, Ferrer et al. reconstructed sections from a one in three series of coronal sections,
while the present experiment was conducted on tangential sections. Patterns viewed
across a large area of cortex are often easier to detect in the tangential plane. This is
exemplified by the fact that CO blobs were only discovered in cat primary visual cortex
once the cortex was examined tangentially (Murphy et al., 1995). It may be that the
regions of area 17 which were more sparsely labeled were harder to detect in the coronal
plane. Also, Ferrer did not state the size of the injection and may not have made an
injection site substantial enough to cover more than one type of afferent module in area
19.
The degree of clustering was quantified and represented by the CI value (see
Chapter 2 for details). Random distributions result in CI values close to zero while
greater numbers represent greater clustering of a distribution. The CI values for labeling
in area 17 following a small injection in area 19 was significantly greater than random,
but the CI values varied considerably. In comparison, the range of CI values for 21a and

LS projecting cells in area 17 [which was determined from previous experiments (Boyd
and Matsubara, 1999; Conway et al., 2000)] was less. One reason for the variability of
area 19 projecting patches compared to the 21a and LS projections is that area 19
projections arose from both C O blobs and interblobs, while 21a and LS projecting cells
were clustered only around the CO blobs. Thus, the clustering of efferents to 21a and L S
in area 17 were restricted to one module while efferents to area 19 had no such
restrictions and showed greater variability in the degree of clustering. Also, i f the C O
blobs and interblobs projected to spatially distinct compartments in area 19 (see section
below for details) injections that intruded into a neighboring compartment would produce
different degrees of clustering. For example, if an injection was placed in a CO blob
recipient compartment but extended into an interblob recipient compartment the resulting
label would be primarily concentrated in the C O blobs but some label would also be
present in the interblobs.

Relationship of Efferent Patches to CO Staining

Since the projection between area 17 and 19 is soft patterned (i.e. there are
discrete patches after a small injection but not after a large injection) this means that the
afferents to area 19 are organized in a modular fashion (See Figure 3.1C for details). The
results from this study, which show that after a small injection the majority of labeled
cells that were concentrated in either the C O blobs or interblobs. This suggests that the
afferent modules in area 19 are organized according to a preference for projections that
originate in specific type of CO module (blob versus interblob). Area 19 does contain
bands of 21a projecting cells (see Chapter 5). This band organization may not be
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restricted to efferent cells but may be part of a general organizational structure within
area 19. As the injection sites in these cases were small, it can be hypothesized that each
injection hit a specific type of compartment, one that received the majority of its input
from the blobs or a compartment that received input primarily from the interblobs. This
hypothesis can also account for the wide range of the CI values and the varying
correlations between labeled cells and CO staining. In some cases, the injection in area
19 may have spilled from one type of afferent compartments (e.g. blob recipient
compartment) into a second type of afferent compartment (e.g. interblob recipient
compartment). If this were so, then labeled cells should be found in varying ratios in
both the blobs and interblobs, which was the case.
Also, the spatial segregation of afferents in area 19 according to their relationship
to the C O blob/interblob structure is further supported by the results from experiments
with paired injections (Stewart et al., 2003b). In these experiments label in area 17 and
18 from the two different tracers either co-localized or interdigitated. In the instance in
which the labeled cells from the two injections overlapped it can be hypothesized that the
injections either hit the same C O recipient compartment. Or alternatively, the injections
may have hit two similar but spatially distinct C O recipient compartments. In the cases
that had interdigitation of the two tracers, it was likely each injection was placed in a
different C O recipient compartment: one that receives the bulk of its input from CO blobs
and the other from C O interblobs.
CO blobs and interblobs receive different types of input from the parallel
processing streams. Cytochrome oxidase blobs receive a direct input from the W cells
from the L G N , while the interblobs do not (Boyd and Matsubara, 1996). Cells projecting
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to 21a and L S are also localized to the CO blobs. Thus, CO blobs are a histological
marker for parallel processing streams and anatomical divisions in the cat primary visual
cortex. As shown by the large injection in area 19, this is an area that receives input from
both CO blobs and interblobs. Also, the efferent output from area 19 to area 21a is
segregated into bands. It may be that the function of area 19 is different from other
extrastriate areas, such as LS and 21a, in that it is not dedicated to specific function or
processing stream but that it acts as a sorter for the different parallel pathways coming in
from the C O blobs and interblobs.

Primate Comparison
Primate V I efferents are directed to different types of modules (stripes) within
V2, depending on if the input originated in a C O blob or interblob compartment
(Livingstone and Hubel, 1983; Sincich and Horton, 2002a). One of the functions of V 2 is
as a sorter and distributor of input from the different C O defined pathways. This may
also be the case in cat area 19, which receives input from C O blobs and interblobs and
sends input to specialized efferent populations. V 2 also contains specific efferent
populations that connect to different extrastriate areas (Felleman et al., 1997; Xiao et al.,
1999). For example, M T receives afferents that originate primarily from the thick stripes
(DeYoe and Van Essen, 1985; Shipp and Zeki, 1985). While C O has proven to be a good
marker for anatomical segregation in V I and V2, there are examples of modular
organization in extrastriate areas in the absence of any distinguishing C O staining
(Felleman et al., 1997). For example, the prosimian Galigo, does not have C O stripes in
V 2 and but the projections to D M are still organized in bands (Beck and Kaas, 1998).
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Therefore, the lack of C O markers in area 19 of the cat may not preclude the absence of
modules.

Conclusion

As predicted in hypothesis one (pg.29), the results from this experiment
demonstrate that area 19 receives input from both the CO blobs and interblob pathways
of area 17. Furthermore, the majority of the afferents appear to be spatially localized to
different regions within area 19, based upon whether they originated from cell within C O
blobs or interblobs. Thus, area 19 has CO predominantly blob recipient compartments
and predominantly C O interblob recipient compartments. These findings are important
because they distinguish area 19 from the functionally specialized extrastriate areas 21a
and LS in that these areas receive a restricted input from the C O blobs. The fact that area
19 is receiving input from multiple pathways indicates that this area may be involved in a
more general sort of visual analysis. These findings are also important because they
represent the first building blocks of the modular mosaic in area 19. A s this afferent
segregation according to CO pathway is similar to the V W 2 projection in the primate, it
is possible that this feature of the modular mosaic is a representative feature of the first
extrastriate visual area in the mammalian species.
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4. Organization of Intrinsic Connections
in Area 19
Introduction
The cortex is composed of vertically aligned modules of neurons called cortical
columns. These columns extend through layer 1 to layer 6 and share various
physiological properties. Cortical columns are comprised of mini-columns, which in
primate V I , consist of approximately 80-100 neurons. These mini-columns are bound
together into a cortical column by local connections. The fundamental diameter of a
cortical column varies from 300 to 1000 /mi, even between species with brains differing
10 in size (for review see Mountcastle, 1997). Long-range horizontal connections send
3

axonal collaterals well beyond the originating cortical column since connections can span
3-4 mm, as in the cat primary visual cortex (Gilbert and Wiesel, 1983; Gilbert 1983;
Gilbert and Wiesel, 1085; Gilbert and Wiesel, 1989; Kisvarday et al., 1997). These longrange horizontal connections target other cortical columns resulting in a patchy network
of intrinsic connections.
While the intrinsic connections of area 19 have never been examined before, the
intrinsic connections of areal7 have been extensively studied. Area 17 intrinsic patches
extend from the injection site approximately 3-4 mm and are 200-500 pim in diameter.
Reports of the center-to-center spacing of these patches range from 1.1 mm to 0.4 mm
(Gilbert, 1983; Luhmann et al., 1986; Luhmann et al., 1991; Kisvarday and Eysel, 1992;
Kisvarday et al., 1997). These intrinsic patches are found with both retro- and
anterograde tracers and when both types of tracers are used in combination the patches
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tend to overlap, indicating that intrinsic patches form reciprocal connections (Luhmann et
al., 1986; Luhmann et al., 1991). However, it was noted that not all the intrinsic patches
form reciprocal connections since following injections of antero- and retrograde tracers
together some patches contained only one tracer. The patches in area 18 resemble those
in area 17 only they have a larger diameter of 500-750 jim (Boyd and Matsubara, 1991)
and a spacing of approximately 1.2 mm (Kisvarday et al., 1997).
Intrinsic patches in the primary visual cortex tend to be elongated along an axis
(Gilbert and Wiesel, 1983; Luhmann et al., 1986). This is likely related to the fact that up
to two thirds of patchy pyramidal neurons in layer 2/3 have elongated or anisotropic
dendritic trees, while the remaining cells have circular dendritic fields (Thejomayen and
Matsubara, 1993). Kisvarday and Eysel (1992) note that the elongation of some of the
pyramidal neurons exceeds variations in magnification factor and therefore, anisotropy of
intrinsic connections is not solely dependent on magnification factor.
There is much speculation about the functional role of intrinsic connections. One
possibility, is that intrinsic connections are responsible for synchronized oscillatory
responses in cells with non-overlapping receptive fields (Gray et al., 1989; Lbwel and
Singer, 1992). Another suggestions is that intrinsic connections are responsible for
parleying information between cells of different receptive fields (Albus, 1975; Tusa et
al., 1979; Ts'o et al., 1986). A third possibility is that patchy intrinsic connectivity
contributes to orientation tuning (Eysel et al., 1987; Matsubara et al., 1987; Eysel et al.,
1990). Excitatory intrinsic connections preferentially link orientation domains that share
similar orientation preference originate from an iso-orientation domain terminate mainly
in regions of cortex that have similar orientation preference (Michalski et al., 1983;
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Nelson and Frost, 1985; Ts'o et al., 1986; Gilbert and Wiesel, 1989, Kisvarday et al.,
1997). Not all studies are in agreement with this finding (Matsubara et al., 1985, 1987),
but this may have more to do with the different methods employed in the various
studies. While there has been much research and debate on these possibilities, the
function of horizontal intrinsic connections remains to be conclusively defined.
Intrinsic connections in the primary visual cortex of the primate have been studied
in relation to cytochrome oxidase (CO) staining. It has been found that there is a bias
with cells from C O blobs preferentially sending collaterals to cells in other C O blobs
and vice versa for cells in interblobs (Livingstone and Hubel, 1984a; Lund et al., 1993;
Malach et al., 1993; Yoshioka et al., 1996). This was not found to be the case in the tree
shrew in which large injections resulted in a pattern of intrinsic label resembling a lattice
containing enclosed holes with no label. The lattice did not consistently correspond with
the C O staining (Rockland and Lund, 1982) and it was suggested that perhaps the
intrinsic patches were related to orientation preference (Mitchison and Crick, 1982). It
has since been demonstrated in that, in this species, the intrinsic patches preferentially
connect domains with similar orientation preference in which the receptive fields occur
along the axis of orientation. This also results in elongated or anisiotropic intrinsic
connections (Chisum et al., 2003).
In the primate extrastriate cortex the spacing and the spread of the patches
increases but the size of the patches remains within the cortical column parameters,
varying from 230//m -310/«n (Weller et al., 1984; Amir et al., 1993; Malach et al.,
1997). In V 2 , intrinsic patches originating in C O rich bands (thick and thin) prefer to
send inputs to other C O rich bands. This is not the case for pale stripes, which show no
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such bias (Levitt et al., 1994a; Malach et al., 1994). These intrinsic patches are smaller
than the C O stripes and may constitute a sub-compartment organization to the C O
stripes.
In the cat extrastriate cortex, there seems to be more variability. A n injection in
area 7, which is believed to be a multimodal visual area (Thompson et al., 1963), result
in patches that were reported to be irregular in shape with obvious organization
(Callahan and Haberly, 1987). This is different from the primate V 2 , for example in
which intrinsic patch shape and diameters are more constant (Lund et al., 1993; Levit et
al., 1994a; Malach et al., 1994). Also, Norita et al. (Norita et al., 1996) reports patches
of intrinsic label in LS but does not specify the structure of these patches. The exact
nature of intrinsic connections beyond the primary visual cortex in the cat remains to be
explored.
The link between intrinsic connections and preferred orientation in the primary
visual cortex demonstrates that these patches have a functional correlate and are a
probable source for local signal integration (Angelucci et al., 2002). Understanding the
organization of these patches is an essential first step toward eventually determining
their correlation with specific functional domains (e.g. iso-orientation domains). Also,
defining the components of the modular mosaic in area 19 may provide important clues
for establishing the fundamental features of mammalian extrastriate organization.
Relatively little is known about either the function or organization of area 19. The
purpose of this study is to define the intrinsic connections of area 19 in order to work out
the specific anatomical architecture of an extrastriate area. It was hypothesized that
intrinsic patches in area 19 would be larger in size and spacing than the intrinsic patches
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in area 17. It was further hypothesized that these patches would be spatially related to
other efferent modules (which are discussed in detail in Chapters 5 and 6). To address
this hypothesis, small injections of retrograde tracer were made in area 19 and the
intrinsically labeled cells were examined in the tangential plane.
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Method

The procedure for making a small injection in area 19 is the same as detailed in
the Methods section of the last chapter. Please refer to it and Chapter 2 for further
details.

Animal and Surgical

Procedure

Eight hemispheres from seven normal adult cats were used. Five of these
hemispheres were also used for the experiment in Chapter 3. A craniotomy and
duratomy were performed at stereotaxic co-ordinates A P -3 to +6 and M L +7 to +15. A
single small injection of a retrograde tracer was made in area 19 on the far medial side of
the suprasylvian gyrus above the genu. The pipettes were placed perpendicular to the
surface of the brain and injections were made at a cortical depth of 500 urn. Amounts
ranging from 0.04-1.3 ul of W G A - H R P or CTB were injected. Two different tracers
were used to verify that the resulting pattern of labeled cells was not tracer dependent.

Histology

The animals survived 1-3 days following surgery. The visual cortex was
unfolded, flattened, and sliced tangentially. Alternate tangential sections from the
superficial half of the cortex were stained for C O using a cobalt and nickel enhancement
method (Silverman and Tootell, 1987). The remaining tangential slices, as well as the
L G N sections, were reacted for their respective retrograde tracer. The W G A - H R P was
visualized using the standard tetramethylbenzidine (TMB) method (Mesulam, 1978).
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The C T B label was reacted for by immunocytochemistry and visualized by the glucose
oxidase-driven diaminobenzidine method (Itoh et al., 1979).

Data Analysis

The labeled cells in each case were charted with Igor Pro and these charts were
used for analysis. The density of labeled cells in patches was revealed using 2D
histograms. Density histograms and transects measuring the spacing and spread of
labeled clusters in area 19 were also made. The centre-to-centre spacing was determined
by measuring the distance from densest pixels in the center of one module to the densest
pixels of a second neighboring module. The occasional labeled cell located beyond the
furthest cluster was not included in any distance measurements, as it did not belong to
defined cluster. Transect measurements that from the most medial patch to the most
lateral patch were made to give an estimate of mediolateral spread. Transects that
measured the distance between the most anterior and posterior patches were made to give
an estimate of anteroposterior spread. Details of transect measurements are outlined in
Chapter 2. A cluster analysis was conducted and each case received a CI index to
demonstrate the degree of "patchiness".
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Results
Description:

A small injection of retrograde tracer in area 19 resulted in a ring dense labeling
immediately surrounding the injection site. Further away from the injection site this ring
of labeled cells gave way to small densely labeled clusters of cells. Figure 4.1 A is a
typical example of intrinsic labeling in area 19. In Figure 4. IB a Gaussian low pass filter
was applied to improve visualization of the clusters of labeled cells. The density of the
labeled clusters is given in Figure 4.1C. Many clusters of labeled cells were circular in
shape (long arrows) but other labeled clusters were larger and more irregularly in
structure (short arrow). In all cases, the small circular clusters were concentrated closer to
the injection site, while the irregular clusters were more often found at the extremities of
the label, though in some cases large clusters were also found adjacent to the injection
site. This is the case in Figure 4.2A in which there are large mtrinsic clusters within 2-3
mm of the injection. In this instance, the tracer used was W G A - H R P , which sometimes
creates a halo of non-specific label around the injection site, obscuring labeled cells (for a
discussion of this halo see Chapter 7, Methodological Considerations). So while the
injection site in Figure 4.2A is indicated by the circle, in this case, there is an absence of
the typical ring of labeled cells immediately surrounding the injection site. Frequently,
large labeled clusters appeared to be an amalgamation of the smaller labeled clusters.
Figure 4.3 A , which is an example of such, has a box surrounding a large cluster. Figure
4.3B, a 2D Gaussian low pass filter of the large cluster, reveals a periodic increase in
labeling intensity within the cluster. The is demonstrates by the profile plot in Figure
4.3C that results when a transect (dashed line) is drawn through the two dimension
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Figure 4.1. A typical example of intrinsic labeling in area 19. A ) A cell chart
showing the patches of label. The C l value for this case was 1.54. Long arrows
indicate a smaller circular patches while a short arrow indicates a large irregular patch.
B ) A 2 D Gaussian low pass filter is applied to the chart in A to help visualize the
patches of labeled cells. C ) A 2 D histogram reveals the density of labeling within the
clusters. Notice in this case that the large irregular cluster also has a low density of
label. It may be that some of the larger clusters are a collection of smaller clusters but
that the low density of label obscures subtle patterns. L = Lateral, A=Anterior. Scale
bar = 2mm. The tracer used in this case was C T B .

83

Figure 4.2. A n example of a large intrinsically labeled cluster that are within 23 mm of the injection site. A ) A cell chart of cells in area 19 that are
intrinsically labeled. The circle at the center denotes the injection site. The
outer circle surrounding it represents the halo that accompanies W G A - H R P
injections and which obscured any labeled cells immediately surrounding the
injection. Once again the long arrow points out the smaller circular cluster of
labeled cells while the short arrow point out the larger clusters. Note that the far
right arrow points to a cluster that is widely spaced from other clusters. B ) A 2 D
Gaussian low pass filter that shows the relative labeling density of the labeled
patches included in A . L = Lateral, A=Anterior. Scale bar = 2mm. The tracer
used in this case was W G A - H R P

histogram (Fig. 4.3B). One thing to note is that the density of label decreased as distance
from the injection site increased, making it more difficult to detect subtle patterns of
labeling within the larger more irregular clusters distant from the injection site.
Although there were clear clusters of labeled cells, labeling was also found in the
inter-patch regions. However, the relative amount of labeled cells in these inner patch
regions varied per case. Cases that had the least inner patch labeling also had the fewest
labeled cells. A n example of this is shown in Figure 4.4. Note in Figure 4.4B that the
clusters contain a low density of labeled cells. There is almost no labeled cells between
the injection site and the patches of cells. It is possible that the sparsely labeled
interpatch cells were not detected, as the tracer W G A - H R P (which was used in this
particular case) sometimes results in weak soma labeling (Kisvarday et al., 1997). Thus,
this difference in the amount of inner patch label and the labeling density is likely a
reflection of the small differences in the amounts of tracer being injected and sensitivity
of different tracers being used. This seems unlikely since Figure 4.3 is a case that also
used W G A - H R P and yet in this case, there are a number of labeled cells found between
the clusters.
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Figure 4.3 I n t r i n s i c a l l y l a b e l e d c e l l s i n area 19. A ) In this c e l l chart there is a large
patch o f l a b e l s h o w n b y the short a r r o w . T h i s patch is i r r e g u l a r i n size and structure.
T h e C I v a l u e f o r this case w a s 0.96. B ) A 2 D G a u s s i a n h i s t o g r a m representing the
r e g i o n o f l a b e l e d c e l l s i n the b o x i n F i g u r e A . In this case the 2 D h i s t o g r a m s h o w s
variations w i t h i n the large l a b e l e d patch, suggesting that this large patch m a y consist o f
s m a l l e r clusters o f c e l l s . A dotted l i n e represents a transect that is d r a w n t h r o u g h the
patch o f l a b e l to measure density variations. C ) T h e profile p l o t that results f r o m the
transect d r a w n i n F i g u r e B . In this case there is p e r i o d i c f l u c t u a t i o n i n l a b e l i n g
intensity that does suggest that the large l a b e l e d patch m a y be c o m p o s e d o f s m a l l e r
patches.

L = L a t e r a l , A = A n t e r i o r . S c a l e bar = 2 m m . T h e tracer used i n this case was

WGA-HRP
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Spacing:
To obtain measurements of centre-to-centre spacing the cells plots were converted
into a density plot. Transects were made which began at the densest labeled pixel at the
centre of one patch and ended at the densest labeled pixel in the centre of a neighbouring
patch. The average centre-to-centre spacing of the intrinsically labeled clusters of cells in
area 19 was 2.5 mm (the details are listed in Table 4.1). This average took into account
both the small circular clusters, which were densely packed around the injection site, as
well as the larger clusters located further away. Typically surrounding an injection site
and the halo of non-specific cell labeling, there was a zone of dense label, in which most
of the clusters were found. Outside of this zone there were one to two isolated patches,
located at a further distance from the injection site. These peripheral patches tended to
increase the value of the mean centre-to-centre-spacing. One such case is illustrated in
Figure 4.2A. The far right arrow points to the patch of label, which had a greater centreto-centre spacing (5.3mm) than the patches closer to the injection site (avg. 2.3 mm).

Cluster Analysis:
To quantify the distribution of labeled cells a cluster analysis was performed that
took into account nearest neighbour distances (see Chapter 2 for details). The cluster
index (CI) value that was obtained for every charted case excluded the injection region
and are listed in Table 4.1. The cell charts consisted of up to ten sections collapsed into a
single plane thus data from multiple cortical layers was used for this quantification.

A

cluster analysis revealed well-defined clusters with values ranging from 0.95 to 2.51; a
random distribution results in values close to zero. The two cases that resulted in the
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Figure 4.4. Isolated clusters of intrinsically labeled cells. A ) A cell chart of labeled
cells. Note immediately surrounding the injections site is a dense ring of labeled cells
and further away are three isolated clusters of cells. There are virtually no labeled
cells in between the halo and the clusters. The C I value for this case is 2.51. B ) A 2 D
histogram showing the density of labeled cells. The clusters have a relatively low
density of labeled cells. L=Lateral, A=Anterior. Scale bar = 2mm. The tracer used in
this case was W G A - H R P .
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highest and lowest CI value both used the tracer W G A - H R P , so this difference was not a
result of having employed two different types of tracers. Rather, differences in CI value
reflected the intensity of inter-patch label, with the highest CI value belonging to a case,
which has almost no labeled cells between widely spaced clusters of cells. This case is
illustrated in Figure 4.4. The CI value was 1.55, which was significantly greater than
random (t-test, p < 0.0001).

Lateral Spread of Intrinsic Clusters:
The spread of labeled cells was greater in along the anteroposterior cortical axis
than along the mediolateral axis. This can be seen in Figures 4.1 - 4.4. The mean spread
of patches along this axis was 9.75 mm. The mean spread of labeled patches along the
mediolateral cortical axis was 5.79 mm. The anteroposterior spread of the patches tended
to correspond with the size of the injection site (see Table 4.1 for details).
Table 4.1. Measurements of Intrinsic Clusters for Individual Cases.
AnterioMedioInj.
Center-toCase
Tracer
Diameter
(mm)

Centre
Spacing(mm)

lateral
Spread (mm)

posterior
Spread (mm)

Cluster
Index

12.4
0.978
5.2
2.04
CTB
1.5
LHS1
1.494
9.8
4.1
1.58
CTB
1.3
LHS9
0.957
6.1
1.7
5.0
WGA
0.9
RHS7
1.789
5.3
6.3
CTB
2.05
RHS8*
1.702
0.7
2.32
7.1
7.8
CTB
RHS11
2.518
WGA
1.4
3.25
5.0
12.6
RHS5
LHS6
2.05
0.7
8.4
12.6
WGA
3.06
1.542
6.2
10.4
CTB
1.3
4.00
RHS9
* The tissue from case RHS8 was damaged around the injections site so accurate
measurements of the diameter of the injection site was not possible.

—

The density of labeled cells decreased further away from the injection site so that
the more distant patches had fewer cells. There are several possible reasons for this
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decrease. The transport of the label itself may play a role in decreasing the density of
labeled cells in the long-range patches. The more distant a cell body is from the injection
site the more time it takes to actively transport vesicles of tracer to the soma (Kobbert et
al., 2000). This means that cells located closer to the injection site will tend to
accumulate more tracer in a shorter period of time and thus be more visible. Also, the
tracer W G A - H R P is susceptible to fading over time, possibly making the more lightly
labeled cells in the distant patches challenging to detect (Matsubara et al., 1987).
However, this was unlikely in the present study as cases that used CTB (which is more
stable than WGA-HRP) also showed this decrease in density in the long-range patches.
Another possibility is that, based on the transport time of the tracer, it would take a longer
period of time for the more distant cells to transport the label from the injection site to the
cell body (Kobbert et al., 2000). This means that within the three days given for the
tracer to transport the cells closer to the injection site would accumulate more tracer than
those further away. This decrease in density of labeled cells in distantly located patches
was reported previously in both the primate (LeVay, 1988; Levitt et al., 1994a; Malach et
al., 1994) and cat (Matsubara et al., 1987; Boyd and Matsubara, 1991).
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Discussion
Identification of Area 19
A r e a 19 injection placements were verified using several techniques. A schematic
flattened tangential view of area 19 and its neighbouring areas are illustrated in Figure
4.5. Sulcal patterns were used to establish the border between areas 19 and 21a (Heath

Figure 4.5 A schematic of a flattened tangential view of area 19 and neighbouring
areas. Dotted black lines mark area boundaries. Shaded regions represent sulci and
the grey line represents the fundus of the sulcus. L S ; lateral suprasylvian area. Lat;
lateral sulcus. S S ; suprasylvian sulcus. The area locations are based on (Tusa et al.,
1978; Palmer et al., 1978; Tusa et al., 1979; Tusa and Palmer, 1980; Sherk, 1986a,b;
Grant and Shipp, 1991; Shipp and Grant, 1991)

and Jones, 1970; Tusa et al., 1979; Tusa and Palmer, 1980). The likelihood of the
injection being placed in area 18 was assessed using alternate sections that were stained
for cytochrome oxidase (CO). These C O sections were aligned, using blood vessels, with
sections visualized for the retrograde tracer.

The border between area 18 and area 19

was delineated by the marked drop in C O staining that occurs in area 19 (Price, 1985a;
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Boyd and Matsubara, 1996). Lastly, L G N slices were examined to ensure there was
labeling in both C1-C3 and in M I N , both of which project to area 19 (Maciewicz, 1975;
LeVay and Gilbert, 1976; Hollander and Vanegas, 1977; Dreher et al., 1980; Raczkowski
and Rosenquist, 1980; Raczkowski and Rosenquist, 1983; Kawano, 1998). This ruled out
that any of the focal injections were placed in any of the three areas which border area 19
around suprasylvian and lateral genu (area 18, 21a and 7). Refer to the discussion in
Chapter 3 for details.

Size of Intrinsic Connections
The spacing of the patches in area 19 was larger than that reported for area 17. In
the striate cortex a single injection of a retrograde tracer leads to relatively constantly
spaced patches (Luhmann et al., 1986) with a spacing of about 1 mm (Gilbert and Wiesel,
1979; Gilbert and Wiesel, 1983; Martin and Whitteridge, 1984). Area 18 has a slightly
larger spacing of 1.2 mm (Kisvarday et al., 1997). This was not the case in area 19. The
clusters of labeled cells were not always periodically spaced and the mean centre-tocentre spacing was greater, at about 2.5 mm. This increase was not unexpected as the
spacing for intrinsic connections in the primate tends to gets larger in extrastriate areas as
the visual hierarchy ascends. In fact, in the primate the periodicity of intrinsic patches
increase from 0.61 mm in V I to 1.56 mm in area 7a (Amir et al., 1993). Thus, the
increase in area 19 in intrinsic spacing from 1 mm in area 17 to 2.5 mm was outside the
range of the different spacing reported for the primate visual cortex. Also, across
different cortical areas, increases in the spacing of intrinsic clusters within an area have
been correlated with increase in the mean size of the cluster (Lund et al., 1993).
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A feature of extrastriate intrinsic connections is the range of centre-to-centre
spacing found within a single extrastriate area across different cases. This was the case in
area 19, in which the spacing ranged from approximately just under 1.58-3.25 mm. This
variability in spacing has also been reported for the primate. The range of spacing for
primate V 4 anterograde patches is quite large from 450 pirn tol300/<m (Yoshioka et al.,
1992). In the tree shrew, extrastriate area V 2 has spacing that range from 0.5-1.0 mm
(Lyon et al., 1998). This inconsistency in spacing suggests that perhaps the organization
of intrinsic connections in extrastriate areas is not as simple as the regular clusters seen in
the striate cortex.
The size and structure of the larger intrinsically labeled clusters varied to such an
extent that determining the diameter of the clusters was difficult and not particularly
useful. Nevertheless, the diameter measurements that were made in area 19 exceeded the
diameters found in the primary visual cortex. Within areal7, reports of the intrinsic patch
diameter varies from 200/*m- 500/«m (Gilbert, 1983; Luhmann et al., 1986; Luhmann et
al., 1991; Kisvarday and Eysel, 1992; Kisvarday et al., 1997) and area 18 has an intrinsic
patch width of 500-750 pirn (Boyd and Matsubara, 1991). The irregular intrinsic patches
in area 19 bore more resemblance those reported in area 7 (Callahan and Haberly, 1987).
In contrast, the relative invariance of intrinsic patch size between different cortical areas
has been remarked upon in the primate (Lund et al., 1993). This is different from the
large variability found for spacing between different areas in the cat. Different visual
areas in the macaque have intrinsic patches that vary from about 200-400 ptm in size
(Amir et al., 1993; Lund et al., 1993).
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The size of some of the patches in area 19, though, exceeded the size of the
cortical column, (300-1000 pirn) (Mountcastle, 1997). One reason for these larger
intrinsic patches may be the size of the injection. In macaque V 2 , injection diameters
that increased from 300/*m to 400 pim resulted in a merging of intrinsically labeled
clusters to form elongated patches or irregular stripes (Lund et al., 1993). This may be
the case in the present experiment in which the average diameter of the injection sites
(excluding the halo of non-specific label) was 1.3 mm. The size of these injections
increased the possibility that the injection straddled two cluster systems. However, even
in cases with a large injection that saturated a large area 19 there were patches of label
similar to those seen in the small injections (Stewart et al., 2003a). Both the spread and
the spacing of intrinsic patches resulting from the large injection were within the range of
those from cases which small focal injections were made. A similar situation has been
reported in the primate, in which larger injections increase the number of patches but
with little changes in spread and patch diameter. This suggests that the intrinsic patches
are discontinuous so that if two neighboring modules are injected with separate tracers
the resulting labeled patches would not abut each other but rather patches from one
injection site would be spatially separated from patches originating from the other
injection site (Rockland, 1985b; Yoshioka et al., 1992; Amir et al., 1993; Lund et al.,
1993).
In the striate cortex of the cat, projections can extend up to 6 mm(Gilbert and
Wiesel, 1979; Gilbert and Wiesel, 1983; Martin and Whitteridge, 1984). In the present
study the mean anteroposterior spread was 9.75 mm and the mediolateral spread was
5.79mm. Figure 4.6 is a schematic of how the different measurements on the patches
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Figure 4.6. A schematic of the measurements of intrinsic patches. The white circle
represents the injection site. The grey halo surrounding the injection site represents
the non-specific label surrounding the injection site. The elliptical grey patches
represent intrinsically labeled patches. The different colour represents the different
measurement made. Inj; injection site. A ; anterior. L ; lateral.
were made. In the primate, the spread of intrinsic patches is much smaller [V2 = 3.-5 mm
(Levitt et al., 1994a; Malach et al., 1994); V 4 = 4.0 mm (Yoshioka et al., 1992); M T =
1.8 mm (Malach et al., 1997)]. However, there are reports of intrinsic connections
spreading more than 10 mm (Kennedy and Bullier, 1985; Levitt et al., 1994; Stepniewska
and Kaas, 1996). This increase in the spread of intrinsic connections in area 19 exceeds
the modest increase in receptive field size seen in area 19. The receptive fields extend up
to 4 degrees within 20 degrees of central field and regions representing greater than 20
degrees have up to 6.4 degrees receptive field (Duysens et al., 1982a). Yet, far reaching
intrinsic patches spread was greater than the equivalent receptive field coverage of area
19 (Tusa et al., 1979; Mulligan and Sherk, 1993). One possibility is that these long range
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projections provide a mechanism that contributes to surround or contextual effects
(Gilbert et al., 1990; Amir et al., 1993).
The injections in this study were made in the posterior portion of area 19 just
above area 21a. This region contains a representation of the central 10 degrees of visual
field (Tusa et al., 1979). The anterior portion of area 19 contains the peripheral visual
field representation (Tusa et al., 1979) and received small focal injections in a similar
experiment (Stewart et al., 2003a). The pattern of intrinsic label did not vary for the two
injection locations, despite the very different retinotopy. The pattern of label as well as
the spacing was similar in both cases. However, the spread was slightly further in the
anterior injections, which might be explained by this region having larger receptive
fields. Nevertheless, this increased distance was not statistically significant. Therefore,
retinotopy does not appear to be a prime determinant of the intrinsic labeling pattern.
One factor it may influence though is anisotropic labeling. Area 19 forms a thin narrow
belt around area 18 and retinotopically is a mirror image of that area (Tusa et al., 1979).
Therefore, like area 18 (Matsubara et al., 1987), the intrinsic patches in area 19 spread
out in the anteroposterior axis because within area 19 the mediolateral axis is shorter than
the anteroposterior axis. This spread of labeled cells only along one axis is referred to as
anisotropy. It has been shown that dendritic fields of pyramidal neurons also show this
anisotropy (elongation along a single axis). In macaques and tree shrews, as the dendritic
spread increases, as you ascend the visual hierarchy from one extrastriate area to the next,
so does the patch size (Lund et al., 1993). It would be interesting to determine if this
holds true for area 19 as well.

96

Relationship to other modules

The spacing and structure of the intrinsic patches was different from the efferent
21a and LS projecting bands found in area 19 (Stewart et al., 2000; see Chapters 5 and 6
for details). The 21a projecting efferent bands had a spacing of 2.5 mm but within these
efferent modules there was a fluctuation in labeling intensity every 0.9 mm. These
fluctuations were patchy, similar to the small circular intrinsic clusters and the centre-tocentre spacing between the intrinsic modules matches that of the area 21a projecting
bands. Also, the mean spacing of the LS projection bands (2.6 mm) was similar to the
intrinsic clusters. Thus, the spacing of the intrinsic patches appears to be on the same
scale as the 21a and LS efferent bands and may be related to them. This is not the case in
primate extrastriate area V4, in which the intrinsic patches have a different size and
spacing than the afferent and efferent modules described for this area. One advantage to
this independent system is that the intrinsic clusters can sample from a variety of different
modules (Yoshioka et al., 1992). However, the irregular centre-to-centre spacing
witnessed in area 19 could also hypothetically allow for sampling of more than one
efferent band type. In V I and V 2 the intrinsic connections are related to the C O staining
so that C O rich compartments preferentially connect to other C O rich compartments
(Livingstone and Hubel, 1984a; Lund et al., 1993; Malach et al., 1993; Levitt et al.,
1994a; Yoshioka et al., 1996). It can be speculated that an injection into a single band
type(e.g. 21a projection band) might result in preferential labeling of other bands of that
same type, with the odd patch found in the another band type (e.g. LS projection band).
Further experiments that include labeling at least on efferent band type and the intrinsic
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connections in area 19 are necessary to determine if there is indeed a relationship
between the two.

Conclusion
Intrinsic connections within extrastriate area 19 show a patchy pattern. The
characteristics of this patchy pattern further complicate the modular mosaic within area
19. These patches demonstrate an impressive variability in their size, structure and
spacing. This variability is not found in the primate and may be specific to the cat. As
expected, the spacing and spread of the intrinsic patches is larger than found in the
primary visual cortex. Still, the centre-to-centre spacing of the intrinsic patches is very
close to that of the 21a and LS efferent modules, suggesting that the two patchy systems
may be related. It is important that the contribution of the intrinsic patches to the area 19
modular mosaic illustrate not only a pattern of features that are shared between two
species (cat and primate), but also highlight differences between these two species in the
degree of variability reported.
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5. Organization of Efferent Neurons in
Area 19: The Projection to Extrastriate
Area 21a
Introduction
Patchy networks are a common feature of cat primary visual cortex (Gilbert and
Wiesel, 1983; Luhmann et al., 1986; Voigt et al., 1988; Payne and Siwek, 1991; Dyck
and Cynader, 1993; Boyd and Matsubara, 1994a; Galuske and Singer, 1996; Morley et
al., 1997; Boyd and Matsubara, 1999; Conway et al., 2000) and some are related to the
patchy system of CO blobs (Murphy et al., 1995; Boyd and Matsubara, 1996). Cortical
areas beyond primary visual cortex also demonstrate patchy architecture. For instance,
area 19 of the cat forms reciprocal and often patchy connections with as many as thirteen
other visual areas (Symonds and Rosenquist, 1984b). Area 19 also receives patchy
thalamocortical innervation (Kawano, 1998) and the callosal innervation is patchy with
elongated and irregularly spaced stripes running in the mediolateral direction (Boyd and
Matsubara, 1994a). Projections from area 19 to extrastriate area 21a have also been
reported to be patchy in the coronal plane (Symonds and Rosenquist, 1984b; Sherk,
1986a; Dreher et al., 1996c). However, the exact nature of these patches, and their
spacing, has not yet been examined in the tangential plane, which is the preferred plane
of section for studying variations in labeling density across an entire area.
Of interest in this study is whether the pathway from area 19 to area 21a
demonstrates a patterned organization. This type of organization is a common feature of
parallel processing streams in the cat and may bear a relationship with the functional
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specialization of area 21a (Payne, 1993). Segregation of inputs to area 21a has already
been found in the primary visual cortex where afferents to area 21a originate in the
patchy CO blob columns (Conway et al., 2000). Area 21a also demonstrates several
physiological features that suggest it is functionally specialized. For instance, most
neurons in area 21a are selective for spatial frequency and orientation, but not are not
selective for velocity (Toyama et al., 1994; Dreher et al., 1996a; Morley and Vickery,
1997). Based on the numerous functional distinctions of area 21a, it is suggested that this
area is a crucial component of a single temporal pathway involved in object recognition
(Lomber, 2001). This study examines area 21a inputs arising from area 19. Area 19
itself, is a pivotal visual area with connections to over 15 extrastriate visual areas
(Symonds and Rosenquist, 1984b; Ferrer et al., 1992; Boyd and Matsubara, 1994b),
indicating it likely plays a role in more than one processing stream in the cat visual
system, including the 21a parietal pathway. Identifying the different pathways that are
connected to area 19 and the pattern of these connection is vital to defining the modular
mosaic within area 19. Defining the characteristics of this modular mosaic may provide
important clues for establishing the fundamental features of mammalian extrastriate
organization.
In this experiment large bulk injections of a retrograde tracer were made in area
21a (as identified stereotaxically) to saturate most of the area. The organization of the
efferent projection to area 21a was examined in the tangential plane. Retrograde labeling
in area 19 revealed a complex pattern of bands, elongated in the mediolateral direction.
Within these bands, clusters of densely labeled cells were found, which suggests the
bands are an amalgamation of these clusters.
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Methods
Surgical Procedure
Animals received injections of C T X - A u . Following the sterile surgical
procedures detailed in Chapter 2, a craniotomy and duratomy were performed at
stereotaxic co-ordinates A P -7 to +2 and M L +7 to +15 mm to reveal area 21a.
Tracer injections were made just medial to the genu along the posterior portion of
the suprasylvian gyrus. Long micropipettes were placed perpendicular to the surface of
area 21a and injections were made at a cortical depth of 500 pim with a spacing of
approximately 500 nm. The injections covered a 5 mm x 5 mm area and a total of 7-8 ul
of tracer was injected. These multiple injections created an aggregate injection that
saturated a large portion of 21a area with tracer.

Histology
The visual cortex was unfolded and flattened tangentially. Sections were sliced
and reacted for CO and C T X - A u in a one-in-two series. For cases that also had LS
injections (see Chapter 6) a one-in-three series was conducted.

Data Analysis
Details of the following procedures can be found in Chapter 2. A 2D Gaussian
smoothing was created for each case to aid in visualization of the bands. From the
resulting image, transects were drawn across the bands, perpendicular to the axis of
elongation and the labeling density of the bands was calculated (Figure 5.4). The peaks
in the profile plots, generated from the transects perpendicular to elongated axis of the
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bands, were measured to give an estimate of band spacing (Figure 5.3). Also, to get a
measurement of band width, multiple transects, which were perpendicular to the
elongated axis of the bands, were made progressing from medial to lateral (e.g. Figure
5.4D). These were then averaged. Transects were also taken along the mediolateral axis
of the bands to examine changes in labeling density (e.g. Figure 5.4C). Some of this
work has appeared in a previous publication (Stewart et al., 2000).
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Results
Injection

Placement

Correct placement of injections into area 21a was assessed by several means.
Sulcal patterns were used to establish the border between areas 19 and 21a (Heath and
Jones, 1970; Tusa et al., 1979; Tusa and Palmer, 1980) and alternate tissue sections
stained for C O were used to identify the border between areas 18 and 19, as C O staining

Figure 5.1 A tangential section of flattened cortex stained for C O . The area 18/19
border, marked by the thick dashed line, is identified by the edge of a dark C O oval,
which encompasses areas 17 and 18. In this section, the genu at the posterior end of
the suprasylvian sulcus is darkly stained by C O and is marked by the white arrow.
Above the genu the multiple pipette tracts in area 21a are visible. The thin dashed
lines correspond to the lateral sulcus (Lat) and the suprasylvian sulcus (SS).
A=anterior; L=lateral; LS=lateral suprasylvian area.
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in area 19 is lighter than that observed for areas 17 and 18 (Figure 5.1) (Boyd and
Matsubara, 1994a). The area 18/19 border established the location of area 19. Area 21a
was identified by the fact it adjoins area 19 at the posterior crown of the suprasylvian
gyrus (Figure 5.1) (Tusa and Palmer, 1980). As corresponding visuotopic areas are
commonly connected (Sherk, 1988; Dreher et al., 1996c), injections of retrograde tracer
in area 21a, which has a representation limited to the central 20 degrees of visual field
(Tusa and Palmer, 1980), would be expected to label regions of central representation in
other areas. Cell labeling from area 21a injections was confined to the region of central
representation in areas 17 and 18. Also, within area 19, labeling was found in the region
of central representation, which is located in the posterior half of this area (Tusa et al.,
1979). Furthermore, an extension of the 21a injection into the neighboring lateral
suprasylvian (LS) area would have resulted in labeling of the peripheral representation in
other areas, since the LS border adjacent to 21a contains peripheral representation
(Palmer et al., 1978; Tusa and Palmer, 1980; Mulligan and Sherk, 1993). However, there
was no label found in the peripheral representation regions of areas 17,18 and 19, further
confirming the injection was restricted to area 21a.

Tangential Organization
Retrograde labeling of cells revealed that the projection from area 19 to area 21a
was organized into discrete, irregular bands. A band was defined as an elongated module
interspersed by regions of cortex that had little or no label. In most cases, these bands
were elongated roughly in the mediolateral direction, but there was some variation in the

Figure 5.2 A typical example of labeling in the visual cortex following a bulk
injection of retrograde tracer into area 21a. Areas 17 and 18 have a distinctive
patchy pattern. Labeled cells in area 19 form irregular bands that are elongated
along the mediolateral axis. Arrows within the box indicated the different modules
of label within area 19. M = medial; P = posterior. Scale bar = 5mm. The tracer in
this case was C T X - A u .
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mediolateral orientation of the bands. Figure 5.2 is a typical example of label following
a bulk injection of C T X - A u into area 21a. Notice the patches of label in areas 17 and 18
that that are known to align with the C O blobs (Conway et al., 2000). In area 19, the
spacing of the labeled modules increased and the modules were shaped into rough bands
(indicated by arrows). The bands were found in the posterior half of area 19 and ranged
in number from 3-7 (Table 5.1). Variation in band number may have been due to
differences in the size of the effective injection site in area 21a. They may also have been
a result of the complexity of some of the bands, which formed bridges (arrows in Figure
5.4). This irregular structure occasionally made assigning patches to a specific band
difficult. Although the density of labeled cells within bands sometimes fluctuated, the
presence of labeling between regions of high density, created visibly discrete bands.

Table 5.1 Measurements from separate cases of area 19 efferent bands.
Animal
Number
T3
T7
T14
T17
T18
S5
S8

No. of
Charted
Sections
4
2
2
3
3
1
1

No. of
Bands
4
3
5
6
4
7
5

Mean Band Mean Band
Width (mm)
Spacing
(mm)
0.98
3.56
0.73
2.70
1.03
3.25
0.79
1.76
0.95
2.48
1.18
2.04
1.29
2.00

Figure No.

5.5

—

5.1
5.3
5.4
5.2

—

The first column contains the tracking number of each animal. The second column
represents the number of alternate sections that were stained for retrograde labeling
and charted to create a single graphical image used for the analysis. The number of
area 19 efferent bands found in each animal varied between two and seven, as can be
seen from column three. The next two columns represent the mean spacing and width
values for the bands found in each case. The figure number corresponding to each
individual case is found in the last column.
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Spacing of Tangential Bands
Transects measuring changes in labeling density were used to calculate the mean
spacing (See Chapter 2 for details, transects shown in Figure 5.3). The mean spacing of
the area 19 tangential bands was 2.5 mm. The standard deviation was relatively high at
0.26, indicating that considerable variation existed (x2 overall). Despite this irregularity
in spacing, in no case did the separate bands merge to create uniform labeling across area
19. Area 19 clearly demonstrated fluctuations in labeling density in which areas of low
or zero density separated areas of high density.

Width and Mediolateral density of Tangential Bands
The width and mediolateral density of the bands was also assessed using
procedures similar to those used to measure spacing. Examples of the profile plots
used to measure the mediolateral density and width of each band are shown in Figures
5.4C and D. The width was defined as the length of a transect, perpendicular to the
elongated axis, traveling from the edge of a band where there was zero or near zero
labeling density and ending on the opposite edge when the labeling density returned to
zero or near zero values. The average band width was 1.0 mm (standard deviation 0.08).
The profile plots revealed variations in density, particularly along the mediolateral
axis of the bands (Figure 5.4C). Furthermore, after multiple sections were charted,
aligned and collapsed onto one plane it was evident that there were patches of increased
staining within the band, occurring on average at 1.0 mm intervals. This fluctuation in
labeling density was visible to some degree in individual sections. However, clusters of
dense areas within the bands were not segregated into individual discrete patches.
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length (mm)
Figure 5.3 A n example of a cell chart used to measure spacing of the area 19
efferent bands. A ) A cell chart confined to labeled cells in area 19 after an injection
of C T X - A u in 21a. The clusters of labeled cells are approximately perpendicular to
the area 18/19 border and are elongated along the mediolateral axis. Variation in the
orientation of the bands was common between animals. The bands tend to stay
perpendicular to the injection site. This is due to the bend in the tissue from the
suprasylvian sulcus. B) The same cell chart that has undergone a Gaussian
smoothing. T w o transects (dashed lines) were made perpendicular to axis of
elongation of the bands. C ) Profile plots of the change in density of label along the
transects. A = anterior; L = lateral; scale bar = 2 mm.
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length (mm)

Figure 5.4 A n example of cell charts used to measure the mediolateral density and
width of area 19 efferent bands labeled with C T X - A u . A ) A cell chart of the
retrograde labeling in area 19 after injections in area 21a. Notice the branching of
some of the bands (small arrows). B) The same cell chart as in A but after a
Gaussian smoothing. Three transects along the mediolateral axis of a band are
illustrated (1,2 and 3). Three transects along the width of the bands are illustrated
( A , B and C). C) The profile plots generated by transects 1,2 and 3 in B. Note the
uneven density along the transect. This was a common feature found in all cases.
D) The profile plots generated by transects A , B and C in B. The density of labeled
cells along the transect peaks in a smooth Gaussian fashion. This pattern of density
along the anterio-posterior axis of the bands was found in all cases. A = anterior; L =
lateral; scale bar = 2 mm.

109

Rather, within the bands there appeared to be a low level of continuous labeling, with
zones of denser label. This indicted the possibility the bands are comprised of closely
aligned or partially overlapping patches that are on a smaller scale than the bands.

Tangential Organization of Area 18

In the process of examining area 19 it was noticed that area 18 also consistently
demonstrated clusters of labeled neurons on the medial side of the posterior half of the
area 18/19 border. These clusters of cells were evident in all tangential cases. A s seen in
Figure 5.5 (short arrow) these clusters were elongated mediolaterally and had an
approximate spacing of 0.9 mm. The spacing of these area 18 clusters was similar to the
spacing of patches of label in area 17 (0.6-0.9 mm) that appeared after a retrograde tracer
injection in area 21a. These patches of label in area 17 are known to co-localize with C O
blobs and are a characteristic feature of the striate projections to area 21a (Conway et al.,
2000).
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Figure 5.5 A chart of labeled cells following an injection of C T X - A u in area 21a. A )
Note the clusters of labeled cells just medial to the area 18/19 border (short arrow).
These patches were slightly elongated in the mediolateral direction with spacing of
approximately 0.9 mm. The spacing was smaller than the largely spaced bands o f
label in area 19 that are indicated by the long arrows. The area boundaries are shown
by dashed lines. A thin solid line marks a tear in the tissue. B) A 2 D Gaussian filter
was applied to the cells in area 18. The patches of dense label in this area are visible.
The legend on the right specifies the number o f cells per pixel. A = anterior; L =
lateral; Scale bar = 2 mm
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Discussion
Tangential Organization
Efferent neurons in area 19 that project to area 21a are organized in a pattern of
irregularly shaped, mediolaterally elongated bands (Figures 5.2-5.5). This pattern of
mediolaterally elongated bands may be a general organizational feature of area 19, since
LS projecting neurons in area 19 are also arranged in mediolaterally elongated bands (see
Chapter 6). Results from double label studies indicate that within area 19, LS projecting
bands roughly interdigitate with 21a projecting bands (see the next chapter for details).
The spacing between the intrinsic patches (described in Chapter 4) and the 21a
bands is the same (2.5 mm). This suggests a the possibility of a correlation between the
bands and the intrinsic patches. It may be that when an injection is placed in a 21a
efferent band that it preferentially labels intrinsic patches that are located in other 21a
projecting bands. It is also possible that the irregularity in spacing between the 21a bands
mirrors the irregularity in the spacing of the intrinsic patches. Nevertheless, it may be
the case that the irregular spacing of the intrinsic patches is a result of the intrinsic
patches being located in both the 21a efferent bands and the LS efferent bands. Further
double label experiments are needed to specify the relationship between the intrinsic
patches and the area 19 efferent bands.
The 21a projecting band pattern in area 19 is more complex than the patchy
organization of efferent and callosal neurons found in areas 17 and 18 (Gilbert and
Wiesel, 1983; Symonds and Rosenquist, 1984b; Sherk, 1986a; Shipp and Grant, 1991;
Ferrer et al., 1992; Boyd and Matsubara, 1999; Conway et al., 2000). One possible
reason for the irregular structure of the bands may be non-uniform uptake of retrograde
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tracer by cells in the injection site. This seems unlikely as the patchy pattern of labeled
in area 19 cells is consistent over a large area and between different animals, as well as
between different tracers. Also, the patches of staining in area 17 are consistent with
other studies using retrograde tracer (Conway et al., 2000), indicating that the large
aggregate injections used in this study are uniform. Consequently, differences in labeling
density in area 19 are a true reflection of the organizational pattern of 21a inputs and not
uneven distribution of tracer at the injection site.
Another potential reason for the irregular structure of the bands may be
retinotopy. This also seems unlikely, as both 18 and 19 have similar retinotopy and
magnification factors (Tusa et al., 1979), yet they demonstrate very different anatomical
structures (i.e. patches versus bands). The complexity of the bands may be linked to the
thalamocortical connections in area 19. Area 19 receives input from the W-cells of the
L G N while areas 17 and 18 receive thalamocortical input from X - , Y - and W-cells (Stone
and Dreher, 1973; Dreher et al., 1980). Variations in the type (i.e. X , Y and/or W) of
input between these areas may contribute to the differences in efferent organization.
Furthermore, W- and Y - cell thalamic inputs terminate in the C O blob columns in area 17
(Boyd and Matsubara, 1996). Since C O blob columns also contain 21a efferent neurons
it would be worthwhile to determine if area 19 also receives direct W-cell thalamic input
which is restricted to the 21a efferent bands. Projections to area 19 from the C-layers of
the L G N terminate in patches in layers 3 and 4 along the coronal plane (Kawano, 1998)
and intraocular injections of W G A - H R P result in patchy tangential label in area 19 with
an approximate spacing of 2.5 mm (Anderson et al., 1988). Therefore, it may be that

113

termination sites of the L G N afferents contribute to the area 19 efferent bands projecting
to area 21a.

Comparison to Coronal Reports

Patchy columns of cells that project to 21a have been reported previously in the
coronal plane (Symonds and Rosenquist, 1984a; Dreher et al., 1996c; Stewart et al.,
2000). The area 19 to 21a projection is classed as ascending by Felleman and VanEssen
(1991) who based their findings on laminar data from Symonds and Rosenquist's work
(Symonds and Rosenquist, 1984a; Symonds and Rosenquist, 1984b). Scanell et al.
(1995) collates connectional data from numerous studies and also categorizes this
projection as ascending based upon multiple quantitative criteria. Based upon the coronal
findings the tangential sections should have shown small patchy labeling, not elongated
band labeling. One possible reason for this discrepancy is the T M B reaction product
used for the coronal experiments is unstable (Palmer et al., 1978; Zaborszky and Heimer,
1989). Although the tissue underwent a stabilization procedure, some of the lighter
stained cells may have missed detection by fading as a consequence of dehydration or
time.

Primate Comparison

Like the cat, extrastriate organization in the primate is more complex than the
organization in the primary visual cortex, with extrastriate areas demonstrating greater
size and spacing of their periodic structures. For example, in V I there are punctate C O
blobs which project to thin C O stripes in V 2 and interblob regions of V I project to the
pale and thick stripes in V 2 (Sincich and Horton, 2002a). Even within V 2 stripes, there is
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some suggestion the bands are composed of multiple smaller patches. For instance, V 2
projections to V 4 originate in patchy compartments within the thin and pale C O stripes
(Felleman et al., 1997). Clusters of both M T projecting cells and cells staining for Cat
301 - a monoclonal antibody which tends to label magnocellular structures - are found in
the thick C O stripes (DeYoe et al., 1990; Olavarria and Van Essen, 1997). These clusters
represent a smaller modular organization within these stripes. Furthermore, rather than
being uniform, C O stripes in V 2 consist of irregular aggregates of dark C O patches
(Tootell and Hamilton, 1989). The MT-projecting cells within the C O stripes co-localize
with patches of dense CO staining within the band (Shipp and Zeki, 1989). Like area 19
of the cat, V 2 has a band organization and these bands may be comprised of multiple
aligned patches. Despite some irregularity in the structure of these primate modules, the
neural connections between modules in different areas is an important anatomical
component of visual parallel processing in this species. This may also be true in the cat,
with different periodic structures representing different processing streams.

Conclusions

Area 19 efferent neurons projecting to area 21a are organized into a series of
irregular, mediolaterally elongated bands. The irregular structure and spacing of the
bands is consistent with the increased organizational complexity witnessed in other visual
extrastriate areas (Payne, 1993) and may be related to the type of input and/or activity
processed by area 19. This experiment support hypothesis three (p29) in that the results
then establishes the band structure of the 21a efferent neurons. The 21a efferent bands
also have the same spacing as the intrinsic clusters and two types of modules may be
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related. The portion of the hypothesis that looks at the relationship between 21a and L S
efferent neurons in area 19 is examined in Chapter 6. The similarity between the V 2
stripes in the primate and the areal9 efferent bands suggests that the elongation of
modules may be a fundamental mammalian feature of extrastriate organization.
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6. The Relationship Between 21a and
LS Efferent Neurons in Area 19
Introduction
One of the most consistent features of the cortex is its modular organization. The
type of modular organization varies across different areas. While the mammalian visual
cortex is divided up into different areas based upon retinotopy, functional response and
connectional characteristics, frequently there can be found a further subdivision based on
function and/or anatomy. The modular organization of efferent cells is one such
modular subdivision. The organization (e.g. spacing, alignment, size) of efferent cell
populations can help differentiate between different visual pathways.
Area V 2 of the primate is an excellent example of an area with differentiated
efferent modules. The thick C O bands have patches of cells that project to extrastriate
area M T (Shipp and Zeki, 1989), which is particularly sensitive to motion (Rodman and
Albright, 1989; Stoner and Albright, 1992; Albright and Stoner, 1995; L i et al., 2001) and
is included in the dorsal or parietal pathway (Ungerleider and Mishkin, 1982). The thin
and pale stripes of V 2 have patches of efferent cells that project to different modules
within V 4 (Felleman et al., 1997; Xiao et al., 1999), an area believed to be specialized for
object recognition (Gallant et al., 1993; Kobatake and Tanaka, 1994; Gallant et al., 1996;
Pasupathy and Connor, 1999) and is part of the ventral or inferotemporal pathway
(Ungerleider and Mishkin, 1982). Thus, areas V 4 and M T act as gateways to the two
upstream pathways. The differentiation between bands that project to V 4 and bands that

117

project to M T is indicative of the fact that analysis in V 2 is not only performed in
parallel, but also affects both the parietal and inferotemporal pathways.
This may also be the case in the cat. Area 19 receives the bulk of its input from
the primary visual cortex and in turn projects to other extrastriate areas, including LS and
21a (Heath and Jones, 1970; Bullier et al., 1984a; Symonds and Rosenquist, 1984a;
Symonds and Rosenquist, 1984b; Price, 1985b; Mulligan and Sherk, 1993). The
functional characteristics of LS and 21a are distinct and this has precipitated the
conclusion that they are functionally separate areas, possibly analogous to M T and V 4
respectively (Payne, 1993;Dreher et al., 1996a; Dreher et al., 1996c). It has also been
suggested that 21a and LS are gateway areas to the cat temporal and parietal pathways
(Lomber, 2001). In light of the functional distinction between LS and area 21a, it may be
that the efferent cells projecting to the two areas are grouped in separate modules within
area 19, like V 2 .
Previous physiological research suggests area 19 is subdivided into functional
modules. Response properties of cells within area 19 form two distinct populations (Saito
et al. 1988). One group of cells is highly end-stopped with moderate direction and
orientation tuning while a second group of cells has strong orientation tuning but is
weakly end-stopped (Toyama et al., 1994). Cells within area LS typically display strong
end-stopping and direction selectivity (Hubel and Wiesel, 1962; Spear and Baumann,
1975; Smith and Spear, 1979; Yin and Greenwood, 1992; Toyama et al., 1994; Dreher et
al., 1996a) while cells within area 21a demonstrate strong orientation tuning but poor
direction tuning (Mizobe et al., 1988; Wimborne and Henry, 1992; Dreher et al., 1993;
Toyama et al., 1994; Dreher et al., 1996a). It may be that the two physiologically
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different populations of cells within area 19 are related to the input that area 19 sends to
LS and 21a. Saito and colleagues (1988) also divides up cells within area 19 into two
physiological categories, similar to those mentioned above, and reports that they occur in
columnar patches.
It is notable that, in the coronal plane, the efferent (Symonds and Rosenquist,
1984b; Price, 1985b), afferent (Gilbert and Kelly, 1975; Bullier et al., 1984a; Symonds
and Rosenquist, 1984b; Price and Blakemore, 1985a; Price and Blakemore, 1985b;
Mulligan and Sherk, 1993) and callosal connections of area 19 are patchy (Segraves and
Rosenquist, 1982a). Thalamic input to area 19 is also patchy (Kawano, 1998), with
elongated patches that are visible following an injection of anterograde tracer in the eye
(Anderson et al., 1988). Research presented in this thesis has also shown that area 19 is
subdivided into modules. The afferent input from the C O blobs and interblobs is divided
up in area 19 and the intrinsic connections form a modular patchy network.
Furthermore, efferent 21a projecting cells form a distinctive pattern of rough bands,
which appear to comprise multiple patches(Stewart et al., 2000). It may be that the
projections to LS are similar to those to 21a and are organized in complementary large
bands.
The organization of LS projecting cells in area 19 was examined using retrograde
tracers. It was hypothesized (as previously stated on pg. 29) that area 19 projections to
LS in the tangential plane are organized in a banded pattern and these bands, like the
different band types in V 2 , would interdigitate with the 21a efferent bands. In order to
compare projections in area 19 bulk injections of a tracer were made in LS while large
parts of 21a were saturated with another tracer.

119

Methods
Animal and Surgical Procedure
A l l animals were prepared for surgery as specified in Chapter 2. A craniotomy
and duratomy were performed at stereotaxic co-ordinates A P -7 to +6 and M L mm 7-15
to expose both 21a and LS for injections. Bulk injections of either C T B , C T X - A u or
W G A - H R P were made in LS. One tracer was injected in LS and a second tracer was
used in the 21a injections. The LS injections were placed along the medial bank of the
lateral sulcus. The pipettes were angled 30°- 45° from the vertical to follow the slope of
the sulcus. Seven to ten penetrations, spaced 500 um apart, were made at a depth of 4-5
mm with tracer being injected at 1 mm intervals along the sulcus. These multiple
injections created an aggregate injection that saturated a large portion of area LS with
tracer. Approximately 10 uJ of tracer was injected in total. Injections in area 21a were as
specified in Chapter 5. Following the injections the craniotomies were packed with
saline soaked gelfoam and the overlying fascia and skin was sutured.

Histology
After perfusion the visual cortex was unfolded and flattened. For the fifteen most
superficial sections of the tissue a l-in-3 series was processed in which sections were
reacted for either one of the two tracers or for the enzyme CO. The remaining sections
were reacted for in a l-in-2 series for the appropriate two tracers. In one animal coronal
sections of the visual cortex were cut at 50 pirn on a freezing microtome. Once the
sections were reacted, every second slide was counterstained with cresyl violet to help
distinguish laminar boundaries. To further verify injection placement, the L G N
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ipsilateral to the injection was also cut coronally and processed for visualization of the
appropriate tracer.

Data Analysis
The position of the labeled cells in area 19 was charted relative to the fiduciary
landmarks and entered into the computer for each case. Two- dimensional Gaussian
filters were applied to the cell charts and transects were made to measure the spacing of
the LS projecting bands (see Chapter 2 for details). To examine the overlap between the
21a and LS projections, a 2D density plot was created for the label of one tracer (e.g. 21a
projecting cells) and the charted cells from the other tracer (e.g. the LS projecting cells)
were overlaid. Examples of this method are found in Figures 6.5 and 6.6. Cluster
analyses were also run. A one dimensional correlation was also performed. Two
dimensional cross correlations were not done since the large number of cells (300 000+)
resulted in a uniformly black cross correlation. The one dimensional cross correlation
compared the density of one type of labeled cell at different distances from another type
of labeled cell to establish if the pattern of label from the two types of tracer was
correlated (e.g. interdigitated).
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Results
LS Modules
Bulk injections of a retrograde tracer in LS resulted in numerous labeled cells in
area 19. These labeled cells were clustered into large modules. The modules were
elongated along the mediolateral axis forming bands of label that were orthogonal to the
area 18/19 border and traversed area 19. Typically, there were several bands of LS
projecting cells (as indicated by the arrows in Figure 6.1), but in one case there was only
a single band of label that was located in the anterior portion of area 19. In Figure 6.2,
the labeled cells were located in the more central region of area 19 and formed up to six
bands (indicated by small arrows). The profile plots show mild fluctuations in labeling
density along the transect. Also commonly found was a strip of label that traveled
parallel to the area 18/19 border and was bisected by this border. The long arrow in
Figure 6.2 is points to an example of this strip of label.

Comparison of 21a and LS bands
The LS projection bands tended to be found more in the anterior half of area 19,
as opposed to the 21a projection bands that were localized to a more posterior location.
In cases that had 21a labeled cells and LS labeled cells occurring in the same zone, the
LS label was more diffusely organized, and hence the banded structures were difficult to
identify. In fact the organization of the LS projecting cells in these cases is better
described as modules. The structure of the LS bands that occurred posteriorly was more
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Figure 6.1 A) A cell chart of the typical pattern of labeled cells in area 19 following a
bulk injection of retrograde tracer into L S . The arrows are pointing to the bands of
labeled cells that are formed. The CI value for the bands in this case was 1.95. B) A
Gaussian smoothing
was applied to the bands and a transects (dashed lines 1 and 2)
have been made along the width of the bands. Differences in labeling density within
the bands are visible C ) The profile plots from the transects drawn in B . There are
changes in labeling density along the transect, however the labeling density does not
fall to zero or near zero. Scale bar = 2mm. The tracer used in this case was C T B .
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Figure 6.2 A ) A cell chart of the L S projecting bands in area 19. The arrows are
pointing out 6 different bands in this case. This was the largest number of L S
projecting bands found. It was more common to find 3-4 bands. The long arrow is
indicating a typical strip of labeled cells that bisected the area 18/19 border. The C I
value for bands in area 19 was 2.23. B ) A 2 D histogram demonstrating the relative
labeling density of the different bands. Scale bar = 2mm. The tracer used in this case
was C T X - A U
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irregular and the spacing smaller than for cases with LS bands located more anteriorly in
area 19. Examples of more diffuse organization in posteriorly located LS projecting cells
can be seen in Figures 6.4 and 6.5.

Clustering ofLS and 21a Projection Bands
The LS bands clearly showed a clustered distribution. Typically there were
regions of cortex between the bands that contained no or few labeled cells. This led to a
mean cluster index (CI) for the LS bands that was quite high at 1.26 (the details are listed
in Table 6.1). This CI value was significantly greater than for a random distribution
(p<0.0002, t-test). The mean CI value for the 21a bands (1.48) was comparable to the CI
value for the LS bands. This CI values was also significantly greater than for a random
distribution too (p<0.0003, t-test). As was the case with the LS bands, the high definition
of the 21a bands interdigitated with regions of unlabeled cortex resulted in this relatively
high CI value.

Table 6.1 A Breakdown of Measurements for the different cases.
Cluster Index (CI)
No. of Modules
Mean Spacing (mm)
Case#
1
SI
4.50
1.95
S3
3
2.04
S4
4.28
3
3.70
0.77
S5*
3
3
1.59
0.86
S8*
S9
3
3.40
1.55
2.95
2.23
T10
6
3.54
Til
4
1.68
0.87
T14*
2
2.06
T17*
3
1.41
0.62
Cases used for comparison of 21a and LS projection bands.
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Figure 6.3 A ) A cell chart of the L S projecting bands (arrows) in area 19. Note the
bands are not evenly spaced. The C I value for this case was 1.67. B ) A 2 D Gaussian
filter was applied to the chart and a transect (dashed line) measuring labeling density
was drawn across the figure. The transect is parallel to the area 18/19 border and
follows the natural curvature of this border. C ) The profile plot from the transect in B .
The bands on the posterior side of area 19 were relatively evenly spaced. The band on
the anterior side of area 19 was located almost up to 10 m m away. The spacing of this
one band increased the mean spacing for this case. M = medial; P = posterior. Scale
bar = 2mm. The tracer used in this case was C T B .
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Spacing ofLS versus 21a Projection Bands
The spacing of the LS projecting bands was relatively large with a mean spacing
of 2.6 mm. However, there was a large range of different spacing found between
individual bands (1.3 mm - 5.5 mm). Even within a single case there was variability in
the spacing between different bands. This is shown in Figure 6.3A and B. A transect
which is drawn through the different bands illustrates the closer spacing of the bands
located more posterior while the most anterior LS projecting band is located almost 10
mm away. However, this variability was not dependent on the location of labeled cells
within areal9; there was wide and small spacing of the LS projecting bands found in all
parts of area 19. Yet the cases that had more diffusely LS labeled bands in the same
cortical region as the 21a labeled cells had a mean spacing that was somewhat smaller at
1.7 mm. The spacing of the 21a bands was quite similar to the overall mean spacing of
the L S projecting bands at 2.5 mm (see Chapter 5 for details).

Interdigitation ofLS and 21 Projection Bands
The 21a projecting bands showed a rough interdigitation with the LS projecting
bands. However, this interdigitation was not absolute, despite the similarity in the
spacing of the two bands (LS = 2.6 mm; 21a = 2.5 mm). There were regions of
substantial overlap (Figures 6.4,6.5,6.6). This may be a result of the more diffusely
labeled LS projecting cells in the central region of area 19. This overlap between the LS
and 21a bands occurred at points where the labeling density was less. So the densest
regions of both types of bands avoided each other. One can see this pattern when a 2D
histogram that showed relative labeling density was applied to either the 21a bands or the
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LS bands. The darker pixels, which represent regions of greater density, have fewer cells
from the other band type overlapping than the regions that are less densely labeled. That
the most densely labeled regions of the LS and 21a tend to nestle between each other is
visible in Figure 6.6. In this figure, a Gaussian filter was applied to both the 21a label
and LS label. As in Figure 6.5, the region that shows the most overlap in Figure 6.6 is
bordering area 21a (top of the Figure). One-dimensional spatial correlations between the
distance from the 21a projecting cells and the density of the LS projecting cells also show
the tendency for the two to interdigitate. These are illustrated in Figure 6.7. Notice there
is a rise in the number of LS projecting cells at further distances away from the 21a
projecting cells. The peak of the increase in the number of LS projecting cells occurs at
different distances from the 21a projecting cells, which underscores the variability in
spacing between the different cases.
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Figure 6.4 A) A cell chart of the 21a projecting cells (CTX-Au ,blue dots) and the
LS projecting cells (WGA-HRP, red dots). In this case, the 21a projecting bands are
evident but the LS labeled cells are more. B)an enlargement of A after a 2D density
plot of the chart was made. The 21a labeled cells (blue dots) have been overlaid.
Note that the regions of overlap are mostly confined to the pixels that have a lower
labeling density (lighter grey). The 21a projecting bands are nestled in between the
regions that have denser labeling following a LS injection. Scale bar = 2mm.
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Figure 6.5 A ) A cell chart of labeled cells in area 19 that project to 21a (CTB, white
dots) and LS (WGA-HRP, black dots). In this case the 21a and LS labeling is more
diffuse. Most of the LS projecting label roughly interdigitates with the 21a projecting
cells except in the region bordering 21a. The CI values for this case were 0.87 for the
LS labeled cells and 0.84 for the 21a labeled cells. B) A 2D histogram was applied to
the 21a labeled cells and the LS labeled cells (red dots) were overlaid. Once again
note that the overlap between the LS projecting cells and the 21 projecting cells tend
to occur in pixels that are less densely labeled (lighter grey). The exception to this is
the region bordering 21a, where there are numerous LS projecting cells, even in
regions that are densely labeled by 21a projecting cells. A= anterior; M= medial.
Scale bar = 2mm.
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Figure 6.6 A 2D Gaussian smoothing was applied to both the 21a (CTX-Au labeled
appear green) and LS labeled cells (CTB labeled appear red). The regions of overlap
are indicated by a yellow colour. In this case as in Figure 6.6 the area that has the
most overlap is located at the border of 21a (top of the Figure). The density is
indicated by the saturation of colour, so the densest regions appear to have the
brightest colour. The regions densely labeled with LS and 21a projecting cells (i.e.
colour is highly saturated and appears bright) tended to interdigitate. The CI values
for this case were 0.86 for the LS projecting cells and 1.02 for the 21a projecting cells.
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One-dimensional spatial correlations between distance from the 21a
labeled cells and the density of LS labeled cells. Each graph represents a different
case. The number of cells from one category (e.g. LS projecting cells) rise as the
distances from the cells from the other category (e.g. 21a projecting cells) increases.
This demonstrates that despite the regions of overlap there is an overall tendency for
the 21a and LS bands to interdigitate. Note that the distance at which the graphs
peak differs. This reflects the variable spacing found between cases. The first case
corresponds to Figure 6.4, the second case corresponds to Figure 6.5 and the third
case corresponds to Figure 6.6.
Figure

6.7.
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Laminar Pattern ofLS Projecting Cells
In one case, coronal sections were cut to examine the laminar distribution of the
L S projecting cells. A combination of the laminar staining of C T B and cresyl violet
staining for Nissl was used to identify the laminar boundaries. In Figure 6.8, which has
been labeled for C T B , notice the high background staining in layer 4. A l l of the labeled
cells from an L S injection were found in columnar register in layer 2/3. Labeling
sometimes occurred in patches, as is the case in Figure 6.8, but it was also found
uniformly spanning area 19 (within layer 2/3). Figure 6.8 also has one labeled cell
located in layer 4 (large arrow), however this was unusual.

Figure 6.8 A coronal
slice of area 19 that
was reacted for C T B
and then stained with
cresyl violet.
Staining for C T B
label results in high
background staining
in layer 4. Location
of the different layers
is indicated on the
right. The thin arrows
are pointing out
labeled cells in layer
2/3. One labeled cell
in layer 4 is visible
(short arrow). In this
case, the labeled cells
appear to form two
patches in area 19. In
other cases, the
labeled cells formed a
continuous strip of
label across layer 2/3.
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Discussion
The cells in area 19 that project to LS were organized in large modules. These
modules were similar to the 21a projecting modules in that they were elongated along the
mediolateral axis and formed a rough band pattern. Table 6.2 compares the results from
the 21a versus LS projection bands. There was also a strip of labeled cells that bisected
the area 18/19 border, like labeled cells after a 21a injection. This strip likely
corresponded to the cortical representation of the vertical meridian (Tusa et al., 1979).
The input that area 19 sends to areas 21a and LS was segregated into modules which
roughly interdigitated with overlapping regions. The interdigitation occurred for portions
of the bands that were densely labeled. Less densely labeled portions of the 21a and LS
efferent bands tended to overlap each other.

Area

Mean # of
Bands

Mean Spacing
(mm)

Mean Cluster
Index (CI)

21a
LS

5
3

2.5
2.6

1.48
1.26

Relative
Location within
Area 19
posterior
anterior-posterior

Methodological Considerations
One of the challenges in comparing patterns of label resulting from LS and 21a
injections was to have the labeled cells from the two injections occurring in the same
region of cortex. The visual field representation in area 21a is restricted to the upper 20
degrees (Tusa and Palmer, 1980). Therefore, injections of retrograde tracer in area 21a
only labeled this portion of the central upper visual field in area 19. On the other hand,
LS has a complete retinotopic map (Palmer et al., 1978). Labeled cells resulting from
injections of retrograde tracer in LS ranged throughout area 19. However, with the
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substantial l o c a l and between a n i m a l v a r i a t i o n i n the L S m a p o f v i s u a l space (Grant and
S h i p p , 1991; M u l l i g a n and S h e r k , 1993) it was d i f f i c u l t to consistently l a b e l a r e g i o n o f
area 19 that c o n t a i n e d 2 1 a projecting c e l l s . In cases that l a b e l e d 2 1 a projecting c e l l s and
L S projecting c e l l s i n the same c o r t i c a l r e g i o n , the l a b e l was restricted to the central
p o r t i o n o f area 19, m e d i a l to 21a.
T h e anterior L S bands were identified as b e i n g i n area 19 o n several basis (the
relative l o c a t i o n o f the different areas are illustrated i n F i g u r e 6.9). F i r s t o f a l l , the dark
C O o v a l that m a r k e d the border o f area 18 and area 19 ( B o y d and M a t s u b a r a , 1996)
served as a useful l a n d m a r k f o r p l a c i n g the m e d i a l border o f area 19 and its anterior
extent. N o l a b e l e d bands o c c u r r e d anterior to this dark C O o v a l ; this r e g i o n is
somatosensory cortex ( M y a s n i k o v et a l . , 1997). It was also u n l i k e l y that these patches
b e l o n g e d to area 7 as this area is located lateral to area 19, next to area 21a, m e a n i n g a
l a b e l e d m o d u l e i n area 7 w o u l d have to be located r e l a t i v e l y far f r o m the 18/19 border.

Figure 6.9. A schematic o f a flattened tangential section o f v i s u a l cortex. T h e
relative l o c a t i o n o f different areas are indicated and their boundaries m a r k e d by
dashed lines. T h e shaded regions represent s u l c i . S S ; s u p r a s y l v i a n . L S ; lateral
sulcus. M ; m e d i a l . A ; anterior.
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The L S bands, which had medial borders adjoining the 18/19 border did not demonstrate
continuous label that extended into area 7. So the anterior LS bands were identified in
area 19.

Laminar Distribution of Efferent Cells
The laminar distribution of LS projecting cells had some similarities with that of
the 21a projecting cells (Stewart et al., 2000). In the case of LS projecting cells, the
majority of the efferent cells were found in layers 2/3 in columnar register. This has been
reported previously (Symonds and Rosenquist, 1984a; Dreher et al., 1996c; Norita et al.,
1996). Dreher et al. (1996a) reported that cells in area 19 that project to 21a and LS
have similar laminar distributions and are present in all layers. However, the current
study found that LS projecting cells showed no labeling in layers 5 and 6, and almost no
labeling in layer 4. This is unlike the 21a projecting cells, which have labeled cells in all
layers but layer 1 (Symonds and Rosenquist, 1984a; Dreher et al., 1996c; Stewart et al.,
2000). The lack of patchy labeling in the coronal plane for LS projecting cells has
already been noted (Sherk, 1986a).
The laminar location of efferent cells and/or their axon terminals is frequently
used to mark the relative hierarchy of cortical areas. Efferent cells located in the
supragranular layers are indicative of an ascending (feed forward) pathway. In other
words, the receiving area is considered to be at a higher processing level than the area
containing the cells of origin (Rockland and Pandya, 1979; Tigges et al., 1981; Maunsell
and Van Essen, 1983). The hierarchy of an area, with a bilaminar distribution of efferent
cells found in both supragranular and infragranular layers, is equivocal unless the laminar
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distribution of the efferent terminals is also known (Maunsell and Van Essen, 1983). In
this study, area 19 efferent neurons that project to LS were located in the supragranular
layers this means that the area 19 projection to LS is an ascending projection. Both the
area 19 to 21a projections and the area 19 to LS projections are classed as ascending by
Felleman and VanEssen (1991) who based their findings on laminar data from Symonds
and Rosenquist's work (1984 a, b) as well as Scannell et al. (1995) who collated
connectional data from numerous studies. Although both of these studies used different
criteria to determine hierarchy status they both place 21a higher in the visual hierarchy
than LS.

Implications for Separate Parallel Pathways
The pattern of rough interdigitation with regions of overlap for the LS and 21a
projecting cells was reported before in the coronal plane cells (Dreher et al., 1996c). In
that study it was also noted that the regions of overlap had very few double labeled cells.
This pattern of partial segregation is not specific to area 19 but occurs at the level of the
geniculate as well. Within the L G N , the X , Y and W inputs are partially divided so that
layers A and A l contain X and Y input, layer C receives Y and W input and layers C l C3 are composed of W input (Leventhal et al., 1985). The segregation of these pathways
extends into the primary visual cortex. The W cell projections from C1-C3 terminate in
patches in layer 3 that coincide with C O blobs in the primary visual cortex (LeVay and
Gilbert, 1976; Boyd and Matsubara, 1996; Kawano, 1998). Also terminating in the layer
4a blobs are Y terminal patches. Since Layers 4a and 4b receive mixed X and Y
terminals from layers A and A l of the L G N , it is difficult to determine if there is any X / Y
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segregation (Boyd and Matsubara, 1996). A further segregation is the afferent inputs
from the C O blob and interblob regions in the striate cortex that project to different
compartments within area 19 is suggested (see Chapter 3 for details). This present study
suggests that segregation, which is an indicator of parallel pathways, is not limited to the
X , Y and W geniculate pathways and area 17 C O blob/interblob pathways but may
includes the extrastriate efferent cells as well. The partial segregation of efferent cells in
LS and 21a further supports the notion that parallel pathways exist in extrastriate area 19.
As the input from the C O blob and interblobs appears to be kept spatially separate
in area 19, it would be interesting to see if there was any connection between the afferent
input and the efferent bands. For example, if the C O interblob recipient regions
corresponded to the LS projecting bands and the C O blob recipient regions were related
to the 21a projecting bands, or vice versa. It is interesting to speculate on this because if
there is a relationship between the efferent and afferent modules then either LS or 21a is
receiving an indirect projection from the interblobs via area 19 and a direct projection
from the blobs in area 17.
Much of the physiological data supports the notion that LS is a major contributor
to the "high-order motion stream" (Dreher, 1986; Spear, 1991) possibly involved in
analyzing optic flow (Sherk et al., 1995; K i m et al., 1997; Mulligan et al., 1997; L i et al.,
2000; Brosseau-Lachaine et al., 2001; L i et al., 2001). Overall, cells in LS are endstopped with large receptive fields, a contralateral bias, good direction selectivity and
poor orientation tuning . Specifically speaking, the accommodation region of LS is
known to receive the bulk of its inputs from area 19 (Maekawa and Ohtsuka, 1993). So
the LS bands in area 19 may also be related to lens accommodation responses. Area 21a
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on the other hand, has been implicated in form analysis. Unlike LS, area 21a cells have
an ipsilateral bias and are highly orientation selective but not direction selective (Dreher
et al., 1993; Toyama et al., 1994; Dreher et al., 1996c). The segregation may not be
limited to function but also found anatomically. Although areas 21a and LS receive input
from the same thalamic nuclei and cortical layers, this input originates from two nonoverlapping populations of cells (Dreher et al., 1996c). Also, in area 17 the 21a
projecting cells found in the C O blobs are sandwiched in between two tiers of LS
projecting cells (Conway et al., 2000). Thus, it would seem the segregation of LS and
21a projecting cells is area 19 is no exception.
The intrinsic connections of area 19 form patches that are not organized into a
band pattern, but this does not mean they are not related to the efferent bands. The
spacing of the intrinsic connections on a very similar scale (i.e. intrinsic spacing =
2.5mm; LS spacing = 2.6mm; 21a spacing = 2.5mm). Therefore, it is tempting to
speculate that the intrinsic patches that result from a single injection may preferentially
label the type of efferent band that received the injection. Future double label studies are
needed to determine if this is the case.

Primate Comparison
Area V 2 of the primate has a well-defined stripe organization that is defined by
C O staining. In V2, the efferent cells that project to extrastriate areas V 4 and M T are
occur in spatially segregated stripes (Shipp and Zeki, 1985,1989). This is similar to area
19, which has segregated efferent populations projecting to 21a and LS. However, the
pattern of efferent cells in area 19 is somewhat more complicated in that less densely

139

labeled zones overlap. Within V 4 of the primate visual cortex there are modules that
receive segregated projections from the thin and pale C O stripes in V 2 (Felleman et al.,
1997) but are also organized in a more complex fashion. The modules that receive input
from the pale stripes are larger than those that that receive input from the thin stripes.
Both types of the modules (thin stripe recipient and pale stripe recipient) form irregular
primary foci with several secondary smaller patches of label accompanying the primary

Figure 6.10. A schematic of the projections
from V 2 to V 4 adapted from Xiao et al. (1999).
The red represents modules labeled after an
injection in a pale stripe. The blue represents
modules labeled after an injection in a thin
stripe. Each injection produces a primary foci
(the 2 large modules) surrounded by secondary
foci (the small modules).

modules. Overlapping of the two types of modules in V 4 only occurs in regions with less
labeled cells. The most densely labeled region of the pale stripe recipient module do not
overlap with the most densely labeled region of the pale recipient module (Xiao et al.,
1999). Despite the fact that the efferent LS bands differs from this scenario, in that there
was not one large labeled module accompanied by small patches of label, it shares a
similarity in that there is segregation of outputs at the densest part of the band/module
and an overlap of outputs in the less densely labeled interband region.

Conclusion
The results of this experiment show that hypothesis three of this thesis (pg. 29)
needs to be amended to include a partial segregation between the LS and 21a projecting
bands. The efferent organization of area 19 reinforces a reoccurring theme in cat visual
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cortical organization: partial segregation with regions of overlap. The LS projecting cells
are clustered into a series of mediolateral bands in area 19. The LS projecting bands and
21a projecting bands have similar spacing and clustering values. The 21a bands and LS
bands show a rough interdigitation with overlap in regions of less dense label. On the
other hand, the partial overlap of label within area 19 also supports the growing evidence
that parallel pathways are not totally segregated but contains portions of overlap.
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7. General Discussion
Area 19 receives projections from both the C O blobs and interblobs. In some
cases the retrogradely filled cells are more numerous in the C O blobs and in other cases
they are more numerous in the C O interblobs. This difference suggests the possibility of
different afferent compartments in area 19. The patchy intrinsic connections within area
19 have a much larger longitudinal spread than those found in area 17. The efferent 21a
and LS modules within area 19 interdigitate with less densely labeled regions
overlapping. The spacing of the intrinsic patches and the efferent bands is very similar
suggesting the possibility of a relationship between these modules.
Table 7.1 A comparison between the different area 19 modules
Mean Spacing
Module Type
Module
21a Projecting
L S Projecting
Intrinsic

Band
Band
Patch

1.5
1.6
1.5

Mean Cluster Index
(CI)
1.48
1.26
1.55

Species Justification
Cats have traditionally been the species of choice for vision research. Historically
a tremendous body of research on this species already exists on which subsequent
research can be built upon. Hubel and Wiesel's groundbreaking physiology in 1960s
focused on cats (Hubel and Wiesel, 1998). The discovery and subsequent research in the
1970s of the three parallel systems were also made on cats (Stone et al., 1979). In the
early 1980s cytochrome oxidase blobs (Horton and Hubel, 1981; Carroll and WongRiley, 1984) and stripes (Tootell et al., 1983) were discovered in primates. Blobs were
believed to be absent in cats (Wong-Riley and Riley, 1983) until they were discovered a
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decade later (Murphy et al., 1995; Boyd and Matsubara, 1996). The belief that cats
lacked C O blobs, and thus was somehow fundamentally different from the primate,
resulted in a shift in research to the primate. However, since that time, research on both
animal models continue to provide important comparative information on the visual
system
In addition to historical reasons to use cats for vision research, there are a number
of reasons that make them a practical choice for an animal model. Unlike rodents, cats
have an important feature of human and primate vision: frontally placed eyes with
binocular overlap. This allows for stereoscopic vision (Barlow et al., 1967). The visual
cortex of cats has also proven to be much more comparable to the primate and human
than that of the rodent (Malach, 1989; Felleman and Van Essen, 1991; Payne, 1993).
Primate research is more costly to conduct than that of cat research. Also, in terms of
time efficiency cats are a more prudent choice over primates for developmental studies.
Primates have a longer gestation period than cats with only a single offspring (Mitchell,
1989). The critical period that precedes the adult state of the visual cortex is also longer
in the primate (LeVay et al., 1980) compared to cats (Cynader et al., 1980; Wilkinson,
1980). Thus, for various practical reasons the cat is a good choice for vision research.
The choice of the cat as a model of the visual system does not limit one to the role
of simply confirming primate/human visual organization. Instead, the combination of
similarities and differences between species allows for questions of evolution to be
addressed. While it is beyond the scope of this current study, the use of this species for
vision research is important in establishing information that can be used for a truly
comparative study of different species. For example, one major difference between
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primates and cats only have two cones (Hammond, 1978; Loop et al., 1979), while
primates have a well-developed system for detecting color (De Valois et al., 1974).
Nevertheless, cats have C O blobs. Thus either the original suggestion that C O blobs are
for color analysis (Livingstone and Hubel, 1988) is incorrect or response to color is a
byproduct of some feature specific to the C O blobs (Allman and Zucker, 1990).
Ancestors of these two species were likely nocturnal predators (Cartmill, 1992) so if C O
blobs evolved convergently in both species then it maybe that blobs are used for vision in
low-level lighting (Allman and Zucker, 1990; Preuss and Kaas, 1996; Preuss, 2000). So
although the visual system of the cat may differ from the primate, the cat is still a valid
visual model. Differences between species are important from a comparative point of
view to help determine species-specific evolutionary processes (Preuss, 2000).

Methodological Considerations
A contentious issue concerning the visual cortex is the designation of a visual
area. A region of cortex is determined to be an individual visual area if it has a
retinotopic map, a distinctive function, identifiable architectonic organization and a
unique set of connections (Felleman and Van Essen, 1991; Zeki, 2003). Even with this
definition of a visual area some extrastriate regions (i.e. the middle suprasylvian sulcus)
are difficult to divide up, owing primarily to their redundant distorted retinotopic maps
(Palmer et al., 1978; Grant and Shipp, 1991; Mulligan and Sherk, 1993). To add to this
confusion, Zeki (2003) recently disputed the existence of several extrastriate areas in the
primate, based upon the fact that these areas have only a partial map of visual space. He
points out that there are no visual behavioral data to support the idea that certain visual
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features are perceived only in a single quadrant (i.e. upper or lower visual field) of visual
space. Thus he concludes that the existence of areas that represent a limited retinotopic
map are "improbable" and closer scrutiny shows these "improbable" areas actually
belong to neighboring areas. If true, this contention is problematic for the designation of
some cat visual areas 21a and 21b (not for area 19, which has a very well ordered
complete retinotopic map). Both of these areas contain an upper visual field
representation only. Also, areas 20a and 20b are almost exclusively dedicated to the
upper visual field, whereas the visual field representations in lateral suprasylvian areas
are concentrated in the lower visual fields (Palmer et al., 1978; Tusa and Palmer, 1980).
At first sight Zeki's assertion that areas that contain partial visual field maps belong to
neighboring areas supports Sherk's notion that part of 21a should be included in L S
(Sherk, 1986a; Sherk, 1986b), thus combining the two areas into a single area that
contains both an upper and lower visual field. However, Sherk's hypothesis results in a
dissected 21a, which would consequently have even a smaller representation of the upper
visual field than the traditionally designated 21a. So Sherk's redefinition of the LS area
is not more amenable to Zeki's contention that a visual area must have a complete visual
field representation. Nevertheless, it may be that some species, including the cat, have
visual areas with partial representations of visual space. Evidence to support this comes
from the fact that there exists a substantial amount of physiological and anatomical data
that 21a and LS are indeed distinct functional areas (see introduction for details). One
possible reason for the discrepancy between the cat and the primate examples Zeki
provided is that these examples did not encompass visual areas beyond V4. In the
primate many extrastriate areas of the inferotemporal and parietal lobes supposedly
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contain partial visual field maps and complex retinotopy. This fuels the dispute as to the
actual extrastriate area borders (Sereno et al., 1994). While Zeki contends that any visual
area that has only a partial representation of visual space is an "improbable" area, the
evidence needed to initiate a new parceling of the primate and cat extrastriate areas
remains to be worked out.
One of the challenges of working with cortex is determining the spatial
organization of a structure that is folded up into a pattern of gyri and sulci. Unfolding
and flattening the cortical mantle (Olavarria and Van Sluyters, 1985) provides several
advantages. Traditionally, neuroanatomists attempted to look at tangential patterns by
doing reconstructions of coronal sections. However, as Anderson et al. (1988) pointed
out, this took a large number of sections and accurate determination of patterns was
difficult. Furthermore, these reconstructions did not allow for estimates of relative
labeling density (Shipp and Grant, 1991). Also, in the coronal plane subtle patterns are
difficult to visualize. For example, in the cat, C O blobs were not found in the coronal
plane (Kageyama and Wong-Riley, 1986a; Kageyama and Wong-Riley, 1986c) and were
generally believed not to exist in this species until they were discovered in tangential
sections (Murphy et al., 1995). Also, the 21a projection bands in area 19 were not
detected in coronal sections (Symonds and Rosenquist, 1984a; Symonds and Rosenquist,
1984b; Dreher et al., 1996c). Looking at tangential sections allows multiple areas to be
viewed at the same times. This is convenient for between area comparisons of different
anatomical structures. Because of these advantages, most of the data generated in this
study came from examining the pattern of labeled cells in the tangential plane.

146

Multiple retrograde tracers (WGA-HRP, C T X - A U , and CTB) were used in this
study. The tracer W G A - H R P is a plant lectin and the other two tracers are derived from a
bacteria toxin. Both types of these tracers bind to glycoconjugates on the axon terminal
(Gerfen and Sawchenko, 1984). They are actively transported (up to 100 mm a day) via
vesicles to the cell soma where they accumulate (Kobbert and Thanos, 2000). One of the
disadvantages of W G A - H R P is the halo of label that surrounds the effective injection
site. However, it has been shown that cells located within the halo have not transported
the label. Nevertheless, this halo of label effectively occludes the cells that occur within
it, including labeled cells, which have transported tracer from the effective injection site
(Mesulam, 1978; Grant and Shipp, 1991). For this reason, W G A - H R P was not generally
used to study the intrinsic connections. However, each experiment did use at least two
different tracers and they all produced similar results. The tracer CTB did result in high
background staining in layer 4 that was likely a result of the immunohistochemical
procedure. This may have interfered with the detection of labeled cells, but as the
majority of the afferent, intrinsic and efferent cells were located in the supragranular
layers, the effect of the high background in layer 4 was negligible.

Variability Within Area 19
Both the intrinsic connections and the efferent bands in area 19 showed
considerable variability between animals in their spacing and shape. There are several
possible reasons for this variability. Extrastriate regions in the cat contain more complex
retinotopic maps, larger spacing of connections and more variable patterns of
connectivity than the primary visual cortex (Tusa et al., 1979; Sherk, 1986a; Shipp and
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Grant, 1991). Through statistical evaluation of tracing experiments, Scannell et al.
(1999) has shown that variability can be decreased slightly by having a sample size (N)
of 10 but that increasing the sample size past this number does not decrease the
substantial variation found in these studies. Scannell et al. points out that with such
considerable variability it is important to remember that no individual case will match the
'average pattern' of connections. This increased variation in organization is probably
established during maturation of the extrastriate areas. Corticocortical connections are
frequently established after eye opening, making the organization of these projections in
theory more susceptible to individual visual experience (Clarke and Innocenti, 1986;
Dehay et al., 1988; MacNeil et al., 1997).

Also during development, activity may play a

role in determining modular size and organization (Shatz and Stryker, 1988; Horton and
Hocking, 1997) and this activity in extrastriate areas may differ from primary visual
cortex for two reasons. First, extrastriate areas are more vulnerable to changes in
organization since input in these higher areas is altered by previous visual processing in
other visual areas. Second, the correlation between incoming inputs decreases in
extrastriate regions (Kaas, 1997). Therefore, the increased variation and complexity
witnessed in the area 19 intrinsic connections and efferent bands may be the result of an
organization based upon individual experience as well as the type of input and processing
occurring in this area.

Cortical Column
The columnar structure of the cortex is a fundamental feature of cortical
organization. Many anatomical modules follow this columnar structure. Columnar
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modules can be broken down into basic units called minicolumns. Minicolumns are a
vertical string of cells that extend through layers 2 to 6 and are invariant in size across
different species (Mountcastle, 1997). The radial formation of minicolumns has been
studied developmentally using neural clones (for review see Rakic, 1995). This is not the
case for cortical columns themselves, which vary in size depending on the parameter
examined (Lund et al., 2003). Two cells in a single cortical column can share similar
preferred orientation and spatial frequency but show quite dissimilar response for
temporal parameters. Tanaka (2003) proposes that this grouping of similar features, but
not identical ones, allows the visual system to either dismiss differences or amplify them
based on the environmental context. Many cortical columns can be identified on
anatomical grounds as well. For example, the 21a projection bands in area 19 extend in
columnar register through layers 2 to 6 (Stewart et al., 2000). The projection to LS from
area 19 was found in columns in layers 2/3 . Despite the prevalence of columns in the
cortex, it is important to note that they do not appear to be a necessary feature for
function. The rat contains neurons that are as sensitive to orientation as the primate's but
these neurons are not grouped into orientation pinwheels, instead preferences are
scattered randomly through V I (Girman et al., 1999). It may be that columns are one
way of decreasing the metabolic demands of neurons. Grouping cells that have similar
function, and thus increased communication, allows for shorter connections that are more
efficient both temporally and metabolically (Kaas, 1997). Even i f this is true, grouping
cells into cortical columns is a form of segregation and the cortical columns in V I and V 2
are hallmarks of parallel pathways in the primate. In area 19 there is the presence of
segregated efferent bands that are columnar in structure (evidenced by the multiple
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sections that contributed to each cell chart). The L S projecting cells were in columnar
register in layers 2/3. The presence of anatomical cortical columns in area 19 is
indicative that physiological columns may exist in this area as well.

Hierarchy
A method for determining placement of an area within the visual hierarchy was
established by Maunsell and Van Essen (1983). It was proposed in this model that
connections that are feed forward originate in the superficial layers, while projections that
are feedback originate in the supergranular layers. Efferent cells that demonstrate a
bilaminar pattern (located in the supergranular and infragranular layers) can be either
feed forward, lateral or feedback connections depending on their termination pattern.
Using data from the present study the projection from area 19 to L S is clearly feed
forward as the cells are found primarily in layers 2/3. The cells projecting to 21a are
concentrated in layers 2/3 and 5 and 6 (Stewart et al., 2000). Without knowing the
laminar pattern of the terminations, this bilateral distribution of 21a projecting cells in
area 19 does not provide enough information to asses its hierarchical status. Based upon
these rules and using Symonds and Rosenquist's data (Symonds and Rosenquist, 1984a;
Symonds and Rosenquist, 1984b), Felleman and Van Essen proposed that area 19 was the
third visual area in the cat hierarchy and that 21a was located two levels above area 19.
They divided L S up using Palmer et al.'s (1978) stoichiometry so that it occurred on
several levels. However, P M L S , which forms a significant portion of LS (Grant and
Shipp, 1991) was located on a level between area 19 and 21a. Felleman and Van Essen
consulted the projection patterns of thirteen different visual areas and from that data were
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able to place area 21a despite the ambiguous projection from area 19. Area 17 cells
projecting to area 19 on the other hand were located in the C O blobs and interblobs, and
thus were found in the superficial layers making this a feed forward connection.
Symonds and Rosenquist (1984b) have reported the same laminar locations of efferent 17
and 19 cells. The hierarchical organization, determined according to data from the
present study, places 19 between the initial processing areas 17 and 18 and a higher up
processing area, LS. The relative position of area 21a remains to be defined.
Scannell et al. (1999) has also looked at the hierarchy of the visual system in the
cat. Scannel et al. determined that one of the main factors for determining cortical
hierarchy was a simple wiring rule. It is assumed that the cortical location of areas are
arranged to minimize the volume of connections, so that areas which are conducting
related visual analysis are physically located close to each other. Using non-parametric
cluster analysis they place areas 19 and 21a on a level above the primary visual cortex
and LS on the level above that. Figure 7.1 compares the different hierarchy schemes. It
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Figure 7.1. A schematic of the
different proposed hierarchy for
areas 17, 19, 21 and LS. In the
present study the location of area
21a remains to be defined.
Determining the laminar location
of the 21a afferents would place
area 21a in the hierarchy
developed by Maunsell and Van
Essen (1983).

is interesting that area 19 and 21a are placed on similar levels as 21a is a functionally
defined area involved in form processing and which receives very specific inputs, while
area 19 receives a soft patterned input from the primary visual cortex and may be
involved in global redistribution of information. Scannel et al. suggests that Felleman
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and Van Essen's model is not ideal for the cat, as some connections do not fit his criteria
for determining hierarchical position. For example the input to area 19 arises from the
superficial layers of areas 17 and terminates in the superficial layers of area 19 (Symonds
and Rosenquist, 1984a; Price and Zumbroich, 1989). This pattern of connections is not
dealt with in Felleman and Van Essen's model. It may be that the connectional rules
used to determine hierarchy in the cat visual system might differ from the primate and
still remain to be defined.

Parallel Pathways
Parallel pathways were first discovered in the cat (Enroth-Cugell and Robson,
1966). Since that time the contributions of the X , Y and W pathways to area 17 have
been worked out. The W cells of the L G N input directly into layer 3 blobs whereas the Y
terminals from layer C terminate in layer 4a blobs. The contribution of the X projections
to the layer 4a blobs and interblobs remains to be determined (Boyd and Matsubara,
1996). So like the primate, the C O blobs represent a divisible input of the parallel
processing pathways. Since area 19 receives an input from the C O blobs that is spatially
segregated from the terminals of cells that are in the C O interblobs, the continuation of
the parallel pathways in this extrastriate area is highly likely.
The partial segregation of the 21a and LS efferent bands to two functionally
distinct areas is suggestive of the fact that parallel pathways may be traveling through
area 19. Further research is necessary to tie the afferent input to the efferent modules
before any definitive link in area 19 to parallel pathways is made. Also, the segregation
between the two types of afferent bands is not absolute. The partial overlap between the
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two types of efferent bands is consistent with the increasing amount of data on the partial
convergence between the retino-geniculo-cortical pathways in the primate (Malpeli et al.,
1981; Ferrera et al., 1994; Nealey and Maunsell, 1994; Yoshioka et al., 1994). Even the
traditional view of the parvocellular and magnocellular inputs (Livingstone and Hubel,
1988) into the different C O compartments is being questioned. It is now known that V I
interblobs provide the major input to both pale and thick stripes (Sincich and Horton,
2002a) and that the different CO stripe compartments in V 2 are interconnected (Levitt et
al., 1994a; Malach et al., 1994). This convergence suggests that the parallel pathways of
the extrastriate areas are not defined simply as magnocellular and parvocellular or Y and
X , as they are in the geniculate, but rather the parallel pathways represent some other
more complex functional division. For example, based on the motion sensitivity of area
LS it has been assumed that this area receives its principal input from the Y pathway
(Berson, 1985; Rauschecker et al., 1987). However, when the Y-channel is pressure
blocked, LS cells show normal receptive field properties with only a small deficit in
responding to fast stimuli (Wang et al., 1997). It would be more accurate to say that LS
is part of a motion sensitive pathway and 21a is included in an object recognition
pathway rather than to tie the pathways to the Y and X channels respectively. The results
from chapter 3 demonstrate that area 19 is receiving input from both the C O blob and
interblob pathways. Also, the partial segregation of efferent bands in area 19 suggests a
specialized output to area 21a and LS. While the connection between the afferent and
efferent modules remains to be worked out the presence of segregation suggests the
presence of parallel pathways in area 19.
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Function of Area 19
The classic Aristotelian belief that form follows function allows for functional
propositions to be forwarded based on the anatomical make up of an area. After all, it is
logical that the function of an area would depend upon the information it receives.

The

physiological studies that have been done on area 19 have not been able to determine a
single function for this area. Based upon the fact that area 19 has similar receptive field
properties as area 17 and 18 it, has been suggested that area 19 is performing a redundant
analysis (Kimura et al., 1980; Duysens et al., 1982a; Bergeron et al., 1998). The different
connectional properties and modular organization of area 19 argue against this
hypothesis.

It could simply be that the physiological studies that looked at neuronal

response properties in area 19 did not use appropriate stimuli. It was recently shown that
complex shapes (e.g. arcs, angles) could elicit a much greater response from cells in V 2
than simple stimuli like oriented bars and sinusoidal gratings (Hegde and Van Essen,
2000). Perhaps area 19 is also selective for complex stimuli. Lesion studies suggest a
dual role for area 19 in both form (Doty, 1971; Sprague et al., 1977; Hughes and Sprague,
1986; Kruger et al., 1988) and motion analysis (Dinse and Kruger, 1990). The partial
segregation of area 19 efferents to LS (a motion sensitive area) and 21a (an object
recognition area) support this assertion. Based upon findings from the present study that
area 19 receives both C O blob and interblob input into spatial distinct compartments and
sends input to 21a and L S in a semi-segregated fashion it appears that area 19 may work
as a distribution center, possibly sorting form and motion information.
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Species Comparison
The notion that fundamental aspects of visual cortical structure are shared by
mammalian species underlies the animal-model based approach to visual systems
(Preuss, 2000). And indeed there have been many similarities found between the primate
and cat species to support this. Diagrams in Figure 7.2 and 7.3 outline the primate and
cat cortical organization for comparison. Based upon similarities, homologies between
the different visual areas have been cited, foremost being the striate cortex. The primary
visual cortex of both primate and cat receive input from three different processing
streams (Norton and Casagrande, 1982; Irvin et al., 1986; Norton et al., 1988;
Casagrande, 1994; Freund et al.,1985; Humphery et al., 1985a,b; Boyd and Matsubara,
1996; Kawano, 1998; Hendry and Reid, 2000), have C O blobs (Horton and Hubel, 1981;
Horton, 1984; Murphy et al., 1995; Boyd and Matsubara, 1996), orientation pinwheels
(Bonhoeffer and Grinvald, 1991; Bartfeld and Grinvald, 1992) ocular dominance
columns (Anderson et al., 1988; Levay et al., 1975; Florence and Kaas, 1992) and show
many similar visual field properties (for review see Payne, 1993). Therefore, primate V I
and cat area 17 resemble each other on a variety of different physiological and anatomical
levels and are frequently referred to as homologous structures. Nevertheless, there are
also major visual differences between these species (e.g. colour vision) which should not
be ignored. These differences are useful from a comparative point of view for looking at
the evolution of species-specific adaptations. Thus, establishing homologies is not a
clear-cut process. A variety of different analytical approaches (i.e. molecular,
physiological, anatomical) should be conducted and used as criteria to confirm a true
homology between areas. It is also argued that a broader cladistic approach that
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examines multiple species (rather than just cat and primate) is also necessary to
determine homology (Harvey and Pagel, 1991; Kaas and Lyon, 2001). As the present
study is focused on the anatomy of area 19 of a single species, rather than make claims of
homology I will take a comparative approach and suggest possible analogous structures
in the primate.
Primate V 2 and cat area 18 are both the second areas in their respective visual
hierarchies and are historically considered homologues for each other (Payne, 1993).
Nonetheless, there are reasons to dispute this assertion. The foremost is that area 18
receives a substantial geniculate input (Garey and Powell, 1971; Gilbert and Kelly, 1975;
LeVay and Gilbert, 1976; Hollander and Vanegas, 1977) while V 2 does not (Benevento
and Yoshida, 1981; Fries, 1981; Yukie and Iwai, 1981; Bullier and Kennedy, 1983).
Second, the patchy structure of anatomical and functional modules in area 18 does not
differ significantly from area 17; the patches simply occur on a larger scale (Anderson et
al., 1988; Boyd and Matsubara, 1996; Shmuel and Grinvald, 1996). On the other hand,
the modular structure of V 2 (bands) (Tootell and Hamilton, 1989) differs significantly
from that of V I (patches) (Horton, 1984). Thus, the case for homology between area 18
and V 2 is not strongly supported. In fact, area 19 shows more similarities to V 2 than area
18. For example, within the visual hierarchy both primate V 2 and cat area 19 are the first
extrastriate areas encountered (Felleman and Van Essen, 1991). These areas are
considered extrastriate areas since they receive a substantially reduced input from
thalamus, compared to the primary visual cortex (Benevento and Yoshida, 1981; Dreher
et al., 1980). Both areas segregate input from C O blob and interblob columns into
separate compartments (Livingstone and Hubel, 1987; Sincich and Horton, 2002a).
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Figure 7.2 A schematic of parallel pathway organization in the primate. The
shaded regions represent C O rich pathway. Input that originate from cells in layers
2 / 3 , 4 A and 4 B of the C O blob columns terminates in the thin C O stripes of V 2 .
Cells in layer 2 / 3 , 4 A and 4 B that are part of the interblob column terminate in both
the thick and pale C O stripes of V 2 . The thin and pale stripes project to different
modules within V 4 that partially overlap. The thick stripes project to M T . In turn,
area V 4 and M T project to the inferotemporal and parietal processing streams
respectively.
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Intrinsic patches in V 2 are found in all three C O band compartments, but unlike the
intrinsic patches of area 19, they have a smaller spacing than the V 2 stripes (Levitt et al.,
1994a; Malach et al., 1994). The banded pattern itself in V 2 is similar to the structure of
the efferent bands in area 19; both are orthogonal to their respective borders with the
primary visual cortex (Tootell and Hamilton, 1989). Area V 2 has a patchy substructure
within the C O bands (Ts'o et al., 2001) similar to the patchy substructure seen in the 21a
projecting bands in area 19. Despite these similarities, V 2 and area 19 are not absolutely
comparable. The biggest difference between these two areas is the absence of C O bands
in area 19. However, this absence is also noted in V 2 of several prosimian primates
(Condo and Casagrande, 1990; Krubitzer and Kaas, 1990; Preuss et al., 1993; Rosa et al.,
1997) and is not considered a criterion for establishing V 2 in the primate. Another
difference is that area 19 has a larger thalamic input than V2. This input is enough to
sustain activity in area 19 following lesions to area 17 and 18 (Dinse and Kruger, 1990),
while lesions to V I effectively silences V 2 (Schiller and Malpeli, 1977; Girard and
Bullier, 1989). Furthermore, while V 2 has functionally grouped cells that align with the
C O bands (Hubel and Livingstone, 1987; Ts'o et al., 1990; Levitt et al., 1994b; Malach et
al., 1994; Roe and Ts'o, 1995; Roe and Ts'o, 1999) no such grouping has been reported
for area 19. Yet, the absence of such reports actually stems from the fact that no
systematic study of the spatial distribution of function has been conducted in area 19.
Functionally distinct classes of cells in area 19 have been reported but their spatial
distribution was not ascertained (Saito et al., 1988; Toyama et al., 1994). So in
summary, area 19 does show a number of similar characteristics as primate area V2.
However, these similar characteristics can also be viewed as general extrastriate features
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Figure 7.3 A schematic of the organization of the parallel pathways that travel through
area 19 of the cat visual cortex. While the relationship between the different C O
recipient afferent modules and the L S and 21a efferent modules is not yet determined, it
is interesting to speculate that the modules are related so that the 21a bands are
receiving C O blob input and the L S bands are receiving C O interblob input, or vice
versa. Further studies are needed to determine the exact nature of the relationship
between the afferent and efferent modules in area 19.

159

(segregated input from C O compartments, enlarged, extended banded modules, patchy
intrinsic connections), which can be found in other primate extrastriate structures such as
V 4 - see below. Thus, rather than conclude that area 19 is an analogous structure to V 2
all these similarities can enforce is that there are common features to extrastriate
organization.
Area V3 of the primate has not been extensively studied owing to the contentious
debate over the actual location and retinotopic organization of this area (Kaas and Lyon,
2001). Area V3 is smaller than V 2 and the center of area V3 is discontinuous so that it is
actually composed of two segments (Lyon and Kaas, 2002). Area 19 was traditionally
believed to be homologous to V 3 simply based on its position in the cortical mantle
(Payne, 1993). Area V 3 does share some similarities with area 19 but these similarities
are common to V 2 as well. For example, all three areas show greater variability in the
lower visual field maps (Tusa et al., 1979; Gattass et al., 1981; Gattas et al., 1988). A l l
three areas send input to two functionally distinct areas (in the primate M T and V4; in the
cat 21a and LS) (Zeki and Shipp, 1988; Felleman et al., 1997). A l l three areas lack
ocular dominance columns (Tieman and Tumosa, 1983; Friedman et al., 1989; Tootell
and Hamilton, 1989; Ts'o et al., 1990). So while on the surface these similar
characteristics support the homology between area 19 and V 3 , the general nature of these
characteristics along with the unusual retinotopy of V 3 really does not argue for an area
specific homology. In fact Kaas and Lyon (2001) describe the naming of V 3 as "more
confusing than descriptive" since it naturally leads to a comparison with VIII of the cat,
or area 19. It may be that the cat does not have an analogous structure to V3 as some
prosimians do not even have a V 3 . After all, it is to be expected that not all of the areas
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found in the primate have homologies in the cat as the cat has fifteen visual areas
(Symonds and Rosenquist, 1984b) while the primate has thirty-one (Felleman and Van
Essen, 1991).
Primate area V 4 is unlikely to be a candidate for an area 19 analogy. This is
because V 4 is a specialized area for form processing (Gallant et al., 1993; Kobatake and
Tanaka, 1994; Gallant et al., 1996; Pasupathy and Connor, 1999), where as the
physiological properties of area 19 along with its continuous input from areas 17 and 18
suggest that it is involved in more general analysis. Nevertheless, V 4 is useful for
comparison when examining the structure of the afferent modules of this area. The thin
and pale stripes of V 2 send input to different modules in V 4 (see Figure 7.2; Felleman et
al., 1997). These modules are more irregular in shape with partial overlap occurring at
the borders. These overlapping regions occur at points where the labeling density of the
modules is decreased. Thus, like the efferent LS and 21a modules in area 19 there is a
pattern of segregation with regions of convergence (Xiao et al., 1999). Further research
comparing the different modules of extrastriate areas may find this to be an inherent
feature of extrastriate cortex.
Two other species whose visual cortices have been researched are the rat and the
ferret. The number of visual areas in the rat and mouse has long been debated (Montero
et al., 1973; Olavarria and Montero, 1989; Malach, 1989; Coogan and Burkhalter, 1993;
Montero, 1993; Rumberger et al., 2001). But because the most fundamental visual area,
V I , does not resemble the primary visual cortex of the cat or primate, in that it shows no
discernible functional or columnar organization (Girman et al., 1999) and no patchy
intrinsic connections (Malach, 1989; Rumberger et al., 2001), it is unlikely that another
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visual area would show a resemblance to area 19. The ferret on the other hand is more
closely related to the cat. The border between areas 18 and 19 in the ferret is marked by a
dramatic decrease in C O staining, just as in the cat. Also, callosal connections in area 19
of the ferret and cat are both patchy (Innocenti et al., 2002). The cortical location and
retinotopic organization of areas 17,18 and 19 in ferret strongly suggests that area 19 is
homologous in the ferret and cat (Manger et al., 2002a; Manger et al., 2002b). However,
research on the anatomy of the extrastriate areas of this species is just emerging and the
information available is not adequate enough to draw any parallels between this study
and ferret area 19.

Future Exploration
There are several questions that arise out of this study, which need to be
addressed. The first is identifying the afferent recipient compartments in area 19. The
research presented here demonstrates that within area 19 the projections from the C O
blobs terminate in spatially separate regions from the projection of the C O interblobs.
However, the C O blob recipient compartments and the C O interblob recipient
compartments need to be identified and characterized. Are they the same size and
structure of the 21a and LS efferent bands? Do they form interdigitating patches? One
way to approach this question would be to make a very small focal injection with an
anterograde tracer, such as biocytin, in area 17 that would be localized to a single blob or
interblob. This is possible as the center-to-center spacing of the blobs is just under 1 mm
(Murphy et al., 1995; Boyd and Matsubara, 1996; Murphy et al., 2001) and small
injections of biocytin can have a radius as small as 200 pm (Lund et al., 1993). However,
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the necessity of making an injection small enough that it is limited to a single C O blob or
interblob means that only a small region of area 19 will be labeled. Thus the extent and
boundaries of the modules would still remain undefined. Using two different tracers such
as biotinylated dextran amine (BDA) and Phaseolus-Vulgaris Leukoagglutinin (PHA-L)
(Veenman et al., 1992) would reveal the relationship between a C O blob recipient
compartments and a C O interblob recipient compartments. Also, it would be worth while
to make a large injection or multiple small injections in area 17 with an anterograde
tracer to determine if all of area 19 receives projections from area 17 or are there modules
in area 19 that don't receive a projection.
The relationship between the afferent and efferent modules also still remains to be
worked out. For example, it would be interesting to determine if the C O blob recipient
modules overlap with a single type of efferent band. The best approach to look at this
would be to combine retrograde and anterograde tracers. Thus, a retrograde tracer would
be injected into either 21a or LS to label efferent bands and an anterograde tracer injected
into area 17 to label the blob or interblob projection. Alternatively a small injection of a
mixture of an anterograde and retrograde tracer in area 19 would reveal the if that region
of cortex received input specific to C O blob or interblob and what area the efferents
projected too. This would also allow for the intrinsic patches to be linked to a specific
efferent band and compared. For example, if an injection in area 19 labeled afferents
primarily in 21a , then it would be possible to compare the intrinsic patches in that case
to a case that had afferent labeling in LS. Also, a mixed anterograde/retrograde injection
would determine the relationship between projecting and terminating intrinsic clusters in
area 19.
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Both 21a and LS receive a direct projection from the C O blobs, albeit from
different cell populations within the blobs (Boyd and Matsubara, 1999; Conway et al.,
2000). It would also be interesting to determine if one or both of the extrastriate areas
receives an indirect projection from the C O interblobs via the C O interblob recipient
compartments in area 19. However, as there is a degree of overlap even with the 21a and
LS projecting bands, it is unlikely that the efferent compartments would co-localize
absolutely with one type of C O recipient compartment.
The relationship between the 21a and LS projection bands in area 19 could also be
further explored. A double label study, in which LS and 21a were injected with different
tracers and area 19 examined for double labeled cells. This would quantify the
percentage of cells that project to both LS and 32a. Alternatively, an injection of
anterograde tracer in area 19 would demonstrate the projections to LS and 21a and to
what extent there are projections to both areas. This experiment would also give us
information about where area 21a stands in the cortical hierarchy by defining the laminar
terminations of the area 19 projecting cells.
One possible way of further defining the modular mosaic of area 19 would be to
examine the spatial distribution of the afferent and efferent connections between the
pulvinar and superior colliculus to area 19. In the primate, the pulvinar projections are
centered on the thick and thin C O stripes in V2. These projections are found
concentrated in layer 3, which is also the layer that contains the strongest C O activity
(Levitt et al., 1995). It has recently been put forward that in V 2 it is the pulvinar input
which defines the cycles of C O bands (Shipp and Zeki, 2002; Sincich and Horton,
2002b). A further distinction between the C O bands of V 2 can be made by the fact that
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cells that project to the superior colliculus are concentrated in the thick C O stripes (Abel
et al., 1997). The link between superior colliculus and dense C O staining is indirectly
bolstered by the fact that the K layers of the L G N , which input exclusively into the C O
blobs, are the only L G N laminae innervated by the superior colliculus (Halting et al.,
1978; Halting et al., 1991). Area 19 shows many similarities with V 2 so it may be that
either pulvinar afferents or efferent cells projecting to the superior colliculus can also
define the different modules in area 19. It has already been established that area 19
receives a pulvinar projection (Graybiel, 1972; Symonds et al., 1981; Raczkowski and
Rosenquist, 1983), as well as sends terminals to the superior colliculus (Updyke, 1977;
Halting et al., 1992).
A l l visual cortical areas are visible in a single tangential section following the
unfolding and flattening of the visual cortex. It was obvious that retrograde tracer
injections into areas 19, LS or 21a labeled a number of extrastriate areas (for illustration
see Figure 5.2). One such example is the consistent labeling of area 7 following bulk
injections in 21a. This was also noted by Grant and Shipp (1991). This labeling of
multiple extrastriate areas was expected. It was previously reported that area 19 receives
projections from seven other extrastriate areas, area 21a receive projections from four
other extrastriate areas and P M L S (the portion of LS usually injected in the present study)
receives input from six extrastriate areas (Symonds and Rosenquist, 1984b). However,
the details and tangential organization of these areas remains to be worked out. A s
almost nothing is known of these extrastriate areas, electrophysiological verification of
the exact location and boundaries of some of these areas will be necessary.
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It is well established that the layers of the cortex have distinct architecture,
connections and physiological responses (Lund et al., 2003). So it is not surprising that
studies have begun to look for functional segregation within the different cortical layers.
Recent studies of the effects of cooling in LS have shown that cooling the superficial
layers results in motion detection deficits. Cooling the superficial and infragrandular
layers results in deficits in motion detection and attention (Lomber and Payne, 2000;
Lomber, 2001). Raizada and Grossberg ( 2003) propose that feedback circuits from
layers 4 to 6 of the visual cortex largely control attention and attentive modulation. A
reexamination of functional differences in V 2 lead to Shipp and Zeki (2002) proposing
that segregation and specialized pathways were a feature of layers 3 to 5, while integrated
feedback and modulation were specific to layers 1, 2 and 6. This new direction of
research would be interesting to explore in area 19. Are there functional differences
between layers that are specific to area 19? Determining the different laminar
contributions will be necessary to creating a complete model of area 19.
Future physiological studies that examine the spatial distribution of functional
characteristics and their correlation with parallel processing streams and the anatomical
modules in area 19 are needed. There are several experiments that hint at a functional
division within area 19. Both Saito et al. (1988) and Toyama et al. (1994) report finding
two physiologically different classes of cells, one for processing motion of discontinuities
and the other was suited for determining the orientation of continuous contours. It would
be interesting to see if the population of cells that responds to motion of discontinuous
elements is concentrated in the LS projecting bands, and if the population of cells that
processes orientation of continuous contours overlaps with the 21a projecting bands. A n
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ideal method for determining grouping of function is optical imaging of intrinsic signals.
Optical imaging detects differences in cortical reflectance following metabolic changes
that result from local neural activity (Frostig et al., 1990). The posterior portion of area
19 is exposed on the suprasylvian gyrus making it ideal for imaging and optical imaging
can penetrate the cortex up to 1000 jim (Shoham et al., 1997). A s terminals from the
primary visual cortex (see figure 7 in Symonds and Rosenquist, 1984a) and the 21a and
LS efferent bands are located in layers 2/3, any functional differences within them would
be visible with optical imaging. However, when orientation pinwheels were imaged in
area 21a no signals were mapped in area 19 (Ohki et al., 1998). The primary reason for
this is likely due to the sluggish response of neurons in area 19 under anesthesia (Feldon
et al., 1978; Saito et al., 1988; Sherk, 1990). One possibility would be to do optical
imaging with kittens and young adult cats as they tend to give the best optically imaged
maps (Godecke et al., 1997). However, Feldon et al., even goes so far as to suggest that
barring infusions with caffeine, the only way to reliably get a response from area 19
neurons is to record in awake behaving animals. Despite this assertion, there are studies,
which have been able to do extensive extracellular recording from 19, without caffeine
(Guillemot et al., 1993a; Guillemot et al., 1993b; Tardif et al., 1996; Bergeron et al.,
1998). Thus, a systematic mapping of specific physiological traits should be possible.
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8. Summary
Extrastriate area 19 of the cat visual cortex is divided into different modules that
form a complex modular mosaic. A schematic of this modular mosaic is illustrated in
Figure 8.1. Although the relationship between all the afferent, intrinsic and efferent
connections of area remain to be worked out, this study defined the type of organization
found in area 19. The major findings from this study are listed below.
•

The afferent inputs from area 17 to area 19 are soft patterned; the cells from both the
C O blobs and interblobs project to area 19.

•

Within area 17, area 19 projecting cells tended to show a preference for either C O
blobs or interblobs, suggesting that the afferents in area 19 are segregated.

•

The intrinsic connections of area 19 form patches.

•

The intrinsic patches demonstrate an impressive variability in their size, structure
and spacing

•

Both LS and 21a projecting cells form elongated band modules in area 19.

•

The cells in the LS projection bands are localized to layer 2/3.

•

The spacing of these two efferent band types (~2.5 mm) is comparable to that for the
intrinsic patches (2.5 mm).

•

The 21a and LS projection bands interdigitate, with less densely labeled regions
overlapping.

Although area 19 is an extrastriate area, it too, like the primary visual cortex, it is divided
up into segregated modules that form the modular mosaic in area 19.
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Area 17 & 18

Area 19

CO blob pathway
CO interblob pathway

Figure 8.1 A schematic of the segregated afferent and efferent modules in area 19.
The fact that cells in area 17 are preferentially located in the C O blobs or in the
interblobs suggests that the afferent input to area 19 may be segregated into
compartments. In this diagram the afferent modules are hypothesized as
interdigitating C O blob recipient and C O interblob recipient compartments. The
organization of the area 19 afferent compartments remains to be worked out.
Efferent bands of cells projecting to 21a and LS roughly interdigitate with each
other, while the borders of the bands that contain less label overlap. The
relationship between the afferent efferent compartments is not known

Conclusion
Area 19 receives a global soft patterned input from area 17 (e.g. both C O blobs
and interblobs project to area 19). The terminology soft and hard patterned are applied as
specified by Shipp and Grant (1991; see Chapter 4 for details). This differs from the two
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functionally distinct areas, 21a and LS, which both receive a hard patterned input from
the C O blobs. This restricted input is a characteristic of functionally specific areas in the
primate (i.e. M T and V4). However, the soft patterned input to area 19 is spatially
arranged accordingly so there are regions in area 19 that receive a preferential input from
the C O blobs and other regions that receive a preferential input from the interblobs. This
suggests that, like V2, which also receives a global input, area 19 may be functionally
divided into different afferent compartments. Evidence of functionally distinct modules
in area 19 and their relationship to the anatomical modular mosaic defined in this study
remains to be worked out. Still, further support of a division of labour within area 19
comes from the fact that input from 21a and L S is sequestered into banded modules. The
partial overlap of these two types of bands in regions that have low labeling density may
be a general feature of mammalian extrastriate organization that allows for parallel
processing as well as communication between the two pathways. The spacing of the
intrinsic connections is very similar to the efferent bands, which suggests a specific
relationship between the two modules. It is tempting to speculate that an injection in one
type of efferent band preferentially labels other bands of that same type. A n example of
this hypothesis is shown in Figure 8.2. In conclusion, extrastriate area 19 is organized
into different modules: The afferent input from area 17 that appears to be at least partially
segregated and the presence of projection bands to LS (a motion area) and 21a (a form
area). Although the relationship between the afferent and efferent modules remains
defined , the presence of segregated modules in area 19 strongly suggests the presence of
at least two different parallel pathways. The overlapping portions of the 21a and LS
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efferent bands also raise the intriguing possibility of convergence between the different
modules in area 19.

A R E A 19

|

LS Projecting Band
21a Projecting Band

F i g u r e 8.2 A schematic of the hypothesized relationship between area 19 efferent
bands and intrinsic connections. A t the top of the figure is an illustration of an
injection. The red halo represents the ring of non-specific label that surrounds an
injection site. The red circles represent intrinsically labeled patches. In this figure,
the injection is being placed in a 21a projecting band. The patches of label are
drawn so they colocalized with the 21a projecting bands. Alternatively i f the
injection was placed in an L S band it is hypothesized that the intrinsic patches
would be found preferentially in the L S bands.
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