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The cerebral
cortex of the cat contains between
1 and 2
dozen representations
of the visual field with different functional specializations.
Six visual field maps lie along both
banks of the suprasylvian
sulcus, lateral and anterior to the
visual areas in the occipital cortex. We have studied singleunit receptive
field properties
and their global organization
across the visual field in 2 of these lateral suprasylvian
areas,
PMLS (essentially
the Clare-Bishop
area) and PLLS.
Most neurons in PMLS and PLLS display selectivity
for
the direction
of a light stimulus moving across their receptive fields with various degrees
of directional
tuning. We
have used light spots of different
size and velocity projected on a tangent screen in order to determine
the direction preference
of cells in these 2 areas. A strong tendency
was found for neurons to respond best to centrifugal
directions, i.e., to movement
away from the area centralis. Thus,
for these cells direction preference
depends on the location
of their receptive
fields within the visual field.
Velocity
preference
and binocular
interaction
in these
neurons is also globally organized:
Velocity preference
increases with eccentricity,
binocular
synergism
is strongest
in the center of the visual field. Cluster analysis of recording
tracks with respect to “radial”
and “circular”
cell categories
reveals a grouping of cells with like properties
in the lateral
suprasylvian
cortex. These new categories
are formed by
combining
“centrifugal”
and “centripetal”
cells on the one
hand and cells with direction preferences
orthogonal to these
on the other.
The radial or centrifugal
organization
of direction
preferences in conjunction
with the global arrangement
of velocity
preference
and binocular
interaction
suggests
that PMLS
and PLLS are involved in the processing
of expanding
visual
flow fields of motion. Such flow fields are commonly
encountered
when a visual object moves towards an observer
or during forward locomotion.

Nervous activity causedby visual stimulation travels alongvarious pathways to a large number of visual cortical areas. Researchover the last 30 years has indicated that the neural reReceived
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sponsepropertiesin theseareasare well suitedto extract specific
kinds of visual information (Zeki, 1978; Woolsey, 1981; Van
Essenand Maunsell, 1983). Thus, the primary emphasisin different areasmay be on the processingof retinal disparity, motion, color, spatial, or other information (Barlow et al., 1967;
Hubel and Wiesel, 1977; Zeki, 1980; Newsomeet al., 1985).
The main ascendingavenue in the visual systemof the cat is
the geniculostriate pathway, along which information is channeled to the visual cortical areasin the occipital complex. This
pathway is interconnected in a number of ways to another main
stream, the retinotectothalamic pathway to visual areasin the
suprasylvian sulcus, which were first described by Clare and
Bishop in 1954 (Hubel and Wiesel, 1969; Gilbert and Kelly,
1975; Spear and Baumann, 1975, 1979; Camarda and Rizzolatti, 1976). This latter pathway has recently gained increasing
attention.
A physiological investigation of the extrageniculostriatepathway is made especially attractive at present by the wealth of
new anatomical knowledge, which indicates how information
is relayed from the retina via the superior colliculus (SC) and
the lateral posterior nucleus(LP) in the thalamusto areasPMLS
and PLLS in the lateral suprasylvian (LS) sulcus (Maciewicz,
1974; Berman and Jones, 1977; Updyke, 1977, 1981; Berson
and Graybiel, 1978; Symonds et al., 1981; Raczkowski and
Rosenquist, 1983). There also exists a more direct path from
the retina to the medial interlaminar nucleus (MIN) and the
C-layersof the lateral geniculatenucleus(LGN) in the thalamus
and from there to the LS areas(Rosenquistet al., 1974, 1975;
Gilbert and Kelly, 1975; LeVay and Gilbert, 1976;Berman and
Jones, 1977; Leventhal et al., 1980).
Receptive field (RF) propertiesin the LS areasaredetermined
by a combination of inputs from retinothalamic, tectothalamic,
and corticocortical pathways. One of the main RF characteristics of cells in PMLS is their pronounced binocularity (Spear
and Baumann, 1975; Camarda and Rizzolatti, 1976; Guedeset
al., 1983).A secondwell-establishedcharacteristic is directional
selectivity, which is found in up to 90% of the cells (Spearand
Baumann, 1975, 1979; Camardaand Rizzolatti, 1976). In general, cells in LS are also distinguished by their relatively large
RF sizes, even in the center of the visual field, and the broad
rangeof stimulusvelocities to which they respond.The majority
of cells will respond optimally to nonoriented stimuli such as
light or dark spotsof a specific size (Spearand Baumann, 1975;
Camarda and Rizzolatti, 1976).
A majority ofdirection-selective cellsin PMLS have alsobeen
found to have a more complex RF organization, best described
by a double-opponent process(von Griinau and Frost, 1983).
Comparedwith movement ofa spot aloneanti-phasemovement
of the optimal spot on a largemoving random-noisebackground
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field often results in an increase of the response, and in-phase
movement almost always produces a significant response reduction. This indicated that PMLS cells may be involved in
figure-ground discrimination, leading to the detection of objects
moving relative to the environment or in discriminating selfinduced motion from object motion (Frost, 1985).
Organisms would encounter this stimulus situation when
moving through their environment in the presence of stationary
or moving targets (Gibson, 1950, 1966). The organism’s locomotion will create visual flow fields, which carry information
about the direction of locomotion, the speed of locomotion, and
variables related to head position and posture (Richards, 1975;
Regan and Beverley, 1982; Nakayama, 1985). In the present
study, we have first attempted to examine the direction selectivity of LS neurons specifically with respect to their possible
involvement in the analysis of flow field information and tried
to identify different subpopulations of neurons in terms of visual
response properties.
Several further predictions can be made as to how other response properties of LS neurons should be organized globally
in order to fit the purpose of a visual subsystem for the analysis
of centrifugal flow fields. One prediction is that the selectivity
for stimulus velocity should be broad in general, accounting for
different speeds of motion, but that it should vary with eccentricity. Another requirement is a strong binocular interaction to
support synergism of ocular movements, so as to maintain fixation on the approaching object.
While some of these response properties have been described
locally (Spear and Baumann, 1975; Camarda and Rizzolatti,
1976) their global organization across the visual field has not
been examined.
Several brief accounts of parts of this research have been
published in abstract form (Rauschecker et al., 1983; von Grtinau et al., 1983; Poulin et al., 1984; Rauschecker et al., 1984).
Materials

and Methods

Data were collected from 12 electrode penetrations in 6 cats. All animals
were adults and had been raised in a normal environment.
Single-unit recording. Standard techniques for extracellular singleunit recording were applied. The animal was initially anesthetized with
ketamine hydrochloride (Ketanest, 25 mg/kg, i.m.) and xylazine (Rompun, 2 mg/kg, i.m.) after premeditation with atropine sulfate (0.05 mg,
s.c.). Anesthesia was maintained throughout the experiment by adding
halothane (Fluothane) to the usual 70/30 mixture ofN,O/O, respiration
gases. The concentration of halothane was set to 1% initially and was
then reduced stepwise to 0.4%. During the whole experiment the depth
of anesthesia was controlled by monitoring the EEG and electrocardiogram. No responses were produced to noxious stimuli with a halothane
concentration of 0.4%. In preparation for artificial respiration, a tracheotomy was performed, and the animal was then fixed in a stereotaxic
headholder. The skull was opened over the suprasylvian sulcus (LlOL16, AO-A8). After surgery was completed the animal was paralyzed
with gallamine triethiodide (Flaxedil, 20 mg/kg/hr) and artificially respirated as noted above. Body temperature was kept at 38°C with an
automatically controlled heating pad, end-tidal CO, was measured with
a Beckman monitor and kept at 3.8%. The animal’s eyes were protected
by contact lenses containing 3 mm pupils, treated with neosynephrine
(to retract the nictitating membranes), and 1% ophthalmic atropine
solution (to paralyze the ciliary and sphincter muscles), and focused on
a tangent screen 171 cm away.
Extracellular recordings from single units in PMLS and PLLS between
stereotaxic coordinates A2 and A7 were obtained with double-barrel
micropipettes, one chamber of which was filled with 1.5 M K+ citrate
and the other with a 3% solution of HRP in 0.2 M KC1 and 0.05 M Tris
buffer (pH 7.6) in order to mark the electrode tracks. Data were obtained
only from single-unit recordings; typically, cells were isolated every 50100 pm. With our micropipettes (impedance, 10 MQ at 1 kHz), it was

possible to make unequivocal identification of successive recordings as
being derived from the same or different neurons. The electrode was
pointed medially and deviated from the vertical by an angle of 30”40”,
thus following one bank of the sulcus from top to bottom. Some penetrations traversed the suprasylvian sulcus and contained recordings
from both banks. The right hemisphere was used in all but 1 animal,
so that most cells had RFs in the left hemifield (Palmer et al.. 1978).
Responses were assessed by listening to an audio monitor and by recording triggered spikes with a PDP 1 l/34, which delivered on-line
raster displays and averaged peristimulus-time
histograms (PSTHs).
The raster displays preserved information about every sweep and therefore provided valuable information about the degree of response variability.
Light stimulation. The positions of retinal landmarks (optic disc and
area centralis) of both eyes were projected onto the tangent screen with
a Zeiss fundus camera. For specific testing of binocular interactions,
both areae centrales could be made to overlap using Risley prisms.
Visual stimuli consisted of spots and bars of various sizes with a luminance of 2.5 cd/m2, that were projected onto a tangent screen of 0.1
cd/m2 luminance. The position and size of the receptive field were
determined for each isolated cell and marked on the screen. Among
other parameters, optimal spot size, optimal velocity, velocity tuning,
ocular dominance, directional tuning, and response quality were determined.
Special attention was given to the assessment of direction selectivity
for a moving stimulus: analysis was usually started with a hand-held
projector and in most cases, especially unclear ones, followed by quantitative measurements with a computer-controlled optical bench system.
PSTHs were produced for at least 8, and sometimes 16, directions of
movement from 10 or more runs in each direction. Runs in one direction
were always interleaved with runs in the opposite direction. Directions
(in deg) were defined as follows: O”, horizontal to the right; 90”, vertical
up; 1So”, horizontal to the left; 270”, vertical down; etc. Categories were
separated by 22.5”. Preferred direction was designated as the direction
of movement that resulted in the maximal number of spikes per sweep.
Directional tuning borders were determined from those 2 directions of
stimulus movement that just failed to elicit an increase in discharge
rate. Cells for which such tuning borders could be determined, independent of their tuning width, were called “directionally selective” (DS).
If a cell responded to all directions but showed a preferred direction, it
was termed “directionally biased” (DB). The combination of handplotting and quantitative analysis seems a fair compromise between
purely quantitative data collection and the need for representative cell
samples (see Rauschecker and Singer, 198 1).
Histology. In every experiment, the paths of the recording electrodes
were reconstructed histologically. The penetrations in LS were marked
at 2 or more places by iontophoretic (10 FA) injection of HRP through
the recording micropipette. This resulted in HRP deposits of 50-100
pm core diameter. At the end of the experiment, the animals were
perfused transcardially with Ringer’s solution (0.9% NaCl) followed by
Kamovsky fixative (0.5% paraformaldehyde, 2% glutaraldehyde in 0.1
M ohosphate buffer: Kamovskv and Roots, 1964). The brains were cut
into 50$m-thick sections. The-sections were stained by the tetramethyl
benzidine (TMB) method (Mesulam, 1978) which generates a highcontrast nondiffusible reaction product with HRP that allows reliable
localization of the electrode track. All sections were counterstained with
a standard neutral red procedure.

Results
Single-cellactivity wasrecorded from both banks of the suprasylvian sulcus.Sevenpenetrationswere restricted entirely to the
medial bank, one to the lateral bank; 4 electrode tracks started
in the medial bank, penetratedthe suprasylvian sulcusand then
traveled through the lateral bank.
Responsiveness
The majority of cellsin both areas(213/253 = 84%) responded
briskly to light stimulation and showedselectivity for a number
of stimulus features. Only in 1 penetration (PLS 5/l) was a
consecutive seriesof unresponsiveunits found. Since this was
the initial portion of the track and cells responded briskly in
deeper parts, we doubt whether these neurons really belonged
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Figure 1. Track reconstructions of 3 electrode penetrations in LS of the right cerebral hemisphere. RFs are approximated by rectangles in the
conventional way (Barlow et al., 1967; Hubel and Wiesel, 1969). Top, Two electrode tracks entirely restricted to the medial bank (M) of the
suprasylvian sulcus (PMLS). Bottom, Example of an electrode track starting in the medial bank and traversing the suprasylvian sulcus into the
lateral bank (L); VU: visually unresponsive units. Small HRP deposits are shown as dark spots. The approximate borders of layer 4, as apparent
from Nissl-stained sections, are drawn as &shed lines. In the RF plots, dashed lines indicate overlap, dotted lines indicate multiple overlap (i.e.,
parts of that RF plot being covered by more than 1 subsequent RF).
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to PMLS. If they are excluded from analysis, the total proportion
of briskly responsive units reaches 89%. Thus, in our hands,
there was no major tendency for cells in LS to be more sluggish
or less responsive to light stimulation than neurons in striate
cortex.
Topography and scatter
Our electrode penetrations were situated along an anteroposterior extent of about 5 mm in the suprasylvian sulcus between
Horsley-Clarke coordinates A2 and A7, the majority being between A4 and A6 (Reinoso-Suarez, 1961). Penetration angles
varied between 30” and 40” from the vertical. Figure 1 shows
some examples of track reconstructions.
Visuotopic organization
According to Palmer et al. (1978), the RFs corresponding to
stereotaxic coordinates A4-6 should lie roughly along the horizontal meridian and in the upper quadrant of the contralateral
visual field both for PMLS and PLLS. Moving the electrode
down into the fundus of the suprasylvian sulcus should cause
the fields to move inward towards the vertical meridian (Hubel
and Wiesel, 1969; Spear and Baumann, 1975; Palmer et al.,
1978). By and large, both trends were observed. However, as
was also noted in some of these previous studies (e.g., Hubel
and Wiesel, 1969), the inward movement of the RFs was not
always continuous but often occurred in jumps. Also, at our
more posterior penetrations (A < 5) down the medial bank, the
RFs did not reach the vertical meridian at the fundus. On the
other hand, at anterior positions of AS.6 or more, the vertical
meridian representation (with an overlap into the ipsilateral
hemifield) was already reached half way down the medial bank.
This leads us to the conclusion that the representation of the
vertical meridian does not strictly follow the fundus of the suprasylvian sulcus. Rather, it seems to run obliquely, starting on
the medial bank at more anterior positions and lying on the
lateral bank more posteriorly. The crossover point lies at around
A5.
Correspondingly,
lines of constant azimuth seem to run
obliquely on the medial bank. Our own data and those of previous studies (Hubel and Wiesel, 1969; Spear and Baumann,
1975) are also compatible with a representation of isoelevations
much simpler than that suggested by Palmer et al. (1978): in
our scheme isoelevations run perpendicularly to the isoazimuths. Thus, in a frontoparallel electrode penetration traveling
down the medial bank, RFs shift from lower to higher elevations
and from peripheral parts of the visual field toward the vertical
meridian. A good example of this trend is track PLS 5/l (Fig.
1).
Scatter in tangential penetrations
Two electrode tracks were successful in tangentially penetrating
to the cortical surface, down the medial bank of the suprasylvian
sulcus. They were thus largely confined to 1 cortical layer (Fig.
1). Track PLS 3/l remained in layer 3 for a distance of l-l.5
mm, while track PLS 3/3 ran through layer 4 for about the same
distance. A comparison of the cells in these penetrations gave
some hints as to the RF organization of PMLS by afferent, in
contrast to intracortical, connectivity.
With regard to RF scatter, it was surprising to see how little
the fields moved in the visual field, when the electrode moved
over more than 1 mm in layer 4 (track PLS 3/3). All RFs between

cells 12 and 29 were practically at the same place with an eccentricity of 8”. Even from unit 1 (in layer 5) to unit 35 (in layer
3) which span a distance in cortex of 3 mm, there was considerable overlap in their RFs. From these observations a lower
estimate for the magnification factor of l-2 mm/deg at 5”-10
eccentricity can be given, which is comparable to the values
found for the same eccentricity in cat and monkey striate cortex
(Hubel and Wiesel, 1974; Albus, 1975; Tusa et al., 1978).
RF size, shape, and summation properties
Size distribution
The size of the RFs varied over more than 2 log units, from
about 10 deg2 to about 1000 deg2. The majority of the fields
had sizes between 20 and 200 deg2. A separate, smaller, group
was formed by neurons with RF sizes between 9 and 15 deg2.
They were found exclusively in layer 4 of both PMLS and PLLS.
The modal value of the total population was 65 deg2; the median,
75 degZ.
There was no significant difference between PMLS and PLLS
with regard to RF size in our sample. The fact that the distribution was somewhat narrower for PLLS cells is probably due
to the smaller range of eccentricities at which RFs were registered. In both PMLS and PLLS RF size depended on eccentricity; however, this was not as pronounced as, for example, in
area 17 (Hubel and Wiesel, 1974). The main effect seemed to
be an increasing scatter of RF sizes with increasing eccentricity.
Often, RFs of widely differing size were centered at the same
point in visual space.
RF shape
Most cells had elliptic or circular RFs, which are approximated
by rectangles in all our plots (see Barlow et al., 1967; Hubel and
Wiesel, 1969, 1974). Since most cells in LS are direction selective (Spear and Baumann, 1975; see also below), a preferred
axis of movement can be defined. Contrary to what is found for
most simple cells in area 17, neurons in LS very often possess
RFs whose greatest extent is along this preferred axis, rather
than orthogonal to it.
Spatial summation
Complex oscillatory responses with more than 1 peak were often
obtained when spots or bars of light were flashed on the RFs of
LS cells. By varying the size of the light stimulus it was found
that these peaks changed their amplitude quite independently
(Fig. 2, A, B). This suggests that different inputs are responsible
for the generation of the peaks.
Increasing the area of light stimulus in many cells led to a
clear effect of spatial summation until, beyond a certain size, a
reduction of the response amplitude was observed. This clearly
indicates the existence of an inhibitory surround in many LS
cells, as previously recognized by Rizzolatti and Camarda (1975,
1977). An example of such a cell is shown in Figure 2C. In this
cell a response reduction was observed both with a narrowing
of stimulus width (i.e., decrease of spatial summation) and with
an extension of stimulus length (i.e., increase of surround inhibition). The most dramatic reduction, as shown in Figure 2,
was reached by a combination of both. Therefore, both factors,
spatial summation within the RF and surround inhibition, may
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Figure 2. Spatial summation properties of LS neurons. A and B, Example of a neuron in PMLS with an oscillatory response to light stimuli of
different sizes flashed on the RF. A, Peristimulus-time histograms (PSTH). Numbers in brackets give bin width (in msec), number of bins per
epoch, and number of epochs, respectively. Dimensions of the rectangular stimuli are given for each PSTH. B, Diagrammatic representation of
amplitudes of the peak responses. Peaks are numbered consecutively from left to right. C, PSTHs to a light stimulus moving across the RF in the
preferred direction and back. Upper histogram, Response to a spot of light with a diameter corresponding approximately to the width of the RF;
lower histogram, response to bar stimulus narrower than the diameter of the spot stimulus but longer than the RF borders. Comparison of the 2
histograms demonstrates the combined influence of spatial summation and surround inhibition, 2 factors that may both contribute to the apparent
“size selectivity” of LS cells.

contribute to ‘theapparent sizeselectivity of RFs in the LS areas
(Spearand Baumann, 1975).
Binocular interactions
Ocular dominance
We determined ocular dominance (OD) quantitatively in 173
neuronsof the posteriorlateral suprasylviancortex. One hundred
and twenty-nine of these cells were recorded from PMLS, 44
from PLLS. In both PMLS and PLLS the vast majority of the
cells were binocular (Fig. 3A). Units equally activated from
either eye (OD class3 in our scheme)comprised 61% of our

sample(59% in PMLS and 66% in PLLS). Only 4.6% (81173)
of the cells were truly monocular (OD classes1 and 5); all of
thesehad RF centersmorethan 10”away from the areacentralis.
None of the cellswasdriven monocularly by the ipsilateral eye.
A comparison of PMLS and PLLS revealed an interesting
trend towards even lessmonocularity and towards a more equal
balance betweencontra- and ipsilateral eye in PLLS (Fig. 3A):
In PMLS 4 times as many cellswere dominated by the contrathan the ipsilateral eye (OD 2 vs OD 4), whereasin PLLS only
2-3 times as many cells were dominated by the contralateral
eye. The difference betweenthe 2 distributions was significant
at the 0.01 level (Ztailed x2 test, 2 x 3).
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3. Binocularity of LS neurons. A, Ocular dominance distributions of cells in 2 visual areas of the lateral suprasylvian cortex (PMLS and
PLLS). The 5 ocular dominance classes are defined as follows: 1, exclusively influenced from the contralateral eye; 2, predominantly influenced
from the contralateral eye; 3, about equally influenced from either eye; 4, predominantly influenced from the ipsilateral eye; 5, exclusively influenced
from the ipsilateral eye. Cells that could be driven only through 1 eye when stimulated monocularly but showed binocular facilitation were counted
in classes 2 and 4, respectively, according to the above definition. AND units, i.e., those responding only to simultaneous stimulation of both eyes,
were counted in class 3. B, Binocular facilitation in a neuron from PMLS. The cell had a large RF (34” x 21”) extending along the horizontal
meridian from 2” eccentricity 36” out into the visual field periphery. Direction preference was upwards. The stimulus consisted of a light spot with
a diameter of 1.7” moving up and down with a velocity of 13Vsec and an amplitude of 26”. From topto bottomthe histograms show the responses
of the cell to stimulation through both eyes together, through the contralateral eye alone, the ipsilateral eye alone, and a control repeat trial with
stimulation through both eyes again. The parameters of the PSTHs (bin width, number of bins, and number of summed trials) were the same in
all cases and are given at the top in parentheses.
Figure

Binocular facilitation
Most of the cells, whose OD was determined by stimulating
either eye separately,were alsotested for binocular interactions
by stimulating both eyes simultaneously. Eye alignment was
within 2” in all cats. Binocular interactions were defined as follows: Binocular inhibition occurred when the cell’s responseto
simultaneousbinocular stimulation was smaller than the responseto monocular stimulation of the dominant eye. Binocular
summation was.presentwhen the cell’s responseto binocular
stimulation was larger than that for the dominant eye. When
the binocular responsewasgreater than the sum of the 2 monocular responses,the cell wassaidto showbinocular facilitation.
Binocular inhibition was seenin only 3% of the units in our
sample.However, more than half of the cells tested (78/135 =
58%) showedbinocular summation or facilitation. In 1 cat the
proportion of units with binocular summation or facilitation
wasas high as78%. There wasno significant differencebetween
PMLS and PLLS for this property. A typical example of a cell
from PMLS with binocular facilitation is shown in Figure 3B.
The responseincrease by binocular facilitation could exceed

400% and occurred equally often among cells with balanced
(OD 3) and unbalancedinput (OD 2 and 4).
Extreme casesof binocular facilitation were seenoccasionally,
in which the cells would not respond at all to stimulation of
Table

1.

Directional

tuning

of neurons

in LS
LS

Tuning
DS,
narrow
DS,
broad
DB
Total
DS: direction
not included.

Width
(k deg)

PMLS
n

PLLS
n

22.5
45
67.5
90
112.5
180

10
33
12
9
2
12

3
15
12
6
0
7

13
48
24
15
2
19

10.7
39.7
19.8
12.4
1.7
15.7

50.4

78

43

121

100.0

100.0

selective; DB: direction

n

biased. Cells without

%

a preferred

Total
O/o

33.9
15.7

direction
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Figure 4. Directional selectivity of cells in LS. A-C, Examples of directional tuning curves from 3 neurons with different degrees of selectivity
(see Table 1 and text). The cell in A displays “narrow” tuning (?45”) and the cell in B “broad” tuning (* 1359; both would be termed “direction
selective” (DS). The cell in C is “directionally biased” (DB, see Materials and Methods). The preferred direction in C was taken from a smoothed
version of the tuning curve (dashed line), since the raster displays indicated that the multiple peaks were only caused by response variability.

either eye alone but respondedvigorously to congruousstimulation of both eyes (AND units). Also in a number of casesa
responsewas detectable only from 1 eye when monocularly
tested, but this responsewas greatly enhancedwith binocular
testing. We decided to classify the former cells as belongingto
ocular dominance class3 and the latter to classes2 or 4, since
a connection from either eye obviously had to exist to mediate
the facilitator-y effect.
Direction selectivity
In 197cells(136 in PMLS, 6 1 in PLLS), the responseto different
directions of a moving light stimulus (usually a spot) was determined (seeFig. 2C and 3B for examplesof typical responses

recorded as PSTH). For 183 cells (=93%) a preferred direction
could be found. For 121 of these(=66%) the directional tuning
was measuredquantitatively also with the help of PSTHs and
raster displays assembledfor at least 8 different directions in a
partly interleaved fashion (seeMaterials and Methods). Only
7% of the cellsin LS (141197)were not direction selective.

Directional tuning
The width of directional tuning for our sample of cells from
PMLS and PLLS is summarized in Table 1. The tuning widths
have been grouped into categoriesdiffering by 22.5”, tuning
borders correspondingto those 2 directions of a moving stimulus that just failed to elicit an increasein dischargerate. The
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shows the number of cells with a certain
preferred direction. Movement to the
right corresponds to 0”; upward, 90”;
leftward, 180”; and downward, 270”. The
shaded part of the polar plot shows direction preferences of PMLS cells only.
Quantitative analysis was usually done
for the 8 main directions (0”, 45”, 90”,
etc.) only, and in some cases was extended to the 8 intermediate directions
(22.5”, 67.5”, etc.) in a partly interleaved
fashion. B, Vector fields of preferred directions from 4 experiments. As indicated at the top, filed circlesrepresent
the RF centers of cells recorded from
PMLS and opencirclesfrom PLLS. Circleswithoutan arrowindicate RFCs of
cells without a preferred direction.
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biggest group (48/121 = 40%) is formed by cells responding

within k45” of the preferred direction. One can further classify
the cells into different categories(narrow tuning, broad tuning,
direction biased), as indicated in Table 1, but it is doubtful
whether theserepresentreal classesof neuronsand not simply
a continuum. Someexamplesof cellswith different directional
selectivity are shown in Figure 4. Only in a few caseswere

t -15-

I

/

bilobed polar plots of directional tuning seen,which did not
seem to be caused by responsevariability (Zumbroich and
Blakemore, 1985).
Direction preference
A preferred direction could be determined in 93% of the units
(183/ 197).Figure 5A showsa polar plot for direction preference
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Figure 6. Distribution of axial direction preferences. Axial direction preference is the difference between a cell’s
preferred direction and the vector
pointing away from the area centralis
originating in the cell’s RFC.
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in all LS cells from our sample.A preference of 90” and 270”
refers to upward and downward movement; 0” and 180” are
assignedto movement into the ipsi- and contralateral periphery
of the visual field. Since most RFs had their centers in the
contralateral field, 0” will usually be referred to as movement
towards the midline or nasal, 180” asmovement away from the
midline or temporal.
Two points are immediately obvious from the polar plot in
Figure 54: The majority of cells prefer movement away from
the midline (left half of the plot) rather than towards it. Even
more specifically, more cells in our sample seem to have a
preferencefor stimuli moving into the upper contralateral visual
field quadrant (90”-180”). This is the casefor our samplesfrom
both PMLS and PLLS.
Direction preferencewasusually the samefor both eyes.There
was also no hint that preferred direction varied within the receptive field, although this was not tested systematically. This
fact (that within the often very largefieldsa constantly directionselective responsecould be evoked with small moving spots of
light) would suggestthat LS fields are generated from a convergenceof smallersubunitswith the samedirection preference.
We have not tested whether and how directional selectivity is
influenced by such parametersasthe size, velocity, and/or contrast of the moving stimulus.
Global organization of direction preference

Direction preference as a function of RF location
The unexpected biasin the distribution of direction preferences
for movement up and away from the midline led us to suspect
that there may be a correlation between this bias and the fact
that most cellsin our samplehad RFs in the upper contralateral
quadrant. We have therefore evaluated the direction preference

of individual cellsasa function of the location of their RF center
(RFC) in the visual field. This was done in 2 ways: In Figure
5B RFCs are replotted in the usual coordinates (azimuth and
elevation) with a smallarrow indicating the direction preference
of the unit. Usually the geometric center of the RF was taken
asRFC, unlessanalysisindicated a peak in the sensitivity profile
elsewhere.It can be seenthat there is indeed a tendency for cells
with RFCsin the upper quadrantsto possess
a vector component
in their direction preferencespointing upwards,while cellswith
RFCs in the lower half of the visual field often preferred downward movement.
This trend wasthen quantified by a linear-regressionanalysis
using the least-squaresmethod. Direction preferencewas analyzed as a function of the angle formed by the connecting line
between RFC and area centralis and the horizontal meridian
(0” direction). The regressionline for all data points hasa slope

Table 2. Centrifugal bias of direction preferences as a function of
cortical layers

Cortical
layer

Axial direction
preference
<45”

II-III

1

Total

Total
49

IV
V-VI

>45”

+,
&
58

46
6

20

51

115

Numbers of cells are shown. Boxed values indicate the greater one of the two
numbers in each line (see text).
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Figure 7. Velocity selectivity of LS
cells. A, Example of a typical velocity
tuning curve from a neuron in PMLS.
The data point for lOOO%ec was extrapolated since this velocity could not
be measured precisely. B, Distribution of velocity preferences in LS. See
text for definition of classes. Most
preferences fall into a range between
lo” and 4O%ec.
very close to unity (1.06) with a correlation coefficient of 0.7.
This means that there is a very close correspondencebetween

direction preferenceand location of the RFC relative to the area
centralis, most cells preferring directions pointing away from
the area centralis (t = 10.66; p < 0.0001). The correspondence
is clear for both PMLS and PLLS, though somewhatlesspronounced in the latter (p < 0.01); this is probably becauseof the
smaller number of cells recorded from PLLS.
If all units preferred precisely centrifugal movement, all data
points would lie on a straight line through 0 with a slope of 1.
In fact, 53% of the cells lie within a band +45” off this line,
suggestingthat neurons with centrifugal direction preference
form only a subpopulation of cells in PMLS and PLLS.

Axial direction preference and centrifugal bias
The centrifugal biasof direction preferences,which is contained
in Figure 5B, becomesmost apparent, if the difference between
direction preference and RFC location (as defined above) is
calculated and plotted in a histogram. We have termed this
difference “axial direction preference” (ADP) and have quantified it in a raster of 22.5” like ordinary direction preference.
Figure 6 showsthe distribution of ADP for 130 cells in PMLS
and PLLS. It is evident that in both areasthere is, superimposed
on an even distribution, a subpopulation of cells responding
best to movement away from the area centralis (ADP within
45”).

Laminar distribution of ADP
The track analysispresentedearlier suggests
that the centrifugal
bias of direction preferencesin LS may be a result of specific
connectivity within LS itself. Electrode penetrationswith a high
proportion of cells in layer IV (e.g., track PLS 3/3) show less
tendency for axial direction preferenceto be closeto 0” (seealso
Fig. 5B). Table 2 gives an overview of the distribution of cells

j
Preferred

Velocity

1

5

Class

with different ADP in the different layers. A clear trend can be
seentowards more cells with a centrifugal direction preference
outside layer IV (seeboxed values in Table 2).
“Radial” and “circular” cells
Summarizing this part of our results,a large classof cellsin LS
showsa preferencefor movement away from the areacentralis
(centrifugal direction bias). Cells with a preference for movement towards the area centralis (centripetal cells)are much less
frequent (seeFig. 6). Together, centrifugal and centripetal units
can be termed “radial” cells. Their direction preference falls
within + 22.5” of the connecting line betweenthe area centralis
and the RFC. A secondgroup is formed by cellswhosedirection
preference falls within k22.5” of the orthogonal to this line.
These cellscan be referred to as “circular.” All other cells can
betermed “residual.” Thesenew categorieswerechosenin order
to facilitate the following statistical analysis, and they do not
necessarilyconstitute functional categories.
Velocity preferences
For most cells, preferred velocity was classifiedon a 5-point
scale,with classescorrespondingto the following rangesof velocities: (1) < S”/sec,(2) 5-20”/sec, (3) 2 1-50”/sec, (4) 5l-l OO”/
set, and (5) > lOO”/sec. Intermediate classeswere also used,
especiallywhen a precisevalue for optimal velocity was determined using PSTHs. Often it was difficult even then to decide
on a preferred velocity, sincecellsrespondedalmost equally to
a very large range of velocities (seealso Spear and Baumann,
1975). A rather typical example of a velocity tuning curve is
plotted in Figure 7A. A distribution of preferred velocities is
shown in Figure 7B for all cells for which this could be determined (153 cells). It covers a wide rangeof velocities and peaks
around 20”/sec.
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Preferred velocity was correlated with the cell’s eccentricity
(i.e., the distance of its RFC from the area centralis). A clear
positive correlation was found for radial cells (Pearson r = 0.4 1;
p < O.OOOl),whereas for circular (r = 0.34; p < 0.02), and
residual cells (r = 0.25; p > 0.1) the correlation was weak or
absent. The scatterplot for radial cells is shown in Figure 8.
Together with the present finding, the loosely retinotopic organization of PMLS (Palmer et al., 1978; seealso “Visuotopic
organization,” above) would predict a negative correlation between preferred velocity and the depth of penetration (taken as
the distance from the top of the sulcus).This correlation was
weakly significant for radial cells(r = -0.22; p < 0.03) but not
for circular cells (r = -0.21; p < 0.07) or residual cells (r =
0.25; p > 0.1).
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The electrode penetrations usually passedthrough PMLS parallel to the cortical layers for somedistance(seeFig. 1). Portions
of such tangential tracks were reconstructed by plotting penetration depth (i.e., distance from the cranial surface)for radial,
circular, and residual cells. Two examplesare shown in Figure
9A. Some clustering of cells with similar characteristicsalong
the tracks seemsobvious from mere inspection.
In order to assess
clustering more quantitatively, a statistical
analysiswasperformed using conditional probabilities for finding the sameor different types of cell within a given sampling
distance (100 or 200 or 400 pm). The difference between the
obtained and expected scoreswascalculated and the statistical
significancetested with x2 tests. More details of this analysis
will be presentedelsewhere(Von Griinau et al., in prep.). The
resultsfor a 100 pm distanceindicate that significant clustering
(p < 0.001) of cells did occur for the radial/circular stimulus
characteristics. According to our histological reconstructions,
this clustering appearedto be independent of the observed difference in laminar distribution of centrifugal units.
Radial/circular

preferences

and retinotopic

organization

If we do not want to confound a clustering of “global” response
properties, as suggestedhere, with a clustering of local properties, such as columns for local direction preference, it is necessaryto relate our findings to the retinotopic organization. A
clustering of radial (R) and circular (C) units could naturally be
expected, if local direction preferencechangedsmoothly while
RF position remained constant within the visual field. Two
tracks are shown in Figure 9, B-E. In each case,a continuous
portion of the track was reconstructed, displaying the relative
location of each cell with its preferred direction and its membership in the R/C categories.Several clusters of R or C cells
can be seen(Fig. 9, B, D) with a width of 300-400 pm. Local
direction preferencechangedfairly smoothly in a counterclockwise direction asthe electrodeproceededfurther into the sulcus.
Underneath, the locations of the cells’ RFCs with respectto the
visual areasand their changeswith increasingdepth are shown
in Figure 9, C and E. Thesetracks are good examplesof a lack
of a strictly retinotopic organization. In contrast to the orderly
changesof local direction preference, RFC position changed
rather erratically.
When we now compare the RFC position with the R/C categorization, we find clusterswithin the visual field in which cells
belongedpredominantly to either the R or C category. In some
cases,it was quite clear that the return of RFC position to a
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Figure 8. Preferred velocity as a function of eccentricity for “radial”
cells. A positive correlation was found (p < O.OOOl), cells with RFs
closer to the area centralis preferring slower velocities and cells with
more eccentric RFs responding best to higher velocities.

particular portion of the visual field also meant a change of
“R/c” category (e.g., cell 28 in Fig. SC). Thus, the grouping of
radial and nonradial, or circular, cells is not explained merely
by a smooth changeof local direction preference.
Discussion
Binocularity of cells in the lateral suprasylvian cortex
Our findings confirm previous reports that most neuronsin the
lateral suprasylvian cortex are driven from both eyes(Spearand
Baumann, 1975; Camarda and Rizzolatti, 1976). In addition,
we have also shown that in more than half of the units (sometimes more than three quarters) there is a strong synergistic
interaction between the 2 eyes. This resultsin a great enhancement of the response,sometimesseveralhundred percent, when
both eyesare stimulated congruously.
Quite frequently, this binocular facilitation can even be demonstrated in cells that appearto be unresponsiveor monocular
on the basisof stimulation through either eye alone. Such AND
cells are also present in the LP (Rauscheckerand Friederichs,
1983; Rauscheckeret al., 1984) which has reciprocal connections with the LS areas.Binocular AND units have occasionally
been reported in other visual cortical areasas well (seePoggio,
1984). However, in area 17, becauseof the smaller RFs, eye
alignment obviously has to be much more precise than in LS
in order to demonstrate binocular interactions.
Previous studies have reported a much higher incidence of
monocular neuronsdriven only by the contralateral eye (Hubel
and Wiesel, 1969; Spearand Baumann, 1975). This may partly
be becausebinocular facilitation was not tested rigorously. It
might, however, also be explained by the fact that most of our
cells had RFCs within the central 15”-20”, very few having
centersoutside 30”. Hubel and Wiesel(1969) reported that they
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B, Schematicillustrationof thedependenceof retinalvelocitv v, on thestimulusvelocity v,, thesizeof the stimulus
s, its momentarydistanceD, and eccentricity.
found many fewer monocular cells within the central 10”. This
was confirmed by Spear and Baumann (1975), and our own data
are also consistent with it. This constitutes an example where
a local single-unit response property depends on RF location
within the visual field. Thus, binocularity seems to obey a global
organization that is similar to the global organization of direction selectivity and velocity preference that we report here.
Centrifugal bias of direction preference in LS cells
The main new finding of this study is that a global organization
of direction preferences exists in the cat’s LS areas. Many cells,
at least a certain subpopulation of them, respond best to movement away from the area centralis. Thus, direction preference
for these cells depends on the location of their RFs within the
visual field: Neurons with RFs in the upper half would often
respond better to upward movement; those with RFs in the
lower half to downward movement. Units whose RFs are situated along the horizontal meridian possess a higher probability
of responding best to temporal movement. A trend for movement away from the midline has been mentioned in the studies
by Hubel and Wiesel(1969), Spear and Baumann (1975), and,
in particular, Camarda and Rizzolatti (1976), but this has not
been quantified or analyzed in detail.
Relation to stibcortical structures
A bias for horizontal preferred direction away from the midline
has been reported for the SC (Straschill and Hoffmann, 1969;
Sterling and Wickelgren, 1969; Dreher and Hoffmann, 1973;
Rauschecker and Harris, 1983). This may also be part of a more
general centrifugal bias of direction preferences similar to LS;
it may have shown up as a horizontal bias, however, owing to
a possible overrepresentation ofthe horizontal meridian (Feldon
et al., 1970). Cortical ablation leads to partial loss of direction
selectivity in the SC (Wickelgren and Sterling, 1969). Cells in
layer V of LS are known to project to the SC (Hollander, 1974).

It is conceivable, therefore, that a centrifugal direction bias is
imposed on the colliculus from LS.
The picture of a functionally homogeneousvisual subsystem
is completed by recent studieson the cat LP (Rauscheckerand
Friederichs, 1983; Rauscheckeret al., 1984). In this main thalamic relay complex for the LS areas (Graybiel and Berson,
198l), which in turn receivesreciprocal connectionsfrom layers
V and VI of LS (Raczkowski and Rosenquist, 1983; Abramson
and Chalupa, 1985) many single-unit responseproperties resemblethose of cells in LS: Apart from binocular facilitation
and broad velocity tuning, which have also been describedby
other studies(e.g., Chalupa et al., 1983) a pronounced direction
selectivity of LP cellsis found with a centrifugal bias similar to,
if somewhatweaker than, in LS.
Finally, pyramidal cellsin layer V of LS project to the pontine
nuclei (Cohen et al., 198l), which in turn is an afferent structure
for the cerebellum via the mossy fiber system. It is highly interesting, therefore, that a centrifugal bias among visual direction selectiveunits in the cat’s cerebellarcortex (vermis, lobules
VI and VII) has been described previously (Vejbaesya, 1967,
cited in Clarke, 1974). According to Chambers and Sprague
(1955), the vermal zone of the cerebellum is particularly concerned with control of posture, muscle tone, locomotion, and
equilibrium for the entire body. A similar trend towards centrifugal direction preference seemsto be present also for the
visual cells in the pontine nuclei (Baker et al., 1976).
Relation to other cortical areas
Direction selectivity in cells of the LS is reduced after lesions
of area 17 (Spearand Baumann, 1979). On the other hand, cells
projecting from the LP to LS are alsodirection selective(Rauscheckeret al., 1984).It appears,therefore, that the specificproperties of LS cells arise from an interaction of cortical and thalamic inputs.
A global organization of direction preference like that de-
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scribed here must require a rather sophisticated wiring of intracortical connections. The fact that the centrifugal direction
bias was less pronounced in the input layer IV than in extragranular layers supports this conclusion. In order to generate
this property, cells may have to communicate over long distances, which could be achieved by long-range excitatory connections similar to those described for area 17 (Gilbert and
Wiesel, 1979, 1983). In addition, the global organization of
direction preference in LS cells may be intimately connected
with the topography of the LS areas (Palmer et al., 1978).
The centrifugal or radial organization of direction preferences
in the LS areas is complemented by a radial organization of
orientation preferences in neurons of the occipital cortex (areas
17-19; Leventhal et al., 1984). Thus, the global anisotropy of
RFs in the 2 complexes is orthogonal to one another. This makes
it tempting to postulate a complementarity of the 2 systems in
visual processing, e.g., in figure-ground discrimination.
Perhaps the most interesting relation to other cortical areas
can be seen in the studies by Motter and Mountcastle (198 1) of
area 7 in awake monkeys. These authors described cells having
different direction preferences in different parts of their large
RFs; within these subfields, these cells responded best to movement towards or away from the monkey’s fovea. It is conceivable that a homologous cortical area exists in the cat with similar
RF properties, in which every unit receives convergent input
from a number of LS cells. On anatomical grounds, the anterior
ectosylvian cortex could be a candidate for such an area (Mucke
et al., 1982).
The converse question ofwhether a homologue in the monkey
exists for the cat LS is still open. Certainly, the pronounced
direction selectivity of cells in the middle temporal area (MT)
(Maunsell and Van Essen, 1983) and its anatomical connectivity
(Tigges et al., 198 1) are rather suggestive features. There are
recent reports of a whole complex of other areas with similar
properties grouped in the vicinity of MT, which is also reminiscent of the LS complex (Van Essen and Maunsell, 1983;
Ungerleider and Desimone, 1985).
Functional significance of a centrij?ugal direction bias
Two roles can be imagined for a neural system especially sensitive for visual stimuli moving away from the center of fixation.
Both roles have to do with situations where the distance between
a visual object and its fixating observer decreases. In this case,
an optic flow field is generated that contains radial components
pointing away from the center of gaze (Gibson, 1950; Regan
and Beverley, 1979, 1982; Ullman, 1980; Hildreth, 1984).
In the case of an object moving towards a stationary observer
looking straight ahead, the system is maximally activated if the
object is moving on a trajectory within the central plane (e.g.,
if a stone or a ball threatens to hit the nose of the observer). A
subsystem with a centrifugal direction bias could thus be very
useful for the initiation of avoidance reactions. For such a case
one might, in addition, expect individual neurons in LS to respond best to movement in 3-dimensional space. This has indeed been described in recent studies (Toyama and Kozasa,
1982; Toyama et al., 1985).
Alternatively, a visual subsystem like that described could
subserve a role for tracking of a target during forward locomotion. Approach to a stationary or more slowly moving object
could be guided by such a system, and, as a part of a servo
mechanism maximizing the output of the system, it could help

to maintain fixation on the object during tracking. Such situations are ubiquitous for animals like cats that depend on hunting
for their survival.
Processing offlowjeld
information
Velocity vectors in centrifugal directions are contained in an
expanding flow field of visual motion, such as generated by
forward locomotion or by an approaching object (Gibson, 1950).
Backward locomotion or a receding object would cause a contracting flow field consisting of velocity vectors in centripetal
directions. The fact that so many more neurons were found in
LS with centrifugal than centripetal direction preferences might
indicate the greater biological significance of an expanding flow
field. However, it does not exclude the possibility that another
area with centripetal preferences may exist. There is evidence
that in the visual system of the fly morphologically and physiologically distinct neural subsets exist that process these different types of whole-field motion (Hausen, 198 1).
In this context, the distribution of preferred velocity with
respect to RF eccentricity is of interest (Fig. 10; see also Fig. 8).
If a visual flow field is generated on the retina by a visual stimulus moving with constant speed, the velocity vectors on the
retina vary with eccentricity (Gibson et al., 1955; Lee, 1976).
Velocities are faster for more peripheral positions and slower
for more central ones. In the center of the flow field velocity is
zero. Indeed, we found a significant correlation for radial cells,
such that neurons with more centrally located RFs preferred
slower velocities than those with more eccentric ones. Though
statistically significant, the increase of velocity preference with
eccentricity was not as strong as might have been expected. The
following 2 points have to be considered, however. There is
usually a wide range of velocities to which individual neurons
in LS respond (Spear and Baumann, 1975; Camarda and Rizzolatti, 1976). Also, at most eccentricities, a large number of
cells can be found that have different preferred velocities, spanning almost the whole observed range. In this way, it is possible
for LS to respond to many different flow fields produced by
different speeds of locomotion.
Clustering of neural subpopulations
In most penetrations, electrodes were advanced in such a way
that the tracks followed the sulcus rather closely, i.e., the electrodes advanced roughly parallel to the cortical layers. The results of the track analyses permit the conclusion that, with respect to the radial and circular (i.e., orthogonal to radial) direction
properties, cells were not distributed evenly. On the contrary,
radial and circular cells appeared in clusters of the same type,
which had an extent of 300-400 pm. Insufficient data are available at this time to define the clusters in terms of columns
perpendicular to the cortical layers, though such an interpretation seems tempting.
This organization of PMLS into 2 spatially distinct neural
populations occurs within the known loose retinotopic organization of PMLS (Spear and Baumann, 1975; Palmer et al., 1978).
It is characteristic for this organization that more central points
of visual space are represented closer to the fundus of the sulcus,
while the periphery is represented closer to the top of the sulcus.
Our results are consistent with this organization, showing a
significant correlation between depth of penetration and eccentricity of RF position. Together with the obtained relation between preferred velocity and eccentricity, this also implies that
proceeding along the sulcus toward the fundus one will en-
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counter cells with increasingly slower preferred velocities, as
observed here.
The position of a cell’s RF within the visual field can be
regarded as a local property of that cell. Its preferred direction
of stimulus movement with respect to the visual field is another,
independent, local property. We have found here that in LS
these 2 properties do not seem to be independent but are linked
to form the global properties of “radial” and “circular” direction
preferences. With this type of organization, parts of the visual
field are defined by the position of the RFs of cells with the
same global property.
Relation to figure-ground discrimination
Another prominent RF property of LS cells described in detail
by von Gri.inau and Frost (1983) is the directional double-opponent organization of their RFs. A possible function for this
property, which has also been described for the pigeon’s optic
tectum, is in figure-ground discrimination, leading to the detection of object motion as opposed to self-induced motion of
the whole visual field (Gibson, 1954; Frost and Nakayama,
1983; Frost, 1985). In view of our present findings, the following
interpretation might be suggested. Locomotion of an organism
through its environment, which consists of objects at various
distances seen against a structured background, will result in
relative motion of objects and background. The direction of
local flow-field vectors will also depend on the distance between
object and the organism. Objects that are closer than the plane
of fixation will move against the direction of locomotion. Their
velocity vectors will be larger than those of the background,
which will move in the opposite direction. When the objects
are farther away, however, they will move with the background.
The latter condition is analogous to in-phase motion and will
result in response inhibition of LS cells. The former condition
corresponds to anti-phase motion and will lead to response
enhancement. Thus, the function of LS cells may be the detection of objects that move relative to the background during
locomotion. These objects will be closer, and therefore of greater
importance, to the organism.
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