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ABSTRACT

The representation of the visual field in the second visual area (V2) was
reconstructed from multiunit visual responses and anatomical tracers. Re-
ceptive field plotting was performed during multiple recording sessions in
seven Cebus apella monkeys under NoO/Oy and immobilized with pancuro-
nium bromide. V2 forms a continuous belt of variable width around striate
cortex (V1) except at the most anterior portion of the calcarine sulcus. In
each hemisphere V2 contains a visuotopic representation of the contralat-
eral visual hemifield. The representation of the vertical meridian is adjacent
to that of V1 and forms the posterior border of V2. The representation of the
fovea of V2 is adjacent to that of V1. The representation of the horizontal
meridian (HM) is continuous with that of V1; then it splits to form the
anterior border of V2, both dorsally and ventrally. The lower quadrant of
the visual field is represented dorsally and the upper quadrant ventrally.
The visual topography of V2 is coarser than that of V1. In V2, receptive
fields corresponding to recording sites separated by a cortical distance of up
to 4 mm may represent the same portion of the visual field.

In three additional animals, combined injections of fluorescent tracers
along the HM representation in V1 yielded two projection sites at the
anterior border of V2. The split of the HM representation is estimated to
occur at an eccentricity below 1°.

Quantitative analysis showed that in V2 the representation of the
central visual field is magnified relative to that of the periphery. The cortical
magnification factor is greater along the isopolar dimension than along the
isoeccentric one. Receptive field size in V2 increases with increasing
eccentricity.

In sections stained for myelin by the Heidenhein-Woelcke method V2
can be distinguished from the surrounding cortex for most of its extent.

Key words: prestriate cortex, visuotopic organization, cortical magnification,
receptive field size, New World monkey

Cowey, in 1964, described a partial representation of the
visual field in the prestriate cortex adjacent to V1 in the
squirrel monkey (Saimiri). Later, Allman and Kaas ('74)
mapped a complete representation of the visual field in the
comparable area of another New World monkey, the noctur-
nal owl monkey (Aotus). In Old World monkeys the pres-
ence of V2 was first suggested by Zeki ('69). Subsequently,
Van Essen and Zeki (78) mapped, in the macaque, the area
of representation of the central 10° of the lower visual field
in V2. Later, Gattass et al. ('81) defined the boundaries of
V2 and studied its topographic organization. These authors
have shown that V2, as defined by multiunit recordings, is
coextensive with the area adjacent to V1 which receives
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topographically organized projections from it (Cragg, *69;
Zeki and Sandeman, "76; Rockland and Pandya, ’81; Weller
and Kaas, ’83; Van Essen et al., '86).

The representation of the visual field in V2 was shown to
be discontinuous at the representation of the horizontal
meridian both in the macaque and in the owl monkey. This
type of representation has been referred to as a “second
order transformation of the visual hemifield” by Allman
and Kaas ('74). The topographic organization of V2 in the
owl monkey is slightly different from that found in the
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Abbreviations
Ca calcarine sulcus
Ci cingulate sulcus
Co collateral sulcus
CMF  cortical magnification factor
HM horizontal meridian
10 inferior occipital sulcus
P intraparietal sulcus
La lateral sulcus
Lu lunate sulcus
oT occipito temporal sulcus
Pa paraoccipital sulcus
PO parieto occipital cleft
POm  medial parieto-occipital sulcus
PRO  area prostriata
RF receptive field
ST superior temporal sulcus
VM vertical meridian
Vi primary visual area
V2 second visual area

macaque, both in the relative emphasis of central vision
representation and in the eccentricity at which the split of
the horizontal meridian occurs. These differences may be
related either to the visual habits and sizes of these mon-
keys or may represent a fundamental difference in the
organization of the visual cortex of New World and Old
World monkeys. In order to evaluate these hypotheses, we
studied the visuotopic organization of V2 in Cebus apella, a
New World monkey with diurnal habits, size and sulcal
pattern similar to those of the Old World monkey Macaca
fascicularis.

On the basis of recordings from small groups of neurons
and the position of retrogradely labelled cells after injec-
tions of fluorescent tracers in V1, we report on the visual
topography of V2 in the Cebus. Preliminary results have
been previously described (Gattass et al., ’84; Rosa et al,,
’84; Sousa et al., ’86).

MATERIALS AND METHODS

Ten Cebus apella monkeys weighing between 2.2 and 4.0
kg were used: seven for electrophysiological mapping and
three for anatomical tracing experiments.

A detailed description of the preanesthetic medication,
induction and maintenance of anesthesia, immobilization,
and electrode characteristics has been given elsewhere
(Gattass and Gross, ’81; Gattass et al., ’87). Briefly, prior to
the first recording session the animal was anesthetised
(ketamine, 50 mg’kg and benzodiazepine, 2 mg/kg), and a
stainless-steel well (35 mm in diameter) and a bolt for
holding the animal in a stereotaxic apparatus were im-
planted under aseptic conditions. Supplementary doses of
anesthetic were given when necessary. During the record-
ing sessions, the animals were maintained under 70% ni-
trous oxide and 30% oxygen and immobilized with
pancuronium bromide. The procedures concerning the eyes
and the visual stimuli were also described in the same
publications (Gattass and Gross, '81; Gattass et al., ’87).

Electrophysiological mapping experiments

Four to six recording sessions were conducted for each of
the seven animals used for electrophysiological mapping.
These animals were systematically studied with vertical or
oblique electrode penetrations (tilted posteriorly 20° in the
parasagittal plane) carried out over a 4-week period. In
each penetration recording sites were separated by 400-
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500 um. The topography of the visual field representation
was established by relating the coordinates of the receptive
fields of small clusters of neurons with the locations of the
corresponding recording sites in V2.

The positions of the blind spot and of the fovea were
projected onto a hemisphere by means of a reversible
ophthalmoscope. During the recording session the position
of the fovea was constantly monitored by means of a second
electrode placed at the region of representation of the fovea
in V1 (Gattass et al., '87).

Histology

The histological procedures were described in detail pre-
viously (Gattass and Gross, '81). Electrolytic lesions were
made at several sites along each penetration. Alternate 40-
um frozen sections, either coronal or parasagittal, were
stained for cell bodies with cresyl violet or for myelin with
either a modified Heidenhein-Waelcke stain (Gattass et al.,
’81) or with the Gallyas method ('79).

Anatomical tracing experiments

In three animals, after mapping the opercular surface of
V1 with vertical penetrations 1.5 mm apart, the dura mater
was opened and reflected to allow the injection of fluores-
cent tracers. The injection sites were then programmed,
taking into account the magnification factors of V1 at the
given eccentricity and the direct visualization of the ante-
rior border of V1. This border is easily determined because
in the Cebus, as in the squirrel monkey (Cowey, ’64), V1
has a richer pattern of blood vessels than the surrounding
cortex.

In each animal, 1 ul of a 2% solution of Nuclear Yellow
(NY) in 0.9% saline and 1 ul of a 5% solution of bisbenzim-
ide (BB) in 0.9% saline were injected by brief pulses of
pressure on tapered glass micropipettes (40-70 um) at two
different eccentricities along the horizontal meridian rep-
resentation in V1. The injections were made 600-800 ym
from the cortical surface. After the injection the dura was
sutured and the animal allowed to recover.

After 48 hours of survival the animal was deeply anes-
thetised with sodium pentobarbithal (30 mg/kg) and per-
fused through the aorta with saline 0.9% followed by in-
creasing concentrations of sucrose (10, 20, and 30%) in
formaldehyde 4%. The brain was then removed from the
skull, blocked and stored overnight in the refrigerator in
formaldehyde 4%/sucrose 30%. It was then quickly frozen
and sectioned (40 um) either in the coronal or in the para-
sagittal plane. Nonstained sections were mounted in saline
0.5%, quickly dried, dehydrated, defattened, and cover-
slipped with Eukitt. Alternate sections were either stained
for cells with cresyl violet or for myelin by the Gallyas (79)
method. The sections were analyzed under phase contrast
and fluorescence techniques in a Zeiss Jena NU-2 micro-
scope, with transmitted excitation light peaking at 366 nm
(light source: HBO 200; filters: excitation, BG12 + UG],;
barrier, OG1 or GG9). The sections were scanned under
x250 magnification and plotted with the aid of an x-y
plotter coupled to the microscope stage. The fluorescent
dyes were identified by their hue and by their location in
the cell body.

Two-dimensional maps

In order to obtain maps of the visual topography of V2 for
each animal, we unfolded the relevant portions of extrastri-
ate cortex by building three-dimensional models of layer IV
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Fig. 1. Visuotopic organization of V2. The drawings are based on photo-
graphs of a brain in which sulci were partially opened (stippled areas in
upper drawings). The squares indicate the vertical meridian (VM), the filled
circles the horizontal meridian (HM), the triangles the periphery, and the

at X7.5 magnification and then unfolding them, following
a procedure previously described (Gattass et al., '87). In
reconstructing limited portions of V2, the “pencil and pa-
per” technique with the controls described by Van Essen
and Maunsell (80) was used. An example of such a map is
presented in Figure 8.

RESULTS

Throughout this paper the portion of V2 dorsal to the
calcarine sulcus adjacent to the representation of the lower
quadrant in V1 is referred to as “dorsal V2.” Likewise,
“ventral V2” refers to the part of V2 ventral to the calca-
rine sulcus adjacent to the upper quadrant representation
in V1.

Location and overall organization

V2 forms a continuous belt around striate cortex except
for a small gap at the anteriormost portion of the calcarine
sulcus. V2 is widest (8-11 mm) close to the representation
of 10° eccentricity and shows a constriction (4-5 mm) at the

star the center of gaze. The dashed lines are isoeccentricity lines. Left
drawings are lateral views and the right ones medial views. Inset is a
representation of the visual hemifield in polar coordinates.

region of foveal representation (Figs. 1, 4A). The area of V2
estimated on three-dimensional models in two animals was
found to be 819 and 883 mm?. In these animals the area of
V1 was found to be 1,049 and 1,115 mm?, respectively.

V2 contains a topographically organized representation
of the contralateral visual hemifield, with virtually no in-
vasion of the ipsilateral visual hemifield (Figs. 1, 6). The
vertical meridian is represented along the V1/V2 border.
The representation of the horizontal meridian in V2 splits
and forms most of its border with other anteriorly located
prestriate areas. The foveal representation in V2 is located
laterally, adjacent to that of V1. The lower quadrant of the
visual field is represented dorsally and the upper quadrant
ventrally.

In V2 as in V1 (Gattass et al., ’87) the representation of
the central visual field is greatly magnified relative to that
of the periphery so that more than half of its surface is
dedicated to the representation of the central 10°.

Visuotopic organization of V2

Figure 2 illustrates the locations of receptive field centers
and corresponding recording sites in V2 in a series of para-



Fig. 2. Location of receptive field centers (right) corresponding to record-  representation of the central visual field (inside the dashed box) is magni-
ing sites in dorsal (a, b) and ventral (¢) V2. Sites are indicated in the fied in the lower right. The dashed lines on the sections indicate myeloar-
parasagittal sections (A-G) cut at the levels indicated on the dorsal (inset  chitectonic borders of V2 and the dotted lines indicate layer IV in V1.
in a,b) and ventral (inset in ¢) views of the brain. In 2c the region of

Figure 2b
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sagittal planes spaced 2 mm apart in one animal. Sites
located in dorsal V2 (Fig. 2a,b) correspond to receptive fields
in the lower visual quadrant, while sites in ventral V2 (Fig.
2c¢) correspond to receptive fields in the upper visual quad-
rant. Receptive field centers corresponding to sites located
close to the V1/V2 border are near the vertical meridian
(for example, sites G1-3 in the lower visual field and sites
D31 and D32 in the upper visual field). On the other hand,
sites located close to the border of V2 with other prestriate
areas are near the horizontal meridian (for example, sites
A8 and F18). Note, however, that the centers of receptive
fields corresponding to sites located at the anterior border
of both dorsal and ventral V2 are not always coincident
with the horizontal meridian; they occasionally invade the
opposite visual quadrant.

In dorsal V2, recording sites on the lateral surface and
lunate sulcus correspond to central receptive fields (Fig.
2a), whereas sites on the parietooccipital cleft, medial sur-
face, and medial parietooccipital sulcus correspond to pe-
ripheral receptive fields (Fig. 2b). In ventral V2 recording
sites located in the inferior occipital sulcus correspond to
centrally located receptive fields (Fig. 2¢, for example, sites
A9-18). As one moves anteriorly along the tentorial surface
across the collateral sulcus and along the lower bank of the
calcarine sulcus there is an increase in receptive field ec-
centricity (see, for example, sites C17-31 and D15-62).

Figure 3 illustrates the location of receptive field centers
and corresponding recording sites in a series of coronal
sections from another animal. The visuotopic organization
of V2 reconstructed from coronal sections is consistent with
the above description. Note in this figure that the border
between V1 and V2 represents the vertical meridian except
for the anteriormost part of the calcarine sulcus, where
recording sites close to this border correspond to the repre-
sentation of the visual field periphery (sites F8-12; see also
Fig. 8).

Inasmuch as V2 occupies several gyri and sulci in the
occipital cortex, it is difficult to analyze the details of its
visual topography in data presented in serial sections.
Therefore, in order to obtain an overall view of the visual
topography of V2, we projected the recording sites onto two-
dimensional maps of the relevant portions of prestriate
cortex.

Figure 4A illustrates an unfolded view of the striate and
prestriate cortices corresponding to the hemisphere illus-
trated in Figure 2. The hatched region corresponds to V2.
In order to minimize areal and angular distortions in V2
we introduced a discontinuity along the border of V1 and
through area prostriata, as suggested by Van Essen et al.
(82). Figure 4B shows an enlarged view of the flattened
model of V2 with the contours of layer IV of the sections
used to build the model and the recording sites indicated
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Fig. 3. Location of receptive field centers (right) corresponding to record-
ing sites indicated on coronal sections (A-F) cut at the levels indicated on
the lateral (upper inset) and medial (lower inset) views of the brain. The

with the same symbols used in Figure 2. In Figure 4C the
eccentricities of the receptive field centers were placed at
the location of the corresponding recording sites. The isoec-
centricity lines were then drawn by eye to fit the values
indicated in the map. In another map, using the values of
the polar angle of the receptive field centers, we drew the
location of the meridians and of the lines of + and —45°
polar angle. These were combined in a more descriptive
map of the visual topography in V2 for this animal in
Figure 4D. In this figure, the extent of foveal V2 and the
location of the split of HM were estimated on the basis of
anatomical experiments from other animals (see below).
Although the sulcal pattern varies from animal to ani-
mal, the visual topography of V2 remains fairly constant
across animals. Figure 5 compares the visual topography of
V2 on flattened maps of two animals with very different
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region of representation of the central visual field (inside the dashed box) is
magnified in the lower right (see also legend to Fig. 2).

sulcal patterns. In spite of these variations in the sulcal
pattern, the location, dimensions, and visuotopic organiza-
tion of V2 are similar in both animals.

The extent of the visual field represented in V2 is shown
in Figure 6. The hatched region represents the portion of
the visual field delimited by the most nasal and most pe-
ripheral borders of the receptive fields recorded in V2 in
seven animals. The dashed line corresponds to the mean
extent of the monocular field of vision of three monkeys
under neuromuscular paralysis, and the dotted line delim-
its the binocular field of vision. For the determination of
the extent of the field of vision we followed the same proce-
dure described by Gattass et al. (87). As illustrated in
Figure 6, V2 contains a representation of the entire binoc-
ular segment and at least part of the monocular crescent of
the visual field. No receptive field centers were observed in
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Fig. 4. A: Flattened reconstruction of striate and prestriate cortices, from the same animal illustrated in
Figure 2, showing the location of V2 (hatch) and of area prostriata (black). B-D: Enlarged views of the flattened
model of V2. For details see text.
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Fig. 5. Flattened maps of V2 in two animals with distinct sulcal patterns.
Upper drawings are based on photographs of the dorsolateral and medial
views of the brains of animals CB11 and CB04, where the positions of the

the ipsilateral hemifield, although the borders of some re-
ceptive fields occasionally invaded the ipsilateral hemifield
by a few degrees.

Electrophysiological de}e‘l;rznination of the borders
o

Abrupt changes in the progression of receptive field cen-
ters, as well as in receptive field sizes, were the criteria
used to define the electrophysiological borders of V2.

M.G.P. ROSA ET AL.

CB 04

meridians and of the center of gaze were drawn by eye. Lower drawings are
flattened reconstructions of prestriate cortex showing the visuotopic orga-
nization of V2 relative to the sulcal pattern (see also legend to Fig. 1).

Figure 7 illustrates receptive fields recorded through dor-
sal and ventral V2 at the level of representation of the
central visual field in a parasagittal section. As one moves
along V2, from the border of V1 to the anterior border of
V2 both dorsally (sites 5-11) and ventrally (sites 19-26), the
receptive field positions change from the vertical to the
horizontal meridian. After crossing the border between V2
and the anteriorly located visual area there is not only a
reversal in field sequence but also an increase in field size.
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Fig. 6. Extent of the visual field represented in V2 (hatched). For details see text.

Figure 8 illustrates the borders of V2 with surrounding
areas at the region of representation of the far periphery.
Figure 8 upper left shows recording sites in an enlarged
view of the calcarine sulcus at the level indicated in the
medial view of the brain. Figure 8 lower left is a flattened
reconstruction of the most anterior portion of the calcarine
sulcus and adjoining ventral cortex. As shown in Figure 8
right, the border between V1 and V2 at more posterior
levels represents the vertical meridian (sites 10 and 11). As
one moves anteriorly along the lower bank of the calcarine
sulcus the fields progress toward the periphery, and the V1/
V2 border at this region no longer represents the vertical
meridian. Instead, this border represents the far periphery
(sites 8 and 15). As one moves toward the border between
V2 and the ventrally located visual area, the receptive
fields move toward the horizontal meridian (sites 11-22).
After crossing the myeloarchitectonic border between V2
and the adjoining ventral area, the receptive fields begin to
move away from the horizontal meridian. In this case,
however, the increase in receptive field size is not as appar-
ent as the one illustrated in Figure 7. Thus, the definition
of the borders of V2 should rely on a combination of criteria.

Myeloarchitecture

In sections stained for myelin with the Heidenhein-
Woelcke method, V2, as defined electrophysiologically, is

myeloarchitectonically heterogeneous (Fig. 9). It shows
myeloarchitectonic patterns which vary from less to more
stratified. The less-stratified pattern is characterized by a
thick and homogeneous band of fibers extending from layer
VI to the bottom of layer III (Fig. 9A) and thus resembles
the pattern previously described for V2 in the macaque
(Gattass et al., ’81). The more stratified V2 is characterized
by a less-intense myelination of layer V so that the inner
and outer bands of Baillarger become conspicuous (Fig. 9B).
Another characteristic of the more stratified V2 is that the
inner band is thicker than the outer band and it extends to
the border with the white matter (Fig. 9B). Figure 10 shows
the distribution of the patterns of myelination in V2 in two
animals. The distribution of these patterns varies consid-
erably from animal to animal. In all animals, most of V2
shows the less stratified pattern, and this is the only pat-
tern observable in the region of representation of the pe-
riphery. The more stratified pattern predominates in central
V2. The transitions between these patterns are usually
gradual. In some animals this pattern of myelination re-
sembles the distribution of the cytochrome oxidase bands
demonstrated in tangential sections by Tootell et al. (’83).
However, the regions presenting a stratified pattern of my-
elination are wider and less regularly distributed than the
cytochrome oxidase bands demonstrated by these authors.
As described previously, V2 can be easily distinguished
from V1 and area prostriata on the basis of both cyto- and
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Fig. 7. Central receptive fields in V2 and neighboring areas. The record-
ing sites are indicated on the parasagittal section cut at the level indicated
on the dorsal view of the brain. The location of the centers of the receptive

myeloarchitecture (Allman and Kaas, '71, 74; Sanides, *72;
Gattass et al., 87). Most of the border of V2 with other
areas of the prestriate cortex can also be determined in
Heidenhein-Waoelcke stained sections. The determination of
these borders is based on the characteristics of the inner
and outer bands of Baillarger. Throughout V2 the outer
band of Baillarger is not sharply defined. This characteris-

M.G.P. ROSA ET AL.
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fields recorded at these sites are shown in the lower left and the receptive
fields in the upper right (V1 and V2) and lower right (V?). The dashed lines
on the sections indicate the myeloarchitectonic borders of V2.

tic can be used to distinguish V2 from the cortex located
ventral and laterally, which is clearly stratified and pre-
sents a thin, sharply defined outer band of Baillarger (Fig.
9C). In addition, these areas present a paler band between
the inner band and the white matter, which is not observa-
ble in V2. V2 may also be distinguished from a medially
located area which in addition to being densely myelinated,
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Fig. 8. Peripheral receptive fields in V2 and neighboring areas. The
recording sites are indicated in an enlarged view of the calcarine sulcus cut
coronally at the level indicated on the medial view of the brain (upper left)
and on the flattened reconstruction of the anterior portion of the calcarine
sulcus (lower left). The locations of the receptive fields are shown on the
right. The dashed lines are myeloarchitectonic borders. Arrows indicate the
lower lip of the calcarine sulcus. Lower left: Thin lines represent the con-
tours of layer IV of the sections used to build the flattened reconstruction,
and the heavy line indicates the lower lip of the calcarine sulcus.

presents a sharp, heavily myelinated, thick outer band of
Baillarger (Fig. 9D). This area is visually driven (Neuen-
schwander et al., in preparation) and may correspond to
area PO of the macaque (Covey et al., ’82; Gattass et al.,
’86; Colby et al., *88).

In some animals, we were unable to distinguish the bor-
der of V2 at the posterior bank of the paraoccipital sulcus
and anectant gyrus—regions which present a myelination
pattern similar to that of peripheral V2. Likewise, the
border of foveal V2 with anteriorly located prestriate areas
is not always conspicuous. In this region, the areas usually
present a pattern of myelination similar to that of the more
stratified V2.

Split of the horizontal meridian and width
of foveal V2

The borders of V2 are not equally well determined at all
eccentricities. Several factors, such as the high magnifica-
tion factor, receptive field scatter, and contiguity with the
foveal representation of other areas converge to make the
determination particularly difficult at the foveal represen-
tation. In addition, the determination of the anterior border
of V2 at this region is not always clear based on myeloar-
chitectonic differences. For these reasons we have used
anatomical tracers to help establish this boundary. Inas-
much as the connections between V1 and V2 in the ma-
caque were shown to be homotopic (Weller and Kaas, ’83),
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one would expect that injection of a tracer along the hori-
zontal meridian representation of V1, at an eccentricity
below the value of horizontal meridian split in V2, would
result in a single patch of label in V2. On the other hand,
injections placed at higher eccentricities along the horizon-
tal meridian in V1 would result in two distinct patches of
label, one dorsal and one ventral, at the region of the
horizontal meridian representation in V2. Therefore, two
retrogradely transported fluorescent tracers were injected
at different eccentricities along the representation of the
horizontal meridian in V1. The data were charted on flat-
tened reconstructions of the striate opercular surface and
surrounding cortex to provide an overall view of the injec-
tion sites and projection zones as well as to allow direct
measurements of the width of V2.

The upper part of Figure 11 illustrates the results ob-
tained in animal CB09, in which the bisbenzimide injection
at 0.5° eccentricity resulted in only one patch of labelled
cells in V2 while the Nuclear Yellow one at 2.1° eccentricity
resulted in two distinct patches: one in dorsal and the other
in ventral V2.

The lower part of Figure 11 illustrates the results from
two additional animals. In animal CBO08 the injection at
2.5° resulted in two patches, while the injection at 0.8°
resulted in a continuous patch. This patch, however, had
two distinct, heavily labelled dorsal and ventral subregions.
In case CBO07, both injections (at 1.1 and 3.0° eccentricities)
resulted in separate patches at the anterior region of cen-
tral V2. These results indicate that the representation of
the horizontal meridian splits at an eccentricity below 1°
to form the anterior border of V2.

The projection from V2 to V1 is characterized by heavily
labelled, densely packed cells at both infra- and supragran-
ular layers. The cells labelled at areas anterior to V2, both
dorsal and ventrally, are larger than those observed in V2,
more sparsely distributed, and located mainly in the infra-
granular layers; rarely a few cells are also found in the
supragranular layers (Pifion et al., ’86). The region of tran-
sition in the laminar distribution of labelled cells was con-
sidered to be the border between V2 and the anteriorly
placed area in the region of foveal representation. The
coincidence between this anatomical transition and the an-
terior border of V2 was confirmed, at more peripheral ec-
centricities, by combined experiments involving tracer
injections in V1 and electrophysiological recordings (Sousa
et al., in preparation).

In the region of foveal representation, the width of V2
was measured on the flattened models from the cyto- and
myeloarchitectonic border between V1 and V2, posteriorly,
to the region of transition in the laminar distribution of
labelled cells, anteriorly. The width of foveal V2 was smaller
than at other eccentricities and varied from 4 to 5 mm.

Receptive field size

The variation of the square root of receptive field area as
a function of eccentricity of receptive field center in V2 is
shown in Figure 12. The linear function fitted to the data
by the method of least squares, expressed by equation (1),
provides a good description of the data.

1)

RF size = 0.57 + 0.22 (ecc) (RZ = 0.73; n = 478)

Cortical magnification factor and anisotropy

The cortical magnification factor (CMF) in V2, i.e., the
distance, in millimeters, between two recording sites di-
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Fig. 9. Photomicrographs of myelin-stained coronal sections. Upper: The area. Arrows point to the borders between V1 and V2; arrowheads indicate
myeloarchitectonic patterns observed in peripheral (A) and central (B) V2. the borders between V2 and other visual areas. Gradual transitions are
Lower: The borders of V2 with a ventrolateral (C) and a medial (D) visual indicated by multiple arrowheads (for details see text). Scale bar = 1 mm.
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Fig. 10. Distribution of the patterns of myelination of V2 in two animals.
Drawings are flattened reconstructions of prestriate cortex with V2 indi-
cated in hatch. Simple hatch, less stratified pattern; crosshatch, more strat-
ified and intermediate patterns. Insets are flattened reconstructions with
sulci indicated. The dashed lines indicate the fundi of the sulei and the
heavier lines the lips of the sulci.

vided by the distance, in degrees, between the centers of
corresponding receptive fields (Daniel and Whitteridge, *61),
was determined along different dimensions for two animals.

The cortical distance between two recording sites was
directly measured on three-dimensional reconstructions of
V2, following the same procedure used by Gattass et al.
(87). Inasmuch as in V2 two adjacent receptive fields im-
mediately above and below the horizontal meridian can be
separated by several millimeters along the cortical surface,
the data for dorsal and ventral V2 were treated separately
for the calculations of the CMF. The terms “isopolar CMF”’
and “isoeccentric CMF” refer to the CMF calculated with
recording sites located along lines approximately parallel
to the isopolar or isoeccentric lines in V2.

Power functions fitted to the isopolar CMF data for the
upper and the lower quadrants were not statistically differ-
ent (slope t = 0.66, .5 < P < .55; intercept t = 0.38, .65 <
P < .7). Likewise, there was no difference between the
functions fitted to the isoeccentric CMF data of either quad-
rant (slope t = 0.29, .75 < P < .8; intercept t = 0.93, .3 <
P < .35). Thus, we have pooled the data of the two quad-
rants in the analysis of CMF in V2.

In both monkeys, power functions fitted to the CMF data
measured along the isopolar (Mp) and isoeccentric (Me)
dimensions in V2 had similar slopes (CB 04 t = 0.08, .9 <
P < 95 CB11t=0.89 .35 < P < .4), but different y
intercepts (CB 04 t = 12,51, P < .0001; CB 11t = 14.98, P
< .0001) (Fig. 13). These results demonstrate the existence
of an anisotropy in the representation of the visual field in
V2, with Mp being about 1.5 times greater than Me at all
eccentricities. Inasmuch as there was no significant differ-
ence between the CMF functions of each animal, we have
pooled the data. Equations (2) and (3), represented in dashed
line in Figure 13 A and B, respectively, describe the power
functions of the variation of CMF with eccentricity in V2,
fitted by the method of least squares.
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Fig. 11. Split of horizontal meridian representation in V2. Upper left,
flattened reconstruction of the opercular region of V1 and of adjacent pres-
triate areas of animal CB09. Thin lines represent the contours of layer IV
of the sections used to build the model. Thick lines indicate the lips of the
sulci. Upper right and lower, schematic representations of the posterior
portion of the brain of three animals with sulci partially opened. Injection
sites and corresponding projection zones are hatched. Dashed lines indicate
borders based on the myeloarchitectonic pattern or on the laminar distri-
bution of labelled cells. Dots are estimated borders. Insets show the recep-
tive fields recorded at corresponding injection sites.

Mp = 10.31 (ecc) 14 (R? = 0.92; n

655) (2)

Me = 7.23(ecc) M (R? = 0.87;n = 649) (3)

The power functions thus obtained tend to overestimate
the values of the CMF at the regions of foveal and far
peripheral representations. As in striate cortex (Gattass et
al., ’87), second-order polynomial functions fitted to the
natural logarithms of both magnification factor and eccen-
tricity were found to be more adequate to describe the CMF
data. These functions(equations[4] and [5]) are represented
as continuous lines in Figure 13A and B, respectively.

LnMp) = 1.97 — 0.63 (Lnjece)) — 0.09 (Lnfecc)?

@

R2 = 0.93)
Ln(Me) = 1.69 — 0.75 (Lnfecc]) — 0.07 (Lnfecc]® (5)
R? = 0.88)

The areal cortical magnification factor (ACMF), i.e., the
ratio of the area of a given region of the cortical surface in
square millimeters, and the area of the corresponding seg-
ment of the visual field in square degrees (Tusa et al., ’79)
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Fig. 12. Receptive field size as a function of eccentricity of receptive field
center in seven animals (for details see text).
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Fig. 13. Cortical magnification factor along the isopolar (A) and isoeccen-

tric (B) dimensions as a function of eccentricity. Data from two animals:
triangles, CB04; dots, CB11 (for details see text).

was determined with a method similar to that described by
Gattass et al. (87). Equation (6) corresponds to the best-
fitting second-order polynomial function which describes
the variation of VACMF with eccentricity in V2. The cor-
responding function is shown in Figure 14.
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_Fig. 14. Square root of the areal cortical magnification factor as a func-
tion of eccentricity for the same animals illustrated in Figure 13 (for details
see text).

Ln (VACMF) = 1.55 — 0.51 (Ln[ecc})
— 0.10 (Ln[ecc]®
(R? = 0.99; n = 74)
DISCUSSION
Visuotopic organization

(6)

The visual topography of V2 in the Cebus is similar to
that described for the nocturnal platyrrhine Aotus (Allman
and Kaas, *74) and for the diurnal catarrhine Macaca (Gat-
tass et al., ’81). The visual field representation is not contin-
uous: the upper visual quadrant is primarily represented
in ventral V2 and the lower quadrant in dorsal V2. In fact,
since our results demonstrate that at the anterior border of
both dorsal and ventral V2 the visual representation may
invade the opposite quadrant, in Cebus there is a redundant
representation of the vicinities of the horizontal meridian
(Fig. 6). This observation adds a new feature to the model
proposed by Allman and Kaas (74) for V2 in the owl mon-
key. The existence of receptive fields with centers in the
upper quadrant, corresponding to sites located in the border
of dorsal V2 with V3 in the macaque, was described by Zeki
and Sandeman ("76) and Van Essen and Zeki ('78). In addi-
tion, Gattass et al. ('81) have also observed an invasion of
the lower quadrant at the anterior border of ventral V2 in
the macaque. These previous observations lend generality
to our results.

These invasions are not due to eye movements, since we
have monitored the position of the fovea throughout the
experimental sessions. Furthermore, residual eye move-
ments in macaques paralyzed with pancuronium bromide
reach at most 0.5 degrees (Blasdel and Fitzpatrick, '84);
thus, invasions of receptive field centers beyond the hori-
zontal meridian extending up to 5° are unlikely to be ex-
plained by these movements.

What could be the functional role of the redundant rep-
resentation of the horizontal meridian at the anterior bor-
der of V2? One hypothesis is that neurons in this region
might be involved in signalling the coherence of the visual
image across the horizontal meridian, subserving a similar
function to that of callosal fibers for neurons with receptive
fields close to the VM. This hypothesis is supported by the
demonstration of modulatory peripheries in single-unit re-
ceptive fields of areas V2, V4, and middle temporal (MT) in
the macaque (Moran et al., '83; Allman et al., ’84; De Yoe
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Fig. 15. Extent of the visual field represented in V2 in the macaque. Based on unpublished data from the work

of Gattass et al. (81; see also legend to Fig. 6).

et al., ’86; Tanaka et al., ’86). In V4, the interhemispheric
connections provide the modulatory input which integrates
the visual image across the vertical meridian (Moran et al.,
’83). In areas with second-order representations of the vi-
sual field there is a similar problem concerning the coher-
ence of the visual image across the horizontal meridian.
The double representation of a region in the vicinities of
the horizontal meridian in V2 could provide the modulatory
inputs to neurons with receptive fields near the horizontal
meridian. Thus, there would be no need for long connec-
tions between dorsal and ventral portions of V2, although
interconnections between dorsal and ventral area 18 in
Saimiri have been described by Tigges et al. ('74).

In addition, as previously reported (Gattass et al., ’81), we
observed a small invasion of the ipsilateral hemifield in V2
which is consistent with the existence of a band of callosal
connections in the border region between V1 and V2 (Van
Essen et al., ’82; Cusick et al., ’86; Gould et al., ’87). This
invasion differs from that observed along the HM in that
we have never observed receptive field centers in the ipsi-
lateral hemifield.

Extent of the visual field represented in V2

The second visual area of the Cebus contains, in each
hemisphere, a representation of the whole binocular seg-
ment and of at least part of the monocular crescent of the
contralateral hemifield (Fig. 6). This result confirms pre-
vious electrophysiological reports by Allman and Kaas ("74)
in the Aotus and by Gattass et al. (81) in the macaque. On
the other hand, based on cytochrome oxidase topography,

Tootell et al. ('85), who questioned the presence of a repre-
sentation of the monocular crescent in V2, suggested that
the region containing cytochrome oxidase strips is coexten-
sive with the region of binocular representation in V2. The
existence of a predominance of color- and disparity-sensitive
neurons in cytochrome oxidase-rich strips (Hubel and Liv-
ingstone, ’85) suggests an alternative explanation: it is
conceivable that the pattern of strips does not extend to the
periphery of V2, where one finds the representation of the
monocular crescent.

In the present report we did not record receptive fields in
the upper monocular crescent in V2. According to the model
proposed by Allman and Kaas ('74) the region representing
the upper monocular crescent should be located at the an-
terior portion of the lower bank of the calcarine sulcus. If
one considers that the theoretical distance between the
isoeccentricity lines for 60 and 80°, based on the isopolar
CMF, is 3.1 mm, one could assume that the unexplored
region in this study, at the anterior portion of the lower
bank of the calcarine sulcus, is only slightly smaller than
that needed to accommodate the representation of the up-
per monocular crescent (see Fig. 4). Therefore, our results
are compatible with the existence in V2 of a complete
representation of the field of vision of the monkey in the
paralyzed condition, as previously reported by Allman and
Kaas ("74) and Gattass et al. ('81). Inasmuch as the exis-
tence of a representation of the monocular crescent in V2
has been recently questioned (Tootell et al., ’85), we illus-
trate in Figure 15 the extent of the visual field represented
in dorsal and ventral V2 in the macaque, based on unpub-
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Fig. 16. Theoretical models of the local visuotopic organization in V2.
Middle: Representation of a quadrant of the visual field with two isoeccen-
tric (A, B) and four isopolar (1-4) sectors indicated. Arrows in sector B3
indicate equal displacements along the isoeccentric and isopolar dimensions

2.5mm IO"-J

Fig. 17. Bands of isoeccentric representation in V2. Upper left, parasag-
ittal section cut at the level indicated on the dorsal and ventral views of the
brain (upper right). The region inside the box is magnified in the lower left
with the recording sites indicated. Lower right, location of receptive fields
recorded at the sites indicated in the lower left.

lished data from the study of the visuotopic organization of
V2 by Gattass et al. (81).

Size of V2

Studies of V2 in macaque and owl monkeys yielded con-
flicting results concerning the relationship between the
sizes of V1 and V2. Based on data reported by Gattass et

in the visual field. Left and right are models of the representation, in V2,
of the visual sectors illustrated in the middle with respect to cytochrome
oxidase band pattern. Open arrows point to the representation of the merid-
ians (for details see text).

al. ’81) and Van Essen et al. ("86) in the macaque, the area
of V2 was found to correspond to approximately 80% of that
of V1. For the owl monkey, the area of V2 reported by
Tootell et al. (85) is compatible with that obtained based on
electrophysiological data (Allman and Kaas, ’74). According
to these data the ratio between the areas of V2 and V1, in
Aotus, is much smaller (about 25%). In the Cebus, the ratio
between the areas of V2 and V1 was found to be approxi-
mately the same as that reported for the macaque. In addi-
tion, the absolute size of V2 in the Cebus has been found to
be similar to that reported for the macaque (Gattass et al.,
’81; Van Essen et al., "86).

The difference in the ratio of the areas of V2 and V1 in
Cebus and Macaca in comparison with that observed in
Aotus is puzzling in view of the fact that the ratio between
the areas of MT and V1 is nearly the same for the three
above-mentioned species (Fiorani, ’86). This observation
suggests that the organization of the cortical visual areas
of the Aotus does not result from a homogeneous compres-
sion of that observed in large, diurnal monkeys.

Boundaries of foveal V2 and split representation of
the horizontal meridian

We were unable to precisely locate the anterior border of
foveal V2 based both on electrophysiological and myeloar-
chitectonic criteria. Therefore, we have used the pattern of
laminar distribution of labelled cells in prestriate areas
following injections of retrograde tracers in V1 (Sousa et
al., ’87). Based on this method we concluded that V2 is a
continuous belt, not segregated in dorsal and ventral por-
tions. This result was further confirmed by the presence of
cytochrome-oxidase-rich strips in the region of foveal rep-
resentation anterior to V1 (Rosa et al., '88)—a pattern sim-
ilar to that described for V2 by Tootell et al. (83, ’85). The
split of the horizontal meridian representation in V2 was
first demonstrated by Allman and Kaas ('74) in the owl
monkey by means of electrophysiological recordings. These
authors have demonstrated that in Aotus the representa-
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Fig. 18. Minimum cortical point image size as a function of eccentricity
along the isopolar and isoeccentric dimensions for V1 and V2. Data from
two animals.

tion of the horizontal meridian is continuous with that of
V1 up to an eccentricity of 7°, where it splits to form the
anterior border of V2. In Macaca, the greater magnification
factor of foveal V2 made it difficult to precisely determine
the eccentricity at which the horizontal meridian represen-
tation splits. Based on the mean position of receptive fields
in the region of foveal representation, Gattass et al. (81)
estimated that the split of the horizontal meridian occurs
at approximately 1° eccentricity. In the present study, we
have addressed this question by the use of retrograde
tracers. Our results indicate that the representation of the
horizontal meridian in V2 splits below 1° eccentricity and
support the view of Gattass et al. ("81) that the more central
split in macaques is related to greater foveal magnification
factor in diurnal monkeys.

Cortical magnification factor and anisotropy

The variation of the areal cortical magnification factor
with eccentricity for V2 has a smaller slope than that
described for V1 (V1, —0.94; V2; —1; t = 3.47, P < .0005).
While in the central visual field representation the mean
cortical magnification factor is very similar for both V1 and
V2, in the peripheral representation the values are greater
for V1. Thus, the difference in the sizes of V1 and V2 could
be the result of a compression in the peripheral represen-
tation of V2.

The magnification factor was not systematically studied
at the foveal representation. Therefore, we cannot assign
precise values of areal cortical magnification factor (ACMF)
to specific eccentricities below 2°. However, equation (6)
predicts a surface of 122.8 mm? for the representation of
eccentricities between 4’ and 120’, a value that is compati-
ble with that measured on partially unfolded models of V2
following the procedure described by Gattass et al. ('87).
According to equation (6), the maximum vACMF value in
V2 would be 9.3 mm/deg, at 4’ eccentricity. This value is
very similar to that estimated for V1 in the Cebus (9.6 mm/
deg) at a similar eccentricity.

The comparison of the CMF functions in the isopolar and
isoeccentric dimensions revealed an anisotropy in the map

343

of the visual field of V2. For all eccentricities, the isopolar
CMF is about 50% greater than the isoeccentric one. This
anisotropy could result from the existence, in V2, of three
systems of cytochrome oxidase bands which are arranged
in a pattern perpendicular to the border between V1 and
V2, as described by Tootell et al. ('83). These strips are
approximately parallel to the isoeccentricity lines and per-
pendicular to the isopolar lines. Inasmuch as each type of
strip is characterized by different single-unit properties and
patterns of connections (Hubel and Livingstone, '85; De Yoe
and Van Essen, '85; Shipp and Zeki, ’85), it is conceivable
that a given sector of the visual field may be represented
many times in V2 at adjacent regions of different strips, as
illustrated in Figure 16 for sector B3. Figure 16 illustrates
theoretical models of the local visuotopic organization in
V2 where segments of the visual field are rerepresented in
each set of strips. In this model the position of the borders
of each sector relative to the band pattern is an arbitrary
one. The model illustrated in Figure 16 left implies an
anisotropic representation of the visual field inasmuch as a
given distance in the visual field would correspond to a
cortical distance in the isopolar dimension on the average
four times greater than in the isoeccentric one. If one takes
into consideration the heterogeneities within the cyto-
chrome-oxidase-rich strips described by Wong-Riley and
Carrol ('84) and by Shipp and Zeki ('85), one would arrive
at a model similar to that illustrated in Figure 16 right. In
this model, the heterogeneities along each strip would im-
ply a remapping of each visual field sector so that each V2
“module,” i.e., the cortical compartment capable of process-
ing all information from a given point of the visual field,
would be composed of eight subunits organized as illus-
trated. Without taking into account the differences in width
of the strips this model predicts an anisotropy of approxi-
mately 2:1. Qur data reveal an anisotropy of 1.5:1, a value
which is only slightly smaller than that predicted by the
second model proposed. This difference could be explained
by the observation that the isoeccentricity contours are not
exactly parallel to the cytochrome oxidase bands found in
the Cebus (unpublished observations).

Following this model, which is consistent with data pre-
sented in Figures 2a and 17, the topographic organization
of V2 would not reflect a continuous, point-to-point trans-
formation of the visual field. Instead, it would be a mosaic
of discrete regions of representation of sectors of the visual
field. Thus, one would expect a local disorderliness in the
map of the visual field such that a displacement of several
millimeters in the cortex would not always result in a
predictable change in receptive field position. As illustrated
in Figure 17, a displacement of recording sites in the an-
teroposterior dimension, along the lower bank of the calcar-
ine sulcus, does not yield a smooth centroperipheral
displacement of receptive fields. Instead, receptive fields
from the three posteriorly located penetrations (fields 1-12)
tend to cluster in an almost isoeccentric sector of the visual
field, in spite of a 2.5-mm anteroposterior displacement
along the cortical surface. Similarly, receptive fields from
the two anteriorly located penetrations (fields 13-20) rep-
resent a more peripheral isoeccentric sector of the visual
field. In contrast with this discrete centroperipheral dis-
placement, a dorsoventral displacement of recording sites
yields a smooth change in receptive field positions from the
vertical to the horizontal meridian. Figure 2a also illus-
trates a discontinuous change in receptive field eccentrici-
ties as one crosses V2 in the centroperipheral direction. The
receptive fields corresponding to sites located in the poste-
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In the retina of the adult albino rat, two classes (1 and 2)
of TH-IR amacrine cells are recognized. The somata of class
1 TH-IR cells average approximately 13 pm in diameter
(range, 10-22 pm), and are mostly found in the innermost
part of the INL; a small minority are found in either the
GCL, IPL, or in the outer part of the INL (Ehinger, ’76,
’83a,b; Nguyen-LeGros et al., '83, '84a, '86; Mitrofanis and
Stone, ’86; Versaux-Botteri et al., '86; Mitrofanis et al.,
’88b). Each class 1 cell has several thick beaded dendrites
which mainly spread in several of the outer strata of the
IPL. The dendrites of a minority of these cells spread in a
middle stratum of the IPL (Nguyen-LeGros et al., ’83, '84a,
'86; Versaux-Botteri et al., '86). The dendrites of TH-IR cells
spreading in the outer strata of the IPL frequently form
“dendritic rings” around noncatecholaminergic somata at
the border of the INL and IPL (Nguyen-LeGros et al., ’83,
’84a, '86; Mitrofanis and Stone, '86; Versaux-Botteri et al.,
’86; Mitrofanis et al., ’88b). In the cat retina, these nonca-
techolaminergic somata are presumed to be those of the AIl
rod amacrine cells (Pourcho, ’82). A small minority of class
1 TH-IR somata in the innermost part of the INL have a
sclerally directed process terminating in the outer plexi-
form layer (OPL; Nguyen-LeGros et al., ’8la,b; Versaux-
Botteri et al., ’86; Mitrofanis et al., ’88b) and are considered
to be interplexiform cells. Similar cells have also been de-
scribed in other mammalian and nonmammalian retinas
(Ehinger, ’76, 83a,b; Dowling and Ehinger, *78; Frederick
et al., ’82; Nguyen-LeGros et al., ’84b; Oyster et al., ’85;
Mitrofanis et al., ’88b).

The class 2 TH-IR cells of the rat retina have small
somata, averaging approximately 6 um in diameter (range,
3-7 um), located in the inner part of the INL. Their fine
processes spread in a middle stratum of the IPL (Nguyen-
LeGros et al,, ’83, '84a, ’86; Mitrofanis and Stone, ’86;
Versaux-Botteri et al., ’86; Mitrofanis et al., ’88b).

The somata of ChAT-IR cells in the retina of the rat are
numerous in both the GCL and INL, with a small majority
in the GCL (Voigt, ’86; Mitrofanis and Stone, ’87a, ’88). The
dendrites of ChAT-IR somata in the GCL spread in an inner
stratum of the IPL, whereas those in the INL spread in an
outer stratum (Kondo et al., '85; Voigt, '86; Mitrofanis and
Stone, ’87a, '88). Masland et al. "84) and Tauchi and Mas-
land (°84) have argued that the inner population of ChAT-
IR cells are important in the generation of ON-responses
from ganglion cells, and the outer population in the gener-
ation of OFF-responses.

The distribution of ChAT-IR cells in the retina of the
adult rat shares several features of the distribution of gan-
glion cells. The density of ChAT-IR cells is maximal in the
region of peak ganglion cell density and declines toward
the periphery (Voigt, ’86: Mitrofanis and Stone, ’87a, ’88).
Both classes of TH-IR cells, by contrast, concentrate in a
broad area close to the superior temporal margin (Mitro-
fanis and Stone, '86; Mitrofanis et al., ’88b). A similar
distribution of TH-IR cells has been observed in the retinas
of the cat, guinea pig, and hamster (Mitrofanis and Stone,
’86; Mitrofanis and Finlay, 88; Mitrofanis et al., ’88b).

In the present study, we have traced the postnatal devel-
opment of TH- and ChAT-IR cells in the retina of the rat.
Particular emphasis was placed on: (1) the age at which the
cells first express their biosynthetic enzyme; (2) the devel-
opment of the sublamination of their dendrites in the IPL,
and (3) the development of their soma size, number, and
distribution. In addition, their development was related to
that of the ganglion cells with regard to soma growth and
distribution.

J. MITROFANIS ET AL.

A preliminary analysis of this work has been published
in abstract form (Mitrofanis and Stone, '87b; Mitrofanis et
al., ’88a).

MATERIALS AND METHODS

Retinas were obtained from adult and postnatal albino
(Wistar) rats aged at daily intervals between PO (day of
birth) and P24. Animals were given an overdose of Nem-
butal (60 mg/ml), and perfused transcardially with 10-200
ml of 0.1 M phosphate buffer (PB, pH 7.4) followed by a
picric acid/formaldehyde fixative (Zamboni and De Mar-
tino, ’67). The superior surface of each eyeball was marked
with a felt pen and later by an incision for orientation.
Eyeballs were enucleated and the cornea and lens removed.
The eyecups were then immersed in a fresh solution of
fixative for approximately 20 minutes. Retinas were dis-
sected free in one piece, washed in phosphate-buffered sa-
line (PBS; pH 7.4) containing 1% Triton X-100 (Ajax) and
10% fetal bovine serum for 1 hour, and subsequently incu-
bated in: (1) rabbit serum containing anti-TH (Eugene Tech.
Int., 1:2,400), or rat monoclonal anti-ChAT (Boehringer,
Mannheim, 2-4 pg/ml), for 48 hours at 4°C; (2) biotinylated
antirabbit or antirat Ig (Vectastain, Vector Labs., 1:50) for
2 hours at room temperature; (3) the avidin-biotin-peroxi-
dase complex (Vectastain, Vector Labs.) for 1 hour at room
temperature; and (4) a nickel-enhanced, 3,3-diaminobenzi-
dine (Sigma) solution (Adams, ’81). Along with retinas of
young animals, segments of adult retina were processed
simultaneously to ensure the effectiveness of the technique.
Furthermore, for control experiments, the anti-TH and anti-
ChAT were replaced by either normal rabbit or rat serum
or with PBS with the addition of 1% bovine serum albumen
(antibody dilution) and then processed as above. Control
retinas showed no positive immunoreactivity for TH or
ChAT at any age examined. Retinas were laid receptorside
down on a gelatinized slide and left to dry overnight at
room temperature to ensure firm adhesion to the slide.
They were then dehydrated in ascending alcohols, cleared
in xylene, and mounted in Depex. Several retinas were
counterstained with cresyl violet after completion of the
immunocytochemistry to allow mapping of the ganglion
cell distribution. Ganglion cells were identified by using
the criteria set out by Stone (78). For retinal sections,
wholemounts were incubated as before, “sandwiched” be-
tween two pieces of filter paper, and dehydrated in ascend-
ing alcohols. They were then embedded flat in Historesin
(LKB) and sectioned on a microtome at 10 pm.

Retinas were mapped systematically in 1-mm steps. Iso-
density lines were traced by hand on translucent paper
from the original maps and superimposed on a computer
video screen. The isodensity lines were constructed by in-
cluding values equal to or less than a criterion density
inside the isodensity line. The area inside the isodensity
line was then shaded to represent the density of the cells:
the darker the shading, the higher the density (see Figs. 7,
8,9,12).

Dot maps and soma size analysis were undertaken with
the Magellan program of Halasz and Martin (84). For the
dot maps in Figures 8§ and 9, a horizontally elongated seg-
ment of retina chosen to include the area of peak ganglion
cell density was scanned systematically in 120-um steps,
and a dot “placed” in the center of each immunoreactive
soma encountered. For the soma size analysis, outlines of
50-100 adjacent immunoreactive somata were traced, and
the system recorded the size of each soma as the diameter
of a circle of equivalent area. Soma size analysis was also
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