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RIENTATION BIAS OF THE EXTRACLASSICAL RECEPTIVE FIELD
F THE RELAY CELLS IN THE CAT’S DORSAL LATERAL

ENICULATE NUCLEUS
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ai 200433, China

Laboratory of Visual Information Processing, Institute of Biophysics,
hinese Academy of Sciences, Beijing 100101, China

bstract—The spatial properties of the extraclassical recep-
ive fields (ECRF) of neurons responding to a stimulus re-
tricted to it and its interaction with the classical receptive
eld (CRF) in visual information processing were investi-
ated in 74 relay cells in the dorsal lateral geniculate nucleus
LGNd) of anesthetized cats. The results demonstrate that the
CRF of most relay cells in the LGNd responded preferen-

ially to a grating stimulus of low spatial frequency through a
echanism of spatial summation. These biased cells showed
significant orientation bias which was relatively smaller

han that of the CRF. The preferred orientations of the ECRF
ere not correlated with those of the CRF in most relay cells.
he orientation biased ECRFs and CRFs interacted with each
ther in a non-linear way, resulting in a great diversity of
esponse properties. Overall, the CRF played a more signifi-
ant role than the ECRF in determining a cell’s orientation
ias and preferred orientation. The ECRF mostly showed a
odulatory role mainly in suppressing and/or in partially

acilitating the neural response to stimulation in the CRF
lthough in some cases, the ECRF did determine a cell’s
esponsiveness and orientation sensitivity.

These results suggest that the ECRF might contribute to
he ability of the LGNd neurons to detect some complex
eatures such as texture segmentation and provide a subcor-
ical contribution to the integrative field of visual cortical
ells through receiving inputs from retinal ganglion cells with
imilar orientation biased extended surrounds [Neuroscience
8 (2000) 207]. © 2004 IBRO. Published by Elsevier Ltd. All
ights reserved.

ey words: spatial frequency, classical receptive field,
ision, orientation turning, interaction.

ost receptive fields of retinal ganglion cells and relay
ells in the dorsal lateral geniculate nucleus (LGNd) in
igher mammals are described as having a concentric
rganization, consisting of an excitatory center and an
ntagonistic surround (Kuffler, 1953; Enroth-Cugell and

Correspondence to: T. Shou, Vision Research Laboratory and Liren
aboratory, Center for Brain Science Research, School of Life Sci-
nces, Fudan University, Shanghai 200433, China. Tel: �86-21-
5642355, Fax: �86-21-65643528.
-mail address: tdshou@fudan.edu.cn (T. Shou).
bbreviations: CRF, classical receptive field; DOG, difference of
aussians; ECRF, extraclassical receptive field; LGNd, dorsal lateral
ceniculate nucleus; OB, orientation bias.

306-4522/04$30.00�0.00 © 2004 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2004.01.036

495
obson, 1966; Hochstein and Shapley, 1976). The local
rea in the retina within which visual stimuli evoke a cell’s
ischarges is defined as the classical receptive field (CRF)
f the cell (Kuffler, 1953; Hubel and Wiesel, 1959, 1961).
or decades, it has been known that visual stimuli re-
tricted to the area outside of the CRF could not evoke the
euron’s discharges directly but do modulate the re-
ponses to the stimuli on the CRF. The area outside of the
RF is so defined as the extraclassical receptive field

ECRF) or integrative field (Ikeda and Wright, 1972; DeAn-
elis et al., 1992, 1994; Li and Li, 1994; Hupe et al., 1998,
001; Walker et al., 1999; Freeman et al., 2001; Solomon
t al., 2002).

The physiological function of the ECRF has been pri-
arily studied in cells of the visual cortex. In cats and
rimates, stimuli presented to the ECRF of cortical neu-
ons most frequently suppress and less often facilitate the
esponses of the CRF (Li and Li, 1994). On the other hand,
he functional influence of the ECRF on the CRF in the
at’s LGN is primarily one of inhibition (Hubel and Wiesel,
959; Cleland et al., 1983; Li and He, 1987; Felisberti and
errington, 1999; Jones et al., 2000). A disinhibitory sur-

ound beyond the CRF of the retinal ganglion cells in cats
as also been reported following stimulation by flashing
ars of different length or spots of different size (McIlwain,
966; Ikeda and Wright, 1972; Li et al., 1992). However,
ntil recently, there have been few reports about direct
esponse to a visual stimulus delivered to the ECRF alone.

A recent report from this laboratory reported, interest-
ngly, that in more than half of retinal ganglion cells of the
at, the extended surround which consists of the ECRF
ith a partial surround of the CRF, responds alone to
rating stimuli restricted on it and exhibits a significant
rientation bias (OB) when stimulated by gratings of ap-
ropriate combinations of spatial frequencies and orienta-
ions. Moreover, the extended surround interacted with the
RF center in a non-linear manner (Shou et al., 2000).
hat study of the ECRF initiated a new concept, namely,

hat the neuron processes much more information, in a
arger field, than previously thought, despite research for
ver half a century. Solomon et al. (2002) further studied
he suppressive properties of the ECRFs of parvocellular,
agnocellular, and koniocellular cells in the primate lateral
eniculate nucleus.

The goal of this study is to determine the role of the
CRF of relay cells in the LGNd in visual information
rocessing of orientated contours that may provide the
asis of form perception. Specially designed annular and

ircular shapes containing gratings of various spatial fre-

ved.
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uencies and orientations were employed experimentally
o stimulate different parts of a receptive field.

EXPERIMENTAL PROCEDURES

urgical procedures and physiological recording

he detailed methods for recording single-unit activity from the
elay cells in LGNd of anesthetized and paralyzed cats have been
escribed elsewhere (Kratz et al., 1978; Sanderson, 1971; Shou
t al., 1986; Shou and Zhou, 1989; Zhou et al., 1994, 1995). All

nvestigations involving animals conformed to the guidelines of the
hinese Association for Physiological Sciences on the Ethical Use
f Animals and the National Institutes of Health for Care and Use
f Laboratory Animals (revised 1996). All efforts were made to
inimize the number of animals used and their suffering. Cats,

rom the Silver Root Animal Company, Shanghai, China, were
nitially anesthetized with ketamine (20 mg/kg). During the rest of
he experiment, light anesthesia was maintained with i.v. pento-
arbital sodium given at an initial dose of 4 mg/kg followed by an

nfusion of 3 mg/kg�h. Gallamine triethiodide (Flaxedil; Shanghai
ongfeng Chemicals Factory, Shanghai, China; 8–10 mg/kg�h)
as used for immobilization. An indication of the level of the
nesthesia was gained from the heart rate and EEG. The animal’s
ectal temperature, end-tidal CO2, heart rate, ECG and EEG were
ontinuously monitored and kept within normal limits. All pressure
oints and incisions were infiltrated with local long-acting anes-
hetic (1% lidocaine HCl). Pupils were maximally dilated with
tropine sulfate (1%), and appropriate contact lenses were used
o protect the cornea. Neo-Synephrine (5%) was administered to
etract the nictitating membranes. Since we had found that most
yes of the pentobarbital sodium anesthetized, gallamine triethio-
ide-paralyzed cats had astigmatism ranging from 0.25–2.25 di-
pters with a mean of 0.75 diopters (Shou et al., 1986), special
are was taken to avoid astigmatism by using a combination of
pherical and cylindrical lenses when needed. Artificial pupils of
mm in diameter were used for cat eyes.

The action potentials of cat LGN relay cells were extracellu-
arly recorded with a glass microelectrode filled with 3 M NaCl. The
mpedance of microelectrodes ranged from 5 to 15 M�. Signals
ere amplified and passed to an audio monitor and a data collec-

ion system (CED micro 1401; Cambridge Electronic Design,
ambridge, UK), whose output was stored in a computer and
nalyzed by Spike2 software (version 4; Cambridge Electronic
esign).

isual stimuli

he receptive fields of isolated units were first mapped by using a
and-held target on a tangent screen 57 cm from the cat’s eye.
he disks were carefully plotted on the screen and this was done
epeatedly throughout the experiment to ensure that the eye
ovement was prevented completely. Visual stimulation was gen-
rated on a computer display (FlexScan F931; EIZO, Japan) by a
isual Stimuli Generator 5 (Cambridge Research Systems Ltd,
K).

All the stimulus patterns were presented on a display with
niform background of mean luminance 17 cd/m2. After mapping
he approximate center of CRF by a hand-held target, we first
ecorded a series of discharges of the neuron to a flashing light
oint of 27 cd/m2 in luminance moving across the CRF along the
orizontal and vertical directions to determine the precise position
f the center of CRF, where the maximal discharge was evoked.
he light spot with diameter 0.5° flashed 10 times at 2 Hz for each
xed position and then shifted in a randomized interleaved se-
uence for a total of 10 positions in step of 0.5°. Then, a stimu-

ating area-response amplitude curve was measured by increas-
ng the diameter of a flashing round area that was centered

recisely on the center of the cell’s CRF. According to the area- c
esponse curve we determined the borders of the CRF and the
CRF for each cell precisely and ensured that all the visual stimuli
nd physiological measures of the CRF and ECRF were reliable
or the study.

The main stimuli were two drifting sinusoidal gratings that
ndependently appeared within an inner round patch (diameter
.5°–4° in visual angle) and an outer concentric annulus (inner
iameter 1.5°–4°, outer diameter 7°–22°). Within the round patch
nd annulus, the two drifting gratings were randomly presented in
arious orientation and spatial frequency combinations. The ori-
ntation of each grating was orthogonal to the direction of drift.
he motions of the two drifting gratings were always kept phase-

ocked at a constant temporal frequency of 2–4 Hz. Their mean
uminance and contrast were 17 cd/m2 and 0.7, respectively. The
iameters of the circular and annular stimuli used for each cell
ere carefully selected from the area-response curve described
bove.

ata analysis

he amplitude of the fundamental Fourier component of averaged
ost-stimulus time histogram of a cell’s response to grating stimuli
as defined as response (spikes/second). The spontaneous re-
ponse has been subtracted. The relay cells were categorized as
N- and OFF-center, X and Y type cells according to criteria
ommonly used (Enroth-Cugell and Robson, 1966; Hochstein and
hapley, 1976). Circular statistics were employed to quantify the
referred orientation and OB as previously reported (Batschelet,
981; Shou and Leventhal, 1989; Worgotter et al., 1990; Zar,
994; Zhou et al., 1995). The responses of each cell to the
ifferent orientations of stimuli presented were measured as a
eries of vectors. The vectors were added and divided by the sum
f the absolute values of the vectors. The polar angle of the
esultant vector is the cell’s preferred orientation. The length of the
esultant summed vector provides a quantitative measure of OB of
ach cell. A bias �0.1 indicates that the cell showed statistically
ignificant OB at the level of 0.005 (Leventhal and Schall, 1983;
hou and Leventhal, 1989; Worgotter et al., 1990; Thompson et
l., 1994; Zhou et al., 1995; Shou et al., 1995). Student’s t-test and
2 test were applied to the data for group comparison and histo-
ram analysis. Except mentioned, all tests were based on t-test.

RESULTS

eventy-four LGN relay cells including 52 Y cells and 22 X
ells (49 ON-center cells and 25 OFF-center cells) were
tudied in 11 adult cats. The neurons that we recorded
ere at about 3–10° eccentricity, mainly about 5°. The
patial frequency tuning and orientation tuning curves of
ach cell were measured when visual stimuli of appropri-
te combinations of grating orientations and spatial fre-
uencies were employed on the CRF, ECRF, and the CRF
nd ECRF combined (hereafter termed “the whole area”),
espectively.

rea tuning and spatial frequency tuning properties

or each cell studied, an area turning curve was routinely
easured. The area tuning curve of a typical LGN neuron

s shown in Fig. 1A. When the stimulating area increased in
iameter, the cell’s response first elevated to a peak
arked by an arrow, then fell to a minimum marked by the

econd arrow and finally increased gradually to a plateau.
he first arrow indicates the diameter of the CRF center
nd the second arrow defines the border of the cell’s

oncentric CRF and the ECRF. The large area outside of
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he second arrow is defined as the ECRF, which could
xpand from 7° to 22° in visual angle due to different cells

n the study. One of the main findings in this study is that
he ECRF of the most LGNd cells (74.3%, 55 in 74) re-
ponded directly to grating stimuli of low spatial frequency
n absence of stimulation on the CRF. The spatial fre-
uency tuning curves of the CRF, the ECRF, and the
hole area for a representative cell are shown in Fig. 1B.
he curve of the CRF (solid squares) always shows the
reatest response amplitude and cutoff spatial frequency,
nd that of the ECRF (solid circles) shows the lowest. The
patial frequency response curve for stimulation of the
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ig. 1. (A) An area-response curve of a typical LGN relay cell. The
timulus is a stationary flashing spot of increasing diameter, whose
enter is fixed at the CRF’s center, and with a flash frequency of 2 Hz.
he first arrow shows the center diameter of the CRF, indicating an
xcitatory spatial summation. The second arrow shows the surround
iameter of the CRF, indicating inhibitory surround summation. With
urther enlargement the stimulus diameter, the response amplitude
artially recovers. (B) Spatial frequency tuning curves of the compo-
ents of the CRF, the ECRF and the whole area of a relay cell. The
hree arrows indicate the optimal spatial frequencies of gratings em-
loyed to elicit the cell’s best OB of the CRF, the ECRF and the whole
rea (1.2, 0.1 and 1.0 cycles/degree, respectively). The grating stimuli
ere identical in mean luminance (17 cd/m2), contrast (0.70), and

emporal frequency (2 Hz). Note that a nonlinear interaction between
he CRF and the ECRF suppressed the responses of the whole area
t high frequency, to which the ECRF alone had no response.
hole area (triangles) lies intermediate between the other o
wo. The curve of the whole area indicates that the simul-
aneous stimulation of the ECRF induced a strong inhibi-
ory effect on the CRF response, especially at higher spa-
ial frequencies. In contrast to the classical linear model of
he difference of Gaussians (DOG model; Rodieck and
tone, 1965; Enroth-Cugell and Robson, 1966; Hochstein
nd Shapley, 1976), the response of the whole area de-
lined at spatial frequencies to which stimulation of the
CRF alone gave no response. This indicates a strong
onlinear interaction between the CRF and the ECRF.

patial summation of the ECRF

o test the spatial summation of the ECRF, the response
urve of the ECRF of a neuron was measured when it was
timulated by gratings within an annulus whose outer di-
meter was constant at 16° and inner diameter was in-
reasing gradually from 1° to 16°. The response amplitude
f the ECRF remained unchanged until the inner diameter
eached 7°, at which point it declined gradually as the width
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ig. 2. Spatial summation in the ECRF of LGN neurons. (A) Re-
ponse curve of the ECRF to gratings within an annulus whose outer
iameter was fixed at 16° and inner diameter was increasing gradually.
he gratings had a spatial frequency of 0.1 cycles/degree and tempo-
al frequency of 2 Hz. Note that when the inner diameter of the annulus
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linear manner. (B) Averaged response curve from 25 neurons,
howing a similar spatial summation.
f the grating annulus became thinner (Fig. 2A), indicating
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spatial summation. The averaged spatial summation
urve for 25 LGNd cells is shown in Fig. 2B, suggesting the
eneral responses of the ECRF depend on the contribution
rom a population of widespread subunits over a large area
n the retina.

referred orientation

t has been known that most retinal ganglion cells (Levick
nd Thibos, 1980, 1982; Shou et al., 1995) and LGNd
eurons (Vidyasagar and Urbas, 1982; Shou et al., 1986;
hou and Leventhal, 1989) in the cat are orientation-bi-
sed in responses to moving grating stimuli. Interestingly,
e found that the LGNd cells studied showed significant
rientation sensitivity of the ECRF, in addition to that
hown in the CRF and the whole area. Orientation turning
urves in polar plots of the CRF, the ECRF and the whole
rea of two cells measured with optimal spatial frequencies
re shown in Fig. 3D–I. The preferred orientations of the
RF and the ECRF were similar in some cells, such as the
ne shown in Fig. 3D and 3E but not always parallel (an

A B 

0 250 500
0

80

Time (ms) 0
0

20

40

60

80

 

Tim

0

40

80

0

30

60
90

120

150

180

210

240
270

300

330

0

40

80

 

CRF
PO = 106 deg.
OB = 0.21

D

0

5

10

15
9

120

150

180

210

240
2

0

5

10

15

 

E

0

5

10

15
9

120

150

180

210

240
2

0

5

10

15

 

H

0

15

30

0

30

60
90

120

150

180

210

240
270

300

330

0

15

30

 

CRF
PO = 106 deg.
OB = 0.12

G

ig. 3. (A–C) The stimulus configurations (CRF, ECRF and whole ar
esponses to them; (D–F) the orientation turning curves of a relay ce
nother relay cell’s orientation turning curves. Note that the preferred

or the whole area). The vertical scales in D–I are in spikes/s.
xample shown in Fig. 3G and 3H). c
Most of the cells (80.4%, 37 in 46 cells) showed a
ignificant difference in preferred orientations between the
RF and ECRF (larger than 30°, or either of the ECRF and
RF with an OB less than 0.1; Fig. 4A), indicating that the
rientation sensitivities of the CRF and ECRF may origi-
ate independently. The preferred orientation of the whole
rea was well aligned with that of the CRF in 64% (27 in 42
ells) of the cells studied, where preferred orientation dif-
erence was less than 30° (Fig. 4C), but the preferred
rientation difference of the ECRF and the whole area
ere randomly distributed (Fig. 4B), showing that the in-
uence of the orientation sensitivity of the CRF is stronger
han that of the ECRF on the whole area. In fact, according
o the DOG model (Rodieck and Stone, 1965; Li et al.,
991), the CRF has a bigger weight than the ECRF.

rientation bias

o our surprise, we found that in most cells studied
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timulated with gratings of relatively low spatial frequen-
ies (Fig. 5B). In contrast, 67.2% of the cells (41 in 61 cells,
1 Y cells and 10 X cells) studied did so when their CRFs
ere stimulated alone with gratings mostly in relatively
igh spatial frequencies (Fig. 5A). In fact, there was a
ignificant difference in mean OB between the biased CRF
nd the biased ECRF, whose mean biases were
.21�0.08 (hereafter, referred to as mean�S.D.) and
.18�0.06, respectively (�2 test, P�0.023�0.05), though

or all 74 cells studied including unbiased cells, there was
o significant difference in mean OB among the CRF
0.17�0.10), the ECRF (0.15�0.07) and the whole area
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0.17�0.12; � test, P�0.05 for all), as shown in Fig. 5. r
The majority of cells studied (69.0%, 40 in 58 cells, 27
cells and 13 X cells) exhibited statistically significant OB

0.17�0.12) when the whole areas were stimulated with
ptimal gratings of medium spatial frequency. Interest-

ngly, in 11.8% (6 in 51 cells) of cells studied, the grating
timuli on the CRF alone failed to elicit a significant OB,
hile the stimulation on the ECRF or on the whole area did
licit a significant OB. Obviously, the ECRF are dominantly
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o agree with the previous note that the OB of ganglion
ells is only a reflection of an elliptical receptive field center
Leventhal and Schall, 1983).

patial dependent orientation sensitivity of ECRF

ne of the significant characteristics of the ECRF we found
as that their OB depend on the spatial frequency of
timulating gratings used (Fig. 6A and B). As shown in Fig.
B, the three arrows indicate the optimal spatial frequen-
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ig. 6. Spatial dependent orientation sensitivity of the ECRF. (A) The
CRF showed significant orientation sensitivity in response to a grat-

ng of low spatial frequency (0.1 cycle/degree). (B) The orientation
ensitivity diminished when the spatial frequency increased to 1 cycle/
egree. (C) Comparison of the mean optimal spatial frequencies used
o evoke the responses showing the maximal OB of the CRF, the
CRF and the whole area. The CRF and whole area have almost the
ame optimal spatial frequency, but the optimal spatial frequency is
uch lower for the ECRF than those of the CRF and the whole area.
ies of grating stimuli, to which the CRF, the ECRF and the f
hole area exhibited the largest OB, respectively. The
ean optimal spatial frequencies for the three correspond-

ng areas are shown in Fig. 6C. To evoke an OB for the
CRF alone, the optimal spatial frequency of the ECRF
sed was mostly in a range of 0.1–0.3 cycles/degree,
hich was about 4.3 times lower than the optimal spatial

requencies of the CRF and whole area respectively (t-test,
�0.05 for both).

nteraction of the CRF and ECRF

he interaction between the CRF and the ECRF was stud-
ed in 26 cells. The stimuli were two concentric drifting
ratings, each of which covered the CRF and the ECRF,
espectively. Their orientations and spatial frequencies
ere varied independently. One was varied in grating ori-
ntation from 0° to 360° with 15° intervals and of optimal
patial frequency while the others parameters were fixed at
heir optimal values, and vice versa.

The influence of the ECRF on the cell’s firing rate was
ither inhibitory (Fig. 7A) or facilitatory in most orientations
Fig. 7B). Statistically, 50.0% (13/26) of cells studied had
nhibitory ECRFs and 19.2% (5/26) of cells studied had
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acilitating ECRFs. The remaining 30.8% (8/26) cells
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howed facilitation in some orientations and inhibition in
ther orientations.

The interaction between the CRF and the ECRF not
nly influenced their responsiveness but also their OB and
reference. The cell shown in Fig. 8A–D demonstrates a
utual OB enhancement for CRF plus ECRF while the
CRF clearly dominates the cell’s preferred orientation.
he orientation tuning of the CRF changed from the orien-

ation-unbiased (OB�0.05) to significantly biased
OB�0.16) with the additional stimulation in the ECRF,
nd the OB of the ECRF increased from 0.14 to 0.23 due
o the stimulus in the CRF. In contrast, the cell shown in
ig. 8E–H demonstrates a reciprocal weakening of OB.
he OB of the ECRF declined from 0.25 to 0.04 losing its
ias due to an additional stimulus in the CRF and the OB
f the CRF decayed from 0.18 to 0.11 with a preferred
rientation shift of 44° due to an additional stimulus in the
CRF.

The overall effects of interaction of the CRF and the
CRF on the cells’ orientation sensitivities are summarized

n Fig. 9A and 9C. It appears that for most neurons studied
heir OBs of the CRF have no significant change except a
ew cells, since most data points located along a line of
lope one (Fig. 9A). There was no difference in the mean
alue of the OB of the CRF with (0.15�0.10) and without
0.15�0.13) an additional stimulus in the ECRF (P�0.997,
�25). There were two exceptions (8%, 2 in 25 cells) with
iased CRF lose their bias due to additional stimulation on
he ECRF. Meanwhile, there were three cells (12%, 3 in 25
ells) with unbiased CRF becoming biased when the
CRF was simultaneously stimulated. It is also notable

hat the OB of CRF of one cell increased dramatically from
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ig. 8. Orientation turning curves of the CRF (A, E) and the ECRF (B,
timulus in the ERCF enhanced the OB of the CRF when the concentr
and, the fixed-orientation stimulus in the CRF also enhanced the OB
educed the OB of the CRF when the concentric gratings stimulated the
timulus presented to the CRF also reduced the OB of the ECRF at t
.13 to 0.45 and that of another cell decreased from 0.20 i
o 0.01, indicating the strong influence of the ECRF on the
RF.

In contrast, it appears that most data points located
elow a line of slope one (Fig. 9C), indicating that for most
eurons studied their OBs of the ECRF significantly de-
reased due to an additional stimulus on the CRF. Accord-

ngly, the mean value of the OB of the ECRF dropped from
.12�0.06 to 0.071�0.06 (P�0.003, N�24). In fact, the
rientation sensitivity of the ECRF disappeared (OB�0.10)
ompletely in 45.8% (11 in 24) of cells studied, and was
aintained only in 16.7% (4 in 24) cells under the influence
f an additional stimulus in the CRF. It is also notable that
ne cell emerged its OB from unbiased (OB from 0.08 to
.14) and another two cells increase their OB from 0.14 to
.15 to 0.23.

The effects of interaction of the CRF and the ECRF on
he cells’ preferred orientation are shown in Fig. 9B and
D. The grating stimuli on the ECRF did not change the
referred orientation of the CRF in all cells tested, except
ne shown in Fig. 9B. However, when the CRF and the
CRF were both stimulated, the preferred orientation of

he ECRF changed over 30° in the two of four cells that still
aintained the orientation sensitivity of the ECRF (Fig.
D). Taken together, it seems likely that for most cells
tudied, the interactions between the CRF and ECRF are
on-linear and the influence of the CRF is much stronger
han those of the ECRF on the cells’ orientation
ensitivities.

DISCUSSION

his study provides the first demonstration that the ECRFs
f the most neurons in the LGNd respond to grating stimuli
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o drifting gratings of low spatial frequency in anesthetized
ats. The response components of the CRF and the ECRF
nteract with each other non-linearly, changing the cell’s
B and preferred orientation. Furthermore, the contribu-

ion of the ECRF to the spatial frequency tuning of the
hole receptive field is also demonstrated to be non-linear.
his property of the CRF and its ECRF, of different pre-

erred grating orientations and spatial frequencies, might
nable some cells to selectively respond to more sophis-
icated visual patterns, such as required for image seg-
entation. Given the similar observation in the cat retina

Shou et al., 2000), a new concept emerges identifying an
mportant role for the large-scale ECRF outside the CRF of
ubcortical neurons in visual information processing in the
ammalian visual system.

The key point of the experiment is precisely to deter-
inate the position of the CRF center and the sizes of the
RF and the ECRF. During experiments, we carefully
easured (i) a two-dimensional response distribution us-

ng a moving small flash spot; and (ii) an area-response
urve using a stationary flashing spot of increasing diam-
ter for each cell. These procedures ensured the precision

C
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rawn in Fig. 9A–D.
nd the reliability of our experiment. s
roperties of the ECRF

here have been many reports showing that the ECRF
oes modulate the response of the CRF (McIlwain, 1966;
keda and Wright, 1972; Cleland et al., 1983; Li and He,
987; Li and Li, 1994; Felisberti and Derrington, 1999;
ones et al., 2000; Solomon et al., 2002), but previous
eport has not shown that the ECRF responds indepen-
ently to stimuli alone until recently. Shou et al. (2000)
eported a surprising result that the direct response to
timuli on the large “extended surround,” which was about
° beyond the CRF center, was observed in retinal gan-
lion cells in anesthetized cats. We used similar stimuli,
xcept a small difference in the inner diameter of the
nnulus of drifting gratings, to elicit the independent re-
ponses of the ECRF of relay cells in the LGNd. The
esponse properties we found for the ECRF in the retinal
anglion cells and the LGNd cells are similar in many
espects. First, in more than half of both retinal and tha-
amic cells, the ECRFs are able to respond directly to
rifting gratings in spatial frequencies lower than those
sed for the CRF. Second, in about three quarters of cells
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he orientation of grating stimuli significantly (OB�0.1;
5.8% of cells in retina, 72.7% of cells in LGNd). Third, the
rientation sensitivity of the ECRF appears only when the

ow spatial frequency stimulating gratings were employed,
hile that of the CRF (or the center of it) was mainly found
hen high spatial frequencies were used. Fourth, for each
ell the preferred orientation of the ECRF is independent of
hat of the CRF. As a result, the CRF and the ECRF show
ifferent OB at different spatial frequencies. Finally there is
non-linear interaction between the ECRF and the CRF
hich we suggest could assist in texture segmentation.
urthermore, we found that the CRF mostly had more
ignificant influence than that of the ECRF on the entire
hole receptive field in the LGNd neurons.

Overall, based on these similarities and the fact that
ach relay cell only receives input from one or two ganglion
ells in the retina (Malpeli and Baker, 1975), it is reason-
ble to conclude that the response properties of the ECRF
f the LGNd neurons may originate from their retinal coun-
erparts, ganglion cells.

nfluence of the ECRF on the CRF

any investigators have argued that the modulations of
he ECRF to the CRF are solely inhibitory in the LGN
eurons of primates and cats (McClurkin and Marrocco,
984; Marrocco and McClurkin, 1985; Sillito et al., 1993;
elisberti and Derrington, 1999; Solomon et al., 2002).
owever, we found that the while modulations of the ECRF
n the CRF response are mainly inhibitory, some interac-
ions are excitatory in the LGN neurons (Fig. 7B). While
his result is not fully in agreement with the above reports,
t is consistent with those reports in cortical cells revealing
hat the modulation of the ECRF on the CRF is either
nhibitory or excitatory and mainly inhibitory in primates
nd cats (Li and Li, 1994; Walker et al., 1999, 2000). It
hould be noticed that for many LGN cells, the influence of
he ECRF on the CRF is somehow complicated. In some
rientations, the influence of grating stimuli on the CRF is

nhibitory but at other orientations the influence is excita-
ory. Because the LGN neurons receive feed-forward pro-
ections from the retina, this may reflect the complexity of
he neural network of the inner and outer layers in the
etina, through which the large area of the ECRF of retinal
anglion cells is formed (Shou et al., 2000).

echanism of the ECRF

or decades, investigators reported that the ECRF area
id not respond to a stimulus restricted to it, but did mod-
late the response to the stimuli on the CRF in the retina
Ikeda and Wright, 1972; Li et al., 1991; Li et al., 1992), the
ateral geniculate nucleus (Solomon et al., 2002) and vi-
ual cortex (Li and Li, 1994; Rossi et al., 1996; Lamme et
l., 1998; Rossi and Paradiso, 1999; Li et al., 2000) of
nesthetized animals. Accordingly, it was widely accepted
hat the ECRF is completely silent. Very recently, however,
he ECRF of many cortical cells in V1 of the awake mon-
eys were demonstrated to respond directly to texture
timuli located entirely outside the classical RF, up to 5°

rom the RF border in some cases (Rossi et al., 2001; Li et t
l., 2000). Some authors thought that anesthesia sup-
ressed figure–ground activity of visual cortical cells
hrough suppressing the ECRF function (Lamme et al.,
998; Li et al., 2000). It was explained likely that the cell
esponses to the ECRF stimulation alone were only ob-
erved in alert monkeys, but not in anesthetized animals.
owever, this is not the case because we did find signifi-
ant responses of the ECRF in most LGN cells in anes-
hetized cats by using drifting gratings of optimal spatial
requency covering large areas of the ECRF (up to 10°–15°
n diameter).

The relay cells of LGNd receive visual signals from
etinal ganglion cells. The ganglion cells receive inputs
rom linear and non-linear subunits, such as horizontal
ells, bipolar and amacrine cells in the outer and inner
lexiform layers in the retina. In fact, horizontal cells, due
o their large field of electrical synaptic connections, re-
eive inputs from a very large area of the retina; therefore,

f an optimal grating stimulus of low spatial frequency drifts
ver the ECRF alone, it may synchronously elicit a detect-
ble response of a retinal ganglion cell through the large
patial summation of horizontal cells which makes a supra-
hreshold spike possible (Shou et al., 2000). The spatial
ummation of the ECRF shown in Fig. 2 clearly supports
he above idea because the LGN neurons receive direct
rojections from one or two retinal ganglion cells and have
imilar receptive field properties to them. Furthermore, two
ypes of orientation-sensitive amacrine cell have been
ound in the rabbit’s retina (Bloomfield, 1994). If amacrine
ells like these also occur in cat retina they may contribute
ssentially to the OB of the ECRF of retinal ganglion cells.
herefore, the finding here in the LGN may reflect a retinal
rigin of the ECRF responsiveness to grating stimuli in the
ub-cortical pathway.

Recently, a similar phenomenon, that the neurons re-
pond to luminance changes on the region beyond the
eurons’ CRFs, was observed mainly in the visual cortex
nd to less extent in the lateral geniculate nucleus of the
nesthetized cat (Rossi and Paradiso, 1999). Micro-injec-
ions of GABA and its antagonist in the visual cortex could
nfluence the modulatory effect of the ECRF to CRF of
GN neurons (Sillito et al., 1993). Taken together with our
nding, there is the possibility that the feedback projection
rom the visual cortex may also contribute to the direct
esponse of the ECRF observed here.

unctional implication

rientation sensitivity is essential to the perception of form
nd used to be considered as a unique property of visual
ortical neurons (Hubel and Wiesel, 1962, 1965). How-
ver, relatively small but significant OB were found in most
etinal ganglion cells and relay cells in the LGN (Levick and
hibos, 1980, 1982; Vidyasagar and Urbas, 1982; Lev-
nthal and Schall, 1983; Shou et al., 1986; Soodak et al.,
987; Shou and Leventhal, 1989; Thompson et al., 1994;
hou et al., 1995). The report further provides evidence
upporting a new contribution of orientation sensitivity from

he ECRF at the subcortical level to forming the orientation



s
t

a
o
p
t
r
t
d
(
r
t
r
p
d
h
s
Y
r
o
1
s
f

A
C
w
d
t
e

B

B
B

B

C

C

D

D

E

F

F

F

H

H

H

H

H

H

H

I

J

K

K

L

L

L

L

L

L

L

L

L

M

M

M

M

P

R

R

C. Sun et al. / Neuroscience 125 (2004) 495–505504
electivity of integration fields or the ECRF of neurons in
he visual cortex.

The receptive field of LGN neurons consists of a CRF
nd an ECRF which respond preferentially to different
rientations and spatial frequencies, as previously re-
orted in cat’s retinal ganglion cells. It was suggested that

he interaction between the ECRF and CRF might help the
etina detect feature segmentation (Shou et al., 2000). In
he visual cortex, the ECRF may enable the cortical cells to
etect complex patterns, such as texture segmentation
Sillito et al., 1995; Walker et al., 1999, 2000). Present
esults support the idea that the nonlinear interaction be-
ween the ECRF and the CRF in the LGN neurons may
eflect the retinal input and contribute to detecting complex
atterns at cortical level. There are several lines of evi-
ence supporting the proposal that the ECRF could en-
ance contrast sensitivity and recognition of local texture
egmentation (Fahle et al., 2000; Prins and Mussap, 2000;
u and Levi, 2000; Casco et al., 2001). In fact, visual cells

espond to natural scenes more strongly than simple lab-
ratory stimuli on the CRF (Berry et al., 1988; Barinaga,
998). Our findings provide new evidence supporting the
ubcortical contribution for processing complex pattern in-
ormation to the integrative field of visual cortical cells.
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