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Abstract

The receptive-field positions and orientation preferences of neurons occupying the same tangential location in visual
cortex are thought to be similar but to have an associated random scatter. However, previous estimates of this
scatter may have been inflated by the use of subjective plotting methods, sequential recording of single units, and
residual eye movements. Here we report measurements of receptive-field position and orientation scatter in cat area
17 made with tetrodes, which were able to simultaneously isolate and record up to 11 nearby neurons (ensembles).
We studied 355 units at 72 sites with moving light and dark bars. Receptive-field sizes and positions were estimated
by least-squares fitting of Gaussians to response profiles. We found that receptive-field position scatter was about
half of the ensemble average receptive-field size. We confirmed previous estimates of orientation scatter, but
calculations suggested that much of it may be accounted for by anatomical scatter in the positions of recorded
neurons relative to the tetrode in a smooth map. Orientation tuning width was positively correlated with the degree
of orientation scatter. Scatter was not independent in the two eyes: deviations from the local mean for both preferred
orientation and receptive-field position were correlated although a significant amount of residual inter-ocular
orientation and receptive-field position scatter was present. We conclude that cortical maps of orientation and
receptive-field position are more ordered than was previously thought, and that random scatter in receptive-field
positions makes a relatively small contribution to cortical point image size.
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Introduction reported little or no scatter in the macaque monkey, but in the cat,

Electrophysiological recordings in mammalian visual cortex havepreferences among neighboring cells have been reported to vary by
Phy g g as much ast8 deg to+23 deg (Albus, 1975; Lee et al., 1977;

demonst_rated that neurons Iocateql in columns_ of _t|ssue runn.'nﬂllurphy & Sillito, 1986; Maldonado & Gray, 1996).
perpendicular to the surface have similar receptive-field properties Scatter may be caused by random errors in cortical wiring, and

and that these properties are mapped in a continuous and order] . . . o ;
: . . egrade visual function, but it may subserve a positive functional
fashion across the cortical surface (Hubel & Wiesel, 1962, 1968 ) L -
tole. For example, scatter in receptive-field center positions may

1?;4255)61':@3&;6'?/;3; 22% TS;EZTZ%%EE;Q? da: Olrggrlly_ltggg-increase the size of the “cortical point image”—the region of cor-
gt aFI) 1978)p while orientation preferences chan e?‘o’rthe m’ost art'{ex containing neurons capable of responding to stimuli present at
N ' - P nang Pa single visual field location. Uncorrelated scatter in the receptive-
smoothly and periodically across the cortical surface (Hubel &field positions of the two eyes in binocularly driven neurons may
Wle_sel, 1962, 1974 .Albus, 197%; Blgsdel & Salama, 1986; confer cells with disparity selectivity and contribute to depth per-
Swindale et al., 1990; Bqnhoeffer & Gninvald, 1991)' A degree Ofception (Barlow et al., 1967; Nikara et al., 1968; Bishop, 1979)
randomness or SC?“er IS belleyed _to be superimposed on thea/ ile uncorrelated scatter in orientation preferences may allow
smooth representations. Receptive field centers of sequentially "€4lis to detect slant in depth (Blakemore et al., 1972; Bishop, 1979;
corded neurons have been found to be scattered in visual SPage: coe Nelson et al 1977) v ' ' '
over a region roughly equal to the size of the largest receptive N '

fld n e recoring sequence (Hube & Wese, 1062, trd  B91S 199 Posebes can b ssseser hanevr 18 e
Blakemore & Pettigrew, 1970; Creutzfeldt et al., 1974; Albus, y y :

1975). Scatter in the map of preferred orientation has also beer?catter 's, by definition, a measure of randomness, random mea-

observed, although estimates vary. Hubel and Wiesel (19682)974 surement errors W'!l Iead.to_a_m overestimate of its magn!tude. In
fact several potentially significant sources of error are likely to

have existed in previous studies. Measurements of receptive-field
Correspondence and reprint requests to: N.V. Swindale, Department (ﬁ)ropertles have usually been made sequentially (Hubel & Wiesel,

Ophthalmology, University of British Columbia, 2550 Willow St., Vancou- 1962, 197#; Albus, 197%), but gradual drifts in eye position
ver, BC V5Z 3N9 Canada. E-mail: pah@ecc.ubc.ca during recordings can produce random movements in field posi-
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tions of several degrees (see also Rodieck et al., 1967; Chow &Marcaine, 0.25%) and dexamethasone (0.3 mg, i.m.) was given to
Lindsley, 1968; Bishop et al., 1971; Barlow et al., 1974; Albus, prevent brain edema. A craniotomy approximatelx  mm in
1975a; Cynader et al., 1987). Although steps have usually beersize was made with one edge close to the midline and extending
taken to correct for this problem (e.g. by measuring eye positiongrom about—2 to —7 mm posterior to ear bar zero, over the crown
periodically, or by recording from a reference unit in the cortex orof the lateral gyrus. The brain was viewed through a surgical
lateral geniculate nucleus), it is likely that the effects of eye move-microscope and a small area of dura was carefully removed. Metho-
ment have not been avoided entirely. A second source of erronexital injections were discontinued and light anesthesia main-
involves the common use of the “minimum response field” methodtained by artificially ventilating the animal with a mixture of 70%
(Barlow et al., 1967) to outline receptive-field borders and deter-N,O and 0.25-1.5% halothane or isoflurane in oxygen. Body tem-
mine field positions. This method is subjective, tends to underestiperature was maintained near°@8with a thermostatically con-
mate field sizes in weakly responsive cells (DeAngelis et al., 1995)trolled heating pad, and end-tidal pg®as monitored continuously
and in some circumstances may cause neglect of the inhibitorgnd maintained near 40 mm Hg by varying the rate of an artificial
regions of simple cell receptive fields. Neglecting these regiongespiration pump. Heart rate and EEG records were displayed on a
may also confound receptive-field positional differences with phaseomputer monitor and recorded to disk. Paralysis was induced with
differences, which might also increase estimated positional scattgrancuronium bromide and was maintained throughout the exper-
(Anzai et al., 1997). iment by continuous i.v. infusion at a rate of 0.2 fkg/h together
We attempted to reduce these problems by making simultawith oxymorphone at a rate of 0.01 rfigg/h. These agents were
neous recordings from groups of neurons with a tetrode, a group alissolved in lactated Ringers, and delivered at a rate of/&gfh.
four closely spaced metal microelectrodes (Gray et al., 1995) witiPupils were dilated with topical atropine (5%) and nictitating mem-
which we were able to record simultaneously from ensembles obranes retracted with topical phenylephrine drops (10%). Contact
up to 11 nearby neurons in area 17 of the cat visual cortex. Oulenses with 4-mm artificial pupils were selected on the basis of
results suggest that receptive-field position scatter is much smalleetinoscopic examination to focus the eyes on the display screen.
than earlier reports suggested. Our estimate of orientation scatter is While viewing the exposed brain surface through a surgical
similar to previous reports, but we suggest that this amount mighiicroscope, we carefully placed the tetrode over a region free of
reasonably be expected in even a perfectly smooth orientation magood vessels. To minimize dimpling of the cortical surface during
because recorded neurons are likely to be randomly distributetetrode penetration, we used a sharp electrode, bent at its tip into
over distances relative to the center of the tetrode which are siga tiny hook, to create a small tear in th&a materimmediately
nificant on the scale of orientation column structure. below the tetrode. The tetrode was then advanced into the cortex
with a stepping motor microdrive. A blob of agar gel was placed in
the craniotomy and allowed to set. The surface of the gel was
Materials and methods coated with a viscous silicone oil to prevent drying.

Tetrode fabrication . . .
Visual stimulation

Four, 15-cm strands of 2pm (cats 1-3) or 12¢m (cats 4-12)

. . . A ) Visual stimuli were generated by a computer controlled Picasso
nichrome wires (California Fine Wire, Grover Beach, CA) were 9 y P

Image Synthesizer (Innisfree, Cambridge, MA) and displayed on a

wound toget_her and coated with cyanogcrylate glue. The bunOII'Eli‘ektronix 608 monitor with a maximum screen luminance of about
was placed into a 6-cm-long, 30m (i.d.) insulated cannula, and 60 cd/m? and a minimum of about 9 ¢gch?. Initial rough estimates

affixed with Liquid Tape (GC Electronics, Rockford, IL). The N
. . of the recorded neuron group receptive-field center and preferred
wires protruded from the cannula approximately 1 cm on the re-

- grientation were made by hand plotting with a bright slit projected
cording end and 2 cm on the pre-amp end. The pre-amp ends Wettbm a Welch Allyn ophthalmoscope. The display screen was then
chemically stripped of insulation (Strip-X, GC Electronics), and yn op pe. play

attached to a 6-pin connector (Microtech, Inc., Boothwyn, PA). Anz:if;nc: gﬁ)::ihseareneefcﬁgs; 4(I)i ChT O(Irn erI(e\t/)va(r:z?ien?u:lgio(tor iigllcm)
additional grounding wire was attached to the cannula, and thes| yes. 919 ypically

five plus a sixth reference wire were bound together using Liquidf_3 deg long and 0.15-0.4 deg wide) were programmed to make

Tape for protection and attached to the 6-pin connector. The tips ngs:rrileenst;tfi;/\éegpsi(?;:osss_tlhf ce:)gn%’i%?)?\tse Z%Cfg (t)“(/jeeﬂeal\d ;tt)aa\f:j”:ty
the tetrode wires were cut at an angle and gold plated to bring the ypically ! g ap

electrode impedance to between 0.2 and 12 &l 1 kHz. The tip variety of positions (typically 5—7 conditions, 0.5-1.0 deg apart)

; i . ; along an axis parallel to the axis of stimulus orientation. Stimulus
separation varied from 1am to 35 um, depending on the wire . . .
diameter and angle of cut. ranges were chosen to m(_:lude strongly responsive regions as well

as flanking values producing weak or undetectable responses. The

bar always moved at a constant velocity (typically 2—6 /29
chosen to match the velocity and direction preference of the units,
perpendicular to the long axis of the bar. The width of the bar was
Twelve adult female cats were prepared for single-unit extracelluehosen to be much narrower than the receptive-field width. The
lar recording following guidelines established by the Canadiancontrast of the bar (positive or negative), its orientation, and po-
Council for Animal Care. Cats were initially sedated with oxymor- sition were all randomly interleaved within a single complete set of
phone (0.2 mgkg, i.m.) and anesthetized with a bolus of sodium stimuli, with each set repeated typically 8—16 times. There was a
methohexital i.v., with continued i.v. injections to effect during the delay of approximately 200 ms between sweeps. Overall presen-
initial surgery. A tracheotomy was performed, and the animalstation times varied from 20—60 min. Stimuli were always viewed
were placed in a stereotaxic head holder and connected to tempanonocularly and usually both eyes were tested sequentially. Most
ature, BP, ECG, EEG, and end-tidal €fonitors. Pressure points receptive fields were 5-10 deg eccentric, near the vertical merid-
and wounds were infiltrated with a long-lasting local anesthetician, and in the contralateral, inferior visual field.

Surgery and anesthesia
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Physiological recording summed across all other stimulus conditions. Using only the ori-
éantation stimulus condition that corresponded most closely to this

near the cat's head to a four-channel amplifier (model 1700, A_Me_stlmated preferred orle_ntatlon, a Ga_u55|an was fitto the receptive-
field length profile and its center estimated. From the sweep that

Systems, Carlsborg, WA) (4k-10k gain, 300 Hz to 5 kHz band ) .
: . .~ was closest to the length profile center (or from both sweeps if the
pass) and then to an audio monitor and a four-channel oscillo- : .
. ) center lay closer to the boundary between two adjacent bins than
scope. For on- and off-line analysis, the voltage waveforms wer

digitized by a 12-bit, 32-kHz (per channel)/B board (Data %o one of the two bin centers), the final preferred orientation was

Translation DT2821, Marlboro, MA). If a spike with an amplitude computed. From this final preferred orientation, the length center

greater than three times noise (typically 20+80) was detected was rt_ecomputed as above to yield a fma_l preferred length center

and size. And from the preferred orientation and preferred length
on any of the four channels, a data record from all four Chanmﬂséenter the receptive-field width profile was obtained for both the
was stored on disk (Discovery V5.1, DataWave Technologies, Thorn- ' P P

ton, CO). In addition, 12-bit values proportional to bar length, light and dark bar responses. . )
; . . " . . Before a function could be fit to the width profiles, the cell had
width, horizontal and vertical position, contrast, and orientation

were also stored to disk at a rate of 60 Hz, together with a timeto be_ def_lned as elther_5|mple or complex_. To accomplish .th's
algorithmically, a normalized spatial correlation between the light
stamp accurate to 0.1 ms.

and dark bar responses was obtained (Swindale & Mitchell, 1994),

Tetrode signals were passed from a unity gain amplifier locate

Multiunit spike separation 2RR
|

Whenever a spike was detected, peak and valley waveform volt- C/s= > S
ages from each of the four tetrode channels were extracted. These \/2 (R™) X 2 (R™)
eight parameters were converted into standard sdarssores) ' '
and displayed in varioufN(N — 1)/2 = 28 possible] two-
dimensional projections (e.g. peak on channetlpeak on chan-
nel 3) as points on a computer screen (Fig. 1). Individual unit

@)

whereR;" andR;™ are the firing rates at a sweep positioto light
and dark bars, respectively. This formula yields a number from 0
Sto 1, where 0 means that the light and dark bar responses are

lots. B iability in the eight t | ) t.hspatially uncorrelated, and 1 means that the two are perfectly
plots. because variabiiity in the eight parameter values 1S Not e, o ata . Following Swindale and Mitchell, we defined cells with
dependent, and may be influenced by factors such as firing rate a

lated noi the clust tend to be elliotical in sh /S > 0.5 as complex, and those wi@/'S = 0.5 as simple. For
correlated noise, the clusters tend o be elliptical In shape, S imple cells, the dark bar response was subtracted from the light
ellipses were used to define and separate the clusters of each of t| r response and a Gabor function (Marcelja, 1980; Jones & Palmer
uans recorded (Hether_lngton et al.,, 1996). A computer progran11987) was fit to the profile. For complex cells, light bar and dark
(written by P.A. Hetherington; Autocut V3.0, DataWave Technol- bar responses were added and a Gaussian fitted
ogies) was used to define the ellipses in the following way. All 28 The center and size of the Gaussian (complex cell) or the Gauss-
projections were viewed simultaneously on screen and projection.

; . ian envelope of the Gabor function (simple cell) provided an es-
which showed clear separations between clusters were selected.ﬁ%ate of the center and size of the cell's receptive-field width

each of these projections one or more elliptical borders were drawﬁlthough in theory a Gaussian has no edges, for the purposes of
under visual control until each cluster had been outlined. From th easurement we define the edges to be-atr %rom the center
statistics (means, variances, and covariances) of the points COhnis corresponds to the points where lines drawn tangent to the
tained within the elliptical border, ellipses were computed for all .

inflection points (at:1o') intersect thex axis, and bracket the 95%

projections. These ellipses were later manually adjusted to be%tonfidence intervals. Receptive-field size was defined as the square
match the cluster shapes and were then used to separate the cl

P55t of the product (geometric mean) of the receptive-field length
ters in a cookie cutter fashion. The multidimensional elliptical P @ ) P 9

X d width.
borders were computed from a sample (e.g. 3000 spikes) of thféIn W

total number of spikes collected, and were then used to classify the
rest of the spikes in the data file. Any point which fell within Measures of scatter

the elliptical boundaries of two or more clusters was assigned tqhe standard deviation (unbiased estimate) of cell positions or
the most probable cluster (Hetherington et al., 1996). Suspectégyientations around the mean in each ensemble was calculated and
shifts of the electrode relative to tissue during the experiment anseq a5 an estimate of variability in receptive-field center position
consequent slow drifts in signal amplitudes were automatically,, grientation preference in each ensemble. An unbiased estimate
corrected for during spike separation by adaptively moving theys oyerall or mean group scatter across all ensembfesyas

cluster boundaries relative to the slow movement of the C|USteEaIculated according to the following formula (Barlow, 1989):
centers with time. If these drifts proved too large Amdcluster '

boundaries could not confidently be assigned, the data from the

ngrps / ncells
cluster were rejected. > ( > (X — Mi)2>
i=1 i
o= s , )
Receptive field and orientation tuning > (-1

i=1
Preferred orientation and receptive-field positions and sizes were
estimated by least-squares fitting of a Gaussian or Gabor functiowhereX; is the receptive-field position of cgl] M; is the mean of
using a simplex algorithm (Nelder & Mead, 1965). Preferred ori-the positions in each group, amgdis the number of cells in each
entation was first estimated from the center of a wrapped Gaussiagroup. In most situations, we tookr4to provide a more intuitive
(Batschelet, 1981; Swindale, 1998) fit to the profile of responsesstimate of the range of variatios20).
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To allow comparisons between our measures of scatter and 20

those obtained in previous studies, which have used more than one -—I O Monocular
definition, we calculated the mean, or sometimes the median, cellg 16 -
pair difference in receptive-field center position or orientation taken ‘g —‘ EBinocular

across all cell pairs in each ensemble, over a set of ensembles. Thi@ 12
is the average (or median) difference in receptive-field centerss
between two neighboring visual cortical cells. Note that while the § 8
cell pair difference measure is an intuitive estimate of scatter, and¥
has been used in previous papers, histograms of cell pair differ™ 4 17
ences taken from a normal distribution will be skewed, and the lL
mean of the pair differences overestimates the true standard devi-
ation of radial distances from the mean by about 25%. Because the 2 3 4 5 6 7 8 9 10 M
histograms of absolute cell pair differences were skewed, for any # Cells per site
statistics involving these numbers, a closer approximation to the
normal distribution was obtained by taking the square root of eaclirig. 2. The distribution of ensemble sizes (cells per recording site). Sites
value (Tabachnick & Fidell, 1989). In no case did transforming afrom which binocular data were obtained are indicated separately.
distribution in this way change the interpretation of the results.

For orientation data, means and variances were calculated using
circular statistics (Batschelet, 1981; Fisher, 1995). Correlations

between.two uniformly’ dis.tributed .circular variaples were com-gnsemble at monocularly and binocularly (first one eye then the
puted using Batschelet's circular—circular correlation and for NOrother) recorded sites. The number of cells in each ensemble varied
mal distributions Fisher's (1995) circular—circular correlation waspeatween two and 11 (mean 4.9 = 1.8) yielding a total of 355
used. For correlations between linear and circular variables (e.Gq|is in all. Of these, 256 (72%) demonstrated both good orienta-
receptive fieldvs orientation scatter), Fisher’s linear—circular cor- 5 and receptive-field tuning in at least one eye. Neglecting
relation was used. All other nonc!rcular correlations were cOM-gnsembles of less than three cells, and taking all cell pairings in
puted using the common Pearson'sorrelation coefficient. each ensemble, this allowed for an analysis of 478 cell pairs from
In the scatter plots of such variables as receptive field ands3 gnsembles (in cases when data were available for both eyes, the
orientation scatter, we §0ught to detgrmlne the best-fit lines thaéye with the largest number of responding cells in the ensemble
would allow the prediction of one variable from the other. HOW- 45 chosen for analysis). Binocular data were obtained from a total
ever, when both variables are _dependent measures, Ilnear_ regres-138 cells at 24 sites in seven cats, of which 94 (68%) demon-
sion cannot be used because it assumes errors on onlyakie  girated good orientation and receptive-field tuning in both eyes.
variable. Instead, we used a maximum likelihood regressionrhe numper of cells recorded at each site was similar to that

technique which fits straight lines to data with errors in both di- \enorted by other investigators using tetrodes in visual cortex (e.g.
mensions (Barlow, 1989). The best straight line fit is given byGray et al., 1995; Maldonado & Gray, 1996).
Y = mX + b, where ’ ' '

Var, — Vary

— 2 L A—
m=A+JA*+1, and = 2X Covgy "

(3) Laminar distribution

All penetrations were made nearly perpendicular to cortical sur-
Var is the variance ok ory, andCauy y is the covariance of and face, at or near the crown of the lateral gyrus, and the distance
y. The two values of resulting from thet sign correspond to the from the cortical surface was recorded at each site. Most (90.3%)
first and second principal components of the data, respectively. 16f the cells were obtained at depths from 10 to 900um. To
Cavyy is positive, then the- sign is taken as positive, otherwise it determine if the depth of recording accounted for any significant
is negative. On each scatter plot, we draw this best-fit line andamount of variance in receptive-field size or scatter, or orientation
report its prediction equation. tuning width and scatter, the depths were binned into upper (1-
300 um), middle (301-60Qwm), and lower (601-90@.m) thirds.

The only property found to vary significantly with depth was
receptive-field size. Receptive fields were larger in the upper and
lower thirds than in the middle thirdF(2,333 = 9.13,P <
0.0001]. Receptive-field scatter, orientation tuning width, and ori-
Recordings were made from cell ensembles at a total of 72 sites iantation scatter did not vary significantly with cortical depth. To
12 cats. Fig. 2 shows the distribution of the number of cells persimplify our analysis of receptive field and orientation scatter, and

Results

Number of cells

Fig. 1. The top left-hand panel shows voltage waveforms from five simultaneously recorded units (labeled 1-5) on the four channels
of the tetrode. Note the consistency of spike shape and that each of the five units gives rise to a distinct set of waveforms on the four
channels. The three panels on top right show selected pairs of the eight waveform parameters (peak-and-valley voltages on four
channels) plotted against each other, with each dot representing a single spike. Note that the dots fall into distinct clusters, and that
clusters are more distinct in some projections than others (e.g. the clusters labeled 3 and 5 are not distinct in the top projection but are
clearly separated in the two lower projections). The bottom half of the figure shows tuning profiles for orientation, receptive-field
length and width, for each of the five units. The solid lines are the best-fit Gaussian functions, and the thin lines are best-fitting Gabor
functions to simple cell receptive-field width profiles.
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because neither receptive field nor orientation scatter varied witha g
depth, all further analyses of scatter were collapsed across cortical
depth. 7°

& Unity Prediction Line .

5 | \
.- y=0.48x-0.20

4°

Receptive-field scatter

Receptive fields were obtained at an eccentricity of 5-10 deg from
the fovea, in the contralateral, inferior visual field near the vertical
meridian. The mean group scatter in field positions across all en-
sembles of more than three cells was 0.48 deg+4L.94 degN =
53). The mean absolute difference in receptive-field center posi-
tion between neighboring cell pairs was 0.82 de.59 deg(N =
478). As expected, the distribution of differences was positively
skewed (see Fig. 7B, “Experimental Data”), and the median -
(0.68 deg) rather than the average provided a better estimate of the
cell pair difference.

To compare receptive-field position scatter with receptive-field
size, we compared the receptive-field position standard deviation

Receptive Field Scatter (4c)

0° 10 20 30 4° 5° 6° 70 g°
Receptive Field Size (40)

for each site at which three or more cells were recordé¢e 53) 40°
against mean group receptive-field size (Fig. 3A). There was aB)
small, but significant correlation between receptive-field size and 35° *

scatter in receptive-field positiofr = 0.33,P < 0.02). The av-
erage receptive-field size @ of all cells recordedN = 256) was

3.80 deg+ 1.83 deg, whereas the mean scatter)(dvas only

1.94 deg. Although receptive-field scatter increased as the receptive-
field size increased, the amount of scatter was far less than that
expected from receptive-field size. In fact, in only two of the 53
groups recorded was scatter greater than the aggregate field size.
The average ratio of receptive-field scatter to receptive-field size

3.0° 1 * y =0.11x + 0.43

N
133}
4

Receptive Field Cell Pair Difference
N
o

was 0.45. o )
An analysis of cell pair differences showed a similar result. The 05° |
difference in receptive-field position for all 478 cell pairs was
plotted against the mean receptive-field size\4n Fig. 3B. The 0.0°
cell pair difference in receptive-field position was weakly but sig- L A - AR L
nificantly correlated with the mean of the cell pair receptive-field Receptive Field Size

S!Ze(r : 0.22,P < 0001) although because only a small ra_mge of Fig. 3. (A) Scatter plot showing the mean receptive-field size of each cell

visual field eccentricities was sampled, a strong correlation Wag,nsemble on the axis, and the scatter of receptive-field center positions

not expected. It is clear, however, that estimates of scatter wergithin each ensemble on theaxis. Note that, on average, scatter is just

always substantially smaller than receptive-field size. The averaggss than half of the mean receptive-field size. (B) Scatter plot showing the

ratio of cell pair receptive-field difference to cell pair mean receptive-mean receptive-field size of each simultaneously recorded cell pair on the

field size was 0.25. x axis and the distances between the receptive-field centers of each pair on
they axis.

Horizontal vs. vertical scatter

We found no evidence for any difference in the horizontal and0.88 deg, C=1.02 degt 0.89 deg), nor in the amount of vertical
vertical components of receptive-field position scatter. On the basis; _ 1 gq ’degt 1.21 deg, G=1.76 de;gt 1.66 deg), horizontal (=

of t-tests, the mean absolute cell pair horizontal re(:eptive-field,l_e5 degt 0.70 deg, C=1.67 deg 1.12 deg), or combined (i.e.
difference (0.51 deg: 0.49 deg, mediar 0.37 deg) did not differ radial) (1 = 1.56 deg: 0.68 deg, C= 1.66 degt 1.04 deg) group

significantly from the mean absolute cell pair vertical difference ¢i;nqard deviation. The ipsilateral eye scatter)@as 1.75 deg
(0.53 deg+ 0.47 deg, mediars 0.41 deg). Similarly, horizontal | nile the contralateral eye scatter was 1.79 deg.
standard deviations (4 = 1.81 deg+ 1.33 deg, median=

1.43 deg, mean group horizontal scatte?.10 deg) did not differ
significantly from vertical standard deviationso{4= 1.89 deg=+
1.23 deg, mediar= 1.63 deg, mean group horizontal scatter  Within binocular ensembles, ipsilateral eye deviations of individ-
2.12 degq). ual unit receptive-field positions from the ensemble mean were
significantly correlated with contralateral eye deviations from the
mean (Figs. 4 and 5)r = 0.41, P < 0.001,N = 85). Thus,
receptive fields which were to the upper left of the group center in
one eye were also to the upper left of the center in the other eye.
In binocular ensembles we found no significant difference in ab-This relationship was due more to correlations between vertical
solute individual receptive-field deviations (deviatiors4) be-  than horizontal deviations. The correlation across the eyes was
tween ipsilateral (1) and contralateral (C) eyes=<(I1.18 deg+ greater for vertical deviationgr = 0.55, P < 0.001) than for

Individual deviations

Ipsilateral eye vs. contralateral eye receptive-field
scatter and disparity
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Fig. 4. Graphs from five ensembles (A-E) from which binocular data were obtaineds @kes show the horizontal deviation of each
receptive-field center relative to the mean horizontal receptive-field position in each ensemble, grakiheimilarly shows the

vertical deviation relative to the mean. Ipsilateral and contralateral eye data points from the same cell are connected by lines. Note that
ipsilateral eye and contralateral eye deviations are correlated.

horizontal deviationgr = 0.23,P < 0.05; verticalr vs. horizontal ~ Simple vs. complex cells
r: P < 0.001, although see below).

Receptive-field scatter was also correlated across the(eyes
0.62,P < 0.01,N = 18) (Fig. 6A). Thus, ensembles with a high
degree of scatter in one eye tended to have a high degree of scat

The average receptive-field scatters-j4nd sizes (&) of simple
and complex cell$N = 85) are presented in Table 1. Simple cells

{I?d significantly greater overall, vertical, and horizontal scatter

in the other eye. And, as above, this relationship was mainly dug 2" did complex cells, in spite of their slightly smaller overall

: . . §|ze. Note that because the receptive-field centers of simple cells
to correlations between vertical and not horizontal components o . ) ) : o
were obtained from Gaussian envelops of fit Gabor functions, it is

scatter. The amount of vertical scatter was correlated across thL?nlikely that phase differences could account for the larger scatter
eyes (Fig. 6By = 0.67,P < 0.01), but the amount of horizontal among simple cells (cf. Anzai et al., 1997)
scatter was not (Fig. 6Q; = —0.12, P = NS; verticalr vs. ’ v ’
horizontalr: P < 0.001).

The low correlation between the horizontal deviations (individ- - . .

. . ... Orientation scatter

ual and group) across the eyes means that horizontal disparities
were greater than vertical disparities. Statistically, the average hofFhe average cell paifN = 478) difference in orientation prefer-
izontal receptive-field disparity (0.34 deg0.35 deg) was signif- ence (Fig. 7A) was 15.4 deg17.0 deg (mediar 9.42 deg). The
icantly greater than average vertical receptive-field disparity (0.25average of the maximum cell pair difference across groups was
deg+ 0.24 deg}(84)= 2.00,P < 0.05). However, this statistical 28.6 deg+ 21.5 deg, and the largest cell pair difference in any
difference was not robust: it was partially dependent on the inclugroup was 89.7 deg. The mean group scatfér= 53) was
sion of two outliers & 4o from the mean), seen in the top left and 13.65 deg (median- = 8.4 deg, maxo = 33.8 deg).
bottom right of Fig. 5A. With these two outliers excluded, indi- As expected, orientation preferences in the two eyes were highly
vidual horizontal deviations were correlated across the éyes  correlatedr = 0.93,P < 0.001), and there was a consistent right
0.43,P < 0.001) and this correlation was not significantly differ- minus left eye difference in preference averaging 13.5 deg
ent from the correlation between individual vertical deviations.8.2 deg across all animals, likely resulting from constant intorsion
The correlation between horizontal scatter remained unchangeof the eyes caused by paralysis (Nelson et al., 1977; Cooper &
but the difference between horizontal (0.30 ded.24 deg) and Pettigrew, 1979). Orientation scatter in ipsilateral and contralateral
vertical (0.25 deg+ 0.24 deg) disparities failed to reach sig- eyes (Fig. 8A) was positively correlatgd = 0.68, P < 0.01,
nificance (P = 0.078). Thus, our data suggest that if there is aN = 18); that is, ensembles with a large orientation scatter in one
difference between horizontal and vertical receptive-field positioneye tended to have a large scatter in the other eye. Consistent with
disparities, it is likely to be small. this, deviations in preferred orientation, relative to the group mean
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in each ensemble (Fig. 8B), were significantly correlated across_
eyes(r = 0.41,P < 0.001,N = 85). There was no significant
difference between the ipsilateral and contralateral eyes in th

0.0° 02° 04° 06° 08 10 12°
Ipsilateral Eye

Fig. 6. Graphs of contralateral eyeersusipsilateral eye receptive-field

f'absolut_e amount. of orientation scatte.r, nor was there any signi nent of receptive field position); (B) vertical component of scatter; and
icant difference in scatter between simple (12.0 deg) and comcy norizontal component of scatter.

plex (11.8 deg) cells.

The relationship between orientation scatter and orientation tun-
ing width was similar to that found between receptive-field posi-
tion scatter and receptive-field width. Orientation scatter of all

groups including three or more cells was compared with the meallu_2 R . .
. . ! ) : ) eceptive-field scatter vs. orientation scatter
group orientation tunings. Fig. 9 shows that orientation scatter was

strongly correlated with orientation tuning width = 0.70,R? =

0.49,P < 0.001,N = 53). Just as group receptive-field scatter was not significantly correlated across ensembles (Fig. 10A; 0.01,

catter, measured as the standard deviation of receptive-field center posi-
ion relative to the ensemble mean. (A) Overall scatter (i.e. radial compo-

Scatter of receptive-field position and orientation preference was

almost always less than group receptive-field size, group orientaP = NS, N = 53), that is, ensembles showing a large amount of
tion scatter was also always less than group orientation tuningscatter in receptive-field position did not show a correspondingly
with the average ratio of orientation scatter to orientation tuninglarge scatter in preferred orientation. Nor were the individual de-
equal to 0.32. viations of orientation and receptive-field position from the local
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Table 1. Differences in receptive field scatter and size were assumed to be distributed uniformly in a circle of radius
between simple and complex cells 65 um (model A), and another in which cells were assumed to be
uniformly distributed within a circle equal to the diameter of the
Simple  Complex P value tetrode (about 6@m) with an additional lateral Gaussian scatter of
(deg) (deg) (2-tailed) +60 um (model B). We used a computer-generated orientation
Receptive-field scatter map (Swindale, 1982) which had a singularity density of 2.2 per
Overall 1.92 1.63 0.042 1.1 mn, similar to that observed experimentally (Wolf & Geisel,
Vertical 2.32 1.63 0.0005 1998), and a resolution of 1 pixet 5 um. At each of 5000
Horizontal 2.36 1.47 0.021 randomly positioned sites, a set of eight surrounding cell positions
Receptive-field size was calculated according to the assumed distribution. The fre-
Overall 3.62 4.03 0.056 (1-tailed) quency histogram of the differences in orientation between pairs of
RF Length 6.01 5.10 0.032 cell positions in the map was calculated (Fig. 7A). Model A gave
RF Width 2.42 3.31 0.0003

an imprecise fit to the data although it was able to account for a
substantial amount of scatter. The fit with model B was better,
although the experimental distribution is somewhat flatter near the
origin, and may have slightly more cases with large orientation
differences. As would be expected, the singularity density had an
impact on the amount of scatter: when the calculations were re-
peated on an orientation map with the same periodicity, but with
dparaIIeI iso-orientation domains lacking singularities, the amount
h R L . . of scatter (measured as the 2nd moment of the distribution) de-

owever show a small significant positive correlation (Fig. 10B)
(r = 0.19,P < 0.001,N = 478). A possible explanation of this ¢'c2s€d from 10.7 deg to 7.5 deg (model A) and from 18.3 deg to
14.2 deg (model B). Given the uncertainties in the actual sampling

result is that the cortical distances between simultaneously re=. "™ ~~* . .
. ) . . . distribution of the tetrodes, these calculations are not conclusive,
corded cell pairs vary: cell pairs which are further apart will on

average have slightly greater absolute differences in receptive-fiel utthey raise the possibility that a large component of experimen-

positions and orientation preferences than cell pairs close togetheffj.1I|y measu_red orlentg_tlon scatter might be attrlbgtable to anatom-
If true, this implies that anatomical scatter in the positions Of|caI scatter in the positions of recorded cells relative to the tetrode.

recorded cells relative to the tetrode is significant, and that local Could the observed scatter in receptive-field position be ac-

order in the cortical map has a detectable impact on the varlatlor(%ounwd for in the same way? Assuming an entirely smooth and

. L . e uniform cortical map, anatomical scatter of cell positions can be
in receptive-field properties within simultaneously recorded en-

. ) R . . translated into scatter in retinal coordinates if cortical magnifica-
sembles. Evidence relevant to this possibility is examined in more. . o

o . . ion factor is known. At an eccentricity of 5-10 deg from the fovea,
detail in the following section.

in the contralateral, inferior visual field near the vertical meridian,
where the present recordings were made, cortical magnification
factor is about 2 degmm (Albus, 197%). When the preceding
calculations were repeated, the resulting cell pair position differ-
ences were much smaller than the experimentally observed ones
Orientation preference varies relatively rapidly over the surface ofor all reasonable parameter values (Fig. 7B). A good agreement
area 17, undergoing a 180 deg rotation on average about evehetween the simulation and experiment could only be obtained
1.1 mm (Lowel et al., 1987; Diao et al., 1990). This raises theby the improbable assumption of a tetrode seeing distance of
possibility that some of the observed orientation scatter in cell£180 um. This suggests that positional scatter of recorded cells
ensembles might be caused by tangential positional scatter of thelative to the tetrode contributes relatively little to the observed
cells recorded by the tetrode. It has been shown that cortical miscatter in receptive-field position.

croelectrodes can record from cells which are 50—4@0distant

from the electrode tip (see Mountcastle et al., 1957; Humphrey

et al., 1978; Drake et al., 1988); and it is estimated that tetrode
which are typically 30—-8Qum in diameter, can record from cells
within distances up to about om from the center of the tetrode
(Gray et al., 1995; Maldonado & Gray, 1996). This means thatAlthough it might be possible in principle, we have not attempted
some cell pairs might be up to 130n apart. Assuming an average to reconstruct the positions in the cortex of recorded cells rela-
orientation gradient of 180 deg per 1.1 mm, this translates to dive to each other and to the tetrode. However, it is relatively
maximum orientation difference of 21 deg, which does not seeneasy to compute a measure which is likely to correspond ap-
inconsistent with the data (Fig. 7). A more exact estimate of theproximately to the physical distances between simultaneously
distribution of cell pair orientation differences requires a knowl- recorded cell pairs. Two cells whose spikes yield similar peak-
edge of the variation in the spatial rates of change of orientatiorand-valley voltages on all four channels are likely to be physi-
preference, and of the distribution of recorded cells relative to thecally closer than cells with peak-and-valley voltages that are
tetrode. Orientation gradient is high close to singularities and lowedissimilar. The degree of similarity can be calculated by repre-
elsewhere (Blasdel & Salama, 1986; Bonhoeffer & Grinvald, 1991)senting each cell as a point in an eight-dimensional space, the
and the overall pattern of preference can be described reasonaldyes of which represent the standardized scores of the four peak
well by simple models (reviewed in Swindale, 1996). The likely voltages and four valley voltages. The Euclidean distances be-
distribution of recorded cells relative to the tetrode is difficult to tween points in this space, which we refer to ag-score dis-
assess. We tested two simple models, one in which recorded celtance, can be assumed to vary, at least in part, with the physical

mean correlatetr = 0.07,P = NS, N = 256). The absolute values
of cell pair receptive-field position and orientation differences di

Estimation of expected scatter in smooth orientation
and retinotopic maps

ﬁ?eceptive field and orientation scatter vs.
estimated cortical distance



646 P.A. Hetherington and N.V. Swindale

A) 60%

50% | B Experimental Data

Simulation, Model A, 130um dia.

40% -+ '-_ — Simulation, Model B, 60um dia. + 60um

30%

20%

Percentage of Cell Pairs

10%

0%

T T T -q:- T
o o o o o o o o o o o o L o o o o o
[N (PR (o TN Yo SN (o TN o IR (M Yo TN (o TN o NN = BN Y B Y TR Yo BN ( BN (> BN (e I o)
N ~ o N~ N ~ N ~ N N~ o N~ o N~ N ~ N ~
~ -~ N N (3] [32] < < (o] (o] © © ~ ~ @ [+ o]
Orientation Differences Within Cell Pairs
B)
12% - )
@ o ~. Experimental Data
= .~ N
o/, | - 5 S .
E 10% s = | . T Diameter = 60um + 180um
° K o — b _ N
O 8% | . iameter = 60um + 60um
L . ~
o l' i ‘I
@ B ~
g 6% - : .
c s
@ .
e 4% {| - .
[ :
o - N
2% N
) o o ° o o o ) 1 ) o o o ) ) ) 1 o °
n n n n [To] n n n n [T v n n 0 [Xo] n 0 n n
o o o o o o o o o o -~ -~ -— -~ -~ ~ -~ -~ ~—

Receptive Field Differences Within Cell Pairs

Fig. 7. (A) Histogram of the difference in preferred orientation of simultaneously recorded cell pairs (gray bars). Dashed and solid lines
show the predicted distribution of orientation differences for models A and B, respectively, described in more detail in the Results
section. These models assume a locally smooth orientation map together with a degree of random scatter in the positions of recorded
cells relative to the center of the tetrode. (B) Histogram of the distances between the receptive-field centers between members of
simultaneously recorded cell pairs. Lines show the predicted distribution of distances assuming a cortical magnification factor of
2 degymm, no physiological scatter, and random scatter in the positions of recorded cells relative to the center of the tetrode. The solid
line shows the amount of scatter predicted by model B which is able to explain nearly all of the observed orientation scatter. The dashed
line shows that the observed receptive-field position scatter can only be explained in anatomical terms by assuming an implausibly large
amount of scatter in recorded cell positions180 wm), implying that most of the observed scatter is physiological in origin.



Receptive field and orientation scatter 647

25° Discussion

A)

Receptive-field scatter

N
o
°

y=0.92x+1.11 The estimated scatter of receptive-field center positions in our

. sample of ensembles was 0.48 deg, which is less than half of that
reported in earlier comparable studies (Hubel & Wiesel, 1962;
Creutzfeldt et al., 1974; Albus, 19@b done at about the same
visual field eccentricity as here (5-10 deg). As expected, we found
that receptive-field scatter increased with receptive-field size, but
the group scatter @ = 1.94 deg) was about half of the mean group
receptive-field size of 3.80 deg. In only two of the 53 groups of
three or more cells recorded was scatter more than the mean group
receptive-field size. Creutzfeldt et al.’s (1974) similar measure of

N
o
°

Contralateral Eye Scatter
=)

50

0° ‘ scatter was 3.64 deg 44 with an average receptive-field size of
0° 5° 10° 15° 20° 25 2.9 deg (1.26:1). Albus (198 also reported a range of scatter
Ipsilateral Eye Scatter measures (4) from 1.2 deg to 6.4 deg with average receptive-field

sizes ranging from 0.7 deg to 2.6 deg. We believe our measures
were lower for at least two reasons. First, our measurements were
40° based on groups of cells recorded simultaneously, not sequentially.
B) When Creutzfeldt et al. (1974) analyzed 20 pairs of simultaneously
recorded cells, the mean difference between their response peaks
was 0.9 degt 0.56 deg, which is very near the average difference
between receptive-field center positions that we obtained (0.82
deg + 0.59 deg). Second, we sampled both the dark (OFF) and
light bar (ON) regions of the receptive field and fit the response
profiles with either Gaussian or Gabor functions. The minimum
response field method of receptive-field plotting (Barlow et al.,
1967) results in larger estimates of scatter (Creutzfeldt et al., 1974)
and smaller receptive-field sizes (Dow et al., 1981). Thus, scatter
was more likely than not to have been overestimated and receptive-
field size underestimated, in these studies. It is possible that scatter
in the macague monkey has also been overestimated, given that
hand plotting and sequential recording were used by Hubel and

w0 | y=0.93x-0.58

N
o
°

=
o
°

Contralateral Eye Deviations

-30° ‘ ‘ Wiesel (1974) in their study of receptive-field position scatter.
300 200 -10° 0° 10° 20° 30° 400 We found no difference between the absolute amounts of scat-
Ipsilateral Eye Deviations ter in the horizontal and vertical directions, or between ipsilateral

Fig. 8. (A) Scatter plot showing orientation scatter in contralategakus and cqntralateral eyes. Some early studies reported greater amounts
ipsilateral eyes: ensembles showing a large orientation scatter in one ey&f horizontal than vertical scatter (Blakemore, 1969; Blakemore &

were likely to show a large scatter in the other eye. (B) Scatter plotPettigrew, 1970) and greater ipsilateral than contralateral scatter
showing, for each binocularly studied cell in ensembles of three or morg Blakemore & Pettigrew, 1970). However, other studies have failed
cells, the deviation in preferred orientation relative to the ensemble mearo find these differences (Nikara et al., 1968; Albus, 187%n
in the contralateral eyeersusthe ipsilateral eye. der Heydt et al., 1978; Bishop, 1979). A greater amount of hori-
zontal scatter is a theoretically attractive possibility because of the
likelihood that it might underlie a mechanism in which depth in-
formation was obtained from horizontal disparities. However, be-
cause vertical disparities can also provide depth information
distance between the cells: two nearby cells can be expected {Mayhew & Longuet-Higgins, 1982; Bishop & Pettigrew, 1986;
have a smallz-score distance, while two relatively distant cells Bishop, 1989) one might, on this basis, expect some degree of
can be expected to have a largecore distance. If our argu- vertical receptive-field position scatter as well.
ments about the impact of cell position scatter on receptive-field Bishop (1979) suggested that receptive-field position scatter
properties are correct, then the averageore distance between might underlie disparity detection. He pointed out that if scatter in
the spikes of two cells should vary with both their receptive- the two eyes was independent, then the average disparity would be
field position difference and their preferred orientation difference.given by the quadratic sum of the two monocular scatters. Our
The results support the hypothesis, but for receptive-field pofindings suggest however that scatter in the two eyes is not inde-
sition differences only. As the estimated cortical distance betweependent, since horizontal, as well as vertical, receptive-field posi-
neighboring cells increased, so, on average, did the veftical tion deviations from the local group mean are correlated in the two
0.15,P < 0.01), horizontalr = 0.10,P < 0.05), and combined eyes. Nevertheless, a significant amount of residual variation in
(r = 0.16,P < 0.001) receptive-field position differencébl = inter-ocular receptive-field position difference exists, and although
478). Surprisingly, we found no significant correlation= —0.02) some of this can probably be attributed to measurement error, and
between the difference in preferred orientation and estimated coto anatomical scatter, probably not all of it can, and the remaining
tical distance. inter-ocular scatter may make a significant contribution to dispar-
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Fig. 9. Scatter plot showing, for all ensembles of three
o or more cells, orientation tuning widilx axis)versus
o 10° 20° 30° 40° 50° 60° 700 80° 9 100°  110° orlentat!on scattefy axis): there was .a strong posm\{e
. . . . correlation between the average width of orientation
Orientation Tuning Width (o) tuning and orientation scatter within ensembles.

ity detection. In addition, by expressing deviations relative to thegroup scatter across all 53 sites of three or more cells was about
group mean in each eye, we have implicitly assumed that the groug:13.6 deg. These estimates are similar to those found in previous
means are the same. However, there will be random errors in owstudies in the cat (Albus, 1985 Lee et al., 1977; Murphy &
estimates of these means, which will add to the estimates of actudillito, 1986) including a study using tetrodes (Maldonado & Gray,
disparity. Nor can we rule out the possibility that systematic dif- 1996; Maldonado et al., 1997). Although these authors suggested
ferences in group means exist, that is, that the retinotopic maps ithat this scatter represents physiological disorder at the cellular
the two eyes are systematically misaligned, possibly in a way thalevel in the orientation map, it seems possible that much, or pos-
leads to an ordered map of disparity. sibly even all, of the apparent disorder might be caused by scatter

Our results suggest that randomness in the cortical representa the anatomical positions of recorded cells relative to the elec-
tion makes a relatively slight contribution to the size of the corticaltrode. Maldonado and Gray (1996, p. 512) considered this possi-
point image (the set of neurons whose receptive fields cover aility, but in the context of a linear orientation map with parallel
particular point in visual space). Assuming a cortical magnifi- iso-orientation domains. We have found that the presence of ori-
cation factor of 2 degnm, an average receptive-field diameter entation pinwheels in the map significantly increases the impact of
(= 40,+) of 3.8 deg and no scatter at all, the pointimage will haveanatomical scatter on measured orientation scatter. Our conclusion
a diameter= 1.9 mm. The addition of random Gaussian scatterabout the impact of anatomical scatter however depends most
with osca= 0.48 deg to this (i.e. convolving the Gaussian receptive-strongly on the assumptions we have made about the seeing dis-
field profile with the Gaussian scatter, which causgs andos.,;  tance of our tetrodes. These assumptions are difficult to evaluate,
to add quadratically) yields an only slightly increased point imageand are likely to depend on several factors including the shape and
size= 4 X (0.9% + 0.48)%2 + 2 degmm = 2.13 mm in diam-  diameter of the tetrode, the impedance of the individual electrodes,
eter. If point image is defined instead in terms of receptive-fieldand the angle of the tetrode tips relative to cortical columns. If
centers (i.e. to include only those neurons maximally activated byhe seeing distance is less than we have assumed, there could still
a stimulus), its diameter 4 X 0.48 deg+ 2 degmm= 0.96 mm  be a significant amount of physiological scatter. For example,
is smaller than the repeat period of the orientation columns. Thisince standard deviations add quadratically, an overall scatter of
raises the possibility that some combinations of orientation andt13.6 deg might be explained by separate and roughly equal
position in visual space may fail to maximally activate cortical anatomical and physiological components of abb@®.6 deg. The
neurons, although neurons may be activated submaxinvédly explanation of the finding that orientation scatter is correlated in
flanking receptive-field regions. the two eyes is similarly uncertain: the correlation is consistent
with an anatomical source of scatter, but real inter-ocular scatter of
a few degrees cannot be ruled out either.

Other observations suggest that anatomical scatter has a signif-
The average difference in orientation preference between two neigheant impact on our measurements, although they do not allow an
boring cortical cells in area 17 was about 15 deg, and the meaaxact evaluation of its magnitude. First, a small but significant

Orientation scatter
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Fig. 10. (A) Scatter plot showing, for all ensembles of three or more cells, orientation s¢atéeis) versus receptive-field scatter

(y axis): there was no indication that those groups of cells with large variations in orientation preference showed similar large variations
in receptive-field scatter. (B) Scatter plot showing, for all simultaneously recorded cell pairs, the difference in receptive-field center
positions(y axis) versusthe difference in preferred orientatiofs axis).

correlation was found between cell pair orientation, and receptivereceptive-field cell pair position differences was simply a statisti-
field position, differences (Fig. 10). Second, we found a positivecal accident; after all, the correlations between receptive field and
correlation between cell pair receptive-field position differences,orientation group scattér = 0.01,N = 53), and between receptive
and distances between the cells in a spike parameter space. Digeld and orientation individual deviationg = 0.07,N = 256)
tances in this space are likely to correlate with cortical distancewere not statistically significant. Or (2), the relationship reflected
and therefore also with receptive-field position. However, we founda real, intrinsic, and functionally important property of neurons
no such correlation between cortical distance and cell pair orienwhich has nothing to do with anatomical scatter. However, without
tation difference. Thus, it is tempting to explain the first result by additional data, we cannot favor one explanation over the other.
assuming that cell pairs showing large differences in preferred Unlike Maldonado et al. (1997), we did not find a signifi-
orientation are, on average, farther apart than those with similacant correlation between depth of recording and orientation scatter.
preferred orientations, and that such pairs will, on average, havelowever, they reported that scatter varied with depth only for
receptive fields that are also farther apart; but, we must reject thithose penetrations within linear zones, distant from singularities,
explanation given our second finding. Instead, we offer two alter-and the strength of the correlation appeared weak (no strength was
native explanations: (1) the relationship between orientation andiven). Earlier studies report little or no evidence that orientation
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scatter varies with cortical depth (e.g. Hubel & Wiesel, 1963; Leefield scatter, and increase any correlation between receptive field

et al., 1977; Murphy & Sillito, 1986). and orientation scatter (although decrease the power). Second, their
We found a strong correlatiofr = 0.70) between orientation receptive-field scatter measure was normalized to receptive-field

scatter and orientation tuning or bandwidth (Fig. 9): that is, regionssize, so the correlation with orientation scatter may have been

of cortex in which measured orientation scatter was large hadbetween receptive-field size and orientation scatter. However, we

relatively broad orientation tuning and regions in which scatterfound no indication that receptive-field size varied with orientation

was small had relatively narrow tuning. This result stands in conscatter in our data. Third, the distances over which receptive fields

trast to the findings of Maldonado et al. (1997) who reported thatwere compared in their study were far greater than the local dis-

orientation tuning of cells in, or near, orientation singularities wastances between our cell pairs. However, given their results from

as sharp as that of cells in other locations. One possible explanaell pairs less than 20Q@m apart, we still should have seen some

tion for our finding is that it is an artifact of measurement error, large receptive-field cell pair differences.

and that errors in the estimates of preferred orientation (and hence

apparent scatter) increase when orientation tuning curves are broggfects of stimulus velocity on field sizes

and decrease when the curves are narrow. However, estimates of ) )

the accuracy of our curve-fitting procedures for a few cells, and't IS Possible that the use of moving bars could have led to an

comparisons with the simulations reported by Swindale (1998)pverestlmatlon of receptive-field size and scatter. To take an ex-

suggest that our measurement errors are too small to account f§eMe case, if two cells with identical receptive-field positions
more than a small proportion of the observed scatter, even ikesponded only to opposite directions of motion and had a firing

broadly tuned cells. Two remaining explanations are that (1) Mal/atency of 50 ms, and were stimulated by a bar moving at §sleg
donado et al. (1997) made errors in locating their electrodes relth€ir measured receptive-field center positions would differ by
ative to singularities (which were defined on the basis of prior0-6 deg. However, the actual error in our measurements due to
optical recording) and (2) that there are regions within which ori-fiing latency is likely to be much less than this. First, in the
entation scatter andr gradient is large, and tuning widths are Majority of experiments the bar velocity was less than 6/deg

broad, but these regions do not coincide precisely with the orien(2 O 3 deg’s was typical). Second, if the orientation and direction
tation singularities (Swindale, 1982). preferences of the receptive fields are similar, then what is impor-

tant is not the absolute latency, but latency variation between cells.
_ ) ) _ ) ) These variations are likely to be abatitlO ms or even less (see
Relationship between orientation and retinotopic maps Swindale & Mitchell, 1994). If we assume a latency scatter of

Das and Gilbert (1997) have reported finding, in area 17 of the cat:- 10 ms and a bar velocity of 3 deg then the resulting positional
regions in which receptive-field positions shift relatively rapidly Scatter would be0.03 deg, which is much less than what we
with cortical position. These regions correlate spatially with the@ctually measured. Orientation scatter will add only a small
orientation singularities, and they found that, in general, spatiafMount to this: if the average scatter is around3 deg and
rates of change of both properties were strongly and positivelfaCh cell has an abso_lute_ latency of 50 ms and the stimulus moves
correlated. Our findings give little hint of such a correlation, al- &t 6 degs, the contribution to scatter is about 0.656.0 X
though they do not explicitly contradict these results. For exampleSin(13 deg)= +0.067 deg. Finally, if there are additional mea-
we found no correlation between receptive-field position scatteSUrement errors, these will have inflated our estimates of scatter
and orientation scatter across ensembles (Fig. 10A), which migkﬁmd this means that real physn_)loglcal scatter will necessarily be
have been expected if the measures of scatter are at least partiafiyen Smaller than we have estimated.

determined by local spatial gradients in the two maps. In four cats,

we recorded eight sites where the standard deviation of orientatio@onclusions

preferences exceeded 20 deg, yet the mean group scatter in recepti&r results suggest that, on a cellular level, the retinotopic and

field positions across these sites was 0.41 deg, which is even lowef; .00 maps in cat area 17 are less random and more highly
thar_l the overall mean group scatter.(0.48 de@!)- Alt.hough we OCE)rganized than was previously thought. Expressed in terms of the
casionally found pairs of neurons with very dissimilar preferredsame underlying Gaussian width parametescatter in receptive-

orientations (indicating that the cells might have been close to Field center positions is about half of receptive-field size, on av-

singularity), the receptive-field position differences of these pa'rserage, and is likely to make a relatively small contribution to the

seemed only slightly larger than those of other cell pairs, and?'rze of the cortical point image. Scatter in the map of preferred

certainly no differences as large as those reported by Das an ientation is likely to be less than13 deg, and might even be

Gilbert were found (Fig. 10B). However, it is possible that none Ofsubstantially less than this. Scatter is not independent in the two

our recording sites was close to a singularity or other region 0feyes: deviations from the local mean for both preferred orienta-

rap|_d_ orlentatllon_ grak()dlent. Also,llalthpugh F|g._10 shzws a W.eaktion and receptive-field position are correlated in the two eyes al-
posmve corre gtlon etween ce pair orientation an ,recept've'though a significant amount of residual inter-ocular orientation and
field position dlﬁerenceg, these d|ﬁgrences cannot be 'nter,pretegeceptive-field position scatter exists. Regions of cortex showing
as gradient measures without knowing the anatomical locations qgrger amounts of orientation scatter appear to have broader ori-

the cells in each pair. Given random_varlatlon in the d'St_ance%ntation tuning. Receptive-field position scatter did not correlate
between cells, we would expect a positive correlation, even if bothith orientation scatter

orientation and topographic maps were completely uniform, with
no gradient variations.
There are three other potentially relevant differences betweeAcknowledgments
our methods and Das and Gilberts. First, our receptive-field MaPSye thank Virginia Booth and Dichen Zhao for their helpful assistance. This

were single unit, not multiunit. Recording from multiple units will research was supported by MRC of Canada (MT-12848) and by NSERC
necessarily increase receptive-field size and decrease receptivg®dGP0178702).
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