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Recent research suggests that the basal forebrain cholinergic
neurons innervating the cortex play a role in attentional func-
tions in both primates and rodents. Among the cortical targets
of these projections in primates is the posterior parietal cortex
(PPC), a region shown to be critically involved in the regulation
of attention. Recent anatomical studies have defined a cortical
region in the rat that may be homologous to the PPC of
primates. In the present study, cholinergic innervation of the
PPC was depleted by intracortical infusion of the immunotoxin
192 IgG-saporin. Control and lesioned rats were then tested in
two associative learning paradigms designed to increase atten-
tional processing of conditioned stimuli (CSs). In one experi-
ment, attention was manipulated by shifting a predictive rela-
tion between a light CS and another CS to a less predictive
relation. Unlike control rats, lesioned rats failed to increase

attention when the predictive relation was modified. In a second
experiment, attentional processing of a tone CS was increased
when its introduction during training coincided with a change in
the value of the unconditioned stimulus, a phenomenon re-
ferred to as unblocking. Unlike control rats, lesioned rats failed
to exhibit unblocking. In both paradigms, lesioned rats condi-
tioned normally when the training procedures did not encour-
age increased attentional processing. These findings, across
different behavioral paradigms and stimulus modalities, provide
converging evidence that intact cholinergic innervation of the
PPC is important for changes in attention that can increase the
processing of certain cues.
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The posterior parietal cortex (PPC) plays an integral role in the
regulation of attention in primates. Located between somatosen-
sory and visual areas of cortex, this region is characterized by a
distinct pattern of thalamic and cortical connectivity. The primate
PPC has reciprocal connections with the pulvinar and lateral
posterior nuclei of the thalamus, and connections with specific
sensory, limbic, and frontal association cortices (Cavada and
Goldman-Rakic, 1989a,b; Schmahmann and Pandya, 1990). Re-
cent anatomical studies suggest that a homologous cortical region
exists in the rat (Chandler et al., 1992; Reep et al., 1994). The rat
PPC also has a distinct pattern of connectivity, differing from that
of surrounding regions of cortex (Reep et al., 1994). Thalamic
input to the rat PPC arises primarily from the lateral posterior
and lateral dorsal nuclei, areas that may be homologous to the
primate pulvinar nucleus (Takahashi, 1985; Price, 1995). As in
the primate, the rat PPC receives multimodal sensory informa-
tion through its connections with visual and somatosensory cor-
tex. Furthermore, this region has reciprocal connections with
medial agranular cortex (AGm) and ventrolateral and medial
orbital areas, connections that also parallel those in the primate
brain between frontal and orbital regions, and PPC (Reep et al.,
1994).

Although few studies have examined the contribution of corti-
cal systems, including PPC (King and Corwin, 1993; Muir et al.,
1996; Ward and Brown, 1997), in attentional processing in ro-
dents, a number of studies have now established a role in atten-
tion for the components of the basal forebrain cholinergic system
that innervate cortex in the rat (Robbins et al., 1989; Muir et al.,
1992, 1994; Chiba et al., 1995, 1998). In several studies, the
cholinergic immunotoxin 192 IgG-saporin (Wiley et al., 1991) was
infused into the substantia innominata/nucleus basalis (SI/nBM),
selectively removing cholinergic innervation throughout the neo-
cortex. Lesioned rats were impaired in a spatial cued reaction
time task and in their ability to modulate attention in an associa-
tive learning paradigm (Chiba et al., 1995, 1998). This work, using
a method to selectively remove cholinergic neurons, has provided
information relevant to the basis of attention deficits observed
both in humans with basal forebrain pathology [e.g., Alzheimer’s
disease (Parasuraman et al., 1992)] and in nonhuman primates
with lesions of the basal forebrain nuclei (Voytko et al., 1994).

Recent studies have shown that 192 IgG-saporin can be infused
directly into a limited region of cortex or hippocampus, where it
binds to the low-affinity nerve growth factor receptor located on
cholinergic terminals and is retrogradely transported to the basal
forebrain (Holley et al., 1994; Ohtake et al., 1997). This method
produces a selective removal of cholinergic input only to that
region of cortex in which the immunotoxin was infused (Holley et
al., 1994; Fadel et al., 1996), providing a means to examine the
function of a subset of basal forebrain cholinergic neurons that
project to a discrete area of cortex. In the present study, 192
IgG-saporin was used to selectively remove the cholinergic input
to the rat PPC while leaving the projections to the rest of cortex
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relatively intact. The effect of this lesion was examined in two
behavioral tasks designed to modulate attention during
conditioning.

EXPERIMENT 1
Considerable evidence shows that attentional processing of a
conditioned stimulus (CS) is enhanced when previously estab-
lished expectations about its occurrence in relation to future
events are violated but is diminished when a CS provides no new
information about subsequent events (Pearce and Hall, 1980;
Holland, 1997). In Experiment 1, attentional processing of a CS
was manipulated by varying the predictive relation between two
CSs. In this task, designed by Wilson et al. (1992), attentional
processing of a visual CS was decreased by maintaining a consis-
tent predictive relation between that cue and another CS, and it
was increased by shifting that invariable relation between the cues
to a less consistent predictive relation. The description that fol-
lows explains the methods for the behavioral protocol shown in
Table 1.

In the first phase of training, all subjects were exposed to serial
conditioning trials in which a light-then-tone sequence was fol-
lowed by a food unconditioned stimulus (US) half of the time (an
equal mix of light 3 tone 3 food and light 3 tone 3 nothing
trials). Because of its poor temporal relation with the food, the
light was expected to acquire only minimal conditioned respond-
ing. In contrast, the tone was expected to acquire substantial
conditioned responding directed toward the food cup. More im-
portant, although both the light and tone were followed by food
on only half of the trials, the light consistently predicted the
occurrence of the tone. Thus as training proceeds, attentional
processing of the light should decrease (Pearce and Hall, 1980).

In the second phase of Experiment 1, one pair of control and
lesioned groups (CTL-C and PPC-C) continued to receive the
Phase 1 procedures in which the light was consistently followed by
the tone, light 3 tone 3 food and light 3 tone 3 nothing. In a
second pair of control and lesioned groups (CTL-S and PPC-S),
the light 3 tone 3 nothing trials were replaced by light-alone
trials. Thus, for groups CTL-S and PPC-S, the light–food rela-
tionship was maintained as in Phase 1, but the light no longer
reliably predicted the tone. This shift in the light’s predictive
relation to the tone should increase attentional processing of the
light.

Attention to the light was then assessed in all four groups by
pairing the light directly with food in a final test phase. To the
extent that the Phase 2 shift in predictive accuracy of the light in
groups CTL-S and PPC-S increased attention to that cue, light–
food conditioning in the test phase should proceed more rapidly
in those groups than in the unshifted groups (CTL-C and PPC-
C), as observed in previous studies using this paradigm (Wilson et
al., 1992; Holland and Gallagher, 1993b; Chiba et al., 1995).
However, if cholinergic projections to the PPC mediate the in-

creased attention to the light, then enhanced conditioning would
be observed in the control group (CTL-S) but not in the lesioned
group (PPC-S).

Materials and Methods
Subjects. The subjects were 48 male Long–Evans rats (Charles River
Laboratories, Portage, MI) that weighed 325–375 gm at the start of the
experiment. The rats were maintained on a 14/10 hr light /dark cycle, with
free access to food and water before surgery and during recovery from
surgery. After postoperative recovery, rats were placed on a restricted
feeding regimen and gradually reduced to 85% of their ad libitum
weights. The rats were maintained at those weights for the remainder of
the experiment.

Surg ical procedure. The cholinergic immunotoxin 192 IgG-saporin
(batch C4M115; Chemicon International, Temecula, CA) was used to
lesion the cholinergic input to the PPC. Rats were anesthetized with
Nembutal (sodium pentobarbital, 50 mg/kg, i.p.) and placed in a Kopf
stereotaxic apparatus. Under antiseptic conditions, an incision was made
to reveal the skull, and the skin was retracted to the side. With the head
level between bregma and lambda, eight holes were drilled through the
skull, and the underlying dura was pierced at each location to facilitate
needle penetration. Bilateral injections of 192 IgG-saporin (0.35 mg/ml)
or vehicle (Dulbecco’s saline) were made in the PPC using a 28 gauge
Hamilton syringe (model 701SN, 10 ml). Injections were made at four
sites on each side of the brain at the following stereotactic coordinates:
4.0 and 4.7 mm posterior to bregma, 2.5 and 3.7 mm lateral from the
midline at each AP coordinate, and 1.5 mm (medial sites) or 1.7 mm
(lateral sites) below the skull surface, using an atlas of the rat brain
(Paxinos and Watson, 1986). A total volume of 0.2 ml was delivered at
each site at a rate of 0.05 ml /min. The needle was left in place for 30 sec
before and 3 min after each injection. After the last injection, the
drill-holes were filled with gel foam, the wound was sutured, and antibi-
otic ointment was applied to the wound. Rats were monitored during
recovery from anesthesia and allowed 2 weeks of postoperative recovery
in the home cage before they began behavioral training.

Apparatus. The behavioral apparatus consisted of eight individual
chambers, each 22.9 3 20.3 3 20.3 cm, with aluminum front and back
walls, clear acrylic sides and top, and a grid floor (0.48 cm stainless steel
rods spaced 1.9 cm apart). A dimly illuminated food cup was recessed in
the center of one end wall; a 6 W jeweled panel light, which was the
source of the visual CS, was located 5 cm above the opening to that
recess. Each chamber was enclosed in a sound-resistant shell with acrylic
windows for viewing the rats. A speaker, used to present the auditory CS,
was mounted on the inside wall of the shell so that it was 5 cm above, and
20 cm to the left of, the panel light. Ventilation fans provided masking
noise (70 dB), and a 6 W lamp behind a red lens located opposite the
speaker provided continuous dim background illumination. Two low-
light television cameras were mounted 2.1 m from the chambers so that
each could include four chambers in its field of view. Videocassette
recorders were programmed to record behaviors that occurred during the
10 sec intervals before, during, and after CS presentation.

Training procedures. The rats were first trained to eat from the food
cups. Sixteen deliveries of two 45 mg food pellets (which served as the
US throughout the experiment) were provided at random times within a
single 64 min session. The conditioning procedures used in Experiment
1 are outlined in Table 1. All rats received ten 64 min Phase 1 condi-
tioning sessions. In each of those sessions, the rats received four rein-
forced and four nonreinforced presentations of a light–tone serial com-
pound CS, randomly intermixed, with variable intertrial intervals that
averaged 8 min. The serial compound comprised a 10 sec illumination of
the panel light, followed immediately by a 10 sec presentation of a 78 dB,

Table 1. Outline of procedures for Experiment 1

Treatment condition
(groups)

Phase 1: consistent
L–T relation

Phase 2: experimental
change in L–T relation

Phase 3: test of
conditioning to L

Consistent
(CTL-C, PPC-C)

L 3 T 3 food; L 3 T L 3 T 3 food; L 3 T L 3 food

Shift
(CTL-S, PPC-S)

L 3 T 3 food; L 3 T L 3 T 3 food; L L 3 food

CTL, Control; PPC, lesion; L, light CS; T, tone CS; 3 signifies serial relation.
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1500 Hz tone. On reinforced trials, the tone was followed immediately by
two 45 mg food pellets.

In Phase 2, the lesioned rats in group PPC-C and control rats in group
CTL-C received 10 daily sessions identical to those given in Phase 1. For
the lesioned rats in group PPC-S and the control rats in group CTL-S,
the 10 daily 64 min Phase 2 sessions consisted of four light 3 tone 3
food trials like those given in Phase 1, intermixed with four 10 sec
presentations of the panel light alone. As in Phase 1, the intertrial
intervals were variable and averaged 8 min.

All rats then received five 64 min Phase 3 sessions. In each of those
sessions, eight 10 sec illuminations of the panel light were followed by the
two-pellet food US. Again, the intertrial intervals were variable and
averaged 8 min.

Behavioral observation procedures. Observations were made from vid-
eotapes and paced by auditory signals recorded on the tapes. For each
rat, observations were made at 1.25 sec intervals during the 5 sec period
immediately before CS presentations and during CS presentations. At
each observation, only one behavior was recorded.

Two categories of behavior were recorded: rear (standing on the hind
legs, with both front legs off the floor, but not grooming) and food cup
(standing motionless in front of the recessed food cup, with the head or
nose within the recessed area, and head-jerk behavior, i.e., short, rapid,
horizontal and/or vertical movements of the head oriented toward the
food cup). Visual and auditory CSs paired with food typically evoke
distinct patterns of conditioned behavior (Holland, 1977, 1984). With
localizable visual CSs, rear behavior occurs immediately after CS onset,
but is replaced by behavior directed toward the food cup as the time of
food delivery nears. Typically, only low levels of rear behavior occur
during the latter half of 10 sec visual cues like those used in these
experiments (Holland, 1977). In contrast, auditory CSs typically gener-
ate a rapid jump or startle response, followed by food cup behaviors that
are more evenly distributed across the CS–US interval. To provide more
comparable measures of conditioned responding during auditory and
visual CSs, in these experiments the primary measure of conditioning
used was the level of food cup behaviors during the last 5 sec period of
all CSs. Analyses of rear behavior observed during the first half of the
visual CSs generally confirmed the results reported for second half food
cup behavior; in the interest of economy, however, these data are not
reported.

The index of conditioned response frequency used was percentage
total behavior, obtained by dividing the frequency of the target behavior
in any observation interval by the total number of observations made in
that interval. Note that because the number of observations was constant
within each observation interval, this measure is an absolute frequency
measure, not a relative one. A single primary observer (D.J.B.) scored all
of the behavioral data. To assess objectivity, a second observer also
scored data from several conditioning sessions. The two observers agreed
on 98% of 392 joint observations. Neither observer was aware of the rats’
lesion condition when scoring the data.

Histolog ical procedures. At the completion of behavioral testing, all rats
were euthanized with a lethal dose of Nembutal (100 mg/kg) and then
perfused transcardially with 0.9% saline, followed by 10% buffered
formalin. Brains were removed and stored at 4°C for 48 hr in a 0.1 M
phosphate buffer solution containing 20% sucrose and 1% dimethylsulf-
oxide. Brains were then sectioned (50 mm) on a freezing microtome, and
adjacent sections were processed for either acetylcholinesterase (AChE)
histochemistry or parvalbumin immunocytochemistry or were Nissl-
stained. Sections from a subset of rats were stained for myelin.

AChE histochemistry was used to reveal the presence or absence of
cholinergic fibers in the PPC and to provide a measure of the degree of
cholinergic denervation in lesioned rats. Sections were processed using a
modification of the procedure designed by Karnovsky and Roots (1964).
A butyrylcholinesterase inhibitor, tetraisopropyl pyrophosphoramide
(Sigma, St. Louis, MO), was added to the incubation solution (0.137%)
to reduce nonspecific staining. Slide-mounted sections were histologically
examined by an observer blind to both behavioral and lesion condition,
using an Olympus BH-2 microscope. The stained sections were also
digitized using an image analysis system (MCID, Imaging Research, St.
Catherine’s, Ontario). The degree of AChE staining within the PPC was
determined by measuring relative optical density within the PPC on each
side of the brain, on two consecutively stained sections, at ;4.16 mm
posterior to bregma.

For each control and lesioned rat, sections adjacent to those processed
for AChE histochemistry were processed for parvalbumin immunocyto-
chemistry, as described previously (Chiba et al., 1995), or Nissl-stained

with cresyl violet. Histological examination of parvalbumin-
immunostained and Nissl-stained neurons was used to determine the
specificity of damage produced by intracortical injection of the immuno-
toxin. In addition, sections from a subset of control and lesioned rats were
myelin-stained according to the Quinn and Graybiel (1994) adaptation of
the procedure developed by Schmued (1990). The integrity of noncho-
linergic association fibers located in the superficial layers of cortex was
examined in control and lesioned rats.

Statistical analyses. Statistical analyses of all behavioral measures used
two-tailed distribution-free statistics, using an a level of 0.05. Nonpara-
metric inferential statistics were used because the limited range of
discrete values generated by the behavioral measure that was used (on
each trial, a rat could be judged as emitting only zero, one, two, three, or
four responses) made it unlikely that standard assumptions of normality
and homogeneity of error variance could be met. These same statistical
analyses were used previously with comparable data (Chiba et al., 1995;
Han et al., 1995).

Group differences in optical density measurements of AChE staining
within the PPC were analyzed using a two-tailed independent-measures
t test. An a level of 0.05 was adopted.

Results
Histological results
A bilateral reduction in AChE staining throughout the PPC was
observed in 19 of the 22 rats that received infusions of the
immunotoxin. The data from the remaining three rats were ex-
cluded from further analysis because these rats sustained only
unilateral damage. Photomicrographs of AChE staining in le-
sioned and control rats are shown in Figure 1. In particular, note
the decrease in staining in the intermediate layers of cortex within
the PPC of the lesioned brain compared with the control brain.
Optical density measurements of AChE staining in the PPC were
reduced by 32 6 2% (t(40) 5 10.1; p , 0.0001) in lesioned rats
compared with controls, similar to the reduction in AChE-stained
fiber density reported after infusion of the immunotoxin into
other cortical regions (Holley et al., 1994). Moreover, the extent
of depletion was highly similar in the lesion groups undergoing
the two different behavioral treatments. Despite the loss of
AChE-stained fibers in the PPC, parvalbumin immunostaining
and Nissl staining within the PPC appeared comparable in
lesioned and control rats. Injection of the immunotoxin into
PPC also did not affect myelin staining of noncholinergic associ-
ation fibers located in the marginal layer of the PPC. Photomi-
crographs of parvalbumin- and myelin-stained sections are shown
in Figure 2.

Decreases in AChE staining were generally limited to the
posterior parietal region of lesioned rats. Slight decreases in
staining were occasionally observed in regions of cortex immedi-
ately adjacent to the PPC (e.g., occipital cortex), attributable to
spread of the immunotoxin outside of the target region or possibly
to damage to axon collaterals innervating immediately adjacent

Figure 1. Photomicrographs of AChE-stained coronal sections from a
vehicle-injected control brain (a) and a PPC-immunolesioned brain (b).
Note the decrease in AChE staining in the PPC (located between the
arrows) of the immunolesioned brain. In contrast, staining in the cortex
located medial to the PPC is comparable in the control and lesioned
brains. Also note that the band of darker AChE staining in the interme-
diate layers of dorsal lateral cortex in the control brain is visible beyond
the border of PPC in the lesioned brain.
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regions of cortex. The degree of depletion in these areas was
much less pronounced compared with that observed in the PPC.
Furthermore, the extent of sporadic damage to surrounding cor-
tices was comparable in lesioned rats within the different behav-
ioral conditions.

In five lesioned rats, there was a minor reduction in AChE
staining in the hippocampus underlying PPC, limited to a rela-
tively small segment of stratum radiatum layer of CA1 in dorsal
hippocampus. In four of five cases, that damage was unilateral.
The behavior of rats with this minor hippocampal damage did not
differ from the rest of the lesioned rats in any phase of behavioral
training: Mann–Whitney U(6,2) $ 2.5, U(6,3) $ 3.5.

Behavioral results
The data from three rats (one in each of groups PPC-S, PPC-C,
and CTL-S) were excluded because these rats exhibited abnor-
mally high levels of rear behavior during the entire 10 sec pre-
sentation of the visual CS. As a result, the frequency of food cup
behavior was near zero, because the two behaviors were in
competition during the second half of the CS interval. The
histological analyses of these rats, however, did not differ from
those of other rats in their respective groups.

Food cup behavior during the last two sessions of Phases 1 and
2 is reported in Table 2. Note that in both phases more condi-
tioned responding occurred during presentation of the tone CS,
compared with the visual CS (which was more temporally remote
from the US). As expected in Phase 1, when all rats received the
same partially reinforced conditioning trials, there were no dif-
ferences among groups in the amount of food cup behavior
during presentation of either the light or the tone. In addition, no
significant differences among the groups occurred in Phase 2 for

responding to either the tone or the light. Although responding
during the light appeared to be higher in group CTL-S than in
group CTL-C, consistent with the prediction that the light’s
associability would be enhanced by the shift manipulation in
control rats (but not lesioned rats), this difference was not con-
firmed statistically.

Figure 3 shows the primary data of Experiment 1, the acqui-
sition of food cup behavior during presentation of the light in the
light–food test sessions, in which temporal and predictive rela-
tions more favorable for conditioning were established between
the light and food. Although conditioning occurred rapidly over
the course of Phase 3 training, the amount of conditioned re-
sponding varied as a function of both Phase 2 treatment and
lesion condition. The performance of the two groups of control
rats, CTL-C and CTL-S, is shown on the left panel of Figure 3.
As in previous studies (Wilson et al., 1992; Holland and Gal-
lagher, 1993b; Chiba et al., 1995), control rats in group CTL-S,
which received Phase 2 training designed to enhance attention to
the light, showed more food cup responding than did rats in group
CTL-C, which did not receive such training (U(12,13) 5 39). In
lesioned rats, however, group PPC-S failed to show increased
responding compared with group PPC-C (U(8,9) 5 35) (Fig. 3,
right panel). In addition, the rats in group PPC-S exhibited reli-
ably less responding than the rats in group CTL-S (U(12,8) 5 23).
By contrast, responding was comparable in lesioned (PPC-C) and
control (CTL-C) rats with consistent training (U(9,13) 5 58),
suggesting that any decrease in attentional processing in those
groups was unaffected by the lesion.

Discussion
Rats that received infusions of 192 IgG-saporin into the PPC
failed to increase attention to a CS when it became an unreliable
predictor of subsequent events. Lesioned rats exhibited a substan-
tial reduction in AChE staining within the PPC, reflecting a loss
of cholinergic input to that region. Although a slight decrease in
AChE staining was occasionally observed in cortical regions im-
mediately beyond the boundaries of PPC, staining in the rest of
cortex remained intact. Because the loss of AChE-stained fibers
in adjacent regions was minor, compared with that observed in
the PPC, and comparable in the two behavioral groups, damage
outside of the PPC is not thought to have contributed significantly
to the observed behavioral deficit. For instance, minor damage to
AChE-stained fibers in occipital cortex did not produce a general
visual impairment: conditioning to the visual stimulus was com-

Figure 2. Photomicrographs of stained sections within
the PPC of a vehicle-injected control brain (lef t) and
PPC-immunolesioned brain (right). Parvalbumin immu-
nostaining (a, b) was comparable in control and immu-
nolesioned brains (103 magnification). Noncholinergic,
myelin-stained fibers (arrows in c, d) in the superficial
layers of PPC were intact in both control and immunole-
sioned brains (403 magnification).

Table 2. Food cup behavior during phases 1 and 2 of Experiment 1

Group n

Final two sessions
of Phase 1

Final two sessions
of Phase 2

Light Tone Light Tone

PPC-S 8 18.0 54.4 7.1 69.9
PPC-C 9 18.2 55.2 18.4 71.2
CTL-S 12 22.5 61.9 22.5 77.1
CTL-C 13 17.2 49.6 9.6 57.9

Data are mean % of total behavior. There were no group differences in food cup
behavior during Phases 1 and 2: Mann–Whitney U(12,13) $55.5; U(12,8) $26.5; U(13,9)
$38.5; U(8,9) $19.

Bucci et al. • Posterior Parietal Cortex and CS Processing J. Neurosci., October 1, 1998, 18(19):8038–8046 8041



parable in lesioned and control rats in the consistent condition
(groups PPC-C and CTL-C).

An inability to increase attention, similar to that reported here,
was observed after immunotoxic lesions of the SI/nBM (Chiba et
al., 1995). In that study, 192 IgG-saporin was infused into the
SI/nBM, resulting in selective denervation of the cholinergic
input throughout the neocortex, including the PPC. Previous
anatomical studies indicate that the cholinergic neurons innervat-
ing the PPC were among those removed by the larger, SI/nBM
lesion (Bucci et al., 1997). Together with the results of the present
study, these findings suggest that the cholinergic projections to the
PPC play a significant role in the ability to increase attention to a
CS. The generality of this interpretation was further tested in
Experiment 2, using a different task designed to promote pro-
cessing of a CS.

EXPERIMENT 2
An additional Pavlovian conditioning paradigm used in the anal-
ysis of attentional processes is the blocking procedure (Kamin,
1968), and a variant of that procedure referred to as unblocking
(Dickinson et al., 1976). In blocking, learning about one element
(e.g., a tone) of a compound CS (e.g., light and tone presented
simultaneously) is reduced, or blocked, by previous training to the
other element (e.g., the light alone). According to attentional
accounts of blocking, initial training with one CS reduces atten-
tional processing of the added element when the compound CS is
introduced because the reinforcer is already well predicted by the
original CS (Mackintosh, 1975; Pearce and Hall, 1980).

Support for this view is found in the phenomenon of unblock-
ing, in which substantial conditioning occurs to the added element
in a compound CS, despite previous conditioning to the other
element, if the introduction of the compound CS coincides with a
change in the US. The change in the US, similar to the shift in the
predictive relation between two cues in Experiment 1, is thought
to increase attentional processing of the CSs, thus permitting
greater conditioning of the added cue. Experiment 2 was con-
ducted to determine whether PPC cholinergic depletion would
interfere with unblocking.

In Experiment 2, the rats were first given pretraining using a
light CS paired with either a low-value US (a single food pellet)
or a high-value US (multiple pellets). Then, all rats received
pairings of a light 1 tone compound CS with the low-value US.
Little conditioning of the added tone would be anticipated in the
rats that had previous training with the same low-value US
(blocking). In contrast, the rats that had been trained with the
high-value US should acquire substantial conditioning to the tone
(unblocking), because the violation of their expectation about the
US when the tone was introduced would enhance attention.
Conditioned responding to the tone alone was assessed in a final
test session. Note that altering the US by lowering its magnitude
makes it unlikely that any unblocking could be the result of
reinforcement mechanisms (Rescorla and Wagner, 1972) rather
than modulation of attentional processes [for discussion, see
Holland and Gallagher (1993a)].

Materials and Methods
Subjects. Forty male Long–Evans rats (Charles River Laboratories),
weighing 300–350 gm, were used as subjects. Rats were maintained in the
same manner as the rats in Experiment 1.

Surg ical procedures. Twenty lesioned rats and 12 vehicle-injected rats
were prepared as described in Experiment 1. In addition, eight unoper-
ated control rats were included in Experiment 2.

Apparatus and histolog ical procedures. The apparatus and histological
procedures were identical to those described in Experiment 1.

Training procedures. Before training, the rats were shaped to eat from
the food cups. Sixteen deliveries of the US that the rats were to receive
in Phase 1 were given at random times within a single 64 min session. The
conditioning procedures used in Experiment 2 are outlined in Table 3. In
each of the 10 Phase 1 conditioning sessions, the rats received eight
pairings of a 10 sec illumination of the panel light followed by either the

Table 3. Outline of procedures for Experiment 2

Treatment condition (groups) Phase 1 Phase 2 Phase 3

Low (PPC-Lo, CTL-Lo) L 3 USL LT 3 USL T
Down (PPC-Dn, CTL-Dn) L 3 USH LT 3 USL T

CTL, Control; PPC, lesion; L, light CS; T, tone CS; LT, light–tone compound CS;
USL, low-value US; USH, high-value US; 3 signifies serial relation.

Figure 3. Acquisition of food cup behavior to the light CS during the test phase of Experiment 1 (mean 6 SEM). The lef t panel shows the performance
of control rats; the right panel shows the performance of PPC-immunolesioned rats. Groups for which the predictive validity of the light was shifted
in Phase 2 (CTL-S and PPC-S) are indicated by E; groups for which the predictive validity of the light remained consistent with that in Phase 1 are
indicated by F.
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low-value US (groups PPC-Lo and CTL-Lo) or high-value US (groups
PPC-Dn and CTL-Dn). The low-value US was a single 45 mg food pellet,
and the high-value US was the delivery of one pellet followed 5 sec later
by two more pellets. Next, in each of the five sessions of Phase 2
conditioning, the rats in all groups received eight pairings of a 10 sec
compound CS comprising the panel light and a 78 dB, 1500 Hz tone,
followed immediately by the low-value US. Finally, in a single Phase 3
session, responding in the presence of the 10 sec tone alone was assessed.
There were eight nonreinforced presentations of the tone in this session.
The intertrial intervals in each of the three phases were variable and
averaged 8 min.

Behavioral observation procedures. The behavioral observation proce-
dures were identical to those described for Experiment 1. The same
primary observer scored all of the behavioral data, and a second observer
scored a subset of the conditioning sessions. The two observers agreed on
95% of 382 joint observations. Neither observer was aware of the rats’
lesion condition when scoring the data.

Statistical analyses. The statistical methods were identical to those used
in Experiment 1.

Results
Histological results
Injection of the immunotoxin into the PPC resulted in a bilateral
reduction in AChE staining throughout the PPC of lesioned rats.
The optical density of AChE staining was reduced by 29 6 3%
(t(30) 5 7.8; p , 0.0001) in the PPC of lesioned rats compared with
vehicle-injected controls. Parvalbumin immunostaining and Nissl
staining in PPC were comparable in lesioned and control rats.
The degree of loss of AChE-stained fibers in adjacent regions of
cortex was minimal and similar to that observed in Experiment 1.
Six of 20 lesioned rats sustained minor hippocampal damage in
the CA1 field, similar to that reported in Experiment 1. The
damage was unilateral in five of the six cases. The behavior of
these rats did not differ from that of the other lesioned rats:
U(6,4) $ 7, U(8,2) $ 5.

Behavioral results
In each of the conditioning phases in Experiment 2, the behavior
of unoperated control rats did not differ from that of vehicle-
injected controls in either of the two treatment conditions (U(6,4)

$ 3.5). Thus data from the unoperated and vehicle-treated con-
trol rats were combined for each of the behavioral training
conditions, CTL-Lo and CTL-Dn.

Food cup behavior during the final two sessions of Phases 1 and
2 is shown in Table 4. In Phase 1, there were no differences among
the groups in the amount of food cup behavior during presenta-
tion of the light (U(10,10) $ 34.5). Likewise, there were no group
differences in food cup behavior during presentation of the light-
tone CS in Phase 2 (U(10,10) $ 31.5).

The primary data of Experiment 2, food cup responding during
presentation of the tone-alone, are shown in Figure 4. Unblocking
was observed in control rats but not in lesioned rats. Control rats
in group CTL-Dn, whose US was shifted from a high to low value
when the tone was introduced, responded more to the tone alone
than did control rats in group CTL-Lo, which received the same

low-value US in both Phase 1 and Phase 2 (U(10,10) 5 23). In
contrast, responding during the tone-alone was not increased in
lesioned rats in group PPC-Dn, compared with those in group
PPC-Lo (U(10,10) 5 37.5). In addition, rats in group CTL-Dn
responded more to the tone-alone than did rats in group PPC-Dn
(U(10,10) 5 19.5). Finally, there was no reliable difference in
responding between groups PPC-Lo and CTL-Lo (U(10,10) 5
35). This finding suggests that the lesion did not affect any
blocking that might have occurred in those groups; however, the
absence of any appropriate control comparison to evaluate block-
ing renders that claim tentative.

Discussion
Removal of the cholinergic input to the PPC disrupted the reg-
ulation of attention in two tasks designed to increase the process-
ing of a CS. In Experiment 1, lesioned rats were unable to
increase attention to a visual cue when it became an inconsistent
predictor of subsequent events. In a different behavioral task, a
change in the value of the US failed to increase attentional
processing of a tone in lesioned rats (Experiment 2). These
findings, across different behavioral paradigms and stimulus mo-
dalities, provide converging evidence that cholinergic input to the
rat PPC plays an important role in the ability to increase atten-
tional processing. Indeed, the behavioral deficit produced by
cholinergic denervation of PPC was quite selective in both exper-
iments. When the training procedures did not encourage in-
creased attentional processing, rats with those lesions acquired
conditioned responses normally to the cues in each task. Simi-
larly, in both experiments, performance with procedures that lead
to decreased attention (extensive exposure to consistent event
relations in Experiment 1, and blocking procedures in Experi-
ment 2) appeared to be unaffected by those lesions. Nevertheless,
in both experiments, the lesioned rats, unlike control rats, failed
to benefit from manipulations designed to increase attentional
processing and enhance conditioning.

Although the effects of acetylcholine on neuronal processing in
the PPC have not been studied, acetylcholine generally acts to
facilitate the responsiveness of cortical neurons to sensory acti-
vation in various sensory cortices. For example, in rat somatosen-
sory cortex, application of acetylcholine, or stimulation of the

Table 4. Food cup behavior during Phases 1 and 2 of Experiment 2

Group n
Final two sessions
of Phase 1 (Light)

Final two sessions of
Phase 2 (Light–Tone)

PPC-Dn 10 59.7 65.2
PPC-Lo 10 66.9 75.2
CTL-Dn 10 68.1 67.4
CTL-Lo 10 61.6 72.5

Data are mean % of total behavior.

Figure 4. Conditioned responding to the tone during the test phase of
Experiment 2 (mean 1 SEM). Groups for which the value of the US was
downshifted from high to low in Phase 2 (CTL-Dn and PPC-Dn) are
indicated by the empty bars; groups for which the value of the US
remained low throughout Phases 1 and 2 are indicated by the filled bars.
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basal forebrain, potentiates the discharge of cortical neurons in
response to whisker stimulation (Donoghue and Carroll, 1987;
Rasmusson and Dykes, 1988). Conversely, removal of cortical
cholinergic input selectively reduced activation of neurons in
barrel cortex in response to sensory stimulation (Jacobs et al.,
1991; Jacobs and Juliano, 1995). Similar increases in neuronal
excitability in response to acetylcholine have been noted in visual
(Sillito and Kemp, 1983) and auditory cortex (Metherate and
Weinberger, 1989; Metherate and Ashe, 1991). Basal forebrain
cholinergic input has also been shown to modulate plasticity in
various cortical regions (Bear and Singer, 1986; Juliano et al.,
1991; Bakin and Weinberger, 1996). Conversely, selective re-
moval of cholinergic input to cortex using 192 IgG-saporin re-
duced experience-dependent plasticity (Baskerville et al., 1997).
Thus, a general function of the cholinergic input to cortex may
include increasing signal-to-noise ratios (McCormick and Prince,
1986) and enhancing the processing of behaviorally relevant
stimuli.

The removal of cholinergic innervation of the PPC was possible
because subsets of basal forebrain cholinergic neurons project to
limited regions of cortex in both primates and rodents (Price and
Stern, 1983; Saper, 1984; Aston-Jones et al., 1985; Walker et al.,
1985). Thus the specific function of a particular subset of cholin-
ergic neurons may reflect the specialized information that is
normally processed in the cortical region to which those neurons
project. A role for the rat PPC in attention is consistent with the
concept that this region may be homologous to the primate PPC.

Damage to the PPC of humans and nonhuman primates pro-
duces contralateral neglect and other deficits in visuospatial at-
tention (Critchley, 1966; Heilman et al., 1970; Posner et al., 1984;
Petersen and Robinson, 1986; Petersen et al., 1989). Complemen-
tary findings from neuroimaging studies indicate that the human
PPC is active when subjects are required to attend to a specified
stimulus (Corbetta et al., 1993, 1995; Gitelman et al., 1996).
Neural recording studies in monkeys provide additional physio-
logical evidence that the PPC is involved in attention. The activity
of neurons in the PPC is often correlated with the allocation of
attention, or processing resources, to behaviorally relevant stimuli
(Robinson et al., 1978; Bushnell et al., 1981; Colby et al., 1996). In
the context of the current research, it is particularly interesting to
note that studies have shown an increase in the response of PPC
neurons when a subject is presented with an unexpected stimulus
or event (Robinson et al., 1995; Steinmetz and Constantinidis,
1995).

The present results support the idea that the PPC is likewise
involved in attentional processing in the rat. Only a few other
studies using rats have examined the role of this recently defined
rat posterior parietal area in attention. Although a unilateral
lesion of PPC in a recent study failed to impair performance in a
spatial cueing task (Ward and Brown, 1997), other investigators
found that lesions of the rat PPC resulted in neglect similar to that
observed in primates (King and Corwin, 1993). A comparable
deficit was also produced by a knife-cut of the axons connecting
the rat PPC and AGm (Burcham et al., 1997). It has been
suggested that the PPC and AGm may form part of a cortical
attention network (Reep et al., 1994; Burcham et al., 1997),
similar to that postulated to exist in the primate between PPC,
the frontal eye fields, and cingulate cortex (Mesulam, 1981, 1990;
Heilman et al., 1993).

In the primate, the function of this cortical circuitry involved in
attention is subject to modulation via input from subcortical
systems; disruption of these modulatory systems can also result in

attentional deficits. For instance, the frontal eye fields of primates
and the AGm of rats both receive dopaminergic input from the
ventral tegmental area and substantia nigra (Björklund and Lind-
vall, 1984). In rats, damage to these projections produces symp-
toms of neglect (Marshall, 1979; Marshall and Gotthelf, 1979),
whereas treatment with dopaminergic compounds can attenuate
neglect resulting from frontal cortex damage in both rats and
humans (Corwin et al., 1986; Fleet et al., 1987). Likewise, the
PPC of both primates and rats receives cholinergic afferents from
the basal forebrain (Mesulam et al., 1983; Rye et al., 1984; Saper,
1984; Bucci et al., 1997). Lesions of the basal forebrain have also
been shown to produce deficits in attention that resemble those
produced by damage to parietal cortex in humans and nonhuman
primates (Posner et al., 1984; Parasuraman et al., 1992; Voytko et
al., 1994; Chiba et al., 1998). The current study provides more
direct evidence that intact cholinergic innervation of the PPC is
important for regulating the processing of conditioned stimuli.
Further studies are needed to define the conditions under which
this system participates in the regulation of attention in rodents.
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