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in A cuts throwgh layers 2 + 3, and the 'Fl"'l}rﬂ

soction in B is mostly from layer 4C

Both are 1angential sections cut from

the same fantened operculum, repre-

ﬁhummm ﬁ;T about (-7,
fovea s represented towards the

Jeff and the periphery is represented to- C198%)

wards the right. The DG retinowopic

M&Thmhmﬁmm

in the upper striate lavers (A}, especially

tical representation of stimulus checks

becomes smaller. Scale bar, 1 em.
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(ocular dominance column)

Figure 1. Deoxyglucose autoradiograph showing ocular dominance strips in macague striate conex, mostly from layer 3. The stimulus producing
this D0 pattern was a moving, black and white square-wave grating of varied spatial frequency, shown a1 different crientations to one eye. Such
a stimulus produces long stnps of high DG uptake inoall lavers that run generally perpendicular o the 1 7=18 border. The large section shown in
this figure was cut parallel with the lateral surface of the unfolded, flat-mounted operculum, and it includes about half the surface area of strinte
cortex, In this and other illustrations, sections from striate conex that are unfolded are roughly triangular in shape, with the represenation of the
fovea at the apex of the triangle (indicated by a srar), and the posterior edge of the operculum (representing about T eccentricity) a1 Use base of
the wriangle along the left-hand side of the picture, The orientation of this section in vivo s roughly indicated by the set of arrows in the upper
night. £, dorsal, I, ventral, M/F, medial/posterior, LA, Wteral/nnierior. frse, Jower right, Laminar distribution of DG uptake in ocular domininee

columns in a section cut perpendicular 1o the cortical surface. The insel is magnified 2% relative 10 the large wection, Scale bar, 1 em relative 1o
large section, 5 mm relative o insek.

Figure 3. Laminar varations in DG ocular dominance columns. 4, B, D-F, DG patterns in the same area of cortex from successively deeper
sections, The 1opography of the DG ocular dominance columns remains relatively constant across different layers, although levels of uptake in the
stimulated and vnstimulated eve dominance columns vary widely, OF special note are the presence of ocular dominance columns in layer 1 (4}
and a sigmibcant level of stimulus-induced uptake in the light Cunstimulared™) eve dominance columns in 4Cs (E). A similar pattern of stimulus-
induced uptake does nol oocur in the light ocular dominance stnps in laver 4CH, nor in other layers. C, The same section used in B, stained for

cyiochrome oxidase and shown at the same scale. Cleardy, the layer 3 ocular dominance strips in B are wider and more uniform in width that is,
mare “striphke™) than the Blobs shown in C. Calibration bar, 1 ¢m,

from Tootell et al. C1938)
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(orientation column)
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Fig. 1B Graph of orientation vi track distance
for the sequence af figure 1A, In plotting ericn.
tions, 0% i vertical, angles clockwise up o 307 are
positive, counteselockwise ta 899, negative. Closed
circles, ipsilatesal {right) eye; apen circles, contea
laresal {left) eve Track distance is tnken fromy mi-
srometer advances readings

Fig. 1C  Roconstruction of the elecrrode erack.
Elecerode entered the striate cortex 8§ mm behind
the lumare suleus in the parasagieal plane 10 mm
to the righe of the midline, intersecting the surface
at 20%, The sequence described here was record od
between the two arrows, Circles represent eleciro-
Iytie lestons. Anterior is to the rlghe
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Fig, 4B Graph of orientation vs track distance for the perpendicular penetration P3, Slope
— 34 mm, uncorrected for angle o surface, The flled dark bar represents activity in loyer 1V
C. which was influenced exclusively from the ipsilateral eye and showed no crientation seless-
tivity: the boe's plocement along the orientation axis is arbirary.
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Fig. 2A Graph of artentation vs. track distance for an oblique penecracion through serinoe 5
COTIEX kR A _:mrnml mrenkey. Mote the reversals in directon of efientation shifis, the first owo of
which brackes a long sequence spanning 2674, ( Experiment Ne. 7.]
Fig.

Lrom Hubel and Wiesel (1974)
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(orientation column)
- optical recording -
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Figure 7. Top two rows, Each frame in the upper rews reveals a differential image of orientation, obained by comparing corlical inages acquired
during stimulation with one onentation and 4 anhoegonsl. Preferences far the orenztons indicated by dark and lght bars oker fghe covmer),
appear as dark and light values in each image. Suocessive images were acquired with both conteurs ratited through 22.5% between fmmies., As onc
can easily verily, the images Iving above one another, which are offeet by 90°, are complimentary (see Resultsh. In any particular {rapne, ane can
usually see short bands, running in particulsr directions. Nevertheless, when the stimulus orientations are rotated slightly, the apparent bands do
not move Laterally (a5 one might expect frem the model in Fig. 25), but beeak apart and form new pasterns that run in dilferent -:Irinzﬂmn;. H'.:'rm'":
row, Differential images of ocular dominance, oblained by subtracting frames of cortex responding o the eft eye from fmmes of 3t respanding o
the right. Each of thess images was obtained with visaal stimuli 2t 3 different orentation (indicated in the fewer right corner).

Figure 11, Singularities in Ridge svitems (Penrose, 1979). Bocatue
orientation preferences are not directed, dnss rotated throogh |B0° sre
squivalent. They genemate & singularity therefore when they rotate con-
tinsousty through = 150F around a point. @, When they rolate in the
sime direciion, a5 the path 1aken arcund The point. they Tonm & positive
singulacity, Witk a valoe of +1 and a charcienisiic fooplike sinscture,
b When they rotate in the opposite directson, they form 8 negative
singulanity, with a value of = | and a fri-radig-fike structore. Both Loops
and rri-radii can be identifed around singularities, i the pallems of
shor lines in Figure 10, @ and & After Penrose, 1979,

1mm

Fagwre 7. When the dafferential images in Frguee ® are combined, they
produce similar maps of onientaten preference and selectivity, which
appear im @ and b As o Figore &, onentation preferences (a2} muost be
illusirated in codor Becaase Uy ovele contumsousiy through THF, Com-
plimeniary colors idieate arthoganal onentations: grecr and rod in-
dicnte preferences for vertical amd honzonsal, while Bue and yellow —
indicnte preferences for left and dght obligue, Onentation selectivity
(b is aodicated inogray, with Kghrer sod darker pegions indicaling mane
winld bess seleetivity. As mised in the Besulis, fighe values ace unanibg-
s —they indicate strongly responsive regions that wene highly selec-
tive—while darker values niight indioate regions that were nonrespaa-
sivee as well os ones that were nonselective, Sinve many of the dark

in any case and thal can be used 1o visualize discontinuities. As one
<an $0¢ in this image, discontinuous changes either oocur alone, at points,
of they group together along lines. The zero-dimensional discontinuities,
an points, indicate singulanities. where orientation p change
by mere than 90° between pixels, and which arise at the centers of

regions are abigned with soular dominanee centers, though, where re-
eppnaes B one or the other eve ame pronounced, they wauld appear 1
pesu 10 Fromm o lack of arentntion selectivily since Uhese regrons abwiousty
are responsive o the visual stimmli vsed, In e, one sees the absolute
msgnitude of the onentstion gradient a1 each location, which corre-
sponds b the mie o1 which oneniation preferenoes ane changing between
prinels, While the gradient s a Feear operator, defined only in regions
of continuous change, it s caleulated from discrete values that change

vortioes whene orentation preferences rotale continuousty thy * 180,
Short one-dimensional lines indicate fractunes, where p snoes change
discontinuowshy by fess than 907, and which run between adjacent reglons.
of cortex. where onentation preferences change linsarly, -

from Blasdel (1992)
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Fig. 4 o, Comples pattern of "C-2-deonyplucose label in favers 11, 10 of macaque strinte coctex after stimulation of both eyes with vergical
uripﬂ. k. AR wifpeent sechiom sLnned for ey lischrome oxidate shows an array of patches. ¢, The th:rch:mrnc avgichvse patches Tall withan Le latbiee

of deoxyglucose label, as shown by representing each patch in &, with 2 small white dot, and placieg them directly on a, Scale bar, 1 mm.

L___ Crom Horton and Hubel Sl

L from Tootel| et al. C1988) /

Fig. 2 . Dhark-field autoradiograph of siriate eoiex in 2 normal monkey whose right eye was injected with '_“'F‘i'-‘hﬂf 2 weeks carlier. The

section is tangentinl, prazing layer ¥ (dack ovals) but passing mainly through layer 1Ve. Here typical ecular dominance columns are seen :!ﬂtl-l'ﬂ-[

bancls of label corresponding 1o the injected eye separited by darker gaps. b, More superficial sechion fn.?:l:l the same block a5 a, eyt hrmr!c

coidie stain, The rows of eyiochrome oxidase palches in the superficial lxyers follow the panern of the ooular dominance patches. This i shown
in ¢ by deawing the borders of the columns from a directly onto b Scale bar, | mm.
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Figure 1. Diagram of the cvtochrome oxidase architecture in macagque striate cortex. The cyvtochrome oxidase "hiobs™ (also descnibed as ':P“Eri“
or “patches’™ aee found in all layers outside of laver 4 and marginally in laver 4B, The vanous stippling parrerns in the diagrammanc hl'ﬂhi i cach
of the indicated lavers give some idea of the corresponding contrast of the blobs i wive, The blobs are most obvious in layer 3, ess 30 in layer I,
and fainter in bayers 1, 3, and 6. In some cases, the blobs are marginally visible, and in others, they are invisible, as in layer 48 (indicated by a
Toek of stpplingk. Scale bar, 1 mm,
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Fiaure 27, Model of the striate cortex, to show roughly the dimensions of the oeular domi.
nance slabs (L, R} in relation to the orientation slabs and the cortical thickness, Thinner
lines separate individual columns; thicker lines demarcate hypercolumns, two poirs of
ocular dominanes columns and two scts of orientation columns. The placing of these
hypercolumn boundaries is of course arbitrary; one could as well begin at horizontal or
any of the obliques. The decision to show the two sets of columns as intersccting at right
angles is also arbitrary, sinee there is at present no evidence as to the relationship botween
the two sets, Finally, for convenience the slabs are shown as plane surfaces, but whoreas
the dominance columne are indeed more or less flat, the orientation columns are not
known to be so, and may when viewed from above have the form of swirls.
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Figure 5. Orientation preferences of units in a single 3-mm-long penetration
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in lavers 2 and 3 of macaque parafoveal striate cortex. The orientation "’.EE{“: FETICE
changes in a remarkably regular way, with only two reversals in the entire 5 mm.

The rectangles indicate blobs, where there is no orientation preference, and the
sequence continues linearly as if the blob were not there,

{,1"_: from Livingstone and Hube| (19%34) -
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Figure 34, Our current model of the modular organization of
macagque strigte cortex (modified from Hubel and Wiesel, 1977),
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Fig. 7. (A) Receplive feeld area w3 mapnilicstion. For binocularly dnven responies, sepagale walues are
plotted for the lefi and right eves. Separaie regression lines were calcolated For tie ditas above amnd below
54 eccentricity. () Cortical poant image sice (mm’fdeg’) as o function of eocenteicity. The ploted ¢urve
equals the prodect of arcal magnifbeation [equaiion (4)) and multe-unal recpve lield aren [equation (5))
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Fig. 6. Inverse magnification in monkey striate cortex as a function of retinal cocentricaty from 0 to 3%, Alsa shown here are Eripimal hglo
of resolution data for man (open symbols) plotted on the same cosrdinate svsiem. The regression bne giving bog invierse magmiicaisin in

Mﬁﬂﬂ rﬂCEp ﬁVﬂ ﬁald SiZE‘S ﬂf V l nﬂu I'UHS termis of Iog eccentricity was obtained by a least squares procedure weighing our points and the previousty reported points in ratio 1:3. The

resiall s

= s s opdl? = 0124 + 053245 + 0.0648: + (L0788
HS -":l fllﬂﬂtlﬂl’l ﬂf Bﬂﬂﬂﬂll‘lﬂ]ty '-'nlllu!r-.' 'c'.'l- tng.'-_.hE?I— I:“ ':'md E is expressed in minutes \

R U

1 2 3 4 &5 6 7 8 9 1011 12 13: 14 15 16

Fovea Eccentricity (degree) ~ Periphery

From

Fig. 4. Overlap of stniate receptive fickis 4 DOW ﬂt al :
resorded in pairs of vertical penetrations

displaced 2 mm from one anather on the qu% I "')
wontical surface. For each pair, dashed

lines represont recepiive fields from one

peneiration, solid lines represent recap-

tive lields from the other penciration.

Qne pair of penetralion was made in

<central (oveal representation (15° cocen-

tricaty ), the other in peripheral foveal

representation (110" eccentrieity)

“hom Van Essen e af (rg:-ﬁ.f.;)
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STREAM

Figure % Summary diagram of DG
evidence on the flow of magnacelular
infarmation through striate cortex. [n-
formation from the magnocelular LGN
layers prajects into 4Ca, and from there
il projects into all portions af 48 and
weakly into the blobs of layers 2 and 3,
and into blob-aligned portions of 4.4,
Though not shown, magnocellular in-
formation also projects strongly into
layer &,

\me/

Tootell et al. (1988)

Figure WL Summary diagram of 1G5
evidence on e law of parvocellulay
informntion through sinate cortes. Iis
fornmation Tom the parvecellular LGN
lavers projects inko sinate lavers 40b
and A, largely or entirely bypassing
Paver 41, projecting nichly ings all por-
fons of lavers 2 and X Though no
shown, parvoecellular infarmation alsa
propects steongly into kayers 5 and 6,
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(spatial frequency column)

Fig. 1. Comparison of autora:
diographs from The sinate cor:
tex of lwo cats, One ¢al (A)
viewed @ patiern comiaining
o singhe spalial Trequency (2.0
eveleideg), and the other i a
patiern contmning  muiltiple
spatinl freguencies, Ehush pusde
pems were presented binocu-
Ty and ag all orientalions.
Piiscrete dark  columins a1
seen i Lhe sivgle spatial fre-
gueeney case LA Pt mod im the
multiple frequency aninal e
In animals that viewsd o high-
frequency  patiein. the col:
pnyms e pestrreted o the cene
per of Ue sirinfe cores (aemaw
on rightd, even theugh e v
suisl pattern extended i wisual
space as Far as is indicateid by
the amow on the lefi. The
amtoradiographs a0 tuken
e eripontal sections cutal
the wamre depih, Bar s 2 oum.

A\ From

Tootell et 3l
i1q82)

s o

From
Tootel] ef al.
C19%8)

Figure 3. A, Autoradiograph from a monkey presented with a low-
(1.5 eycle/deg) spatial-frequency grating at vaned oricntations, viewed
binocularly, Except for the spatial frequency, the stimulus was identical
1o that used 10 produce Figure 14, As in Figure 1, the section used 10
produce Figure 34 was taken [rom strinte layer 3, from the represen-
tation of eccentricities near 4%=5%, The pattern of cylachrome oxidase
staining in the section producing 2A 15 shown in 2B, Although the
contrast of the I patiemns in this case is fairly light, the areas of highest
uptitke are in general coextensive with regions of high extachrome ox-
idase activity. This is maore abvious when both images are color-coded
and superimpased (see Fig. 2C). Calibration bar, 2.5 mm.

R A

e e ————— R ]

Figure 4. Within-ammal comparison of the DG effects of a low- versus a medium-high-spatial-frequoncy grating. diograp
(A} and the corresponding section stained fur cyiochrome oxidase (B) from a monkey shown gratings of 2 different W
vared

{below the honzontal meridian). Both gratings were presentad at a vaniety of dnfl mtes in both directions. i systematically

The eves wene converged as well as possible and the stimulus was shown binocularly. The section used 1o produce A ‘tangential to the
Mattened cortical surface across the whaole Wnteral operculum. The fovea is represented an the nghr-most i N

" ; of the saction (arar),
regions are represented W (e fefl, The representation of the horizontal merdian (comesponding to mﬁfwrmm st
be seen running from the Tower loft 10 the upper right through the middie of the seotion, between the dashed fimes added outside

visual feld is represented in an inverted fshion on striate cortex, The patter of uptake in the upper half of the section was produced by

| oycles/deg grating, and the lighter, more @oied pattern of uptake in the lower half of the section was produ
patterm of nplake prodoced by the 4.4 cyele/deg grating shifts with eccentricity, At the foveal represental
Tm averlay the blobs (see Fig. 20, and near 4%6° ccoentricity (fop feff), the regions of high uptake «

Cthese 2 extremes 15 o transition region where stimulus-driven DG uptake & but tﬂmﬁ%
oender), Where PG periodicitios overlay the blobs, this is indicated with a & 1&%-&:

halves of the visual field, The stimulus consisted of a sinosoidal grating of sither 0.9 cvclos'deg (above the meridian) or 4.4 cyelev'deg

Th-u transition zone is Iabelled T Calibration bar, 5 mm.
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