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Different Properties of Visual Relearning after Damage to
Early Versus Higher-Level Visual Cortical Areas
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The manipulation of visual perceptual learning is emerging as an important rehabilitation tool following visual system damage. Speci-
ficity of visual learning for training stimulus and task attributes has been used in prior work to infer a differential contribution of
higher-level versus lower-level visual cortical areas to this process. The present study used a controlled experimental paradigm in felines
to examine whether relearning of motion discrimination and the specificity of such relearning are differently influenced by damage at
lower versus higher levels of the visual cortical hierarchy. Cats with damage to either early visual areas 17,18, and 19, or to higher-level,
motion-processing lateral suprasylvian (LS) cortex were trained to perform visual tasks with controlled fixation. Animals with either type
of lesion could relearn to discriminate the direction of motion of both drifting gratings and random dot stimuli in their impaired visual
field. However, two factors emerged as critical for allowing transfer of learning to untrained motion stimuli: (1) an intact LS cortex and (2)
more complex visual stimuli. Thus, while the hierarchical level of visual cortex damage did not seem to limit the ability to relearn motion
discriminations, generalizability of relearning with a damaged visual system appeared to be influenced by both the areas damaged and
the nature of the stimulus used during training.

Introduction
The intact, adult visual system is plastic and capable of learn-
ing from perceptual experience. The ability to generalize such
learning across stimuli and contexts is important for adaptive
function in our dynamic environment. Yet multiple studies
have shown training-induced changes in visual function to be
highly specific for trained stimulus attributes and retinotopic
locations (Karni and Sagi, 1991; Sagi and Tanne, 1994; Ahissar
and Hochstein, 1997). This suggested a critical role of low-
level visual areas, with their precise retinotopic organization
and specificity for basic stimulus attributes, in learning. How-
ever, subsequent work found that manipulations of task pa-
rameters, such as decreasing task difficulty (Ahissar and
Hochstein, 1997), lowering discrimination precision (Jeter et
al., 2009), and reducing the amount of training (Jeter et al.,
2010), allowed learning to generalize across different stimulus
modalities. Passive exposure and double training (Xiao et al.,
2008) also resulted in transfer of learning across spatial loca-
tions. Thus, properties of the training stimulus and task can
control generalizability and the neural substrates of learning
(Sagi and Tanne, 1994).

Dosher and Lu suggested that the specificity of perceptual
learning may arise from Hebbian reweighting of lower-level in-
put channels by higher-level areas (Dosher and Lu, 1999, 2009).
The reverse hierarchy theory (Hochstein and Ahissar, 2002;
Ahissar and Hochstein, 2004) proposed learning as a top-down
process modulated by task difficulty. Thus, easier tasks generalize
more, as they primarily recruit higher-level stimulus representa-
tions. Meanwhile, with harder tasks, lower-level areas are re-
cruited and their activity modified by higher-level areas, limiting
transfer of learning. The “rule-based learning” model proposed
that learning of task rules could instead occur at a centralized site,
which then influences activity of multiple, lower-level inputs,
allowing for transfer to occur (Zhang et al., 2010). Thus, if learn-
ing relies on an adaptive interplay between areas at different levels
of the visual hierarchy (and possibly beyond), what happens
when some of these areas are damaged? The present study begins
to address this problem by asking: (1) Can specific visual percep-
tual abilities be relearned equivalently following damage to
lower-level versus higher-level visual cortical areas? and (2) Are
transfer properties of the relearned discriminations different
for drifting gratings and random dot stimuli, and for animals
with damaged early versus higher-level visual cortical areas?
Here, we contrasted visual relearning in cats with permanent
lesions of the lateral suprasylvian (LS) cortex or lesions of
early visual areas 17, 18, and 19. LS cortex is a complex of
higher-level visual areas (Palmer et al., 1978; Sherk, 1986a;
Grant and Shipp, 1991; Sherk and Mulligan, 1993) function-
ally similar to medial temporal (MT) and medial superior
temporal (MST) cortex in primates (Payne, 1993). Areas 17/
18/19 are considered feline homologues of primate V1/V2/V3
(Payne, 1993). Our results show a remarkable ability of the
adult visual system with damage affecting early or higher-level
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visual areas, to relearn discriminations it can no longer per-
form but was previously able to do. We also show an impor-
tant role for both higher-level visual areas and the class of
retraining stimulus in determining generalizability of motion
discrimination relearning.

Materials and Methods
Subjects
Eleven healthy, adult, male, domestic short-hair cats ( felis catus) were
food restricted until their body weights ranged between 75 and 85% of
normal. They then received the majority of their daily food in the form of
pureed beef rewards for correct answers given during training and test-
ing. Between training/testing sessions, the animals were supplemented
with dry cat food, leaf lettuce, and vitamin pills to ensure stable body
weight and good physical health. All experimental procedures were re-
viewed by the University of Rochester’s Committee on Animal Research.
They followed the recommendations of the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals in Oph-
thalmic and Vision Research, and the guide for the care and use of labo-
ratory animals developed by the National Institutes of Health. Figure 1
provides a rough time line of the sequence of experimental procedures
used in the present study. As a rule, animals underwent either initial
behavioral training followed by a cortical lesion (N � 8) or a lesion first,
followed by behavioral training (N � 3). Once animals had a lesion and
had learned how to do the tasks at hand centrally and in their intact
hemifields, they were treated identically, first undergoing behavioral map-
ping of motion discrimination across the visual field, followed by intensive
discrimination training at a first location in the impaired hemifield. Once
trained at this location, cats were tested there for transfer to untrained stim-
uli. Some then underwent a second or third round of training and testing for
transfer at different, nonoverlapping locations in the impaired hemifield.
Finally, postmortem histology was performed on the cats’ brains to verify the
location and extent of the cortical lesions.

Initial behavioral training
As mentioned earlier, eight cats underwent initial behavioral training
before their lesion (six that then received LS lesions and two that received
lesions of 17/18/19). This required that they undergo two separate sur-
geries, the first one to implant a head holder and subconjunctival eye coil
(Pasternak and Horn, 1991; Huxlin and Pasternak, 2004). Once recov-
ered from this first surgery, cats were trained to fixate and then to dis-
criminate left–right drifting visual stimuli with controlled fixation. Once
they had learned the task and exhibited stable thresholds for discriminat-
ing all three classes of stimuli used in the present study, these eight
animals underwent a second surgery to make ibotenic acid lesions of
visual cortex.

Three of the 11 cats underwent a single surgery to receive a head
holder, a subconjunctival eye coil, and a unilateral cortical lesion (of LS

cortex in two cats and areas 17/18/19 in one
cat). After recovering from the surgery, these
three animals underwent initial fixation and
discrimination training before going through
with the mapping/training/testing phases of
the experiment.

Initial fixation and discrimination training
was identical for all cats, regardless of whether
it occurred prelesion or postlesion. Cats were
first taught to perform a left–right direction
discrimination task using random dot stimuli
and controlled fixation (see below) presented
centrally until (1) they had learned the task and
(2) their direction range (DR) thresholds
reached stable levels (�10% coefficient of vari-
ation over a 5 d period). In cats, normal DR
thresholds range between 11 and 35% (Huxlin
and Pasternak, 2004; Huxlin et al., 2008). Stim-
uli were then placed at 5–10 nonoverlapping,
peripheral visual field locations of up to 20°
eccentricity (in both hemifields of vision for

the eight prelesion cats and in the intact, ipsilesional hemifield in the
three postlesion cats) to ensure that cats were able to perform the task
with normal thresholds at a range of visual field locations. Generally,
once cats had learned to perform the left–right direction discrimination
task at one location, they transferred this learning effectively to other
intact visual field locations. All training/testing sessions consisted of
200 –300 trials and were always performed with controlled fixation. An-
imals typically performed one training or testing session per day, 5
d/week.

Fixation control
Eye movements of cats were monitored with subconjunctival eye coils, as
described previously (Huxlin and Pasternak, 2004). During behavioral
training and testing, the cats were placed inside a magnetic field gener-
ated by a set of 50 cm field coils and in front of a computer monitor
displaying visual stimuli. Their heads were immobilized in front of the
computer monitor using a cranially implanted head holder, and signal
from their eye coil was detected using an eye coil phase detector (River-
bend Electronics). Eye position was calibrated before each daily testing
session by rewarding the animal for keeping its gaze within an electron-
ically defined square window centered �1.5° on the fixation spot dis-
played on the computer monitor. The cats were trained to maintain
fixation within this window for 1000 ms. Ultimately, this allowed us to
train them to discriminate peripherally presented visual stimuli, so that
performance at different eccentric visual field locations could be
mapped, before and after visual cortical lesions.

Direction discrimination task
Cats were taught to discriminate the left–right direction of motion of
small, drifting visual stimuli displayed on a 19-inch ViewSonic monitor,
located 42 cm in front of their eyes. The trial sequence (Fig. 2) started
with the appearance of a small spot of light (the fixation spot) within a
�1.5° electronic window. Steady fixation of this spot for 1000 ms re-
sulted in a tone and the appearance of the stimulus to be discriminated.
Cats were required to maintain fixation on the fixation spot during stim-
ulus presentation. After 500 ms, both the stimulus and fixation spot
disappeared. They were replaced by two “response spots” �10° apart and
located in the hemifield (upper or lower) opposite that which had con-
tained the stimulus. Cats were taught to saccade to the rightmost re-
sponse target for rightward moving stimuli, and to the leftmost response
target for leftward moving stimuli. Each correct response was rewarded
with a squirt of pureed beef. The sequence of presentation of rightward-
moving and leftward-moving stimuli was randomized. Incorrect re-
sponses resulted in a 3 s loud tone and no food reward. A break in fixation
during stimulus presentation produced a brief, 1 s tone and the termina-
tion of the trial. To avoid positional biases, we used a correction proce-
dure that detected sequences of three incorrect saccades to the same
response target. The trial was then repeated until the animal made a
correct response. Data obtained during correction procedures were re-

Figure 1. Experimental timeline. The thin black lines at the beginning of the trace indicate that eight cats were first trained to
perform the required direction discrimination tasks (initial training) and then lesioned, while three cats received a cortical lesion
first and then underwent initial behavioral training in intact regions of their visual field. The rest of the experimental timeline
pertains to all 11 cats, which first underwent mapping of their visual deficit and pretraining tests. The cats were then trained at a
first location in their impaired hemifields for 15– 40 sessions at the rate of 1 session/d. This was followed by testing for transfer.
Additional rounds of training at other locations within the impaired hemifield were performed in some of the animals, also
followed by tests of transfer. Postmortem histology was performed at the end of experiment.
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corded but excluded from the final analysis
used to compute a threshold and overall per-
centage correct performance for the session.

Visual stimuli
Gratings. Drifting, vertical, luminance-
modulated sinewave gratings were used to
measure the cats’ contrast sensitivity for left–
right direction discrimination. They were pre-
sented in a circular aperture 4° in diameter and
drifted either to the left or the right within this
aperture. Grating spatial and temporal fre-
quency were set to 0.3 cycles/degree and 6 Hz
since these settings were previously found to
elicit optimal contrast sensitivity in cats
(Pasternak et al., 1995). The mean display lu-
minance for this task was 20 cd/m 2 and stimu-
lus duration exhibited a 250 ms raised cosine
temporal envelope. Contrast thresholds were
measured while cats discriminated the left–
right direction of motion of the stimulus by
varying luminance contrast of dark/light bars in
the grating, computed as follows: grating con-
trast � (Lmax � Lmin/Lmin � Lmax) � 100, where
Lmin and Lmax refer to minimal and maximal lu-
minance in the stimulus.

Random-dot stimuli. Random-dot stimuli,
in which either the range of dot directions or
the percentage coherence was varied, were used
to measure the cats’ DR and coherence thresh-
olds, as described previously (Huxlin and
Pasternak, 2004; Huxlin et al., 2008). Each
stimulus consisted of small dots (0.03° in di-
ameter) presented within a circular aperture 4°
in diameter. To measure DR thresholds, the
dots were repeatedly displaced in a range of
directions chosen randomly from a uniform,
limited distribution, centered on the rightward
or leftward vector, with a new set of directions
generated on each frame. To measure coher-
ence thresholds, a different random dot stimu-
lus was used in which a percentage of the dots
moved coherently to the right or left, while the
rest of the dots moved in a completely random
set of directions. Individual dots always moved
at a speed of 20°/s (�t � 13 ms; �x � 0.26°) for
a limited lifetime of 250 ms (half the total stim-
ulus duration). Dot luminance was set to �3.5
log units above human detection threshold, on
a relatively dim display (0.1 cd/m 2).

Threshold measurement. A staircase proce-
dure was used to measure contrast, DR, and
coherence thresholds. During each training/testing session, the stimulus
set was varied along a selected dimension (luminance contrast for sin-
ewave gratings, direction range, or percentage coherently moving dots
for random dot stimuli) from the easiest to the most difficult using a
staircase. Three consecutive correct responses caused an increase in stim-
ulus difficulty (i.e., reduced contrast, increased range of dot directions, or
decreased percentage of coherently moving dots), while a single incorrect
response decreased it. The staircase used for DR threshold measurements
consisted of 40° steps between 0 and 355°. A threshold was calculated for
each task, after each session, by fitting a Weibull function (Weibull,
1951) to the percentage correct performance at each stimulus level
and computing the stimulus value (luminance contrast, direction
range, or percentage coherence) corresponding to 75% correct perfor-
mance. DR thresholds were expressed as a percentage of the maximal
range of directions in which dots could move (360°) using the following
formula: DR threshold � (360° � DR giving 75% correct performance)/
360° � 100.

Cortical lesions
Eight cats received unilateral LS lesions and three cats received unilateral
lesions of contiguous, retinotopically corresponding regions of areas 17,
18, and 19. All surgeries were performed with cats placed in a Kopf
stereotaxic apparatus under surgical anesthesia. For LS lesions, a rectan-
gular craniotomy was made over one of the brain hemispheres (right in
five cats and left in three cats). The craniotomy extended from 5 mm
posterior to 15 mm anterior to the interaural line, and from 8 to 17 mm
lateral to the midline. After removing the dura, 20 –30 injections of 0.5–1
�l of sterile ibotenic acid (Sigma-Aldrich, 10 mg/ml in 0.1 M PBS, pH 7.4)
were made into both banks along the entire length of the LS sulcus to
permanently destroy the gray matter of the posteromedial lateral supra-
sylvian, posterior lateral suprasylvian, anteromedial lateral suprasylvian,
and anterolateral lateral suprasylvian areas. All injections were made
using a 10 or 25 �l Hamilton syringe fitted with a 32 gauge, beveled
needle. Injection sites were spaced at intervals of 1.7 mm across the
cortical surface, starting 3 mm posterior to the interaural line and ending
�14 mm anterior to the interaural line.

Figure 2. Behavioral paradigm. A, During behavioral training and testing, cats were required to perform a left–right direction
discrimination task that began when they precisely fixated a centrally placed target on a computer monitor in front of them for
1000 ms. A stimulus then appeared at a selected location in the central 40° of their visual field, drifting either leftward or rightward
for 500 ms. Cats were required to maintain fixation on the central target during stimulus presentation. After 500 ms, the stimulus
and fixation target disappeared and was replaced by two “response” spots. The cats were required to saccade to the rightmost spot
on the monitor if the direction of motion of the stimulus had been to the right, and to the leftmost spot if the direction of motion
had been to the left. This was immediately followed by auditory feedback that indicated the correctness of the response. B, Stimuli
used for direction discrimination task in A included luminance-modulated, vertical sinewave gratings drifting either left or right. By
varying luminance contrast, we measured contrast thresholds for discriminating left–right motion direction. Light gray dots
randomly distributed within a circular aperture over a black background and drifting in a range of direction centered around the
leftward or rightward vector were used to measure DR thresholds. Finally, light gray dots randomly distributed within a circular
aperture over a black background and drifting either to the left or right (signal dots) or randomly (noise dots) were used to measure
coherence thresholds.
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For lesions of areas 17/18/19, a rectangular craniotomy was made over
the left hemisphere in two cats and the right in one cat, extending from 7
mm posterior to 10 mm anterior to the interaural line, and from 0 to 10
mm lateral to the midline. After removing the dura, �30 injections of
0.5–1 �l of sterile ibotenic acid (Sigma-Aldrich, 10 mg/ml in 0.1 M PBS,
pH 7.4) were made into the gray matter of the medial and lateral aspects
of the posterior lateral gyrus (targeting areas 17 and 18) and the medial
aspect of the posterior suprasylvian gyrus (targeting area 19). All injec-
tions were made using a 10 or 25 �l Hamilton syringe fitted with a 32
gauge, beveled needle. Injection sites were spaced at intervals of 1.7 mm
across the cortical surface. In cats 4 – 008 and 8 – 002, the injections were
started 5 mm posterior to the interaural line and ended �7 mm anterior
to the interaural line, affecting the representation of both upper and
lower quadrants of the contralateral visual hemifield (Tusa et al., 1978,
1979, 1981). In cat 6 – 010, bone structure and brain morphology forced
us to start injections at �3 mm posterior to the interaural line. As a result,
his lesion (see Fig. 3A) was smaller than that in the other two cats in this
group, primarily affecting the lower quadrant representation of the con-
tralateral visual hemifield (a prediction verified by mapping of his visual
field defect; see Fig. 4).

The separation of the injections and the amount and concentration of
ibotenic acid injected were previously shown to produce large, contigu-
ous lesions of the desired visual cortical areas (Huxlin and Pasternak,
2001, 2004; Huxlin et al., 2008). The animals’ EKG, CO2, and tempera-
ture were constantly monitored during the surgery and kept at physio-
logical levels. After completing the injections, the dura and bone flap
were pulled back into place. The head holder was reconstructed and the
muscles, subcutaneous tissues, and skin were sutured around it before
the animals were recovered under veterinary supervision.

Postlesion behavioral testing and training
Assessment of visual deficit
During the first 3– 4 d after their lesion surgery, all LS-lesioned cats
exhibited a stereotyped, rotational behavior toward the side of the lesion,
which disappeared by the fifth day postlesion. No such behavior was
observed in cats with area 17/18/19 lesions. Behavioral testing began a
few weeks to 3 months postoperatively and was dictated by the postsur-
gical health of each animal. DR thresholds were first measured centrally
and at several locations in the visual hemifields ipsilateral to the lesion
(i.e., in the intact hemifields) with a 4° stimulus and controlled fixation.
For cats that had been trained prelesion, this allowed us to verify that DR
thresholds in intact portions of the visual field remained at preoperative
levels (i.e., the cat had not forgotten how to fixate or how to do the task,
and had not sustained unplanned damage to both cortical hemispheres).
DR thresholds were then measured in the hemifields contralateral to the
lesioned hemisphere, out to an eccentricity of �20° (see Fig. 4). To
minimize learning effects during this mapping procedure, no more than
two 200-trial sessions were run at each visual field location.

Selecting impaired visual field locations for postlesion training
For each cat, one or more locations in the hemifield contralateral to the
lesion were selected for visual retraining. Criteria for choosing these sites
were that the cat should be unable to discriminate the global direction of
motion of coherently moving dots at these locations postlesion and that
DR thresholds should also be abnormal at nonoverlapping sites sur-
rounding these locations. Each of the T’s in Figure 4 indicate locations for
training in each cat.

In addition to measuring DR thresholds at the chosen training loca-
tions, we also measured one or both of the other two outcome measures
in this study: coherence thresholds and luminance contrast thresholds
for left–right direction discrimination. This allowed us to assess the
effects of loss of LS cortex or areas 17/18/19 on the gross direction
discrimination of drifting gratings and random dot stimuli. Visual
measurements performed in the impaired hemifield of each cat were
repeated at corresponding “control” locations in the ipsilesional (intact)
hemifield, sometimes before the onset of visual retraining and sometimes
after retraining (see Figs. 5– 8, white histogram bars). This provided an

internal control for the animals’ motivational and perceptual states, and
enabled us to estimate normal threshold performance for each cat at
corresponding visual eccentricities.

Postlesion retraining in impaired hemifields: procedures and tests
for transfer of learning
After mapping the visual deficit using DR thresholds, one or more loca-
tions in the impaired hemifield of each cat underwent direction discrim-
ination training using either (1) random dot stimuli in which the range of
dot directions was varied between 0 and 355° in a staircase procedure (as
described above), or (2) drifting, vertical sinewave gratings in which
luminance contrast was varied in a staircase procedure (described
above). A total of 13 nonoverlapping, impaired visual field locations were
trained among the eight LS-lesioned cats, while seven different locations
were trained among the three cats with 17/18/19 lesions. In LS-lesioned
cats, eight of the selected 13 blind field locations were first trained on
gratings, while the remaining five underwent their first round of training
on dots. In cats with 17/18/19 lesions, three of the seven selected locations
were first trained using gratings, while the rest were first trained on dots.
Cats performed 200 –300 trials of the left–right direction discrimination
task per day at a single location until their threshold performance stabi-
lized within the normal range, relative to performance at corresponding
locations in the intact hemifield. Thresholds were defined as stable when
their coefficient of variation was �10% of the mean over the last five data
points. Between 15 and 40 training sessions were required for recovery to
stable, normal levels of performance and there appeared to be no system-
atic correlation between this number and stimulus or lesion type.

Once DR or contrast thresholds had recovered to normal levels at the
retrained locations, we assessed whether this recovery had transferred to
the discrimination of untrained stimuli. Cats trained using random dot
stimuli underwent measurement of contrast sensitivity and coherence
thresholds. Cats retrained using drifting sinewave gratings were tested
using random dot stimuli to assess whether their DR and coherence
thresholds had decreased at the same visual field locations, suggesting an
improvement in the ability to discriminate these untrained stimuli.

Whenever a deficit was observed for discrimination of the transfer
stimulus, that discrimination was then trained to ensure that it could
recover. Retraining with the transfer stimulus category was continued
until thresholds reached control levels, determined from the animals’
performance at corresponding locations in their intact hemifield of
vision.

Retinotopic specificity of global motion discrimination training
To assess whether learning to discriminate random dot stimuli with a
large range of dot directions was limited to the trained locations, we
measured DR thresholds at several, nonoverlapping sites within the im-
paired or intact hemifields, at different distances away from the trained
locations. For postlesion cats, the DR threshold measured at each im-
paired hemifield location before the onset of retraining (during the
postlesion mapping sessions) was then subtracted from the post-training
DR threshold at the same site to generate an estimate of the training effect
(see Fig. 9C,D, DR change from pretraining levels). Only locations sig-
nificantly affected by the lesion (with starting DR thresholds 	50%,
which was more than two SDs away from the mean in the same cats’
intact hemifields of vision) were chosen for this retinotopic specificity
analysis.

Postmortem histology and lesion reconstruction
At the end of the experiments, cats were sedated with an intramuscular
injection of 20 mg/kg ketamine before undergoing euthanasia with an
overdose of sodium pentobarbital (100 mg/kg, intraperitoneally). Once
breathing had stopped and reflexes had disappeared, the cats were per-
fused through the heart with 3% paraformaldehyde and 0.1% glutaral-
dehyde in 0.1 M phosphate buffer (PB), pH 7.4. After dissection, the brain
was placed into 30% sucrose in 0.1 M PB until adequately cryoprotected,
at which stage, serial, frozen sections were cut at a thickness of 40 �m.
Alternate sections were reacted for cytochrome oxidase (CO), a marker
of neuronal activity that can be used to precisely delineate brain regions
where neurons have been killed, and for Nissl substance with cresyl vio-
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let. For the CO reaction, free-floating brain sections were incubated at
37°C for 3– 4 h in a solution of 0.06% diaminobenzidine tetrahydrochlo-
ride (Sigma-Aldrich), 0.03% cytochrome C (type III, Sigma-Aldrich) and
4.4% sucrose in 0.1 M PB. Once the sections reached the appropriate
dark-brown coloring, they were rinsed and mounted onto subbed slides
for analysis. The Nissl stain was used to verify the extent of the lesions,
identify cortical layers, and help distinguish borders between some cor-
tical areas.

The cortical areas damaged by the ibotenic acid injections were iden-
tified from CO-stained sections in which damaged cortex characteristi-
cally lacks brown staining in the gray matter (Huxlin and Pasternak,
2001). The damaged cortical areas in CO-stained sections were then
identified by comparison with the visual cortical maps published by Tusa
and colleagues (Tusa et al., 1978, 1979, 1981; Tusa and Palmer, 1980) and
Palmer and colleagues (Palmer et al., 1978).

Statistical methods
For DR, coherence and contrast thresholds, the mean and the SD of the
parameters of interest were compared between locations in the intact and
impaired hemifields, and as a function of training, with Student’s t tests.
All inferential tests were two-tailed and a p � 0.05 was considered statis-
tically significant.

Results
Effect of damaging LS cortex or areas 17/18/19 on motion
perception
All cats that received ibotenic acid lesions exhibited a region of
decreased CO activity unilaterally, either on the banks of the
lateral suprasylvian sulcus (LS cortex) or in the targeted regions
of areas 17/18/19 (Fig. 3). According to the maps of Tusa and
colleagues (Tusa et al., 1978, 1979, 1981), an almost identical
representation of the contralateral visual field was damaged by
our lesions in areas 17, 18, and 19 of cats 6 – 010, 4 – 008, and
8 – 002. Both lesion types caused deficits in left–right DR integra-
tion thresholds (Figs. 4, 5C, 6D–F). Thus we used DR thresholds
to map the extent and severity of the visual deficit in each animal
out to �20° eccentricity (Fig. 4). Though all cats exhibited
deficits in DR thresholds in the hemifield contralateral to the
lesion, the precise extent and severity of the deficit differed
among animals.

Among animals with lesions of low-level visual cortex in
areas 17/18/19, cats 4 – 008 and 8 – 002 exhibited the largest,
contiguous area of deficit. Lesion of areas 17/18/19 was small-
est in cat 6 – 010 (Fig. 3A), likely explaining the smaller visual
deficit in this cat (Fig. 4). Among animals with lesions of LS
cortex, cats 2– 004, 6 – 004, 008, 4 – 017, and 165 (whose CO-
stained brain sections are shown in Fig. 3B) exhibited the
largest contiguous deficits. Nevertheless, the contralesional
hemifields of all cats contained locations where the deficit as
defined by DR thresholds was maximal (Fig. 4, dark gray cir-
cles). Some areas of sparing were seen in all cats, especially
within the central 5° of vision. This was fortuitous for place-
ment of the response spots in those locations.

In addition to impaired DR thresholds, all three cats with
17/18/19 lesions demonstrated high contrast thresholds (Figs. 5B,
6 B, dark histogram bars) and high coherence thresholds (Fig.
6 H). In contrast, as shown previously (Pasternak et al., 1989;
Rudolph and Pasternak, 1996), cats with unilateral lesions of
LS cortex had normal contrast thresholds (Fig. 6C), but ab-
normal DR (Figs. 5C, 6 F) and coherence thresholds (Fig. 6 I)
for random dot stimuli moving at the same speed and at the
same visual field locations.

Effect of retraining on discrimination of trained stimuli
In the context of damage to higher versus lower levels of the visual
cortical hierarchy, a question arose as to whether it is possible to
retrain the visual system to recover the associated deficits in either
case. As shown in Figure 6B, damage to areas 17/18/19 caused an
average 28-fold increase in contrast thresholds for discriminating
the direction of motion of drifting sinewave gratings. When these
cats underwent repetitive contrast sensitivity training in their
impaired hemifield, they demonstrated a gradual improvement
in thresholds within 15–30 training sessions or 3000 – 6000 trials
(see Fig. 5B for an example of learning on this task by cat 6 – 010).
By the end of training, contrast thresholds reached a level that was
not significantly different from contrast thresholds at equivalent
locations in the intact hemifield of the same animals (Fig. 6B).
Consistent with previous reports (Pasternak et al., 1989; Rudolph
and Pasternak, 1996; Huxlin and Pasternak, 2004), we found that

Figure 3. Anatomy of brain lesions. A, Coronal brain sections from one cat with a lesion of areas 17/18/19 (cat 6 – 010) in the left hemisphere. Sections shown were sampled at regular intervals
between a region 7 mm posterior (P7) to 9 mm anterior (A9) to the interaural line. They were stained for cytochrome oxidase reactivity to show areas of intact gray matter (brown) and, by inference,
the location and extent of the lesion (arrows). The lesion can be recognized in comparison with the intact hemisphere (right in this cat), as a region of missing gray matter. B, Coronal brain sections
from one of the cats with a lesion of LS cortex, showing a large region of missing gray matter in the right hemisphere. Note, however, that the areas of early visual cortex damaged in cat 6 – 010 (A)
are intact in cat 165, and vice versa.
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LS lesions did not affect contrast sensitivity for direction discrim-
ination of low-spatial-frequency sinewave gratings drifting at
20°/s (Fig. 6C). Consequently training these cats on drifting grat-
ings did not result in any significant training-induced improve-
ments in contrast thresholds (Fig. 6C).

All cats in the present study exhibited poor DR (Fig. 6E,F)
and coherence thresholds (Fig. 6H, I). However, when trained

repetitively to discriminate the global
direction of motion of DR stimuli in a
previously untrained location, cats with
17/18/19 and LS lesions progressively
improved their DR thresholds (Fig. 6E,F).
The DR relearning in cats with LS le-
sions replicated previous work from our
laboratory (Huxlin and Pasternak,
2004; Huxlin et al., 2008). Similarly,
when training was administered using
stimuli in which coherence was varied,
coherence thresholds progressively im-
proved back to normal levels (Fig. 6H, I).
An important aside here is that lesioned
animals could perform all three tasks cen-
trally and in the intact hemifield of vision
following their lesion. From the cats
trained before their lesion, it was possible
to assess that thresholds were not signifi-
cantly different in the postlesion, intact
hemifields of vision (which always in-
cluded the foveal representation) com-
pared with prelesion values measured
both centrally and peripherally (see Fig.
9A,B, DR thresholds; results not shown
for coherence and contrast sensitivity
thresholds).

With respect to visual discrimina-
tions in the contralesional visual hemifield,
we should also point out that there was a
critical requirement for training to elicit re-
covery postlesion. This was demonstrated
previously following LS lesions (Huxlin and
Pasternak, 2004) and presently for the first
time for lesions of areas 17/18/19. Nei-
ther the passage of time nor passive ex-
posure to visual stimulation recovered
motion discrimination at contralesional
sites distant from the retrained loca-
tions in any of our animals. Thus, just as
in humans with primary visual cortex
damage (Zhang et al., 2006a,b), sponta-
neous improvements in vision (or at
least visual motion perception) do not
occur in cats with early visual cortex
lesions.

Therefore, regardless of whether they
had sustained a lesion of lower-level vi-
sual areas (17/18/19) or of higher-level
visual areas (LS cortex), all cats were able
to regain normal sensitivity (thresholds) for
discriminating the left–right direction of
motion of the stimuli used for training.
More precisely, specific retraining with
luminance-modulated sinewave gratings
recovered contrast sensitivity for direc-
tion. Specific training with random dot

stimuli comprising multiple directional vectors centered on a
mean direction recovered motion integration thresholds. Train-
ing with random dot stimuli in which only some dots moved
coherently to the right or left recovered coherence thresholds
back to normal levels of performance, as measured in the intact
hemifield postlesion.

Figure 4. Effect of cortical lesions on DR thresholds: a mapping study. Maps of visual field space illustrating the location, size,
and shape of visual stimuli used to measure DR threshold performance at different, nonoverlapping, visual field locations in each
cat. Animals are separated according to lesion type (A, cats with 17/18/19 lesions and B, cats with LS lesions). Axes are labeled in
degrees of visual angle. As defined previously, normal DR thresholds in the cat range from 11 to 35% (white circles). DR thresholds
	35% were only seen contralateral to the brain lesion (right or left impaired hemifields denoted by light gray shading) in both
groups. Deficits varied from mild (DR thresholds between 36 and 57%, gray circles) to severe (DR thresholds between 58 and 100%,
black circles). The area of visual field covered by the most severe deficits differed among animals, and was largely consistent with
the physical size of the brain lesion. For instance, cat 6 – 010 had one of the smallest areas of brain damage in corresponding
regions of areas 17, 18, and 19 (Fig. 3A) and exhibited only a quadrant deficit. In contrast, cat 165 (Fig. 3B), who exhibited abnormal
DR thresholds over practically his entire left hemifield of vision, had an almost complete destruction of LS cortex in his right
hemisphere (Fig. 3B).

Das et al. • Properties of Visual Relearning after Cortical Damage J. Neurosci., April 18, 2012 • 32(16):5414 –5425 • 5419



Generalization of visual motion
relearning following damage
Effect of contrast sensitivity training on DR
and coherence thresholds
Once we established that all motion
discriminations of interest could be re-
covered to normal threshold levels of
performance following 17/18/19 lesions
and LS lesions in adult cats, we then asked
whether practice on a contrast sensitivity
task could improve motion integration
(i.e., DR thresholds or coherence thresh-
olds) (Fig. 7A). Baseline thresholds were
measured on 2 consecutive days in seven
of the 11 cats (four with LS lesions and
three with 17/18/19 lesions). These cats
were then trained using sinewave gratings
for 40 d at an impaired hemifield location
where DR thresholds were 	90%. Cats
with LS lesions did not exhibit a contrast
sensitivity deficit and, likely because they
had been fully trained on this task before
the lesion, they did not show further im-
provements in contrast thresholds with
practice (Fig. 6C). The three cats with le-
sions of areas 17/18/19 exhibited de-
creased contrast sensitivity for direction
(Fig. 6B), and were first retrained on the
contrast sensitivity task until they re-
gained normal contrast thresholds.
Across the seven cats trained for this ex-
periment, contrast thresholds averaged
2.2 � 0.57% at the end of training,
which was not significantly different
( p � 0.347, Student’s t test) from con-
trast thresholds measured at corre-
sponding locations in the same cats’
intact hemifields (1.7 � 0.86%). Nor
were there significant differences be-
tween cats with different lesions.

At this point, DR and coherence
thresholds were remeasured at the trained
locations to assess whether intensive practice on the contrast sen-
sitivity task affected motion integration or coherence thresholds.
Neither threshold improved from levels measured initially fol-
lowing either type of lesion (Fig. 7). DR thresholds averaged 96 �
6% in 17/18/19-lesioned cats (Fig. 7B) and 95 � 9% in LS-
lesioned cats (Fig. 7C) over the first 3 d of testing after the end of
practice with gratings. Similarly, coherence thresholds averaged
72 � 18% in 17/18/19-lesioned cats (Fig. 7D) and 72 � 28% in
LS-lesioned cats (Fig. 7E). These values were not significantly
different (p values ranging from 0.353 to 0.811, Student’s t test)
from the thresholds obtained over the first 2 d of testing after the
lesion (before training with gratings). Thus, although the task was
the same, the visual field locations stimulated and attended to
were the same, and dots moved coherently during most of the
testing, grating-trained cats were unable to discriminate the
global direction of motion in random dot stimuli. However,
when these same cats were subsequently trained using random
dot stimuli either with a variable range of dot directions or vari-
able coherence levels, their DR and coherence thresholds im-
proved. After �20 d of training, they reached normal levels of
performance (DR thresholds � 30 � 6%; coherence thresh-

olds � 31 � 4%). Though initial training with grating stimuli did
not improve DR or coherence thresholds at the trained loca-
tions, it did not impair nor benefit the animals’ ability to
eventually relearn to discriminate the direction of motion of
random dot stimuli.

Effect of DR training on contrast sensitivity
Our next question was whether relearning to extract global direc-
tion of motion from a patch of random dots would generalize to
simpler motion discriminations comprising a single directional
vector. Specifically, we asked whether global motion discrimina-
tion training in the impaired hemifield improved contrast sensi-
tivity for discriminating the direction of motion of a moving
sinewave grating. Because contrast sensitivity for our left–right
direction discrimination task was only affected in cats with le-
sions of areas 17/18/19 (Fig. 6B,C), a new location was selected in
these animals where DR thresholds were 	90%. Cats underwent
training using random dots in which the range of dot directions
was varied and, once their DR thresholds reached normal levels,
we retested contrast sensitivity at the same location (Fig. 8A).
Contrast thresholds improved dramatically as a function of DR
training, averaging 1.8 � 0.9%, which is not significantly differ-

Figure 5. Illustrative examples of postlesion testing and training in the impaired hemifield. A, Experimental timeline illustrat-
ing the time points at which data in B and C were collected. B, Postlesion contrast threshold performance of one cat with a lesion
of areas 17/18/19. The map of the visual field identifies the exact locations where data shown in the adjacent two graphs were
collected. T, Location that was subsequently trained, as shown in the associated scatter plot. The bar graph shows postlesion
contrast thresholds before the onset of training in the impaired hemifield. Thresholds collected centrally (gray bar) and in the intact
(left) hemifield (white bar) are normal and not significantly different from each other. However, contrast thresholds in the
impaired hemifield (black bar) are significantly worse. The scatter plot illustrates how contrast thresholds improve as a function of
repetitive, direction discrimination training with gratings whose contrast was varied in a staircase procedure at location T in the
impaired hemifield of this cat. C, Postlesion DR threshold performance of one cat with a lesion of left LS cortex (cat 2– 007). The map
of the visual field illustrates the exact locations where data shown in the adjacent two graphs were collected. T, Location that was
subsequently trained as shown in the associated scatter plot. The bar graph shows postlesion DR thresholds before the onset of
training. Thresholds collected centrally (gray bar) and in the intact (left) hemifield (white bar) are normal and not significantly
different from each other. However, DR thresholds in the impaired hemifield (black bar) are significantly worse. The scatter plot
illustrates how these DR thresholds improve as a function of repetitive, direction discrimination training with random dot stimuli
in which the range of dot directions was varied in a staircase procedure at location T in the impaired hemifield of this cat. Error
bars � SEM. *p � 0.05, paired Student’s t tests relative to intact hemifield values.
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ent from contrast thresholds at equivalent locations in the intact
hemifields of the same cats (Fig. 8B).

Effect of lesion type on transfer of DR training to
coherence thresholds
Our third manipulation was designed to assess whether DR train-
ing improved not only contrast sensitivity, but also the extraction
of coherent motion signals from noise. Cats with lesions of either
areas 17/18/19 (N � 3) or LS cortex (N � 5) were retrained to
discriminate the global direction of motion of random dot stim-
uli. Once they had recovered normal DR thresholds, their coher-
ence thresholds were remeasured (Fig. 8C,D). The three cats with
lesions of areas 17/18/19 showed effective transfer of learning,
with coherence thresholds averaging 82.4 � 17.4% pre-DR train-
ing (highly abnormal), decreasing significantly to 30.8 � 7% after
DR training (Fig. 8C). This was not significantly different from
normal threshold performance in the intact hemifield (26.5 � 7%),

suggesting that coherence thresholds had re-
covered to almost normal levels after DR
training.

In contrast, when five of the cats with
LS lesions underwent DR retraining, they
recovered normal DR thresholds, but
their coherence thresholds remained ab-
normally high, averaging 73.3 � 20.1%
(Fig. 8D). This was not significantly
different from the animals’ coherence
thresholds at these locations before DR
training (Fig. 8D, black bar; 75.6 �
10.1%). It was also significantly higher
than coherence thresholds at correspond-
ing locations in the intact hemifield (Fig.
8D, white bar; 30.2 � 6.5%). The present
result is consistent with that reported in our
previous publication on three LS-lesioned
cats (Huxlin and Pasternak, 2004). Subse-
quent training of the five LS-lesioned cats
with random dot stimuli in which coher-
ence was varied in a staircase procedure im-
proved their thresholds to 33.5 � 11.1%, on
average not significantly different from that
for the intact hemifield. Thus, coherence
thresholds were not permanently affected
by damage to LS cortex. Overall, compari-
son of Figure 8C and 8D shows a clear effect
of lesion site (17/18/19 vs LS cortex) on the
ability to transfer learning of a motion inte-
gration task to one requiring efficient ex-
traction of coherent motion signals from
noise.

Effect of lesion type on retinotopic
specificity of global motion learning
After brain damage, the ability of DR
learning to generalize across visual field
locations, which was evident prelesion
(Fig. 9A), remained in the intact hemifield
(Fig. 9B), but decreased significantly in
the blind hemifield (Fig. 9C,D). Cats with
both lesion types exhibited maximal im-
provement at trained locations in their
impaired hemifields (Fig. 9C). Here, im-
provement was defined as the increase in

DR threshold relative to the threshold measured at the same lo-
cation postlesion, but before the onset of training. Only locations
where DR thresholds were �50% were used in this analysis. DR
thresholds �50% were selected for this analysis because they
were 	2 SDs away from normal thresholds prelesion and in the
intact hemifield of vision postlesion. As shown in Figure 9C, the
amount of training-induced improvement decreased with increas-
ing distance away from the trained, blind field locations, and it did so
faster for cats with lesions of areas 17/18/19 than in cats with LS
lesions. Also notable was the fact that eccentricity (relative to fixa-
tion) seemed to play a less significant role in decreasing performance
than distance away from the trained location (much greater slopes in
Fig. 9C than 9D).

An important question here is whether the retinotopic speci-
ficity of relearning observed in impaired hemifields was due to
these locations receiving more training postlesion than locations
subserved by intact cortical circuitry. Seven of the animals used

Figure 6. Training improves discrimination thresholds for trained stimuli, regardless of lesion type. A, In this first experiment, cats were
trained to discriminate the left–right direction of motion of sinewave gratings at 0.3 cycles/degree spatial frequency and drifting at 6 Hz. A
staircase was used to progressively decrease stimulus contrast in each training session. B, Plot of contrast threshold in cats with 17/18/19
lesionsintheintacthemifield(goodfield), intheimpairedhemifieldbeforetraining(badfieldinitial),andatthesamelocationpost-training
(bad field post-training). Training gradually improved contrast thresholds at the trained locations in the contralesional visual hemifield (Fig.
5) until contrast thresholds were no longer significantly different from those in the intact hemifield of vision. C, Cats with LS lesions did not
exhibit a significant deficit in contrast sensitivity for direction (compare black and white bars) and additional practice of this task in the
impaired hemifield did not further improve the animals’ contrast thresholds (gray bar). D, At a different, nonoverlapping location in their
impaired hemifield, the same cats were trained to discriminate the left–right direction of motion of random dot stimuli in which the range
of dot directions was varied from easier to harder levels in each session. E, Before training, cats with 17/18/19 lesions exhibited significantly
raised DR thresholds (black bars). Training improved these abnormal thresholds back to normal levels (gray bars). F, A very similar pattern
of postlesion deficit and training-induced recovery of DR thresholds was seen in cats with LS lesions. G, Finally, at yet another location in the
impaired hemifield of vision, cats were trained to discriminate the left–right direction of motion of random dot stimuli in which the
proportionofcoherentlymovingdotswasvariedusingastaircaseprocedureineachsession.H,Beforetheonsetoftraining,catswithlesions
of areas 17/18/19 exhibited significantly higher coherence thresholds in the contralesional (black bars) versus the ipsilesional hemifield
(white bars). Just as in B and E, specific training gradually improved impaired coherence thresholds back to normal levels (gray bars) at the
trained locations. I, A similar pattern of postlesion deficit and training-induced recovery of coherence thresholds was seen in cats with LS
lesions. The number of cats used in each portion of the experiment is shown as N. All values given are means � SEM. *p � 0.05, paired
Student’s t tests relative to intact hemifield values. CS, Contrast sensitivity; Coh, coherence.
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for the retinotopy data in Figure 9 under-
went intensive training to perform the
tasks at hand prelesion. The remaining
animals learned the tasks postlesion cen-
trally and in their intact visual hemifield.
Both groups required �30 – 40 training
sessions before DR thresholds stabilized at
their initial, intact training location. Once
learning occurred in the intact hemifield,
all animals were able to generalize this
learning to other, intact visual field loca-
tions (Fig. 9A,B), regardless of when this
initial training happened (prelesion or
postlesion) and regardless of the type of
lesion they sustained. Yet, when a location
in the impaired hemifield was retrained
postlesion, relearning DR thresholds took
approximately the same number of train-
ing sessions as initial learning, but it be-
came more retinotopically specific within
the impaired hemifield (Fig. 9C,D). Thus,
location specificity of visual relearning ap-
pears to be a property of impaired hemi-
fields and visual cortex damage, rather than
a consequence of increased amounts of
training in impaired hemifields postlesion.

Discussion
Specificity to stimulus and visual field lo-
cation is often used to infer the relative
contribution of lower-level versus higher-
level areas to perceptual learning. Here,
we asked whether a visual system with
damage to either lower or higher levels of
the cortical hierarchy could be retrained
to perform a simple, left–right direction
discrimination task, and we assessed spec-
ificity of relearning for stimuli and loca-
tions trained. We find that visual cortex
damage does not prevent relearning of
motion discriminations. However, gener-
alizability of relearning was influenced by
both the hierarchical locus of damage and
the type of stimulus used.

Consistent with previous studies that
damaged areas 17 or 18 individually (Pas-
ternak and Maunsell, 1992; Pasternak et
al., 1995), combined damage to areas 17,
18, and 19 impaired performance on all
visual motion discriminations tested here.
This result confirms suggestions from
anatomy (Symonds and Rosenquist,
1984; Sherk, 1986a,b; Huxlin and Paster-
nak, 2001) and electrophysiology (Dreher
et al., 1996; Lee et al., 1998), that areas 17,
18, and 19 together provide the majority
of basic signals needed by LS cortex to cor-
rectly extract global motion information.
However, here we show that cats with
lesions of early visual cortex, just like
humans with V1 damage (Huxlin et al.,
2009), can be retrained to discriminate
global motion direction, and their con-

Figure 7. Training to discriminate direction of sinewave gratings does not improve global motion thresholds. A, In this
experiment, postlesion cats were retrained to discriminate the left–right direction of motion of drifting sinewave gratings
at one location in their impaired (contralesional) hemifield of vision. Once contrast thresholds had stabilized at normal
levels of performance in each animal, DR and/or coherence thresholds were remeasured at the trained locations. B, Effect
of contrast sensitivity training on DR thresholds in cats with 17/18/19 lesions, showing a lack of transfer of learning. C,
Practicing the contrast sensitivity task also failed to improve DR thresholds in the impaired hemifield of cats with LS lesions.
D, Contrast sensitivity training also failed to transfer to coherence thresholds in cats with 17/18/19 lesions. E, Practicing the
contrast sensitivity task failed to improve coherence thresholds in the impaired hemifield of cats with LS lesions. Values are
means � SEM; *p � 0.05, two-tailed Student’s t test relative to intact hemifield performance (white bars). Other
conventions are the same as those in Figure 6.

Figure 8. Global motion training improves contrast sensitivity for direction following lesions of areas 17/18/19. A, Schematic
diagram of experiment in which cats were trained to discriminate the left–right direction of motion of random dot stimuli in which
the DR was varied from easier to harder levels in each session. After recovering normal DR thresholds, contrast thresholds were
measured using drifting gratings and coherence thresholds were measured using random dot stimuli. B, Plot of contrast thresholds
in cats with 17/18/19 lesions either in the intact hemifield (white bar), the impaired hemifield before training (black bar), or at the
same impaired hemifield locations after DR training (gray bar). DR training with random dot stimuli not only recovered DR
thresholds (see Fig. 6) but also contrast sensitivity at trained locations in the impaired hemifield. C, Plot of coherence thresholds in
cats with 17/18/19 lesions in the intact hemifield, the impaired hemifield before DR training, and after DR training, showing that
DR training also improved coherence thresholds in these cats. This was in contrast with data obtained in five of the cats with LS
lesions and shown in D, in which DR training did not improve coherence thresholds relative to pretraining levels. All values are
means � SEM; *p � 0.05, two-tailed Student’s t test relative to the intact hemifield values. Other conventions are the same as
those in Figures 6 and 7.
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trast sensitivity for direction can also be recovered as a func-
tion of training. While pattern relearning following visual
cortex damage in adult cats was previously reported (Spear
and Braun, 1969; Wood et al., 1974; Spear and Baumann,
1979a,b), these studies differed from ours in that they used
aspiration lesions, which damage both gray and white matter,
and a static-grating-detection task, which did not measure
contrast sensitivity per se.

Our results indicate much redundancy within the feline (and
likely the primate) visual system with respect to processing of
motion information. Such redundancy may explain why, follow-
ing damage, intact visual areas, whether higher level (in the case
of 17/18/19 lesions) or lower level (in the case of LS lesions), can
relearn to process motion stimuli when appropriate training is
provided. However, just because relearning occurs postlesion
does not mean it is identical to learning with an intact visual
system. An important question here deals with specificity to
trained task and stimuli. Because the same task (left–right direc-
tion discrimination) was used for all testing and training condi-
tions, we could examine specificity of learning for different
stimulus attributes and observed the following:

1. Training to discriminate left–right directions of motion of
low-spatial-frequency, low-contrast, drifting gratings did
not improve discrimination of random dot stimuli, regard-
less of lesion location. Why? Both are first-order
(luminance-defined) motion stimuli, where local lumi-
nance and contrast detection are the first processing step

(Blackwell, 1946; Dean, 1981; Sclar
et al., 1990). However, drifting grat-
ings comprise a single motion vec-
tor that can be discriminated over a
small region of the stimulus by low-
level motion detectors (Reichardt,
1961; van Santen and Sperling, 1984;
Adelson and Bergen, 1985; Watson
and Ahumada, 1985; Lu and
Sperling, 1995). On the other hand,
accurate discrimination of global
motion in a random dot stimulus
requires detection followed by inte-
gration of multiple directional vec-
tors (Braddick, 1974; Williams and
Sekuler, 1984; Newsome and Paré,
1988; Watamaniuk et al., 1989;
Nishida, 2011). When dots are
sparse, as in our stimuli, and when
there is a large range of dot direc-
tions or noise in the stimulus, inte-
gration must occur over a larger
area of the stimulus to generate a
reliable percept of net motion di-
rection. We posit, therefore, that
training with gratings may recruit
and optimize function in fewer
neurons, at lower levels of the visual
cortical hierarchy, possibly with a
narrower range of preferred direc-
tions, than random dot stimuli.
When animals are subsequently ex-
posed to random dot stimuli, this
newly optimized circuitry may sim-
ply lack the spatial and/or direc-
tional bandwidth to compute

global motion direction.
2. In contrast, cats with 17/18/19 lesions trained to extract global

direction from random dot stimuli containing a large range of
local directions (at least by the time training ended) exhibited
improved contrast sensitivity for direction. This transfer is
greatly reminiscent of that shown for humans with V1 lesions
who trained similarly (Huxlin et al., 2009). One possible ex-
planation for this result is that global motion processing re-
quires local motion processing (and contrast detection) at its
basis. Thus, if the subject can recover the ability to perform
global motion discriminations, then, by inference, the subject
must have recovered the ability to correctly detect local direc-
tions. An associated, training-induced improvement in
signal-to-noise processing (DR training in these cats also
improved coherence thresholds) may help explain the as-
sociated improvement in contrast sensitivity, although this
remains speculative.

3. Finally, we observed a clear interaction between some of the
training stimuli and lesion site: specifically, training on the DR
task improved coherence thresholds in cats with 17/18/19 le-
sions, but not in cats with LS lesions (Huxlin and Pasternak,
2004). Considerable evidence shows that such areas as LS cor-
tex in cats and the MT area in primates are important sites of
local motion integration (Movshon et al., 1985; Newsome
and Paré, 1988; Pasternak and Merigan, 1994; Rudolph and
Pasternak, 1996). The present data reveal an additional role of
the feline LS cortex in generalization of learning between dif-

Figure 9. Retinotopic specificity of learning. A, Plot of DR thresholds in prelesion cats following initial behavioral training
centrally. Once learning occurred and DR thresholds stabilized centrally, there was no significant drop in performance out to �16°
eccentricity in visually intact animals. Note that distance from trained location (TL) here is equivalent to eccentricity, with training
location center coordinates 0,0. B, Equivalent plot to that shown in A, but with data collected postlesion in the center of the visual
field (0,0) and in the intact hemifield of six of the LS lesioned cats (white symbols) and all three of the cats with lesions of areas
17/18/19 (black symbols). Even postlesion, there was no significant correlation between DR thresholds and distance from the
originally trained location at 0,0 in intact regions of the visual field. C, Retinotopic specificity of DR relearning postlesion in the same
animals whose data are plotted in B. Here, the magnitude of improvement in DR thresholds is plotted relative to pretraining
(postlesion) values in cats with lesions of areas 17/18/19 (black dots) or LS cortex (white dots) as a function of distance from the
trained (in this case, peripheral) impaired hemifield locations. Trained locations are always plotted at a distance of 0°. The
magnitude of improvements decreased with increasing distance from the TLs. This decrease was significantly greater in cats with
early visual cortex lesions than in cats with LS lesions. R 2 � 0.42 for LS lesions and 0.50 for 17/18/19 lesions. D, Plot of change in
DR thresholds relative to pretraining (postlesion) values versus eccentricity (degree), showing no significant correlation between
training-induced improvement and eccentricity in either lesion group. R 2 � 0.00002 for LS lesions and 0.064 for 17/18/19 lesions.
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ferent global motion stimuli. The percept of global direction
in DR stimuli results from pooling across detectors tuned to
the mean direction of the local vector distribution (Williams
and Sekuler, 1984). Pooling across a small numbers of these
detectors (such as in strobe-reared cats) is sufficient to gener-
ate normal DR thresholds but not coherence thresholds
(Pasternak et al., 1990). The latter presumably require pooling
across a larger set of detectors or detectors with broader direc-
tional tuning (Britten and Newsome, 1998). Thus, when LS
cortex is intact, cats can relearn and generalize DR learning to
coherence. Without LS, if retraining with DR stimuli recruits
a circuitry that pools across the smallest necessary range of
local vectors to recover DR thresholds, this could be insuffi-
cient to attain normal coherence thresholds.

Overall, our data suggest that as long as an intact LS cortex is
present, visual training on a global motion task can improve process-
ing and sensitivity for multiple stimulus attributes. However, when
LS cortex is damaged, the same training generalizes less. This is con-
sistent with predictions of both the reverse hierarchy and rule-based
learning theories: if learning occurs predominantly in higher-level
areas, broader generalization across stimuli should result. Another
consideration is that, following damage, some stimuli may more
effectively recruit neurons in higher-level areas tied to effector/deci-
sion circuitries. In primates, motion-processing areas, such as the
MT area, interact closely with effector/decision circuits in lateral
intraparietal (LIP) (Roitman and Shadlen, 2002) and parietal cortex
(Born and Bradley, 2005). Training monkeys to discriminate direc-
tion of motion of noisy stimuli (i.e., weak motion) improves
sensory-driven responses in the LIP rather than the MT area (Law
and Gold, 2008). Thus, following lesions, when basic discriminabil-
ity of visual stimuli becomes more difficult, motion learning could
result from improved readout and decision processes in higher-level
areas rather than MT or LS cortex in cats. LS cortex projects to a
higher-level, motion-sensitive region named the anterior ectosylvian
visual area (AEV) (Olson and Graybiel, 1987; Scannell et al., 1996),
an effector area linking sensory input with action (Jiang et al., 1994).
Given AEV’s known connections (Olson and Graybiel, 1987), its
main direct source of visual information, if LS cortex is damaged,
will come from the pulvinar/lateral posterior (LP) complex (AEV
receives no direct projections from areas 17/18/19). When areas 17/
18/19 are damaged, visual information still reaches LS cortex
(thence, AEV) via projections from the dorsal lateral geniculate
nucleus (Sherk, 1986b; Tong and Spear, 1986) and the superior
colliculus/LP complex/pulvinar (Kaufman et al., 1984). The spa-
tiotemporal frequency content and preprocessing of visual infor-
mation reaching AEV when areas 17/18/19 are damaged, may
explain why motion relearning generalizes more broadly across
stimulus attributes in these cats. The presence of tighter retinotopic
organization in LS cortex (Grant and Shipp, 1991), as opposed to
AEV (Olson and Graybiel, 1987; Scannell et al., 1996) and even LP/
pulvinar (Chalupa and Abramson, 1988), may also explain why re-
learning after early visual cortex lesions is retinotopically tighter to
trained visual field locations than after LS lesions.

The tight spatial specificity of relearning in impaired hemifields
we observed in cats with early visual cortex lesions also bears great
similarity to the tight retinotopic specificity of relearning observed in
the blind fields of V1-damaged humans (Sahraie et al., 2006; Huxlin
et al., 2009). In both cases, retinotopic specificity of relearning con-
trasted with the generalizability of global motion discrimination per-
formance across intact regions of the visual field, regardless of
whether initial learning occurred before or after the lesion. These
observations strongly suggest that retinotopic specificity of visual
relearning may be a property of the cortical damage and the require-

ment for directed training to elicit recovery at impaired sites, rather
than a byproduct of the timing (prelesion or postlesion) of initial
learning, or of the amount of training.

In summary, the hierarchical level of visual cortical damage
does not appear to limit relearning of gross (left–right) motion
discriminations in impaired portions of the visual field. However,
both the locus of damage and the type of motion information in
the retraining stimuli seemed to control generalizability of mo-
tion relearning. Much remains to be elucidated about the neural
mechanisms underlying the significant training-induced plastic-
ity displayed by damaged, adult visual systems. Defining the fac-
tors that control the effectiveness of training should both enhance
our understanding of plasticity in the damaged brain, and help
refine rehabilitation strategies for affected populations.
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