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Kinoshita, Masaharu and Hidehiko Komatsu. Neural representa- Notable examples of such phenomena include brightness|i
tion of the _Iuminar_lce and brightness of_ a uniform surface in th§ction (Hering 1964; Horeman 1963; Torii and Uemura 196
macaque primary visual corteXNeurophysioB6: 25592570, 2001. \n;oodworth and Schlosberg 1954), the Craik-O'Brien-Cor

The perceived brightness of a surface is determined not only by the — RPN -
luminance of the surface (local information), but also by the lum sweet illusion (Cornsweet 1970; O'Brien 1958), and alterati

nance of its surround (global information). To better understand tR& Perceived brightness due to the three-dimensional intery
neural representation of surface brightness, we investigated the efféatéon of the scene (Adelson 1993; Gilchrist 1977; Lotto et
of local and global luminance on the activity of neurons in the primard©99). Thus critically involved in the process of surface brigh
visual cortex (V1) of awake macaque monkeys. Single- and multiplaess perception is not only interpretation of local informatig
unit recordings were made from V1 while the monkeys were perforrname|y surface luminance, but also interpretation of glofp
ing a visual fixation task. The classical receptive field of each neur%ﬁlmmaﬁon, namely stimuli surrounding the surface. Thel
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was identified as a region responding to a spot stimulus. Neuggis q teristics of brightness perception provide an excell
responses were assessed using homogeneous surfaces at least three . . .
pPortunity to study the neural processes involved in the

times as large as the receptive field as stimuli. We first examined t(é . b | | and alobal inf ion duri .
sensitivity of neurons to variation in local surface luminance, whilleractions between local and global information during visu

the luminance of the surround was held constant. The activity ofPgrception. . ) _
large majority of surface-responsive neurons (106/115) varied mono-The activities of neurons in the early visual areas, whi
tonically with changes in surface luminance; in some the dynam@ve retinotopic organization, are affected not only by stim
range was over 3 log units. This monotonic relation between surfagéthin their receptive fields (RFs), but also by stimuli outsig
luminance and neural activity was more evident later in the stimuldise RF (Kapadia et al. 1995; Knierim and van Essen 19
period than early on. The effect of the global luminance on neurehmme 1995; Zipser et al. 1996). It was recently reported t
activity was then assessed in 81 of the surface-responsive neurongd¥e are neurons in the primary visual cortex (V1) of ang
varying the luminance of the su_rround while holding the luminance ﬂI}etized cats whose activity is modulated by temporal mod
the surface constant. The activity of one group of neurons (25/81) on of the luminance of a region outside of the RF (Rossi 4

unaffected by the luminance of the surround; these neurons appe . . :
encode the physical luminance of a surface covering the recept v@rad'so 1999; Rossi et al. 1996), and that the manner of

field. The responses of the other neurons were affected by the luf@SPonse modulation was consistent with changes in the
nance of the surround. The effects of the luminances of the surf&gived brightness of the surface covering the RF. These res
and the surround on the activities of 26 of these neurons were in $igggest that the interaction between local and global inforn
same direction (either increased or decreased), while the effects ontibe in brightness perception may be accounted for in termg
remaining 25 neurons were in opposite directions. The activities of tgentextual modulation of the activities of luminance-sensitiy&
latter group of neurons seemed to parallel the perceived brightnesgefjrons in the early visual area. w
the surface, whereas the former seemed to encode the level of illu-q petter understand the neural representations of the bri JB-
mination. There were differences across different types of neur Sss of a surface. we need to understand at least two thi1'§s
with regard to the layer distribution. These findings indicate th irst. it is necess’,ary to know how the local luminance lis

global luminance information significantly modulates the activity o di f I A hi b dlb
surface-responsive V1 neurons and that not only physical IuminanE%Preseme in terms of neural activity. This can be tested) by

but also perceived brightness, of a homogeneous surface is repREOrding the neuronal responses to the stimuli covering the|RH
sented in V1. with various luminances while holding the luminance of the

surround constant. Second, it is necessary to know how [the
global luminance information affects neural activity. This can
be tested by recording neuronal responses while varying Jthe
luminance of the region surrounding and remote from the RF

A variety of factors contributes to the perception of surfacghile holding the luminance in the RF constant.
brightness. Light intensity is the primary one; however, per- It has been reported that there are neurons in monkey|V1
ceived brightness is also affected by stimuli remote from thvehose activity vary depending on the luminance of a unifofm
local surface or by the global configuration of the scenstimulus that covers the RF, some with a dynamic range| of
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over 3 log units (Bartlett and Doty 1974; Kayama et al. 1978pike amplitude and converted to pulses (BAK DDIS-1). The unit
Maguire and Baizer 1982). But these studies did not addrgd#ses were fed to a computer with a time resolution of 1 nps,
the effect of the luminance remote from the RF. To date, on i playeq on-line .and stored for off-line analysis. Eye position was
Paradiso and his colleagues (Rossi and Paradiso 1999; Ros&{s& continually displayed.
al. 1996) have studied the effects of both local and global

luminance information on the same neurons within V1 of théisual stimuli

cat. However, these authors were mainly concerned with thes i stimuli were generated on a frame buffer (FORCE Gp-

properties of V1 neurons whose activity appeared to encogi£yoN) housed in a computer (NEC PC9821) and displayed on a GRT
perception in brightness induction. Our aim in the presepionitor (SONY GDM-2000TC). The display area of the monitor w
study was to systematically investigate the effect of both localo24 pixels (horizontal) by 768 pixels (vertical), and subtendpd
and global luminance on the activity of V1 neurons. Ouwisual angles of 34° horizontally and 26° vertically. The monitor w@s

findings support the idea that integration of both local arfdaced 61.7 cm from monkeys’ eyes. The vertical refresh rate of the
global information related to surface brightness takes plagéplay was 60 Hz. During the intertrial interval (ITI), the display wgs

within V1. Brief reports of these experiments have appear@inted as uniform gray (typically 3 cdfjn during trials stimuli were

elsewhere (Kinoshita and Komatsu 1998). presented against a bgckground of the same gray. All stimuli
backgrounds used in this experiment were achromatie 0.31 and

y = 0.32 in the CIE-xycoordinates). Throughout the course of the
METHODS experiments, the luminance and chromaticity of the stimuli and bafk-
Behavioral task ground were frequently calibrated using a colorimeter (MINOLT] S
CS-100) or a spectrophotometer (PHOTO RESEARCH PR-650).
Two macaque monkeys (Macaca fuscata) were used for the expixation spot was white (or pinkish white when the fixation sp
iments. During the experiments, the monkeys sat in a primate chaiterlapped the visual stimulus) and subtended a visual anglé o
and faced the screen of a cathode ray tube (CRT) monitor. Eawh8’.
monkey was trained to perform a fixation task (Wurtz 1969). A trial To map the classical RFs of the recorded neurons, a small
started when a small stationary spot (fixation spot) appeared on #tignulus (10'to 40'in visual angle) was displayed at various locations3
screen. The monkey was required to foveate the fixation spot within the display. The RF was defined as the region in the visual figll
500 ms after it appeared and to maintain its gaze on the fixation spdtere a neuron responded to this stimulus. To examine the effeqt’®

of

for the rest of the trial. After the monkey had maintained its fixatiolocal surface luminance information on the activities of V1 neuronss
for 500-1,200 ms, another visual stimulus was presented to study gheisual stimulus consisting of a uniform square at least three ti e__:s
response characteristics of a neuron. This stimulus was presentedduger at the edge than the diameter of the RF (surface stimufus;
500-2,000 ms; typically presentations of 1,000 ms were employedtypically subtended 10°) was presented, and the relationships betwesn
study the effect of the luminance of the stimulus; 500-ms presenthe luminance of the surface and the evoked neuronal activity
tions were used for other tests (e.g., RF mapping or testing fevaluated (surface-luminance test; e.g., Figs. 1 and 2). To study| tge
orientation selectivity). At the end of a successful trial, a drop of wateffect of global luminance information, we presented the surfdeg
was delivered to the monkey as a reward, the fixation spot was turrgiinulus together with a surrounding figure (surround stimulus)
off, and an intertrial interval of more than 1 s started. Eye position wagamined the effects of the luminance of the surround on neurdrial
monitored using the magnetic search-coil technique (Robinson 1968)tivity while holding the luminance of the surface constant (s =)
If the monkey’s eye deviated from the fixation point more tharound-luminance test; e.g., Fig. 7). The surround stimulus was t
0.3-0.5° (typically 0.4°) during a trial, the trial was automaticallyally two or three times as large as the surface stimulus. The siz agf
terminated without reward and an intertrial interval started. After dailyie surface stimulus in the surround-luminance test was the samgena
experiments, the monkeys were returned to their home cage, whivat used in the surface-luminance test for each neuron. The surrquq
food was available ad libitum. During experiments, the monkeys wesgmulus was placed just outside of the surface stimulus without a ga&
deprived of water for about 20 h before each daily experimentanhd both stimuli were presented simultaneously. The luminance offt
session, which was terminated when behavioral signs of satiety wergface stimulus in the surround-luminance test was determined based
observed. on the results of the surface-luminance tests, as described in detgikn
REsULTS In both tests, the luminance of the stimulus was varied frqrg
0.1 to 100 cd/rAin seven equal steps along a logarithmic scale (g
Figs. 2 and 7). 2

Under pentobarbital sodium anesthesia, a stainless steel recordin@rientation selectivity was tested using a bar stimulus 2 ®0")
chamber and a socket for connecting the monkey’s head to the primaitesented in eight orientations separated by equal steps. To quahtify
chair were fixed to the skull using standard sterile surgical techniquése strength of orientation selectivity, orientation selectivity index wps
A search coil was also surgically placed under the conjunctiva of onemputed as t (minimum response)/(maximum response). Stimulfis
eye using the method of Judge et al. (1980) and connected to a phige selectivity was tested using seven uniform, square stimuli, Sub-
on top of the skull. The recording chamber, socket, and eye coil pltending from 0.25 to 16° on the edge, and separated by equal steqs. A
were all embedded in dental cement that covered the top of the skutih contrast dark stimulus (0.1 cdfyror a bright stimulus (50 or 100
and connected to the skull by implanted bolts. After the surgery, thd/n?) was used for RF mapping and for assessing orientation @nd
monkeys were administered antibiotics and allowed to recover forsire selectivity. In a given test, recordings were repeated at least four
least 1 wk before starting the experiments. All procedures for anintithes (typically 7-11 times) per stimulus condition, and the various
care and experimentation were in accordance with the National Instiimuli were presented in pseudo-random order.
tutes of Health Guide for the Care and Use of Laboratory Animals
(1996) and gpproved by the Animal Experiment Committee of thgatg analysis
Okazaki National Research Institutes.

A glass-coated tungsten microelectrode (0.7-2(0 &1 1 kHz) was The activities before stimulus presentation500 to 0 ms) and
advanced through the dura using a hydraulic microdrive (Narishitfeose during stimulus presentation (20 ms to 520 or 1,020 ms after
MO-951) for recording the activities of single and multiple unitstimulus onset) were compared to assess whether or not a g|ver
within V1. Neural signals were amplified and discriminated based @reuron responded to a surface stimulus. If the neuronal activifies
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Fic. 1. A representative example of neurons whose activity varied in response to the luminance of a large uniform surface
(surface stimulus)A: schematic drawings of the entire display (width, 34°; height, 26°) as it appears during the stimulus
presentation period. The middle square is the surface stimulus, which completely covers the receptive field (RF). The size and
location of the RF of the recorded neuron is indicated by an ellipse, which was not actually presented on the display. In this and
the following figures, except Fig. 9, all items, including the outline of the display, the stimuli, and the RFs are drawn proportionally.
The luminances of the surface stimuli are indicated; background luminance was®urafer each condition. In thaiddle panel,
the stimulus had the same luminance as the background and was thus invisible. A cross indicates the location of the fixation point.
B: rastergram of spike activities around the stimulus presentation period. Short vertical lines indicate the timing of spike discharge.
Each row corresponds to a different trial. Long vertical lines indicate the onset of the stimulus prese@tgpenstimulus time
histogram (PSTH) of spike activity; binwidth is 100 ms. The upward deflection of the line doth@nof each panel indicates
the stimulus presentation period. Each histogram beginsd80 ms from stimulus onset. During the early part of the response,
there was no clear difference between the responses elicited by dark and bright stimuli, whereas later the responses differed
markedly. Only activities of single neurons are exemplified in this and the following figures.

during these two periods were significantly differeRt € 0.05 in spikes than those in other regions. We considered the region shallg

Wilcoxon signed-rank test), we classified the neuron as “surfadian layer IV to be layers Il and Il (layer 11/111) and the region deep¢

responsive.” For the neurons tested only in four or five repetitions, ttiean layer IV to be layers V and VI (layer V/VI).

sign test was applied instead of the Wilcoxon test because the latter

requires at least six paired data samples. To analyze the result %fs ULTS

surface-luminance and surround-luminance tests, we used firing rates

recorded during stimulus presentation without subtracting activiyyrface-responsive neurons in V1

recorded before stimulus presentation. This was because prestimulus

activity varied substantially, depending on the background luminanceWe recorded 105 single and 80 multiple units from V1, a

of the display in many neurons. Hereafter, we will refer to the activitiys their luminance sensitivities were similar (cf. Tables 1 4

during fixation but before stimulus presentation as “ongoing activity3) we combined the results obtained from both groups. T

As will be shown in Figs. 3 and 8, the effects of surface luminance agécentricities of the RF centers of the recorded neurons rar

suround minance graduel deieloped wiin 500 ms r 20204 Wfam 0.9 10 8.0° of arc. Figure 1 Shows the actiy of
: presentative neuron that responded to the surface stim

luminance were analyzed in detail in the period commencing at 5 f - . g dlef lsSn Ei
ms after stimulus onset to the end of stimulus presentation. For a smajifface-responsive neuron; seetigét andleft panelsin Fig.

number of neurons with shorter stimulus presentation, the analy$®); the RF is shown as an ellipse. Of the 185 neurg
was commenced earlier depending on the period of stimulus preseé¥amined, 137 (77 single, 60 multi) were classified as surfa

tation. responsive on the basis of the statistical criteria described
METHODS, although because we concentrated on recording fr
Recording site surface-responsive neurons, our samples must overestimat

- roportion of neurons that are surface-responsive. The dia
Neuron activities were recorded from the dorsolateral surface of tﬁg of the RFs we recorded ranged from 0.3 to 4.6° of arc. Me
occipital cortex. Judging from the sizes of the RFs and from t SE size of surface-responsive neurons (1.63° for single n

retinotopic map generated by a series of penetrations, the recordi o N .

sites were identified as being within V1. With regard to the recordi %s, 1.50° for all neurons) was not statlstlcallgl dlffer_ent fro
layer, we considered the region with high ongoing activity to be lay&iat of surjace-nonresponswe neurons (1.58° for single n
IV, which was located at an intermediate depth, between the cortié@ns, 1.66° for all neurond? > 0.05, Mann-WhitneyJ test).

surface and the white matter (Poggio et al. 1977; Snodderly and Gafientation selectivity was examined in 123 neurons (70 s

1995). In this region, neurons exhibited smaller RF sizes and narrovgde, 53 multi). Mean orientation selectivity index of surface¢-
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A 120- —100caim2  Only by the homogerjeous region. pf the surface stimulus gund
0752204 — 30cymz NOt by the edge of it. The sensitivity of surface-responsive
%100 i — 10eymz Neurons to changes in surface luminance was particularly clear
g | = wae in th_e Iatgr part of the response period. With respect to the' Cell
9 80 e i de_plct_ed in Figs. _1_and 2, fc_)r example, both da_rk and bright
G i stimuli elicited activity early in the response period, but only
0 60 —03cdm?® pright stimuli elicited a response later in the period (FigS. ]
) i —o0.1cdm?®  and 2A). Comparison of the effects of surface luminance onfthe
© 401 mean discharge rates early (20—-120 ms after stimulus onset
o)) i Fig. 2B,®) and late (520-1,220 ms after stimulus onset; F|g.
£ 20 2B, O) in the response period revealed a marked difference in
= i the respective profiles of the luminance-response relations| Ag
0 in the example shown, early responses frequently had a| V-
0.0 05 1.0 15 s shaped profile, with the valley occurring at a luminance eqgal
= = | to the background. On the other hand, the later response tepdefl
% to monotonically increase as a function of increasing lunpi-
B 80 - o nance. Figure 3 shows the percentage of different respgnss
i ackground - . .
] Kivinaros | profiles across the entire population of recorded neurong @
- 3 ; every 100-ms time windows during stimulus presentation. R&
© 60 - sponses were classified as V-shaped or monotonic profil&s
o using object|_v¢ criteria as will be described ]ater. Proportion cﬁ.
= 1 neurons exhibiting V-shaped response profiles rapidly declined
K2 40 - from about 40% immediately after stimulus onset to only abqa
@ 5% at 500 ms or later. At the offset of the stimulus, proporti @
@© . of neurons exhibiting V-shaped profile increased again tq.a
o 4 level comparable with that of the earbw-response. =
= 20 The responses comprising the V-shaped profile were likply
= - M B determined by the absolute value of the luminance contriast
! between the surface and the background. Consequently, th&r¢
0- : B T A S is ambiguity with regard to the sign of the contrast. In the
0.1 1 10 100 monotonic profile, however, the response is uniquely de ‘g
; mined by surface luminance, which thus seems to be m
luminance of the surface (cd/m?) clearly represented in the later part of the response. In {his
Fic. 2. Time courses of the responses to surface stimuli with vario§gudy, therefore, we will analyze the way in which the later p E
luminancesA: activities of the neuron shown in Fig. 1 are depicted as spikef the response (ranging from at least 220 ms, typically 520 g,
Conace . e Sl o i rac, e e sove semher sUmulus onsetuntlthe end ofthe simulus) represents S
Different colors reprgsent the surface luminances indicated irirgtet. B: Thninance and brightness of the surface. %
discharge rates (means SD) early on (20—-120 ms after stimulus onset, thin ﬁ
line) and I_ater (520—1,22_0 ms after stimulus onset, thick line) d_uring_stimul@uantitaﬂve classification of surface luminance-response S‘
presentation. These perlods_are marked as gra)9\_.|ﬁ'he apsmgsq is the lationships =
luminance of the surface stimulus. The thin, horizontal line indicates tr(g P o
strength of the ongoing activity (0—-500 ms before stimulus presentation). The . . L=
verticgzjal broken Iing indgicates t);le(z luminance of the backgroti)nd. In this p)artic- We C_OndUCted Surface'lummance_teStS with 115 (65 sing Tg,
ular neuron, the response profile was V-shaped early on, with a valley at @@ multi) of the 137 surface-responsive neurons; Fig. 4 dep{cts
same luminance as the background; later, activity increased monotonicdlyo representative response profiles. The activity of the neuf®
with luminance. in Fig. 4Aincreased monotonically with increasing luminancgS
) i A large majority of the surface-responsive neurons showed
responsive neurons_(O..58 for §|ngle neurons, 0.56 for all Nn&Y;ch a monotonic profile, although the activity of some whs
rons) was not statistically different from that of surf<';1ce|~m,erse|y related to the luminance (e.g., Fi§aJ. The neuron
nonresponsive neurons (0.64 for single neurons, 0.56 for picted in Fig. 4Bhows a V-shaped response profile that wis
neurons;? > 0.05, Mann-WhitneyJ test). Thus we found no |ass common in the later part of the response. In this cdse,
clear difference between surface-responsive neurons and othfigronal activity decreased with increasing luminance if the
with regard to RF diameter or to orientation selectivity.  gyrface was darker than the background and then incregsed
with brighter stimuli. To discriminate different response pro-
Dependence of neuronal responses on surface luminance files quantitatively, we first divided the responses into tWo
parts: one included responses to stimuli darker than the back-
We found that a large majority of surface-responsive neground, the other responses to the brighter stimuli (e.g., the[left
rons was sensitive to the luminance of the surface stimulus tlaaid right halves of Fig. 4A and B, respectively). We then
covered the entire RF. The minimum distance between the R&lculated the slopes of the linear regression lines in each half
boundary and the edge of the surface stimulus was on averaf¢he response profile (cf. Fig. 4C).
3.3°, and the distance was always more than twice as big as th€igure 5A shows the relationships between the pairs |of
eye position window. This means that the RF was stimulatstbpes for 115 surface-responsive neurons. The abscissgq dg-
J Neurophysiof vOL 86 « NOVEMBER 2001- WWW.jN.Org
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o
Fic. 3. Percentage of different response profiles across the entire population of 115 neurons tested in the surface luminance test @
in every 100 ms time windows during stimulus presentation and at the offset of the stimulus. Solid, gray and hatched parts represent o
V-shaped, monotonic and other profiles, respectively. :i
o
notes the slope for the dark stimuli (a in FigC} the ordinate neuron into one of three types according to the dominqang
the slope for the bright stimuli (b in Fig.G). The activity of response profile. A neuron was classified as bright-type if d e
neurons plotted in theop right areain Fig. 5A increased of the following three criteria was satisfied) the slopes to| ™
monotonically in response to increases in surface luminangéth the bright and dark stimuli were positive (e.g., Fig§)2) ':4;‘
(e.g., the neuron in Fig.A which is marked as d in Fig. 5A). one of the two slopes was positive and the other was et
Because these neurons exhibited Stronger responses to b%s“ca”y different from ZeroF( > 005, Spearman’s rank 2.
stimuli, we will refer to them as "bright-type” neurons. Thesgrrelation test; e.g., Fig.Bb); or 3) one of the slopes waq &
activity of neurons plotted in theottom left areain Fig. 5A hositive and the other negative, but the absolute value of e
decllnedhmonotonlcally Wlthht;nc:jeasmg surfgc_:e Il_Jmmance. BRositive slope was more than three times that of the nega i\ée
cause these neurons exhibited more acf'v'ty In re§ponseSI8pe (e.g., Fig. 5Bc). We included the third criterion so as|t&
darker stimuli, we will refer to them as “dark-type. ThereI n“

were neurons exhibiting response patterns that were differ%

from either bright-type or dark-type neurornsy left areain

f%ssify a neuron as bright-type that exhibited an overall t
I%ncy to become more active in response to increasing surface
Fig. 5A). These neurons showed V-shaped response proﬁ|gg1|r.1ance. The dl_a_monds n F.'g' S represent bnghtjtyp.e ngu-

; those classified according to the second criterion jare

These three types of neurons did not constitute discrete cla "
as can be seen in FigA5 Nonetheless, we classified eac,ﬁnarked by open symbols. Neurons were classified as dark-typd

in a way analogous to classification of bright-type cells and are

TABLE 1. Layer distribution of surface-responsive neurons represented by squares in Figh.5 he remaining neurons wer

classified as “V-shaped” and are marked by filled circles (efg.,
BrightType  Dark-Type V'%t‘gged o Fig: 4Bcorresponds to e in Fig. 5A). - _

Of the 115 neurons tested, 77 were classified as bright-type,
Layer I/l 13 (7) 6 (4) 0 19 11) 29 as dark-type, and 9 as V-shaped. Note that bright-type

Layer IV 51 (23) 5(3) 8(2) 64 (28) neurons are clustered around the vertical axis in FAgaad are
h":‘%eiggfr{:iff'ied 112 ((92)) 171((%?) %(0) 22 g;‘) seldom seen around the horizontal axis. This means that|thg
Total 77 (41) 29 (22) 9(2) 115 (65) activity of this neuron type changes predominantly in resporse

to bright stimuli (e.g., Fig. 5BbandBc) and suggests that the
Numbers in parentheses indicate single neurons. encode mainly the luminance of surfaces brighter than the

J Neurophysiof vOL 86 « NOVEMBER 2001 WWW.jN.Org
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background. The dark-type neurons responded in oppositeface that completely covered the RF was kept const
fashion, although less clearly so, and likely encode mainly ti&timuli with dark surrounds elicited phasic responses, but
luminance of surfaces darker than the background. activity faded away within about 400 ms of the stimulus on

Table 1 shows that about 80% (51/64) of the neurons r@~ig. 7B). Stimuli with bright surrounds, by contrast, elicit

2564 M. KINOSHITA AND H. KOMATSU
A B
70 1 4i862604 | 50 l
60 4 : : Fic. 4. Two representative response prg-
| | files in the later period obtained from surface]
. | —~40 - I luminance tests. IMA and B, the abscissa
% 50 - | g | indicates the luminance of the surface stim-
fe | e \ ulus, the ordinate the firing rate (means
340 | =y | SD). Straight lines in each graph are the
X2 1 &so_ + 'I' linear regression lines calculated from th¢
o T o 1 . responses; thieft half of each plot was ob-
® 30 o tained using stimuli darker than the back|
@ 2 ground, theright half using stimuli brighter
=20 ! = than the background. Responses to the sti-
h I =20+ ulus having the same luminance as the back-
10 4 ! ground were included in the linear regression
! . f for both the darker and brighter sides. The
: gi761901 : vertical broken line indicates the luminancq
0- T T T T T T T 10 T T T 1 T T T of the background. The thin, horizontal ling
0.1 1 10 100 0.1 1 10 100 indicates the ongoing activity before the
luminance of the surface (cd/m?2) luminance of the surface (cd/m2)  Stimulus presentationA: neuron showing |
monotonic increases in activity with increast &
ing surface luminanceB: neuron showing a g
— V-shaped response profile; again note that theg
C L C a : slope for dark stimulus valley is at the same luminance as the back-§
g ' [spikes/s/log . (cd/m>)] ground._C: schematic ||Iustrat|_on of a set off @
2 ' b 10 slopes in the response profile that will bg =
Py ! || b:slope for bright stimulus used to classify neurons, as shown in Fig. 5. a§
® v [spikes/s/log . (cd/m?)] and b represent slopes of the regression ling >
o a’ ° for the dark and bright stimuli, respectively| &
£ [T : ¢ : luminance of background 2
luminance [log,o{cd/m?)] _g
<
[%2]
at
4

neurons with V-shaped response profiles accounted for 12%loé surround elicited no systematic changes in activity durirn
the neurons in layer IV (8/64), although this cell type wathe early part of the response, activity during the later part

mainly found there (8/9). the response varied monotonically (FigC)7 Similarly, in | &
many neurons tested, it was found that the change in [

Effect of the luminance of the surround response due to the surround luminance was more obviou
e the later part of the response than in the early part. Figu

In some cases, the sensitivity of neurons to surface-lundhows the percentage of different effects due to the surr
nance was tested at two different background luminanc@gminance across the entire population of recorded neuron
Under these conditions, some neurons exhibited clear shlftse%ry 100 ms time windows during stimulus presentati

their response profile with a change in background luminanggesponse profiles were classified as consfat 0.05, Spear-
even though the same set of surface luminances was used Upglgi's rank correlation test) or monotonic change (same crit
both conditions (Fig. 6). Thus in some surface-responsiyg ysed in Fig. 3). The proportion of neurons exhibiting cdn-
neurons, the luminance of the surround could modulate tBgnt response profiles rapidly declined from about 60% i
responses to surface stimuli. We therefore tested the effectnquiatdy after stimulus onset to about 40% within 500
varying the luminance of the surround, while keeping thejgre 8 also shows that, at the offset of the stimulus,
luminance of the surface stimulus covering the RF (surroungroportion of neurons exhibiting constant response profile jn-
luminance test) constant. For this test, we were careful to seleglased again to a level comparable with that of the
a surface luminance that was within the dynamic range of thésponse immediately after stimulus presentation. In the {ol-

response profile, so that any modification by the surrounglying analysis, neuronal activity recorded only during the
stimulus (either excitatory or inhibitory) would be detected. |ater part of the stimulus presentation period was included
We conducted surround-luminance tests in 81 (50 single, 31

multi) of the 106 bright- and dark-type neurons. Figure &|,ssification of the effect of the surround
shows the stimuli presented and the responses of a represen-

tative cell in a surround-luminance test. All stimuli elicited To better understand the relationship between the effect$ of
similar levels of activity in the early part of the response. In thiae luminances of the surface and surround stimuli, we cdm-
later part, however, the response changed dramatically with fhered the results of the surface-luminance and surround-lumi-
luminance of the surround, although the luminance of thmance tests for each neuron. Our analyses of three repres¢ntg-

o =
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Fic. 5. Distribution of the slopes of the response profiles calculated as in €igh:4he relationship between the slopes of the
response profiles generated using dark stimuli (abscissa, cf. a in Fig. 4C) and those generated using bright stimuli (ordinate, cf. b
in Fig. 4C). Based on the pairs of slope values, neurons were classified into 3 groups: square symbols represent neurons classified
as dark-type, diamonds bright-type, and circles those with V-shaped responses. Open and filled symbols distinguish different
criteria used to classify neurons (see text for details). Neurons marked with a, b,Acoiirespond to a, b, and c By respectively.

Neurons marked with d or e correspond to those shown in Filya#dB, respectivelyB: response profiles of 3 neurons, formatted
as in Fig. 4,A andB.

tive neurons are shown in Fig. 9. Ttap rowshows the results the surface covering its RF in both tests and was unaffected by
of the surface-luminance tests, formatted as in Figs. 4 andl@inance of the surround. We classified this type of neuron
while thebottom rowshows the results of the surround-lumitype I, which showed monotonic changes in activity in responsg

nance tests, formatted the same way. Although all three nelranges in surface-luminance, but no systematic changes in ef

rons exhibited monotonic increases in activity in the surfaceponse to changes in surround-luminance. Type | neurons

luminance test (bright-type neurons), the response profileseincode the luminance of the surface covering the RF.

the surround-luminance tests were markedly different. Cell Bshowed a monotonic decline in activity in response
The activity ofcell Aremained rather constant as the luminandacreasing luminance of the surround; consequently, the o

of the surround was increased £ 0.05, Spearman’s rank cor-all slopes of the response profiles for the two tests had

relation testbottom rowof cell A). This lack of sensitivity cannot opposite sign. We classified this type of neurons as type

be ascribed to saturation of the visual response: first, the lunithen the luminance of the surround is changed while the

nance of the surface stimulus in the surround-luminance test vgasface luminance is kept constant, a change in percei
50 cd/nf, well within the dynamic range of this neuron as detesurface brightness is induced (brightness induction). Chan
mined in the surface luminance test; and second, the firing ratehe activity of type Il neurons seemed to be correlated w|
during the surround-luminance test was about 25 spikes/s, dranges in the perceived brightness of the surface stimulug
intermediate rate within the range obtained in the surface-lumsidrface-luminance and surround-luminance tests, bright-t
nance test. Indeed, we were able to predict the firing rates of thisurons classified as type Il exhibited stronger responses w
neuron in the surround-luminance test based on the results intthe surface covering the RF was perceived as brighter. On
surface-luminance test (¢bp rowof cell A). Thus the firing rates other hand, dark-type neurons classified as type Il exhibi
of this neuron seemed to be solely determined by the luminancesttbnger responses when the surface was perceived as dg
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0.1 ed/m2 /30 ed/m2 3 ed/m2 /30 cd/m2 100 cd/m2 /30 ed/m2 Criteria used for the classification of neurons into dark-type gnd
bright-type, respectively, in the surface-luminance test. Re-

. * verse combinations of criteria were employed for classificatipn

n o of dark-type neurons into type Il and type lll. Cells in the

bottom left regiorin A andtop right regionin B delimited by
broken lines are type Il; those in thep right regionin A and

0.1cd/m2/1cdim?  3cdm2/1cdm2 100 cd/m2/1 cd/m?

60 - ) == bottom left regionin B are type Ill. Type | neurons are no
ai7e1603 5ded.  shown in this graph. Of 81 neurons subjected to both the
50 — surface-luminance and surround-luminance tests, 25 were dlas
%“ sified as type I, 25 as type Il, and 26 as type Ill. The remainihg
@ 40 |
-
= —a— m2 I
& SOodim* beckgmound 1 cdim? /0.1 cd/m? 1 cd/im? /'3 cd/im? 1 cd/m? /100 cd/m?
e =0~ 1 cd/m2 background
© o e
-= E
£ ]
= 10+
—
0- _ 5 deg.
I T L} IIIIII| T T TTTTTT T T T T T 11T '?91205
0.1 1 10 100 B 100 ] Lt
' . = 2
luminance of the surface (cd/m?) - 20 adfm
B = 10 cd/m?
Q == 3cd/m?
%:_ = 1 cd/m?
@9 == (.3 cd/m?
@ = 0.1 cd/m?
o
o
£
=
S

FIc. 6. Results of surface-luminance tests conducted using 2 different
background luminance&.op and bottom: schematic drawings of the entire
display during stimulus presentation. The figure format is the same as in Fig. 8 e
1A. Thetop row depicts the bright background condition (30 cd)mthe
bottom rowthe dark background condition (1 cdnMiddle: response profiles
in the later period generated using the indicated backgrounds. The abscissa@ 80 —
the luminance of the surface stimulus, the ordinate the discharge rate. In this
example, increasing background luminance caused the responses to be shifted =
toward the right.

-}
o
|

For example, the cell depicted in Fig. 6 showed stronge
responses to darker surfaces, and the magnitude of those
sponses increased when the background luminance increas
as if the same surface had become darker.

The activity of cell C also changed during the surround-
luminance test, but in a way markedly different frarall B.
The activity of this neuron increased monotonically with in-
creasing luminance of the surround; consequently, the over:
profile had the same sign in both tests. We classified this tyj 0 y
of neuron as type Ill, which showed monotonic increases (¢ f - T RN
decreases) in activity in response to increases in the luminar 0.1 . 1 10 100
of either the surface or the surround. This type of neurons m: luminance of the surround (cd/m?)

40

firing rate (spikes/s)

1
I
I
I
I
1
I
I
I
1
I

encode the mean luminance of wide area encompassing botf; 7. stimuli and responses of a representative neuron recorded durifg a

the surface and the surround. surround-luminance tes&: schematic drawing of the display during stimulu
Figure 10 shows the re|ationships between the slopes of t}qgsenta}tion. The cell's R_F is superimposed as an ellipse. The square surrou

response profiles obtained in the surround-luminance test T*Eﬁ’ RF is the surface stimulus. The frame around the surface stimulus is
- . urround stimulus. The luminance of the surround stimulus was varied, while

bright-type (A) and dark-type (B) neurons. The abscissa

notes _the slope for the dal’lf SL!I’I'OUﬂd, t_h_e o_rdlnate the slope BHerent colors represent the surround luminances indicated iingee. Other

the bright surround. Quantitative classification of neurons wéagnats are the same as in Fig..ZA early ) and late ¢) response profiles. The

carried out using the same set of criteria used for classificati¢fftical dotted line indicates the luminance of the surface stimulus (Prdrime

; R _ ; _ ; rtical broken line indicates the luminance of the background (10°cdVithis
of neurons into brlght type and dark typein surface Iumlnanéé se). Other formats are the same as in Fg).18 this example, late neuronal

test (Fig- 5A). More specifically, brigh_t—type NEUrons  Wergetivity increased monotonically with increasing surround luminance. In contr.
classified as type Il and type Il according to the same set @& early response profile is rather flat.
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100+
80 ] / ]\
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Period from Period from
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Fic. 8. Percentage of different types of effects from the surround across the entire population of 81 neurons tested in the
surround-luminance test in every 100-ms time window during stimulus presentation and at the offset of the stimulus. Solid, gray,
and hatched parts represent constant, monotonic, and other profiles, respectively.

five neurons showed V-shaped profiles in the surround lunmance information from the surround on the activity of M

nance test and were not classified. neurons in awake macaques. The activity of most surfal
We found that there are differences in the response propegsponsive neurons varied monotonically with surface lur
ties and layer distributions across type |, Il, and Ill neuronsance, and some were also affected by the luminance of

— = ()

Table 2 shows that type | and Il neurons were predominantyrround. Among these, the activity of type Il neurons cor

bright-type (80 and 85%, respectively), whereas there was litteged with the perceived brightness of the surface, which

bias among type Il neurons (56% bright-type and 44% darkensistent with earlier reports suggesting that perceived sur

type). With regard to the layer distribution, type | neurons welarightness is represented in V1 (Rossi and Paradiso 1

mainly recorded from layer IV (21/25), but type Il and IlIRossi et al. 1996). On the other hand, the activity of type

neurons distributed more evenly across the different layersurons more likely represents luminance over a wide are

(Table 3). and around the classical RF, and the activity of type | neurg
We also examined spatial summation properties in 68 of %6 unaffected by the luminance of the surround. There w

type I, 11, and Il neurons using uniform square stimuli rangingifferences in layer distribution across different types of ne

from 0.25 to 16° in size. The luminance of the stimuli was 5fbns. These results should provide a firm basis for the ung

or 100 cd/nf for the bright-type neurons and 0.1 cd/rar standing of the representation of luminance and brightnes

lower for the dark-type neurons. We found no clear relatiohe visual cortex.

ships between the pattern of size-response curve and the type

of neurons (I, Il, and ). Furthermore, the curve was generallyepresentation of surface luminance

flat over the range of stimulus sizes used for the test of the _ . . -

effect of surface- or surround luminance. Therefore the effectsEarlier studies reported that the activity of some V1 neurg

of the surround are unlikely explained by the spatial summ 1at responded to a uniform surface varied with the luminar

tion propertv of neurons bevond the classical RF. of the surface. Doty and colleagues (Bartlett and Doty 19]
property y Kayama et al. 1979) reported that many V1 neurons respon

DISCUSSION to diffuse steady illumination, and that their activity varie

monotonically with light intensity over a range of 4 log units.

In the present study, we evaluated the effects of both locEhey called such neurons “luminance units” (or “luxoton
luminance information on the classical RF and global lumiinits™). Maguire and Baizer (1982) studied the responses of
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Cell A Cell B CellC
(type I) (type I1) (type 111)
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FIc. 9. Three representative neurons exhibiting similar responses to surface-luminance tests, but differing responses to
surround-luminance test$op row: response profiles generated in response to surface-luminance tests (formatted as i Fig. 4,
and B). Bottom row: response profiles generated in response to surround-luminance tests (formatted asGih Hige Thin
horizontal line indicates mean ongoing activity. The vertical broken line indicates luminance of the background. The vertical dotted
line indicates luminance of the surface stimulus. Solid regression lines indicate significant correRt0006, Spearman’s rank
correlation), and dashed regression lines indicate nonsignificant correlatiorsQ(B5). All three neurons exhibited stronger
responses to higher luminances in the surface-luminance test (bright-type). However, the actoétly Afwas essentially
unchanged during the surround-luminance test; the activitehB declined with increasing surround luminance; and the activity
of cell Cincreased with increasing surround luminance. Using the criterion described in the text, these cells were respectively
classified as type I, type Il, and type IlI.

neurons to light spots larger than the RF with various lumshowed V-shaped response profile that likely conveyed c

nances, ranging of 1.8 log units, in macaques while the mdnast information. However, the results of the present study and

keys performed a fixation task. In the present study, we ethe earlier studies cited above suggest that information aQ
ployed preparations and stimuli similar to those used Hhe luminance of uniform surfaces is also conveyed to V1.
Maguire and Baizer, except that our stimuli were either We found that the response profiles were often time dep
brighter or darker than the background, whereas theirs wél@nt; monotonic variation in firing rate as a function of surfa
always brighter than the background. Using surface lunliminance was seen mainly during the later period (Fig. 3),
nances spanning a 3-log unit range (0.1-100 &/me con similar tendency was found in the results of the surrour

firmed that the activity of surface-responsive neurons variééiminance test (Fig. 8). For that reason, we focused our anal-

systematically with luminance level. The dynamic range &fsis on the later period of the response.
some of the neurons was broad enough that their activity varied

monotonically over the entire range of luminances tested (e.gffect of the luminance of the surround
Fig. 4A), while the activity of others only changed in response

to stimuli brighter (bright-type) or darker (dark-type) than the The earlier studies of V1 neurons cited above descril
background. It has generally been thought that mainly infoneural responses to surface luminance, but not the effect of
mation about contrast is conveyed from the retina to V1. lominance of the surround, which can dramatically alter p
fact, early on-response as well asrrresponse frequently ceived brightness of a surface, even when the luminance of
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Bright Type Dark Type
A 20 - B 20 :
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Fic. 10. Distributions of the slopes of the response profiles generated by surround-luminanée thstactivity of bright-type
neuronsB: the activity of dark-type neurons (determined in the surface-luminance test). In each graph, the abscissa indicates the
slope obtained using stimuli darker than the background, the ordinate stimuli brighter than the background. The graph format is the
same as in Fig. 5A. Each symbol represents a cell. Cells inatiem left regiorin A andtop right regionin B delimited by broken
lines are classified as type Il; those in the right regionin A andbottom left regiorin B as type Ill. Type | neurons are not shown.

Five gray diamonds in thtop leftandbottom right regiongepresent cells unclassified as either type. See text for the details of
the classification.

surface remains unchanged. Paradiso and colleagues recamlyrons appears to correspond to the responses of ne
studied the effect of the luminance of the surround on thikescribed by Paradiso and colleagues as exhibiting 180° pLdl
activity of V1 neurons in anesthetized cats (Rossi and Paradiifierences. Indeed, we confirmed this by testing some typg
1999; Rossi et al. 1996). They found that, by temporallyeurons with a dynamic version of the brightness inducti
modulating the luminance of the surround while keeping th‘.ﬁimums (data not ShOWﬂ). Our type IIl neurons, whose
luminance of the surface constant, they could modulate t§gonse profiles had the same sign between surface-luming
activity of V1 neurons. In some of these neurons, the modyng surround-luminance tests (e.g., Fig)9probably corre-
lation of the stimulus and the response was out-of-phase, %’P%nd to the neurons with 0° phase difference.

the change in activity was consistent with the perception of\ye foynd that the effect of the surround developed gradus
brightness induction. Interestingly, this modulation vanishqq about 100—200 ms after the onset of the stimulus (e.g., F
when the frequency of the surround luminance modulation Wzg and 8). Such slow rise times appear to correspond to tﬁe

D

over 4 Hz. This cutoff frequency matches well the Cutofl it frequency of perception and V1 neuron activity durir
frequency for human perception of brightness induction (Q€n, 65| modulation of a brightness induction stimulus (1
Valois et al. 1986; Rossi and Paradiso 1996). They also fougé?ois et al. 1986; Rossi and Paradiso 1996)

neurons whose activities were modulated in-phase with mod X ! '

X | "The dynamic version of brightness induction stimuli is afl
ulation of the surround, although the properties of these Nilniaqeous for testing the correspondence between neurp
rons were not described in detail.

o ; . activity and perception. On the other hand, static stimuli,
Despite differences in the experimental procedures and y b P

4

LT0C ‘9T

1)
2}

. ; . NHg a quantitative description of the relationship between
global luminance were consistent with those of the aforem gagq P P

'oreME&inance, perceived surface brightness, and neural activity. \We
}?Flieve such quantitative data will provide a reference when

parallels surface brightness perception. The activity of type

. . TABLE 3. Layer distribution of type I, II, and Il neurons

TABLE 2. Proportion of bright- and dark-type neurons among type Y P
I, 1, and Il neurons Type | Type Il Type IlI Unclassified

Type | Type Il Type Il Layer II/lll 1(1) 6 (3) 6 (3) 0

Layer IV 21(9) 9(7) 11 (6) 2(1)
Bright-type 20 (9) 14 (10) 22(13) Layer VIVI 3(3) 9(7) 7 (5) 3(3)
Dark-type 5(4) 11 (8) 4(2) Not identified 0 1(1) 2(1) 0
Total 25 (13) 25 (18) 26 (15) Total 25 (13) 25 (18) 26 (15) 5 (4)
Numbers in parentheses indicate single neurons. Numbers in parentheses indicate single neurons.
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studying other global effects related to brightness perceptidﬂ,BERT CD AnD WieseL TN. Clustered intrinsic connections in cat visug
including perceptual filling-in (Gerrits and Timmerman 1969; cortex.J Neurosci3: 11161133, 1983.

Komatsu and Murakami 1994: Komatsu et al. 2000: MurakarﬁlLCHRlST AL. Perceived lightness depends on perceived spatial arrangem
tal. 1997° R hand 1'992_ R h ) d ! dG Sciencel95: 185-187, 1977.
et al. » Ramachandran » Ramachandran an regQYe E. outlines of a Theory of the Light Sen&ambridge, MA: Harvard

1991; Yarbus 1967), the Claik-O'Brien-Cornsweet illusion yniy. press, 1964.

(Cornsweet 1970; O’'Brien 1958), and the effect of the thregoreman HW. Inductive brightness depression as influenced by configu
dimensional configuration of stimuli on brightness and/or colortional conditionsVision Res3: 121-130, 1963.

perception (Adelson 1993; Gilchrist 1977). JubGE SJ, RcHmonD BJ, aND CHu FC. Implantation of magnetic search coilg
for measurement of eye position: an improved methdigion Res20:

. . . . 535-538, 1980.

Transformatlon from phyS|Cal luminance to percelved Kapabia MK, ITo M, GiLBERT CD, AND WESTHEIMER G. Improvement in
brightness visual sensitivity by changes in local context: parallel studies in hum

h Lo | ith th . . observers and in V1 of alert monkeydeuron15: 843—856, 1995.
Neurons whose activities correlate with the perceNEd b”gm'AYAMA Y, Riso RR, BarTLETT JR,AND Doty RW. Luxotonic responses of

ness of a uniform surface are seldom found in the lateraknits in macaque striate cortex.Neurophysiol2: 1495-1517, 1979.
geniculate nucleus (De Valois and Pease 1971; Rossi afwbsHiTa M anp KomaTsu H. The representation of the surface luminang

Paradiso 1999), anditis Suggested that this property is formegnd brigh;ngeBss in the macaque striate cortex (\&bc Neurosci Abst?4:

: : T 54.15, 1998.

in the visual cortex. Our fmdmg that about ha_‘lf of the nel’,'roqg'mlEle JJanp van EssenDC. Neuronal responses to static texture patter|
recorded from layer IV were type | neurons is also consistenty area V1 of the alert macaque monkéyeurophysiob7: 961-980, 1992.

with this idea. If so, how is the luminance information tranS<omatsu H, KinosHITA M, AND Murakami |. Neural responses in the retino
formed to the brightness information in V1? There are severafopic representation of the blind spot in the macaque V1 to stimuli

Shiliti ; ; erceptual filling-in.J Neurosci20: 9310-9319, 2000.
possibilities. One is that the luminance contrast at the borquMATsu H AnD Murakami |. Behavioral evidence of filling-in at the blind

between the surface and surround is detected by contrast . of the monkeyvis Neuroscill: 1103-1113, 1994.
sensitive neurons having RFs located at the border, after whiglwe VAF. The neurophysiology of figure-ground segregation in prima
the signals from these neurons is transmitted to type |l neurongisual cortex.J Neuroscil5: 1605-1615, 1995.
via horizontal connections within V1 (Gilbert and WieselOTToRB, WiLLiams SM, anp PurRVES D. An empirical basis for Mach bands,
1983). Alternatively, the activity of type Il neurons may bq? Proc Natl Acad Sci USA6: 52395244, 1999,

0

. S . : AGUIRE WM AND Baizer JS. Luminance coding of briefly presented stimu
explained by a combination of signals from different types of in area 17 of the rhesus monkeyNeurophysiok7: 128137, 1982.

luminance-sensitive neurons in V1 by subtracting global infokturakam |, Komatsu H, anp KinosHITA M. Perceptual filling-in at the
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