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HE EFFECT OF ORIENTATION ADAPTATION ON RESPONSES OF
ATERAL GENICULATE NUCLEUS NEURONS WITH HIGH

RIENTATION BIAS IN CATS
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bstract—Adaptation to stimulus orientation is assumed to
ave a cortical basis, but few studies have addressed
hether it affects the activity of subcortical neurons. Using
ingle-unit recording, we studied the effects of orientation
daptation on the responses of lateral geniculate nucleus
LGN) neurons with high orientation bias (OB) in anesthetized
nd paralyzed cats. Following adaptation to one stimulus
rientation, the response at the adapting orientation was
ecreased, and the preferred orientation was shifted away
rom the adapting orientation. This phenomenon was similar
o the effects observed for orientation adaptation in the pri-

ary visual cortex (V1), and was obvious when the adapting
rientation was at an appropriate location relative to the
riginal preferred orientation. Moreover, when the V1 was

nactivated, the response at the adapting orientation was also
ecreased but the preferred orientation did not show a sys-
ematic shift after orientation adaptation in LGN. This result
ndicates that cortical feedback contributes to the effect of
rientation adaptation on LGN neurons, which have a high
B. These data provide an example of how the corticotha-

amic loop modulates the processing of visual information,
nd suggest that the LGN is not only a simply passive relay
ut also a modulator of visual information. © 2009 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: adaptation, orientation bias, the lateral geniculate
ucleus, feedback.

daptation is a common phenomenon in the visual system.
t has been found in the retina of salamanders (Baccus and
eister, 2002), the lateral geniculate nucleus (LGN) of cats
nd monkeys (Shou et al., 1996; Yang et al., 2003; So-

omon et al., 2004), primary visual cortex (V1) of cats and
onkeys (Movshon and Lennie, 1979; Saul and Cynader,
989a,b; Sclar et al., 1989), and the middle temporal area
MT) of monkeys (Kohn and Movshon, 2003, 2004; Krekel-
erg et al., 2006). Neural correlation of adaptation to spa-

Corresponding author. Y. Zhou, Hefei National Laboratory for Phys-
cal Sciences at Microscale, School of Life Science, University of
cience and Technology of China, Hefei, Anhui 230027, P R China.
el: �86-551-3601436; fax: �86-551-3607014.
-mail address: zhouy@ustc.edu.cn (Y. Zhou).
bbreviations: FFT1, fundamental Fourier component; LGN, lateral
eniculate nucleus; OB, orientation bias; MT, middle temporal area;
t
EM, standard errors of the mean; TAE, tilt after-effect; V1, primary
isual cortex.
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ial frequency (Movshon and Lennie, 1979; Saul and
ynader, 1989a,b), temporal frequency (Saul and Cynader,
989b), orientation (Muller et al., 1999; Dragoi et al., 2000;
ragoi and Sur, 2000; Dragoi et al., 2001) and motion direc-

ion (Kohn and Movshon, 2004), have been reported in
eurons of cat’s V1 and monkey’s MT.

Perceptually, adaptation usually results in various after-
ffects or illusions. Prolonged exposure to an oriented visual
timulus causes subsequent stimuli to appear shifted away
rom the adapting orientation; this is called the tilt after-effect
TAE). As one of the pattern adaptation aftereffects, the TAE
as been studied extensively (Gibson and Radner, 1937;
agnussen and Johnsen, 1986; He and MacLeod, 2001).
daptation to stimulus orientation is thought to be the phys-

ological substrate of the TAE, and studies of this phenome-
on (Muller et al., 1999; Dragoi et al., 2000, 2001; Felsen et
l., 2002) have led to the view that the TAE originates from

he V1 (Jin et al., 2005). However, recent neurophysiological
ndings (Shou et al., 1996; Chung et al., 2002; Yang et al.,
003; Solomon et al., 2004) suggest that adaptation effects
ay happen within the LGN.

The LGN is often thought of as a passive relay of visual
nformation to the cortex. However, recent studies have dem-
nstrated that the LGN could play an important role as an
arly “gatekeeper” for controlling the gain of attentional re-
ponses and visual awareness (O’Connor et al., 2002; Kast-
er et al., 2006). Previous studies demonstrated that some
GN neurons exhibited an orientation bias (OB) (Vidyasagar
nd Urbas, 1982; Shou et al., 1986; Soodak et al., 1987;
mith et al., 1990; Xu et al., 2002; Sun et al., 2004), and also
howed adaptation phenomena (Shou et al., 1996; Yang et
l., 2003; Solomon et al., 2004). In the light of these studies,

t seems that orientation adaptation could have specific ef-
ects on the activities of LGN neurons with high OB.

In the central visual system, the properties of neurons
t each stage are modulated by feedback from higher
tructures (Sillito et al., 2006). For cats and primates,
etinal afferents comprise 10% of the inputs to LGN relay
ells, whereas corticofugal feedback comprises 30% of
heir inputs (Wilson, 1993; Erisir et al., 1997; Van Horn et
l., 2000; Sherman and Guillery, 2002). Previous studies
ave shown that cortical feedback influences the spatial
tructure and centre-surround interaction of LGN receptive
elds (Marrocco et al., 1982; McClurkin and Marrocco,
984; Murphy and Sillito, 1987; Sillito et al., 1993; Cudeiro
nd Sillito, 1996), controls temporal synchronization of
GN spiking activity (Sillito et al., 1994), and increases

ransmission of visual information (McClurkin et al., 1994).
s reserved.

mailto:zhouy@ustc.edu.cn
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hus, it is possible that corticogeniculate feedback contrib-
tes to the orientation adaptation of LGN neurons.

Here we studied the effects of orientation adaptation
n the response properties of a sub-population of LGN
eurons which exhibited high OB. We also explored the
ossible role of cortical feedback in these effects. In this
tudy, we attempted to reveal how orientation adaptation
as processed in the LGN.

EXPERIMENTAL PROCEDURES

nimal preparation

his study utilized 15 healthy adult cats (10 male, five female).
efore the experiment, we examined all cats with an ophthalmo-
cope to confirm that they had no optical or retinal problems,
hich would impair visual function. All experiments were done
trictly in accordance with the National Institutes of Health Guide
or the Care and Use of Laboratory Animals, and were approved
y the USTC Animal Care Committee. All procedures were ap-
roved by the Institutional Animal Care and Use Committee of
niversity of Science and Technology of China and conformed to

he guidelines of the National Institutes of Health Guide for the
are and Use of Laboratory Animals. All efforts were made to
inimize the number of animals used and their suffering.

The preparation for extracellular single-unit recording was
arried out as previously described (Shou et al., 1996). Briefly,
ats were initially anesthetized with ketamine HCl (20 mg/kg; Ben
enue Lab Inc., Bedford, OH, USA). Lidocaine (1%; Abbott Labs,
hicago, IL, USA) was applied to all points of surgical incision.
fter insertion of i.v. and tracheal cannulae, the cats were placed

n a stereotaxic apparatus. Pupils were dilated with atropine (1%;
uhu, China). Phenylephrine (5%; Shanghai, China) was admin-

stered to retract the nictitating membranes, and appropriate con-
act lenses were used to protect the corneas. A mixture of ure-
hane (20 mg/h/kg body weight; SCR, Shanghai, China) and gal-
amine triethiodide (10 mg/h/kg body weight; Sigma) was infused
.v. to maintain anesthesia and paralysis. Expired pCO2 and body
emperature were maintained at approximately 4% and at 38 °C,
espectively. Heart rate (about 180–220 pulses/min) and electro-
ncephalogram were monitored throughout the experiment to as-
ess the level of anesthesia. For recording from the LGN, a small
ole was drilled in the skull at Horsley–Clark A 6/L 9, and for V1
t P 4/L 2. A glass-coated tungsten microelectrode (3–5 M�) was

nserted and advanced using a hydraulic micromanipulator (Nar-
shige, Tokyo, Japan). The craniotomy was filled with a 4% solu-
ion of agar in saline and sealed with wax.

In five cats, effects of adaptation on LGN neurons were mea-
ured after we applied liquid nitrogen to irreversibly inactivate the
isual cortex (Shou et al., 1996; Huang et al., 2004). Liquid
itrogen soaked in a Q-tip was touched to area 17 and 18 locally
everal times (four to five times within a minute). According to
etinotopic maps (Tusa et al., 1978, 1979), these locations were
hosen to inactivate an area of at least the central 15° of visual
pace. We subsequently recorded neurons in the LGN at eccen-
ricities of up to 10°. After cooling for 1 h, recording was performed
n layer six to confirm that the neurons were inactivated.

isual stimulation

isual stimulus patterns were drifting sinusoidal gratings shown
n a 17 inch cathode ray tube monitor (Philips 107P20, Suzhou,
hina) (1024�768, 85 Hz), which had a mean luminance of 60
d/m2 and was placed 57 cm from the animal’s eyes. The program
o generate the stimulus was written in MATLAB (Mathworks, Natick,
A, USA), using the extensions provided by the high-level Psy-

hophysics Toolbox (Brainard, 1997) and low-level Video Tool-

ox (Pelli, 1997). When a single unit was isolated, the neuron’s

s
t

eceptive field was carefully mapped by consecutively presenting
series of spots of light of variable size. Using this method, we

btained a tuning curve of receptive field size and used the peak
alue of the tuning curve as the optimal receptive field size. All
timuli were gamma-corrected and centered on the mapped re-
eptive field. We first examined the spatial frequency tuning curve
or each neuron. The peak value of the tuning curve was used as
he spatial frequency of test, adaptation and top-up gratings in the
atter experiment. The temporal frequency and contrast of gratings

ere fixed at 4 Hz and 0.8 (contrast�
Lmax�Lmin

Lmax�Lmin
, where Lmax and

min are the maximum and the minimum luminance of sine grating,
espectively), respectively. Next, we measured the responses to
rifting sine gratings, which were surrounded by a gray field of
ean luminance. A trial consisted of a single randomized se-
uence of 1- s test stimuli (16 directions spanning 360° in 22.5°
teps), each preceded by a 5- s mean luminance stimulus, fol-
owed by a 2 min adapting stimulus (moving randomly in one of the
wo opposite directions at the selected orientation, where each
irection was presented in 30 s epochs) and finally a second
equence of test stimuli, each interleaved with an additional 5- s
top-up’ of the adapting stimulus (Fig. 1). Each ‘test-adapt-test/top-
p’ trial was followed by a recovery period of at least 5 min. We
ecorded three to five such trials for each adapting orientation. Be-
ause the pre-adaptation response of next trial was actually the
ecovery response, we did not record a separate recovery response.

ata collection and analysis

fter the signal was amplified with a microelectrode amplifier
Nihon KOHDEN, Tokyo, Japan) and a differential amplifier (FHC,
E, USA), action potentials were fed into a window discriminator
nd audio monitor (Winston electronics, St. Louis, USA). The
riginal voltage traces were digitized using a data acquisition
oard (National Instruments, Austin, USA) controlled by Igor soft-
are (WaveMetrics, USA), and saved for later analysis.

Post-stimulus time histograms (PSTHs) of the grating re-
ponses (10 ms bin width) were Fourier transformed and used to
btain the amplitude of the fundamental Fourier component
FFT1) at the stimulus temporal frequency. The FFT1 value for

ig. 1. Diagram for one trial of adaptation protocol. Responses to 16
tochastic orientations of drifting gratings (1 s for each presentation)
ere measured before and after adaptation to a grating drifting in the
euron’s preferred, flank or null orientation for 120 s; the adaptation

evel was maintained by a 5 s ‘top-up’ stimuli preceding each test

timulus. Each trial was followed by a 5 min waiting period to ensure
he recovery before the next trial was started.
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ach stimulus direction was used to draw the neuron’s orientation
uning curve. The method for calculation of OB has been de-
cribed previously (Levick and Thibos, 1982). Briefly, the re-
ponses to different stimulus orientations were stored as a series
f vectors. These vectors were added, and divided by the sum of

he absolute values of the vectors. The angle of the resultant
ector gave the preferred direction of the neuron. The length of the
esultant vector was defined as the OB, and provided a quantita-
ive measure of the OB of the neuron. Because the periodicity of
rientation is 180°, the angles of the orientation of the stimulus
rating were multiplied by a factor of two. A neuron with bias �0.1
as considered significantly biased for orientation, and a neuron
ith bias �0.2 was considered strongly biased. Only neurons with
B �0.2 were used to study orientation adaptation, to enable
etter estimates of their orientation preferences. A null phase test
nd the 2nd/1st harmonic ratio of spatial phase response were
sed to identify units as X- or Y-type (Enroth-Cugell and Robson,
966; Shapley and Hochstein, 1975; Hochstein and Shapley,
976; So and Shapley, 1979).

To describe our results conveniently, we defined �� as the
hift of preferred orientation after adaptation, and �� as the dif-
erence between the neuron’s preferred orientation and the adapt-
ng orientation. A positive �� value indicates a shift away from the
dapting stimulus orientation; a negative �� value indicates a
hift towards the adapting stimulus orientation.

To further explore the effect of adapting at a range of ��, we
ivided our orientation adaptation data into three categories, ac-
ording to the value of ��, following the method of Kohn (Kohn
nd Movshon, 2003). These categories were termed as “preferred
daptation” (0°����20°), “flank adaptation” (20°����70°) and
end of flank adaptation” (70°����90°).

As the orientation tuning curves following adaptation could be
ignificantly asymmetric, we characterized orientation tuning, both
efore and after adaptation, by fitting the mean response with the
ifference of Gaussians function:

a1·exp���x��1

�1
�2��a2·exp���x��2

�2
�2��m (1)

he centers of the two Gaussians were not constrained to be
qual, and usually the center of the second Gaussian was con-
trained to the adapting orientation. This procedure allowed the
odel to fit asymmetric orientation tuning curves, and also fit

ymmetric curves where the second Gaussian would have zero
ffect. We found that our data fitted this model well; the mean
oodness of the fit was 0.9534 for normal LGN neurons and
.9458 for LGN neurons without feedback.

From each such curve fit, we concentrated our analysis on the
referred orientation and the peak response. The preferred orien-
ation was estimated by calculating the value of orientation which
orresponds to the highest point of the best-fit curve. The peak
esponse was the highest point of the best-fit curve. We then
alculated the peak response ratio (post-adaptation/pre-adapta-
ion) and the �� that represented how the orientation tuning
hanged after adaptation.

Using a method similar to that of Sowden’s (Sowden et al.,
002), we could quantitatively study how adaptation affected a
euron’s orientation tuning curve. We compared the adaptation
ffects on neurons of normal LGN, V1 and LGN without feedback.
e calculated the decrease in normalized response between the

re-adaptation test and the post-adaptation test for each orienta-
ion used in the experiments for these three sorts of data. Then we
lotted these values against orientation relative to the adapted
rientation, and fitted it using a Gaussian function:

A·exp����x�x0� ⁄ W	2
�m (2)

here A is the height of the tuning curve, x is the orientation of the

dapting stimulus, x0 is the location of the midpoint of the tuning s
urve, W is its half-width at half-height, and m is its baseline. We
rimarily evaluated the height and half-width at the half-height of
ach tuning curve. These data represented the strength of adap-
ation and the range of adaptation, respectively.

Using a bootstrap method, we evaluated the significance of
hange of orientation preference in individual neuron. For each neu-
on, after combining all trials of pre- and post-adaptation data, we
reated 1000 ‘pre-adaptation’ and ‘post-adaptation’ datasets by
hoosing random subsets of the data with replacement. Then we
tted each of the 1000 datasets by the same method used in fitting the
easured responses. Thus, the rank of the measured values in the set
f bootstrap fits provided an estimation of the statistical significance.

All indications of variation in the graphs and text are standard
rrors of the mean (SEM.). The statistical significance of all results
as evaluated with the nonparametric Wilcoxon test unless spec-

fied otherwise.

RESULTS

e studied 328 LGN neurons from 10 anesthetized and
aralyzed normal cats and 174 LGN neurons from five
nesthetized and paralyzed cats whose V1 was inacti-
ated by cooling. In the LGN, some neurons have little or
odest OB and others have high OB (Fig. 2). Because it is
ard to estimate the exact preferred orientation of the
eurons with little or modest OB, we only focused on
eurons which showed a high OB(�0.2, normal neurons
�59, 18%; neurons without feedback n�28, 16%), to
nable better estimates of preferred orientation and the
hift of preferred orientation. The adapting stimulus orien-
ation was chosen randomly on alternative tuning flanks.

We explored the effect of orientation adaptation (���0–
0°) on the �� of LGN neurons. In normal cats, adaptation
ignificantly shifted the preferred orientation: the mean ��
alue was 3.26	0.81° (P�0.000045 for difference from a
hift of zero, Wilcoxon signed rank test, Fig. 3). Addition-
lly, there was no significant difference between X neurons
n�41) and Y neurons (n�18) in shifts of preferred orien-
ation (P�0.26).

referred adaptation

n example of the effect of preferred adaptation is shown
n Fig. 4A; the peak response falls from 70 to 50 ips
impulses per second), while the preferred orientation is
ot shifted.

Across the sample population, we found that the pre-
erred adaptation had little effect on the responses of LGN
eurons other than decreasing the peak response. Pre-
erred adaptation did not shift the preferred orientation of
GN neurons (Fig. 4B); the mean value of �� was
.96	1.08° (P�0.55, n�17). However, the preferred ad-
ptation decreased the peak response (Fig. 4C); the mean
f peak response ratio was 0.84	0.05 (P�0.0027 for dif-
erence from one).

lank adaptation

n example is shown in Fig. 4D; flank adaptation shifts the
referred orientation repulsively, and decreases the peak
esponse.

Across the population, flank adaptation evokes the

trongest orientation adaptation effects on LGN neurons,
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hich show a repulsive shift of preferred orientation and a
eduction in peak response. Flank adaptation repulsively
hifted the preferred orientation of most LGN neurons (Fig.
E), with a mean �� value of 5.2	1.2° (P�0.000021,
�33). Similarly, flank adaptation significantly decreased

ig. 2. Examples of orientation selectivities of LGN neurons. (A) Orie
arameter: stimuli diameter 4.6°, spatial frequency 0.2 Hz, temporal fre
odest OB (stimuli parameter for (B): stimuli diameter 4.6°, spatial freq

timuli diameter 5.2°, spatial frequency 0.1 Hz, temporal frequency 4 H
stimuli parameter: stimuli diameter 4.6°, spatial frequency 0.2 Hz, tem

ig. 3. The relationship between �� (difference between the neuron’s
referred orientation and the adapting orientation) and �� (shift of
referred orientation after adaptation). Each point represents the result
rom one adapting orientation. The dashed line shows a running
verage of the shift, which was calculated by averaging the neighbor-

ng 	five data points. Positive and negative values indicate a repulsive
hift from and an attractive shift to the adapting stimulus orientation,
t
espectively. ● indicates the shift of preferred orientation is statistically
ignificant, and X indicates it is not.
he peak response (Fig. 4F), with a mean peak response
atio of 0.896	0.03 (P�0.001).

nd of flank adaptation

he end of flank adaptation barely changed preferred ori-
ntation or peak response of LGN neurons at statistically
ignificant level. The mean values of �� and peak re-
ponse ratio were 0.48	1° (P�0.17, n�9) and 1.10	0.12
P�0.65), respectively. These data showed that the end of
ank adaptation had little effect on the orientation tuning
urves of LGN neurons.

ortical feedback contributes to effects of
rientation adaptation

n five other cats, we studied whether the cortical feedback
ffected orientation adaptation of LGN neurons, by using
he method of cooling to inactivate area 17 and 18. We
ecorded the orientation tuning curves of 174 LGN neurons
n these cats. About 16% of these neurons had OB
0.2
n�28), which was similar to previous studies (Vidyasagar
nd Urbas, 1982; Thompson et al., 1994). We studied the
ffects of orientation adaptation on these 28 neurons. On
verage, we found there was little or no consistent repul-
ive shift of preferred orientation after adaptation in these
eurons (Fig. 5A). The mean �� was 0.5	1.1 (P�0.795).

Since the flank adaptation had the strongest after-
ffects on LGN neurons as shown in Fig. 4, we concen-

ning curve of an LGN neuron with little orientation sensitivity (stimuli
Hz, contrast 0.8); (B, C) Orientation curves of two LGN neurons with

2 Hz, temporal frequency 4 Hz, contrast 0.8; stimuli parameter for (C):
st 0.8); (D) Orientation tuning curve of an LGN neuron with strong OB
quency 4 Hz, contrast 0.8). Error bar:	SEM.
ntation tu
quency 4
uency 0.
rated our analysis on the effects of flank adaptation on 22
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ig. 4. Effects of ‘preferred adaptation’ (�� within 20°) and ‘flank adaptation’ (�� from 20 to 70°) on the orientation tuning of LGN neurons.
A) Orientation tuning of an LGN neuron before (X) and after (●) preferred adaptation (adapting orientation is indicated by an arrow). For the neuron,
efore adaptation, the peak response was 70 ips (impulses per second), the preferred orientation was �2.3°, and the goodness of fit was 0.988; after
daptation the peak response was 50 ips, the preferred orientation was �1.8°, and the goodness of fit was 0.987. Error bar:	SEM. Across the
opulation, preferred adaptation shifted the preferred orientation little, reduced peak responsiveness. (B) Histogram of shifts in preferred orientation
fter preferred adaptation for a population of LGN neurons (n�17), positive values indicate repulsive shifts from the adapting orientation, � indicates
he mean shift of preferred orientation (0.96	1.08, P�0.55 for difference from a shift of zero). (C) Distribution of peak response ratios (post-adaptation/
re-adaptation), � indicates the mean peak response ratio (0.84	0.05, P�0.0027 for difference from 1). Preferred adaptation significantly reduced
eak response. (D) Orientation tuning of an LGN neuron before (X) and after (●) flank adaptation (adapting orientation indicated by an arrow). For the
euron, before adaptation, the peak response was 88 ips, the preferred orientation was �2.3°, and the goodness of fit was 0.99; after adaptation the
eak response was 80 ips, the preferred orientation was �9.7°, and the goodness of fit was 0.97. Error bar:	SEM. Across the population, after flank
daptation, preferred orientation was repulsively shifted and the responsiveness was reduced. (E) Histogram of shifts in preferred orientation after
ank adaptation for a population of LGN neurons (n�33), � indicates the mean shift of preferred orientation (5.2	1.2°, P�0.000021), positive values
ndicate repulsive shifts from the adapting orientation. (F) Distribution of peak response ratios. Flank adaptation typically decreased peak response

� indicates the mean value, 0.896	0.03, P�0.001).
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ut of the 28 neurons. An example is shown in Fig. 5B;
ank adaptation decreases the neuron’s response but
auses little shift in its preferred orientation. Across the
opulation, we found that flank adaptation had little effect
n LGN neurons without feedback. First, we did not ob-
erve a systematic shift of preferred orientation (Fig. 5C).
he mean �� for the flank adaptation was 0.53	1.44°

P�0.91, n�22). Second, we found that flank adaptation
id not decrease the peak response of LGN neurons with-
ut feedback (Fig. 5D). After flank adaptation, the mean of
eak response ratios was 1.02	0.06 (P�0.79). Compar-

ng these results with the flank adaptation data of normal
ats, the aftereffects of orientation adaptation on LGN
eurons were significantly reduced. After cooling V1, the
agnitude of preferred orientation shift was decreased

P�0.015), and adaptation’s effect on peak response was

ig. 5. Effect of adaptation on the LGN neurons without feedback.
rientation and the adapting orientation) and �� (shift of preferred orie
y fitting with the Von Mises function. On average, there was no system
he dashed line shows a running average of the shift, which was calc
alues indicate repulsive shifts from and attractive shifts to the adaptin
s statistically significant, and X indicates it is not. (B–D) Effect of flank
euron without feedback before (X) and after (●) flank adaptation (ada
eak response was 51 ips, the preferred orientation was 16.6°, and th
referred orientation was 16.6°, and the goodness of fit was 0.97.
daptation for a population of LGN neurons (n�22), � indicates the m

ndicate repulsive shifts from the adapting orientation. (D) Distribution
esponse of LGN neurons without feedback (� indicates the mean va
iminished (P�0.05). L
trength and bandwidth of adaptation

e further studied what induced the systematic shift of
referred orientation observed in LGN neurons. This was
ccomplished by means of comparing the strength and
andwidth of adaptation of normal LGN neurons with those
f LGN neurons without feedback. We found that, in con-
rast to normal LGN neurons, the strength and bandwidth
f adaptation of LGN neurons without feedback were de-
reased. The strength of adaptation was 0.06 for LGN
eurons without feedback, and 0.093 for normal LGN neu-
ons (Fig. 6A, B). The bandwidth of adaptation was 15.8°
or LGN neurons without feedback, and 34.2° for normal
GN neurons (Fig. 6A, B). We further questioned whether
here was a difference between the strength and band-
idth of adaptation of V1 neurons and those of normal

relationship between �� (difference between the neuron’s preferred
fter adaptation) in LGN neurons without feedback. �� was estimation
of preferred orientation after adaptation, when the V1 was inactivated.
y averaging the neighboring 	five data points. Positive and negative
s orientation, respectively, ● indicates the shift of preferred orientation
n on LGN neurons without feedback. (B) Orientation tuning of an LGN
ntation indicated by an arrow). For the neuron, before adaptation, the
ss of fit was 0.98; after adaptation the peak response was 50 ips, the
:	SEM. (C) Histogram of shifts in preferred orientation, after flank
of preferred orientation (0.53	1.44°, P�0.91, n�22), positive values

response ratios. On average, flank adaptation did not decrease peak
	0.06, P�0.79).
(A) The
ntation a
atic shift
ulated b

g stimulu
adaptatio
pting orie
e goodne
Error bar
ean shift
GN neurons. Therefore, we ran the above adaptation
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aradigm on V1 neurons with OB
0.2 in two cats. For
hese V1 neurons, the mean shift of preferred orientation
as 3.29	1.11 (P�0.05, n�26) after adaptation. The
trength and bandwidth of adaptation of V1 neurons were
.098 and 37.8°, respectively (Fig. 6C). We then compared
he differences of strength and bandwidth of adaptation
etween normal LGN neurons, V1 neurons, and LGN neu-
ons without feedback by using the same bootstrap esti-
ation, which was used in evaluating the significance of

hange of orientation preference after adaptation. We
ound that the strength and bandwidth of adaptation of
ormal LGN neurons were greater than those of LGN
eurons without feedback (both P�0.000001) and were
imilar to those of V1 neurons (both P
0.05). The differ-
nce between normal LGN neurons, LGN neurons without

ig. 6. Decrease in normalized responses at all test orientations
etween pre- and post-adaptation, after orientation adaptation. All
uning curves were fit using a Gaussian function. We focused on the
eight (termed strength of adaptation) and the bandwidth at half height
f this tuning curve (termed bandwidth of adaptation). (A) Responses
ecrease in LGN neurons of normal cats. The strength and bandwidth
f adaptation were 0.093 and 34.2° respectively. (B) Responses de-
rease in LGN neurons without feedback. Effects of adaptation on
GN neurons without feedback were diminished. The strength and
andwidth of adaptation were 0.06 and 15.8°, respectively. (C) Re-
ponses decrease in V1 neurons of normal cats. The strength and
andwidth of adaptation were 0.098 and 37.8°, respectively. The
otted line is the baseline of Gaussian function. Error bar:	SEM.
eedback and V1 neurons in strength and bandwidth of p
daptation indicates that sufficient strength and bandwidth
f adaptation are necessary for a systematic shift of the
referred orientation.

DISCUSSION

revious studies have documented OB in LGN neurons
Soodak et al., 1987; Shou and Leventhal, 1989; Smith et
l., 1990; Xu et al., 2002; Sun et al., 2004). Several studies
ave further shown that LGN neurons without feedback
lso present OB (Vidyasagar and Urbas, 1982; Thompson
t al., 1994). Our results confirmed these previous findings
nd further showed that LGN neurons with high OB exhib-

ted a repulsive shift of preferred orientation after exposure
o an oriented stimulus of prolonged duration. Further-
ore, while after irreversibly inactivating the V1, we found

hat LGN neurons also showed orientation adaptation but
id not exhibit a systematic shift of preferred orientation.

he shift of preferred orientation

or a normal neuron, using the Von Mises function is a
ood method to estimate the preferred orientation (Swin-
ale, 1998). However, it is likely that this model is not
uitable for estimating the preferred orientation of a neuron
fter adaptation, because the orientation tuning curve after
daptation is asymmetric. Therefore, we employed the
tting of the difference of Gaussians to estimate the pre-
erred orientation. In the difference of Gaussians model,
he dominant Gaussian should have a peak around the
referred orientation of the LGN cell, and the second
aussian should have a peak near the adapting orienta-

ion. Before adaptation, the orientation tuning curve is
ymmetric or may be asymmetric but the degree of asym-
etry is probably to be low. Thus, the amplitude of the

econd Gaussian should be small in this case. After ad-
ptation, the effect of the second Gaussian should in-
rease with the degree of asymmetry increasing.

Our results demonstrate that orientation adaptation
ystematically shifts the preferred orientation, and that this
hift requires two conditions. The first condition is that the
dapting orientation is at an appropriate location relative to
he original preferred orientation. A previous study (Kohn
nd Movshon, 2004) showed that flank adaptation effec-
ively shifted the preferred direction of MT neurons. Similar
o the results for MT neurons, our data have also shown
hat only flank adaptation has obvious effects on LGN
eurons. The second condition is that sufficient strength
nd bandwidth of adaptation are necessary (Fig. 6). The
dapting protocol we adopted produced changes in re-
ponses of sufficient strength and bandwidth, which were
nough to produce a significant shift in preferred orienta-
ion when the adapting stimulus was appropriately se-
ected with respect to the test stimulus (Movshon and
ennie, 1979; Saul and Cynader, 1989a,b; Carandini et al.,
997). In the absence of cortical input, the extent of adap-
ation was insufficient to induce this shift.

The shift of preferred orientation is the main effect of
rientation adaptation on LGN neurons, which is similar to

revious studies on the V1 in two ways. One is that the
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hifts of preferred orientation are repulsive to the adapting
rientation (Muller et al., 1999; Dragoi et al., 2000; Felsen
t al., 2002). The other is that the shift magnitude of LGN
eurons is similar to that of most V1 neurons, which are
utside the pinwheel centers (Dragoi et al., 2001).

he influence of cortical feedback

e suggest that cortical feedback plays a modulating role
n orientation adaptation of LGN neurons, because these
ells exhibit a systematic shift of preferred orientation after
daptation only when cortical feedback is intact. Anatom-

cally, the connections of layer six neurons and LGN relay
ells are direct or through inhibitory interneurons in the
GN and the peri geniculate nucleus (Robson, 1983; Boy-
pati and Henry, 1984; Murphy and Sillito, 1996; Murphy et
l., 2000). Functionally, the effect of cortical feedback can
e evoked by the visual stimuli used in our study, because
he layer six feedback neurons are sensitive to orientation
Grieve and Sillito, 1995). In addition, it is worth noting that
eedback from layer six neurons to LGN neurons is retino-
opically organized and functionally correlated (Murphy
nd Sillito, 1996; Murphy et al., 1999, 2000; Wang et al.,
006). Therefore, in principle, cortical feedback could con-
ribute to the repulsive shift of preferred orientation of LGN
eurons.

In fact, previous studies have shown that cortical feed-
ack influences the properties of LGN neurons, such as
he center-surround interaction (Murphy and Sillito, 1987;
illito et al., 1993; Cudeiro and Sillito, 1996), facilitation of
isual information (Waleszczyk et al., 2005), improvement
f the timing of retino-geniculate signal transmission
Funke et al., 1996) and synchronized firing (Sillito et al.,
994). In this report, the results suggest that cortical feed-
ack might play an important role in the effects of orienta-
ion adaptation on LGN neurons. A previous study showed
hat cortical feedback increased the response of LGN neu-
ons (Przybyszewski et al., 2000). It is likely that a normal
irect excitation, which comes from the cortex, is de-
reased after adaptation, and that this decrease acts as a
isfacilitation to enhance the strength of adaptation and
iden the bandwidth of adaptation. This then causes the
referred orientation to repulsively shift. However, the cor-
ico–thalmic–cortico loop is very complicated (Cudeiro and
illito, 2006; Sillito et al., 2006), and further research is
eeded to explore the potential mechanism of how cortical
eedback contributes to the effects of orientation adapta-
ion on LGN neurons.

We noticed that there was a large fluctuation of the
referred orientation after flank adaptation, when cortical
ctivity was inactivated. One possible explanation is that,
hen cortical activity is inactivated, the responses at the
dapting flank are facilitated in some neurons after adap-
ation. Thus, responses of this flank increase, when re-
ponses of the other flank do not change or decrease. This
ould induce an attractive shift of the preferred orientation
nd widen the bandwidth of orientation tuning. As a result,
here would be a large fluctuation of preferred orientation
ue to some neurons showing an attractive shift and others

howing a repulsive shift after flank adaptation. In contrast
o normal LGN neurons, the proportion of this facilitation in
GN neurons without feedback is indeed increased
P�0.013, chi square-test). This facilitation increase is
ikely due to a decrease of adaptation effects, which is
aused by inactivity of cortical feedback.

Cortical feedback plays a functional role in visual infor-
ation processing. In terms of visual information coding

heory, adaptation provides a reduction of visual informa-
ion redundancy (Wainwright, 1999; Clifford et al., 2000).

ork by Hillenbrand and van Hemmen has suggested that
he corticothalamic loop may reduce information redun-
ancy (Hillenbrand and van Hemmen, 2002). In this report,
he results show that cortical feedback could increase
ffects of orientation adaptation of LGN neurons by in-
reasing the strength and bandwidth of adaptation, induc-

ng a systematic shift of preferred orientation and decreas-
ng the proportion of facilitation. Thus, cortical feedback is
ikely to enhance the efficiency of visual information pro-
essing in the cortex by redundancy reduction.

CONCLUSION

n summary, orientation adaptation occurs in LGN neurons
ith high OB, and a main effect of this adaptation is a
ystematic shift of preferred orientation. When the V1 is

nactivated, the preferred orientation of LGN neurons is not
ystematically shifted. We suggest that cortical feedback
ontributes to orientation adaptation in LGN neurons. Our
esults provide an example of how the corticothalamic loop
odulates the processing of visual information. Consistent
ith previous studies (O’Connor et al., 2002; Kastner et al.,
006), our results also suggest that the LGN is not only a
imply passive relay but also a modulator of visual

nformation.
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