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INTRODUCTION

When several different objects are presented, visual objects are perceived correctly only
if their features are identified and then bound together. lllusory-conjunction errors result
when an object is correctly identified but is combined incorrectly. The parietal cortex (PC)
has been shown repeatedly to play an important role in feature binding. The present study
builds on a series of recent studies that have made use of visual search paradigms to
elucidate the neural system involved in feature binding. This experiment attempts to define
the role the PC plays in binding the properties of a visual object that varies on the features
of color and size in rats. Rats with PC lesions or control surgery were exposed to three
blocks of 20 trials administered over a 1-week period, with each block containing 10-one
feature and 10-two feature trials. The target object consisted of one color object (e.g., black
and white) and one size object (e.g., short and tall). Of the 10 one feature trials, five of the
trials were tailored specifically for size discrimination and five for color discrimination. In
the two-feature condition, the animal was required to locate the targeted object among
four objects with two objects differing in size and two objects differing in color. The results
showed that the PC lesioned compared to control rats had difficulty in learning the one and
two features components of the task and the rats also performed more poorly on the one
vs. two feature components of the task. Based on a subsequent error analysis for color
and size, the results showed a significant increase in illusory conjunction errors for the PC
lesioned rats relative to controls for color and relative to color discrimination, suggesting
that the PC may support feature binding as it relates to color. There was an increase in
illusory conjunctions errors for both the PC lesioned and control animals for size, but this
appeared to be due to highly variable performance with size discrimination. Overall these
results suggest that the PC rats display performance errors that appear to be consistent
with the notion of illusory conjunction errors.
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errors in the form of illusory conjunctions combining the shape of

It has been suggested that the parietal cortex (PC) may play an
important role in binding features of objects, objects, and places,
as well as egocentric and allocentric spatial processing. There are
data with rodents that support a role for the PC in cross-modal, as
well as egocentric and allocentric spatial processing (Long et al.,
1998; Rogers and Kesner, 2007), but there are no data that have
assessed the role of the PC in rodents on binding of object fea-
tures. Treisman (1998) suggested that the binding of different
features of objects may involve using spatial attention to loca-
tions to aid in the selection of various features that are currently
active in the same location, while suppressing features from other
locations to prevent erroneous binding. Furthermore, the PC may
play a very important role in ensuring that illusory conjunc-
tion errors do not appear in a variety of tasks including search
tasks. Thus, the PC may be directly involved in perceptual bind-
ing between, for example, a shape and a color or a shape and a size
requiring spatial attention. Support for this idea comes from the
performance of patient RM with bilateral PC damage, who had
difficulty in tasks requiring binding shape and color or shape and
size. When shown two different colored letters, RM made many

one letter with the color of the other (Friedman-Hill et al., 1995).
Similarly, in a visual search task requiring the detection of a target
based on the conjunction of two features, RM made many errors,
but RM had no difficulty in detecting a target based on one fea-
ture (Robertson et al., 1997). The study was designed to develop
an animal model of feature binding and determine whether PC
lesions relative to sham lesions in rats result in the production of
illusory conjunction errors using a visual search paradigm similar
to the (Robertson et al., 1997) study with objects that varied either
only on features of color or size (one feature) or the combination
of color and size (two features).

MATERIALS AND METHODS

SUBJECTS

Eleven male Long—Evans rats initially weighing ~350 g were used
as subjects. At the beginning of the study, all rats were food-
deprived to 80% of their free-feed weight and allowed access to
water ad libitum. The rats were housed independently in standard
plastic rodent cages and maintained on a 12-h light/dark cycle. All
testing was conducted in the light portion of the light/dark cycle.
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APPARATUS

A white cheese board served as the testing apparatus for the
experiment. The surface of the apparatus stood 65 cm above the
floor, was 119 cm in diameter, and was 3.5 cm in thickness. One-
hundred and seventy-seven food wells (2.5cm in diameter and
1.5 cm in depth) were drilled into surface of the round board in
evenly spaced parallel rows and columns, which were 5 cm apart.
The apparatus was kept in a well-lit room with no windows; one
door, a chair, a small table, and posters on the walls served as dis-
tal spatial cues. A black start box (24 cm long, 15 cm wide, and
17 cm high) was constructed to house the rat between trials. The
black box was positioned on top of the round board perpendic-
ular to the rows and parallel to the columns with the posterior
edge of the box at the edge of the cheeseboard. The box had a
hinged top for easily transferring animals into and out of the
box. The front of the box had a guillotine door that could only
be raised and lowered by the experimenter. Stimuli were three-
dimensional wooden block objects 2 cm in diameter that differed
from each other in both color (black or white) and size (4 or 6 cm
in height).

SHAPING

During the first week of training, rats were handled 15 min daily.
During the second week of training, rats were introduced to the
apparatus. Rats were given 15min to explore the white cheese
board. Froot Loops (Kellogg, Battle Creek, MI) were randomly
distributed over the maze to induce exploration.

SURGERY

Rats were anesthetized with pentobarbital (Nembutal; 60 mg/kg
i.p.). Each rat was placed in a stereotaxic apparatus (David Kopf
Instruments) with an isothermal heating pad to maintain body
temperature at 37°C. With its head level, the scalp was incised
and retracted to expose bregma and lambda and positioned them
in the same horizontal plane. PC lesions were made via aspiration.
The lesions were 1 mm posterior to bregma to 4.5 mm posterior
to bregma, 2 mm lateral to midline to approximately 1 mm above
the rhinal sulcus in the medial-lateral plane, and 2 mm ventral
to dura. Control lesions underwent the same procedure as the
PC lesioned rats, except that no tissue was removed. Following
surgery, the incisions were sutured and the rats were allowed to
recover for one week before experimentation. They also received
Children’s Tylenol in water as an analgesic. All animal care and
experimental procedures conformed to the National Institutes
of Health and Institution for Animal Care and Use Committee
guidelines for proper care and use of experimental animals.

ACQUISITION OF THE SEARCH TASK

Three blocks of 20 trials were administered over a 1-week period,
and each block contained 10-one feature and 10-two feature tri-
als. The target object consisted of one color object (e.g., black
and white) or one size object (e.g., short and tall). Of the 10-one
feature trials, five of the trials were tailored specifically for size dis-
crimination and five for object discrimination. In the one-feature
condition the subject was required to locate the targeted object
among four other objects that differed in either color or height,
i.e., if the target object was a small black block, then four small

white blocks for the color condition, and four tall black blocks
for the size condition would surround the object. In the two-
feature condition, the animal was required to locate the targeted
object among four objects with two objects differing in size and
two objects differing in color. For both the one- and two-feature
conditions, the target object for each animal was randomly pre-
determined and remained consistent throughout the experiment,
whereas placing of the other objects varied on each trial. The rule
to be learned in order to obtain a food reward was to discrimi-
nate between the size and colored objects in order to displace the
targeted object. For each trial, the randomly targeted object cov-
ered a baited food-well in one of five randomly assigned spatial
locations. The inter-trial interval was 30s. The number of errors
for each trial was recorded and the food reward was Froot Loops
breakfast cereal (Kellogg’s).

HISTOLOGY

At the end of the experiments, each rat was given a lethal
intraperitoneal injection of sodium pentobarbital. The rat was
perfused intracardially with 10% (wt/vol) formalin in 0.1 M
phosphate buffer. The brain was then removed and stored in
30% (vol/vol) sucrose-formalin for one week. Transverse sections
(24 pm) were cut with a cryostat through the lesioned area and
stained with cresyl violet.

RESULTS

HISTOLOGY

The PC lesions extended from 1 mm posterior to bregma to
4.5mm posterior to bregma, and 2mm lateral to midline to
approximately 1 mm above the rhinal sulcus in the medial-lateral
plane (Figure 1). There was some sparing of the PPC at the ven-
trolateral aspect adjacent to the temporal association cortex (TeA)
as well as some sparing between 1 and 2 mm lateral to midline.
The PC lesions generally did not result in damage to the dorsal or
ventral hippocampus, fimbria/fornix, or temporal cortices.

Bregma —2.80 mm

Interaural 6.20 mm

FIGURE 1 | A schematic representative lesion of the posterior parietal
cortex projected unto a stereotaxic map of the rat brain [Paxinos and

Watson (1997)]. The Rat Brain: In Stereotaxic Coordinates. San Diego, CA:
Academic Press.
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DATA ANALYSIS

For all three analyses a repeated measures ANOVA with groups
(control and PC) as the between variable and trials (blocks 1, 2,
and 3) as well as features (one and two) as the within variables
was used. When applicable a Neman—Keuls paired comparison
test was used. Even though rats could make multiple errors, the
acquisition data were analyzed based only on whether the first
response was an error or was correct and was displayed as mean
percent correct. In contrast, for the size and color search analysis
all errors were counted and were displayed as mean total for color
Or size errors.

ACQUISITION OF THE SEARCH TASK

The results are shown in Figure 2 and indicate that for the con-
trol rats the mean percent correct performance improved across
blocks of trials for both the one- and two-feature condition, but
for the PC lesioned rats there was better performance for the
one compared to the two-feature condition, but little improve-
ment across blocks of trials. The analysis revealed a significant
group effect [F1, 10y = 8.26, p = 0.016], a significant blocks of
trials effect [F(, 20y = 5.67, p = 0.011], and a significant feature
effect [F1, 10) = 16.53, p = 0.002], but no significant interac-
tions. These data suggest that PC rats make many errors resulting
in impaired performance especially for both the one- and two-
feature condition suggesting that they are susceptible to discrim-
ination problems as well as the making of illusory conjunction
errors.

To analyze further whether the errors were either based on
problems with size or color discrimination, the data were ana-
lyzed in terms of mean total number of color or size errors across
blocks of trials for the one- and two-feature conditions. The
results for mean number of errors for color are shown in Figure 3
and indicate that for the control rats the mean total number of
errors decreased across blocks of trials for both the one- and
two-feature condition. For the first block the PC lesioned rats dis-
played a high mean total number of errors for the two-feature

Feature Acquisition
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FIGURE 2 | Mean number of search errors for one or two features for
control and parietal cortex lesioned rats as a function of blocks of
trials. Each block consisted of 20 trials.

Search Errors-Color

control-one feature
control-two features
parietal-one feature
parietal-two features

Mean Total Number of Errors

1 2 3
Blocks of Trials
FIGURE 3 | Mean number of search errors for one or two features for

object color for control and parietal cortex lesioned rats as a function
of blocks of trials. Each block consisted of 20 trials.

condition relative to the one-feature condition and for the one-
and two-feature conditions for the control group. For the third
block of trials the PC lesioned rats displayed a high mean total
number of errors in both the one- and two-feature conditions rel-
ative to the control one- and two-feature conditions. The analysis
revealed a significant group effect [F(;, 10y = 25.4, p < 0.0005],
a significant blocks of trials effect [F(», 20y = 10.14, p = 0.0009],
a significant feature effect [F(;, 10y = 5.1, p = 0.047], and a sig-
nificant interaction between groups, blocks of trials, and fea-
tures [F(2, 20) = 4.3, p = 0.028]. A subsequent Newman—Keuls
test for the interaction effect revealed that for the first block
the PC lesioned rats displayed a significantly higher mean total
number of errors for the two-feature condition relative to the
one-feature condition and for the one- and two-feature condi-
tions for the control group (p < 0.01). For the third block of
trials the PC lesioned rats displayed a significantly higher mean
total number of errors in both the one- and two-feature con-
ditions relative to the control one- and two-feature conditions
(p < 0.05). The results for color errors indicate that PC lesioned
rats relative to controls made only a few errors in detecting
the one feature component of the task, but they made many
errors throughout all three blocks of trials for the two-feature
condition suggesting the appearance of illusory conjunction
errors.

The results for mean number of errors for size are shown
in Figure4 and indicate that there are no obvious differences
between the PC and control groups for either one or two fea-
tures in part due to the variability in the results. A similar repeated
measures ANOVA that was used to analyze search errors for color
was used for search errors for size. The analysis revealed that
there were no significant differences. Even though there was an
increase in illusory conjunctions errors for both the PC lesion
and control animals for size, this increase was not significant
which is likely due to enhanced variability in performing the size
discrimination.
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FIGURE 4 | Mean number of search errors for one or two features for

object size for control and parietal cortex lesioned rats as a function of
blocks of trials. Each block consisted of 20 trials.

DISCUSSION

The data show that the control animals displayed a small but
not significant increase in errors for the two compared to the
one-feature condition. It is assumed by Treisman’s (1998) fea-
ture integration theory that the two-feature condition is more
difficult than the one-feature condition requiring the recruitment
of attentional processes, so there might be a possibility that the
task for control rats was not difficult enough and thus requir-
ing minimal recruitment of attentional processes. Even though
the control rats did not differ significantly in terms of the one-
vs. two-feature condition for shapes or color, there are also data
with humans showing that using shapes and color that parallel
the findings with rats in that there was no significant difference in
latency to respond to the one compared to the two-feature condi-
tion (Shafritz et al., 2002). The data also show that PC lesions in
rats appear to disrupt acquisition of the task, which could be due
to the difficulty in discriminating the features of the task, but in
the first two blocks of trials, the PC lesioned rats do not show a
deficit for the one-feature condition, but show a clear deficit for
the two-feature condition suggesting that the PC may indeed be
involved in feature binding as reflected by illusory conjunction
errors. The data with PC lesions in rats parallel the findings with
PC in humans in that a bilateral parietal damaged patient made
consistent illusory conjunction errors in a visual search task based
on the conjunction of two features of an object (Robertson et al.,
1997).

The results also show a significant increase in illusory conjunc-
tion errors for the PC lesioned rats relative to controls for color
and relative to color discrimination, suggesting that the PC may
support feature binding as it relates to color. The lack of a signif-
icant effect for size is likely due to the size difference of 2 cm that
was used in this experiment, especially because in more recent
research findings, it can be shown that rats in an exploratory-
based paradigm detect a novelty change in size only when the size
differs in 6 or 8 cm, but not 2 or 4 cm (unpublished observations).
Even though the control rats appeared to have more difficulty

with shapes compared to color, the previously mentioned study
(Shafritz et al., 2002) reported that the participants were also less
accurate with shapes compared to color, which is consistent with
the rat data. Thus, it appears that the PC in rats supports the
binding of visual features within objects or landmarks, a process
which has been assumed to be mediated by spatial attention. One
should also note that there is the possibility that the PC rats are
performing a single feature match in the two-feature condition.

One additional role for the rodent PC could be to bind across
modalities to maintain the association between landmark and
spatial location information. In other words, the PC may not
be involved in memory for a single landmark or a single spatial
location, but rather in the processing that assigns a specific land-
mark to a specific spatial location. To test this hypothesis, rats
with small lesions of the PC were tested in an object/spatial loca-
tion paired-associate task that required concurrent memory for
both object and spatial location information. In addition, mem-
ory for a landmark only or a spatial location only information was
also assessed. The results indicated that small lesions of the PC
as defined by Reep et al. (1994) and larger PC lesions disrupted
learning of the object-place paired-associate task, but did not dis-
rupt the learning of a spatial or object discrimination (Long et al.,
1998). The deficit in the paired associate task (which requires
memory for both landmark and spatial location information),
in the absence of deficits in either the landmark or the spatial
location only memory, supports the idea that the PC is involved
in the memory for the binding of landmark and spatial location
information. Even though there are many studies in humans that
report on the role of PC in processing of objects or spatial loca-
tions, there are not many articles that have dealt with the binding
of objects and locations. One study (van Asselen et al., 2009)
examined a population of stroke patients with varying degrees of
PC damage. The results showed that in a combined object-place
task, there was an impairment that was primarily due to damage
in the left posterior PC. Thus, there appear to be some parallels
in the binding function between locations and landmarks in rats
and humans.

Another role for the rodent PC could be to bind egocentric
and allocentric information in long-term memory comes from a
study by Rogers and Kesner (2007). They trained rats in two ver-
sions of a modified Hebb—Williams maze to test the role of the
PC in processing egocentric and allocentric information during
acquisition and retention. In the first version, unlike traditional
Hebb-Williams mazes, the maze was made of 1.3 cm Plexiglas,
measuring 25 cm in height with a 7.5 cm strip, also painted black,
placed on the bottom of the barriers. This spatial arrangement
allowed the rat to use extra maze cues. Extra maze cues included
two posters, a map, and a hanging doll. Given that this maze
allowed for the use of extra maze cues, learning might be pri-
marily based on allocentric cues, so they labeled this task an
allocentric task. The second maze used in these experiments was
the same modified Hebb—Williams maze mentioned above; how-
ever, the walls were 50.8 cm high, made of 0.6 cm red Plexiglas.
The apparatus was kept in a well-lit room with no windows or
extramaze cues. This maze is assumed to be learned primarily
on the basis of egocentric and local topological cues, because
the walls were raised, made opaque, and there were few, if any,
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extra maze cues. They labeled this task as an egocentric task.
Bilateral lesions were made to PC before maze testing (acquisi-
tion) or after maze testing (retention). The results indicated that
lesions of the PC impaired egocentric maze acquisition, but the
animals had no difficulty in learning the allocentric version of
the maze task. Similar deficits following PC lesions were reported
by Boyd and Thomas (1977) during acquisition of the standard
Hebb-Williams maze, which did not give the rats an opportunity
to use extra maze cues. During retention, lesions of the PC pro-
duced a significant impairment on both maze versions, suggesting
that the PC may be combining both egocentric and allocentric
information during normal learning of the maze, but after a PC
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