
Fig. 6. Interpolated retinotopic maps in Ssy. Representation of isoazimuth lines ~A! and of isoelevation lines ~B! for the case shown
in Fig. 3. ~C & D! show isoazimuth and isoelevation lines for the case shown in Fig. 4. Inset represents contralateral visual field;
6 indicate upper0lower visual fields. VM � vertical meridian, HM � horizontal meridian. Scale � 1 mm.
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can also extend 10 deg into the ipsilateral visual field, the repre-
sentation of the VM results mainly from large RFs with centers
more than 5 deg off the VM that overlap it.

These conclusions are based on two cases in which we mapped
RFs throughout the entire extent of Ssy, and seven with incomplete
mapping. Although in these seven cases, we encountered regions
within Ssy that were unresponsive, in aggregate we did sample all
portions of Ssy. In most cases, we have successful recordings
within the posterior bank of the sulcus abutting a large blood vessel
lying within the suprasylvian sulcus ~SsyS!. However, we must
consider that our mapping along the anterior border of Ssy may be
incomplete due to this vessel impeding access to this region. In one
case we were able to record RF locations within the SsyS. This
indicates that we can access this region, and its unresponsiveness
actually represents the rostral border of Ssy. To further determine
if Ssy extended into the SsyS or underneath primary auditory
cortex ~A1!, we made penetrations through the caudal portion of
A1 aimed at underlying gray matter, and did not find visually
responsive cells. We are therefore confident that we mapped the
full visuotopic extent represented in Ssy.

Connectional evaluation of retinotopic organization in Ssy

To confirm our electrophysiological mapping data, in separate
cases we made CTb injections at two different locations in Ssy. We
then determined the retinotopic location of retrogradely labeled
cells in area 17. If feedforward projections from area 17 to Ssy are
topographic ~Tigges et al., 1973; Spatz, 1977; Sherk & Ombrel-
laro, 1988; Shipp & Grant 1991; Mulligan & Sherk, 1993!, injec-
tions made at different retinotopic locations in Ssy should result in
patches of labeling in different portions of area 17. We found no
labeled cells in the dorsal lateral geniculate nucleus ~LGN!. We did
find labeled cells in areas 17, 18, 19, and 21, as well as posterior
parietal and lateral temporal areas. The labeled cells providing
intrinsic connections to the injection site fill Ssy, indicated by the
abrupt end of label, which reflects the medial and lateral borders,

and portions of the posterior border of Ssy not adjacent to the
injection core ~Fig. 8A!. This suggests that intrinsic connections
within Ssy show little retinotopic specificity, though this could
reflect the coarse retinotopy and larger receptive fields in this area.
Because the retinotopic organization is so regular and consistent in
area 17 across animals ~Law et al., 1988!, we consider the retino-
topic location of labeled cells in this area only.

The distribution of label resulting from each of the injections
reflects the aspects of retinotopic organization of Ssy shown in
Figs. 3, 6A, and 6B. The injection shown in Figs. 8A and 8C were
located centrally along the SsyS. RFs recorded within this injec-
tion, the core range from 8 deg to 28 deg above the HM, approach
the VM and extend out to approximately 46 deg in azimuth. The
zone of retrogradely labeled cells in area 17 is continuous with
labeled cells in area 18, and is centered ventrally on the lateral
surface ~Figs. 8A, 8C, & 8E! with no label on the tentorial surface.
Because of the plane of section of the reconstructions, the extent
on the caudal pole appears as the dense region of cells in area 17.
The spread of label extends 4–5 mm in cortex along the medio-
lateral axis in area 17. Cell at this location in primary visual cortex
have RFs about 20 deg above the HM ~Law et al., 1988; Manger
et al., 2002a!, and the region of cortex spanning the caudal pole
has been shown in some animals to respond to azimuths approx-
imately 40 deg from the VM ~Law et al., 1988!. Therefore label in
area 17 is found in a region containing a representation of the
visual field similar to that at the injection site.

In a different animal, the CTb injection in Ssy was located more
dorsally along the SsyS near the PPc border. The core encompasses
locations in Ssy responding to stimuli at azimuths ranging from
30 deg to 75 deg from the VM, and at elevations centered around
the HM, ranging from about 10 deg below to 30 deg above the HM
~Figs. 8B, 8D, & 8F!. The pattern of retrogradely labeled cells in
area 17 is not continuous with 18; no label is on the exposed
surface of area 17. Instead, label is located medially, within the
splenial sulcus. This area of area 17 contains a representation of
more peripheral azimuths ~Law et al., 1988!, similar to the retino-
topic location at the injection core. Elevations in the upper visual
field are represented at relatively more dorsal locations along the
tentorial surface of area 17 than corresponding locations on the
lateral surface ~Law et al., 1988!. Therefore, the spread of label
along the medioloateral axis in area 17 in more dorsal locations
also roughly corresponds to the retinotopic location of our injec-
tion core. Retrogradely labeled cells are also found in a separate
cortical area adjacent to area 17 within the splenial sulcus, which
is known to contain a representation of peripheral visual fields
~Law et al., 1988!. The pattern of labeled cells reflects aspects of
the retinotopic organization shown in Figs. 4 and 6C and 6D.

In both cases, the dense injection core in Ssy covers a smaller
extent in cortex than that of retrogradely labeled cells in area 17.
This large spread of label in area 17 also suggests that MFs are
smaller in Ssy than in area 17. We cannot state the exact conver-
gence of visual space onto our injection site from area 17 through
feedforward connections since we did not directly map the location
of area 17 that contained label. But we can say that there seems to
be a general visuotopic correspondence between the Ssy injection
site and retrograde label in V1.

Receptive-field size and cortical magnification factor
as a function of eccentricity

We examined whether eccentricity affects the representation of
visual space in Ssy. Multiunit receptive fields in Ssy range in size

Fig. 7. Extent of visual field representation in Ssy. Gray area represents the
region of visual space encompassed by the combined RFs of nine cases.
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Fig. 8. Serial reconstructions and photomicrographs of tangential sections showing retrogradely labeled cells in area 17 after CTb injections in two different
cases made at different retinotopic locations in Ssy. The full pattern of retrogradely labeled cells ~small black dots! across extrastriate cortex is shown in
A. Injection in A was located more laterally along the SsyS than the injection shown in B. For clarity, only labeled cells in area 17 are shown in separate
case reconstructed in B. Large gray circles represent CTb injection cores. Box in inset represents the area enlarged in A and B. Gray boxes in A and B
represent the areas enlarged in C and D, respectively. Dashed boxes with arrowheads in A and B represent the areas enlarged in E and F, respectively.
Photomicrographs of injection cores ~C & D! and retrogradely labeled cells ~E & F!. Dashed lines in E and F represent areal borders. 17018 � areas 17018;
203 � supragranular layers; 506 � infragranular layers; 4 � layer 4; SVA � splenial visual area; SSyS � suprasylvian sulcus; WM � white matter. Scale
in A & B � 1 mm; scale in C & D �500 mm, scale in E & F � 100 mm.
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from 2 deg � 4 deg to 21 deg � 52 deg, and on average span 15
deg � 15 deg. There is no significant relationship between RF size
and eccentricity ~Fig. 9!. We also calculated the cortical magnifi-
cation factors ~MFs! in Ssy. Aggregate data from nine cases
showed no significant correlation between MFs in mm0deg of
elevation and azimuth ~Fig. 10!. If MFs measured in azimuth and
elevation both decrease with increasing eccentricity, these mea-
sures will be positively correlated, and will therefore fall along the
diagonal in Fig. 10. The lack of any significant correlation indi-
cates that there is no consistent relationship between the spacing of
isoazimuth and isoelevation contours. In cases in which two
cortical loci have receptive fields that differ in azimuth or eleva-
tion but not both, it is not possible to calculate a MF along the axis
of visual space along which receptive-field position did not change.
Therefore, we plot such unpaired MFs in Fig. 10 outside the axes.
The MFs along both axes in Ssy areas cover the same range, with
no significant difference in mean MF values ~0.0636 0.003 mm0
deg of azimuth, and 0.078 6 0.004 mm0deg of elevation!

We also assess the relationship between cortical magnification
factors and eccentricity by plotting MFs in mm0deg of azimuth
and of elevation as functions of changes in degrees of azimuth and
elevation. We fit these data with both first- and second-order
polynomials, which gave slightly better fits ~Fig. 11!. Linear
regression revealed significant ~P � 0.01! but weak correlations
~r � 0.2!. MFs in mm0deg azimuth significantly decrease with
increasing azimuth ~Fig. 11A!, but do not change significantly
with elevation ~Fig. 11B!. MFs in mm0deg of elevation signifi-
cantly decrease with increasing azimuths ~Fig. 11C!. There is also
a significant decrease in MFs that occurs as elevations progress
from lower visual fields to upper visual fields ~Fig. 11D!, which
suggests more of the cortex is devoted to lower visual fields in Ssy.
Despite these significant relationships, correlations were uniformly
weak. This again confirms that retinal eccentricity has only a weak
effect on the spacing of isoazimuth and isoelevation contours.

Discussion

Summary

The suprasylvian cortex ~Ssy! is a visually responsive region in
ferret cortex that is topographically and histologically distinct
from surrounding cortical areas. It receives direct input from visual
areas 17, 18, 19, and 21, and caudal posterior parietal ~PPc! and
lateral temporal visual areas ~LT!. Based on two injection cases, it
receives no input from the dorsal lateral geniculate nucleus ~LGN!.
Ssy contains a limited representation of the contralateral visual
field that extends up to 10 deg into the ipsilateral visual field. The
area contains a limited representation of the contralateral visual
field in which the map contains irregularities and varies among
animals. Most of the suprasylvian cortex is dedicated to the central
20 deg in elevation above and below the horizontal meridian, of
which there often appears to be multiple representations. The size
of multiunit receptive fields does not change with eccentricity and
cortical magnification factors decrease only slightly with increas-
ing eccentricity.

Defining suprasylvian cortex as a single visual area

Anatomical architecture, topography, RF properties, and connec-
tivity are all criteria that are used to classify a cortical area
~reviewed in Sherk, 1986!. We find changes in RF size and
neuronal responsiveness that coincide with anatomical boundaries.
Anatomical evidence suggests that Ssy is a distinct cortical area.
Innocenti et al. ~2002! and Manger et al. ~2002b, 2004! report
similar anatomical characteristics marking the borders of Ssy and
neighboring areas. Our connectional data also support this. After
making CTb injections into a restricted locus in Ssy, there are

Fig. 9. Relationship between receptive-field area and eccentricity. Eccen-
tricity is defined as the absolute distance in degrees of visual space from
RF center to the estimated location of the area centralis. Solid line shows
the best-fitting linear regression line.

Fig. 10. Relationship between cortical magnification factors ~MF! along
different axes of visual space. Data points without a corresponding MF
along the opposing axis of visual space were plotted outside the range of
MFs, indicated by broken lines. The arrows outside the box indicate the
mean MF in mm0deg of azimuth or elevation.
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breaks in the pattern label of labeled cells at the Ssy0PPc border
and the Ssy0LT border. The label is only continuous with area 21
at regions adjacent to the injection core and is not continuous along
the entire posterior anatomical border of Ssy021. In all cases in
which we made injections of CTb into area 17, the resulting spread
of labeled cells is continuous across area 17, 18, 19, and 21 ~Can-
tone et al., 2005!. This pattern of label also reflects the retinotopic
organization across these areas ~Manger et al., 2002a!. A break in
the spread at the 210Ssy border suggests the retinotopic maps are
discontinuous between Ssy and area 21, marking an areal boundary.
Although the borders of the PPc and the LT also show changes in
RF responsiveness and size, RF location and size do not vary not-
ably across the Ssy021 border. Furthermore, our physiological
evidence does not reveal a reversal or discontinuity in the retinotopic
map at the border. Therefore, we cannot exclude the possibility that
Ssy is a rostral extension of area 21. Conclusively defining Ssy as
a distinct visual area awaits further physiological exploration of
response properties in the region in and around this area.

We do not find that this region of cortex contains more than one
complete representation of the visual field. Reversals in receptive-
field position occurring either at the representation of the VM or
the periphery are often considered to be areal boundaries ~Allman

& Kaas, 1975; Manger et al., 2002a!. However in Ssy, the location
of the VM representation and the reversals in the map of visual
space are not consistent across animals. In addition, neither co-
incides with any anatomical landmarks. Therefore they are un-
likely to represent areal borders.

Another indication of areal boundaries is a discontinuity in the
map ~Gattass et al., 1988!. We find very few discontinuities in
cases with closely spaced recording sites, and they also do not
correspond to anatomical borders or changes in RF characteristics.
However, we do commonly find regions of Ssy with expanded
representations of visual space adjacent to regions where the
retinotopic representation is compressed. Thus, one can move from
regions in which large distances on cortex translate to small
movements in the visual field to regions in which short distance on
the cortex translate to large distances in the visual field. As
suggested by Sherk and Mulligan ~1993!, regions of low MFs
could be interpreted as discontinuities in the map. More closely
spaced sampling can distinguish between apparent discontinuities
in the map, such as regions of continuous but compressed repre-
sentations of visual space as opposed to genuine areal borders.

Some studies suggest that discrete cortical areas contain a
single and complete representation of the visual field ~Daniel &

Fig. 11. Relationship of cortical magnification factors ~MF! to eccentricity. Changes in MF in mm0deg azimuth as a function of
changes in degrees of azimuth ~A! and elevation ~B!. Changes in MF in mm0deg elevation as a function of changes in degrees of
azimuth ~C! and elevation ~D!. Solid lines are the best-fitting regression lines using a second-order polynomial.
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Whitteridge, 1961; Allman & Kaas, 1971, 1974; Tusa et al., 1978,
1979; Van Essen & Zeki 1978; Gattass et al., 1981!. This is not
always true in higher order extrastriate areas where there are often
incomplete or double representations of the visual space ~Palmer
et al., 1978; Tusa & Palmer, 1980; Gattass et al., 1988!. Within Ssy
in ferret there are duplicate representations of both isoelevation
lines and isoazimuth contours. However, because of how isoele-
vation and isoazimuth contours are organized relative to one
another Ssy does not contain multiple complete representations of
the visual field.

Our anatomical data from injections of CTb into area 17 also
suggest that Ssy is a single cortical area with a single representa-
tion of the visual field. We consistently find a single cluster of
retrogradely labeled cells in Ssy resulting from restricted injections
in area 17 ~Cantone et al., 2005!. If Ssy were actually more than
one area or had multiple representations of regions of the visual
field, we might expect to see more than one patch of labeled cells.
We did not examine the anatomical connections Ssy makes with
cortical and subcortical structures in detail. The unique connectiv-
ity can also be a mode of classifying an area as a functional unit.
In sum, despite the lack of any obvious physiological discontinuity
at the Ssy021 border, we feel the histological, connectional, and
electrophysiological data suggest Ssy is a single visual area.

Comparisons of Ssy with other visual areas
in ferret cortex

Similar to the representations in areas 17, 18, 19, and 21, upper and
lower visual fields are represented equally in Ssy. In contrast, areas
PPr and PPc ~which are located dorsal to Ssy! both have a bias
towards the lower visual field, while areas 20a and 20b ~which lie
lateral to Ssy! each overrepresent the upper hemifield ~Manger
et al., 2002b, 2004!. The total extent of visual space represented in
Ssy is smaller than that in all other previously described ferret
visual areas ~Law et al., 1988; Manger 2002a,b, 2004!. The largest
difference is with areas 17 and 18. This most likely can be
attributed to the larger area of cortex both of these areas occupy
relative to Ssy. MFs in the central 20 deg appear to be smaller in
Ssy ~0.071 mm0deg! than in area 17 ~0.2 mm0deg! ~Law et al.,
1988; Cantone et al., 2005; though Yu et al. ~2005! report MFs in
azimuth to be rather lower 0.075 60.015 mm0deg!, and slightly
smaller than in extrastriate areas 18 ~0.1 mm0deg!, 19 ~0.1 mm0
deg!, and 21 ~0.09 mm0deg! ~Cantone et al., 2005!. Since the Ssy
is roughly the same size as areas 19 and 21, the smaller amount of
visual space represented in Ssy is not obviously reflected in the
MFs. The mean RF diameter in Ssy is about 15 deg; surprisingly,
on average this is about the same as in areas 17 and 18, and smaller
than in areas 19, 21, PPr, PPc, 20a, and 20b ~Manger et al.,
2002a,b, 2004!. These parietal and temporal visual areas have a
larger visuotopic representation despite being smaller in cortical
area than Ssy. Although MFs have not been reported for these
areas, the larger visuotopic extent may be attributed to their larger
RF sizes.

There are several factors that make Ssy unique from other
extrastriate areas in ferret cortex. There is limited representation of
the VM. In contrast, the representation of the VM forms a border
between 17 and 18, 19 and 21, PPr and PPc, and 20b and PS
~Manger et al., 2002a,b, 2004!. As in areas like 18, 19, and 21, the
isoazimuth lines in Ssy can form closed contours. The represen-
tation of isoelevation lines in Ssy differs greatly from most other
areas. These contours run roughly parallel to each other rostrocau-
dally across areas 17, 18, 19, PPr, PPc, and lateral temporal areas.

In Ssy, isoelevation lines can span substantial rostrocaudal and
mediolateral distances in cortex sometimes forming closed con-
tours. The MFs also do not change greatly with eccentricity.
Although, this is similar to other extrastriate areas ~Cantone et al.,
2005!, Ssy’s retinotopic organization is most similar to area 21.
The maps in both areas can vary across animals. The isoelevation
lines in 21 can also run mediolaterally, and there can be multiple
representations of the horizontal meridian ~Manger et al., 2002a!.

Despite the similarities with 21, the retinotopic organization
within Ssy is more irregular than any other mapped visual area in
ferret cortex. Since scatter of RF centers within a column increases
proportionately with RF size ~Hubel & Wiesel, 1974!, it is sug-
gested that the coarse representation of the visual field within areas
with large RFs may be a result of scatter ~Albus, 1975; Albright &
Desimone, 1987!. Although we did not explicitly measure it, we do
not believe scatter alone can account for the coarseness of the
maps in Ssy. The average RF size in Ssy is no larger than RFs in
extrastriate areas with more orderly retinotopic organizations ~Man-
ger et al., 2002a,b, 2004!. In addition, studies show that scatter
was not proportional to RF size in medial temporal area ~MT! of
primates and the lateral suprasylvian cortex in cat ~Gattass &
Gross, 1981; Sherk & Mulligan, 1992!. The later study suggests
that the disorderly maps are a result of the coarseness of afferent
inputs. Ssy is similar to areas 18 and 19, in that more of the cortex
in Ssy contains a representation of 15–30 deg in azimuth than that
of central fields. The same is true in area 21 for azimuths between
25–45 deg ~Manger et al., 2002a!. The representation of 15–
30 deg in eccentricity relative to that of the area centralis is greater
in Ssy than in other areas. Ssy receives input from areas 18, 19, and
21. Therefore this bias in the visuotopic representation in Ssy
reflects retinotopic afferent inputs from areas 18 and 19, as op-
posed to reflecting the density of retinal ganglion cells through
direct input from LGN ~as suggested by Palmer et al., 1978!.

Comparisons with other species

Based on anatomical architecture, retinotopy, and our limited
analysis of connectivity, Ssy appears homologous to the postero-
medial lateral suprasylvian area ~PMLS! ~Clare & Bishop, 1954;
Palmer et al., 1978!. As in Ssy, this region of cortex in the cat is
also densely myelinated ~Sanides & Hoffmann, 1969!. PMLS in
cat has complex retinotopy and direct input from areas 17 and 18
~Sherk, 1986; Shipp & Grant, 1991!. The lateral suprasylvian areas
of cat is a region for which there are varying reports as to the
number of functional areas that lie within it as well as their
retinotopic organization ~reviewed in Payne, 1993!. More recent
descriptions of the topography in the lateral suprasylvian area
which includes PMLS show the VM is not strongly represented,
and there is substantial variation among animals ~Grant & Shipp,
1991; Sherk & Mulligan, 1993!. Both Palmer et al. ~1978! and
Grant and Shipp ~1991! show that the majority of RFs lie on or
near the horizontal meridian just as we find in Ssy.

There are differences between Ssy in ferret and PMLS in cat.
PMLS gets C layer input from the LGN. Ssy also differs from this
area in that it contains a slightly more extensive representation of
the upper visual field. MFs have a stronger relationship to eccen-
tricity than we find in Ssy ~Palmer et al., 1978; Grant & Shipp,
1991!. This could be because we have few recordings within the
central 10 deg. In these previous studies the largest change in MF
size is found within the central 10 deg. We also find that unlike
most other extrastriate areas in ferret, cat, and primate ~Gattass
et al., 1981, 1988; Grant & Shipp, 1991; Pinon et al., 1998;
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Manger et al., 2002a,b, 2004,! there is little relationship between
RF size and eccentricity. However, this is similar to ferret areas 19,
20b, PPc, and PPr.

It is arguable if visual areas in primate can be considered
homologous to areas in nonprimate species. However, studies do
consider PMLS to be homologous with the middle temporal area
~MT! in primates ~Payne 1993; Dreher et al., 1996!. Like MT, Ssy
is densely myelinated ~Maunsell & Van Essen, 1987! and given
Ssy’s topography it is possible that ferret Ssy is also analogous to
MT. Some studies report the topographic organization in MT is
disorderly and varies between individual animals ~Van Essen et al.,
1981!, while others report that MT has a more orderly represen-
tation of the visual field than what we describe in Ssy ~Fiorani
et al., 1989!. MT also lacks a true representation of the VM
~Gattass & Gross, 1981; Van Essen et al., 1981!. Although Ssy
contains a larger representation of the upper visual field than MT,
Ssy shows several similarities with MT. However, Ssy receives no
direct LGN input while MT does ~Sincich et al., 2004!.

Functional relevance of Ssy

Given that a strict orderly representation of the visual field on Ssy
is not maintained, this area likely provides information from a
broad visuotopic extent to linked cortical areas. Preliminary phys-
iological studies by ~Philipp et al., 2006! show cells in Ssy are
direction selective and are connected to the nucleus of the optic
tract and the dorsal terminal nucleus. Both structures are involved
in the optokinetic system. Therefore, Ssy may have a similar role
as MT ~Zeki, 1974; Baker et al., 1981; Maunsell & Van Essen
1983a,b!. The lack of RF centers on the VM could simply be a
way of limiting the intrusion of RFs onto the ipsilateral visual field
by relatively large RFs ~Gattass & Gross, 1981!. However, the
emphasis on the representation of more peripheral fields, the
limited representation of the VM, and the anisotropic representa-
tion of the VM relative to that of the HM are all consistent with the
idea that Ssy is involved in motion and direction processing. Both
nonhuman primate electrophysiological and human psychophysi-
cal studies report biases against motion detection near or towards
the VM, where none are found along the HM ~Maunsell &
VanEssen, 1983b; Van de Grind et al., 1993!.

Ssy is reciprocally linked with area 17. Both Bullier et al.
~1988! and Katsuyama et al. ~1996! suggest that neurons in cat
lateral suprasylvian cortex can provide excitatory input to their
targets in area 17. Given the smaller MFs in ferret Ssy relative to
those in area 17, larger extents of visual space can converge onto
smaller extents in area 17. Therefore, feedback connections arising
from Ssy may have a functional role in shaping the responses of
area 17 neurons. Other physiological studies show that response
latencies of neurons in cat lateral suprasylvian area and primate
MT are very similar to those of neurons in area 17 ~Dinse &
Krüger, 1994; Katsuyama et al., 1996; Raiguel et al., 1989!. There
is also evidence that the modulatory effects arising from the
nonclassical receptive-field surround have response latencies sim-
ilar to both responses within the classic receptive field of area 17
cells and those of cells within extrastriate areas ~Knierim & Van
Essen, 1992!. This correlative evidence suggests that feedback
connections arising from Ssy can contribute to the modulatory
surround of area 17 neurons as in other species ~Bullier et al.,
2001; Angelucci & Bullier, 2003!. Further studies addressing the
functional characteristics of Ssy neurons are needed to clarify
Ssy’s role in visual processing.
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