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Abstract
Dissociations of memory systems are typically made using independent cognitive tests. For
example, in monkeys habits have been inferred from performance in object discrimination tests,
while nonmatching-to-sample tests are thought to measure familiarity resulting from single
exposures. Such tests cannot measure individual memory processes accurately when more than
one memory process contributes to performance. In process dissociation procedures (PDPs) two
memory processes cooperate and compete in the performance of a single cognitive task, allowing
quantitative estimates of the contributions of each process. We used PDP to measure the
contributions of habits and one-trial memory to visual matching-to-sample performance. Sets of
test images were shown only once in each daily testing session but were repeated day after day. To
produce habits, high-frequency images were correct more frequently than other images across
days. Habits were manifest in the extent to which choices in the test phase of matching-to-sample
trials were made to the high-frequency images, irrespective of which image had been presented as
the sample. One-trial memory was measured by the extent to which choices at test were made to
the image that had appeared as the sample on that trial, irrespective of habit. Perirhinal cortex
removal reduced the contribution of one-trial memory to matching performance, but left both
habits and the ability to discriminate images intact. PDP can be applied in monkeys in a way that
parallels its use in humans, providing a new tool for investigating the neurobiology of memory in
nonhuman animals and for comparing memory across species.
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Introduction
At least two memory systems can be characterized based on processing modes: one supports
slow incremental learning of habits and skills; the other supports rapid one-trial learning of
items and associations (Mishkin et al., 1984; Bachevalier, 1990; Henke, 2010). In humans,
the distinction between these two systems often hinges on verbal reports of private
experience. The habit system is automatic and not accessible to subjective monitoring or
commentary, while the one-trial system is cognitively controlled and accessible to subjective
monitoring (Hay and Jacoby, 1996). Both systems may operate in many tasks (Jacoby, 1991;

Corresponding Author: Hsiao-Wei Tu, Yerkes National Primate Research Center, Emory University, 954 Gatewood Road, Atlanta,
GA 30329, Phone: 404-727-9619, Fax: 404-727-8088, hsiaowei.tu@emory.edu.

NIH Public Access
Author Manuscript
J Neurosci. Author manuscript; available in PMC 2012 May 9.

Published in final edited form as:
J Neurosci. 2011 November 9; 31(45): 16336–16343. doi:10.1523/JNEUROSCI.2338-11.2011.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hay and Jacoby, 1996), which prevents equating performance in a specific task with the
operation of a particular memory system.

In monkeys, delayed nonmatching-to-sample has been used to measure one-trial memory
and object discrimination learning has been used to measure habit formation (Mishkin et al.,
1984). It is unlikely that either test measures just one memory process. For example, in
learning set (Harlow, 1949) and serial reversal learning (Schrier, 1966), gradual learning is
initially observed, but after extensive experience monkeys learn new stimulus-reward
associations in a single trial. The slow initial learning, followed by rapid terminal learning,
suggests a shift from predominantly habit-based learning to one-trial memory, even though
the task, discrimination learning, remains the same.

Process dissociation procedures (PDPs) offer one solution to the problems inherent in
equating tests with specific cognitive processes (Jacoby, 1991; Kelley and Jacoby, 1998,
2000). Using PDP, one assumes that habit and one-trial memory are active simultaneously
and independently. PDP allows quantification of the contributions of these two processes in
a single task. Experiments in humans demonstrate that measures of habit and one-trial
memory from PDP correspond with those derived from traditional tasks argued to be
“process-pure” (Jacoby et al., 1993; Toth et al., 1994; Reingold and Goshen-Gottstein,
1996). Use of PDP with nonhumans has not been reported.

We used PDP in rhesus monkeys (Macaca mulatta) to assess the contributions of perirhinal
cortex (PRh) to memory. Specifically, we tested for a dissociation of habit and one-trial
memory by comparing the performance of monkeys with and without perirhinal cortex in a
modified matching-to-sample test. By using identical visual stimuli, presented in the
identical task context, in tests with the same subjects, we controlled for factors other than
memory type that might cause differences in performance across separate memory tests.
These factors include the type and the discriminability of the stimuli, size of the image set,
frequency of image repetition, motivation of the subjects, time after surgery, etc. If monkeys
with PRh lesions exhibit deficits in both processes this would be consistent with a role for
PRh in both habit and one-trial memory. By contrast, a selective deficit in one-trial memory
would indicate that PRh plays a role in memory that is independent of the contribution it
makes to habits. The latter finding would leave us agnostic about some perceptual functions
of the PRh, because perceptual functions were not taxed, but it would indicate that memory
impairments can occur independent of perceptual deficits.

Materials and Methods
Subjects

Eight male and two female adult rhesus monkeys were used. The animals weighed 6.2 to
12.2 kg at the beginning of testing, were caged individually, and were fed daily an amount
of biscuits and fruit adjusted for each animal to ensure sufficient motivation and nutrition.
Water was always available in the home cage. Six animals had been operated to remove the
perirhinal cortex bilaterally (group PRh; Hampton and Murray, 2002); the remaining four
animals served as unoperated controls (group Con). Each group included one of the two
females. The monkeys had prior experience in automated cognitive testing. The study was
conducted under a protocol approved by the Animal Care and Use Committee of the
National Institute of Mental Health and in accordance with the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health.

Surgery
The surgical procedures used to remove the perirhinal cortex are described in detail in
Hampton and Murray (2002). Briefly, under isoflurane anesthesia, a large bone flap was
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turned over each hemisphere, and the dura reflected in two locations to permit anterior and
posterior access to perirhinal cortex. The tissue on the lateral bank of the rhinal sulcus was
removed, together with 2-3 mm of cortex just lateral to the sulcus, by subpial aspiration
through a small gauge sucker. The opening was then closed in anatomical layers.
Dexamethasone sodium phosphate (.5 mg/kg) and cefazolin were administered one day
before surgery and for one week after surgery to reduce inflammation and to prevent
infection, respectively. For 3-5 days after surgery, the monkeys received Banamine (1.0 mg/
kg, BID) and acetaminophen (10 mg/kg, BID) for analgesia.

Assessment of lesions using MRI
Details on the use of in vivo MRI to assess the extent of the perirhinal cortex removals in
these monkeys are described in Hampton and Murray (2002). Other work has demonstrated
good agreement between in vivo MRI and post-mortem histology in the assessment of
temporal lobe lesions (Bachevalier and Mishkin, 1994; Bachevalier et al., 1999; Liu et al.,
2000; Málková et al., 2001). The lesion in each monkey was evaluated on coronal MR
images and plotted at 1-mm intervals onto drawings of coronal sections of a standard rhesus
monkey brain. The areas of perirhinal cortex, area TE, area TG, and entorhinal cortex were
determined in each standard section using a digitizer and computer software (NIH Image).
Lesion volumes were then determined for each monkey, and the size of the lesion expressed
as a proportion of the standard.

Apparatus
Monkeys were trained using an automated apparatus controlled by an IBM compatible
computer. During test sessions, monkeys were seated in primate chairs inside ventilated
sound-attenuating chambers and positioned in front of 14-inch color video monitors fitted
with touch-sensitive screens. To the left and right of the monitors were two food cups for the
automated delivery of peanuts and 190 mg primate pellets, respectively. The test chambers
were illuminated by 15-watt light bulbs. Visual stimuli were 288 color images (Corel Mega
Gallery clip art), 160 pixels high × 200 pixels wide (43 × 53 mm).

Visual matching-to-sample
Test images were randomly assigned to “image quads” such that fixed sets of four images
were always presented together over the course of the experiments. A trial started with a
study phase in which one of the four images in a given image quad was selected for use as
the sample and was presented centrally on the computer monitor. Monkeys touched the
sample twice (FR2), after which it disappeared. After a delay during which the screen was
black, the test phase started when all four images in that image quad appeared, randomly
assigned to the four corners of the monitor. Monkeys were rewarded for touching (FR2) the
image seen during the study phase of that trial. To retard satiation, half of correct responses
were rewarded with a peanut, and the other half with a primate pellet, on a random schedule.
Following incorrect responses, the screen turned purple for a five-second timeout period.
When the correction procedure was in effect, the correct image then appeared by itself in the
corner where it had just appeared during the test phase. Touching (FR2) this image resulted
in reward as on correct trials. An intertrial interval of 10 seconds separated trials.

Behavioral procedure
Experiment 1: Matching-to-Sample—All monkeys had been familiarized with the
apparatus and the visual matching-to-sample task prior to this study. Immediately before
beginning the current experiment, monkeys were re-trained in visual matching-to-sample
until performance reached 90% correct for three consecutive sessions. Selection of sample
images from the image quads was random during this phase; each image was equally likely
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to appear as the sample. The experiment proper followed, consisting of 15 48-trial sessions
with six randomly intermixed programmed delays (0, 2, 4, 8, 16, 32 seconds; each used 8
times in each session) with a set of 56 image quads (224 images total). The correction
procedure was not used in this experiment.

Experiment 2: 70% bias—A new set of 72 image quads was used (288 images), each of
which only appeared once in each session but which were reused day after day. The order of
the 72 image quads was randomly determined for each session. Initially, one image was
randomly selected from each image quad to be the sample on each trial. Monkeys completed
one 72-trial session per day, 5 to 7 days a week until sessions were completed in less than 40
minutes for five consecutive days. A single programmed delay of 0 seconds was used. The
correction procedure was in effect for incorrect trials.

Subsequent trials proceeded as before, except that the selection of which image from each
image quad would serve as the sample was no longer random. Instead, one of the four
images in each image quad was designated the high-frequency image, and it served as the
sample with a probability of 0.7. Each of the other three images in each quad served as the
sample with a probability of 0.1 (Figure 1). Thus, while the correct response on a given trial
was always to choose the image seen during study on that trial, one image in each image
quad was correct 70% of the time across sessions. In other words, monkeys could achieve
70% correct responses, but no better, by always choosing the high-frequency images at test,
whereas 100% accuracy could be achieved only by remembering the sample image seen on
each trial. The correction procedure ensured that all trials ended with a rewarded response to
the correct image for that trial. Monkeys completed 25 sessions under these conditions.

In the final phase of testing, 24 trials were randomly selected in each session as probes and
the other 48 trials were exactly the same as before. There were three types of probes, eight
trials of each type. Congruent probe trials began with presentation of a high-frequency
image as the sample, followed by a 60-sec delay, during which the screen was black. At test,
monkeys were rewarded for selecting the image that had appeared as the sample on that
trial. Thus both one-trial memory and habit correspond to the same response on congruent
probe trials; the two memory systems acted in cooperation. Incongruent probe trials were
identical to congruent probes, except that a low-frequency image served as the sample.
Again monkeys were rewarded for choosing the image that had appeared as the sample on
that trial. Because the sample on these trials was not the high-frequency image, habit and
one-trial memory corresponded to different choices at test; the two memory systems acted in
opposition. On empty probe trials, no sample image was presented at the beginning of the
trial. Following the end of the intertrial interval, the image quad for that trial was presented.
Thus, habit acted in the absence of any opposition or cooperation from a one-trial memory
from the study phase of the trial. Monkeys were rewarded on empty probe trials regardless
of choice. The correction procedure was not used with any probe trials. Fifteen probe
sessions were conducted, yielding 120 trials of each probe type for analysis.

Experiment 3: 100% bias—This experiment was the same as Experiment 2, and used the
same image quads, but now the high-frequency images served as the sample on 100% of
trials. Monkeys completed 15 sessions under these conditions and were then given 15 probe
sessions as in Experiment 2.

Data analysis
Process dissociation—The probability that the high-frequency images were chosen on
congruent probes (correct responses) and on incongruent probes (errors) was determined.
The contributions of habit and one-trial memory to these values can be expressed as shown
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below, where p(hf) is the probability of selecting the high-frequency images (Jacoby, 1991;
Hay and Jacoby, 1996). Note the p(hf) is not equivalent to accuracy. It represents the
probability that monkeys chose the high-frequency image, regardless of which image was
correct.

Thus, the probability of selecting the high-frequency images on congruent trials, when it is
the correct choice, reflects the probability of one-trial memory plus the conjoint probability
of habit and the failure of one-trial memory. Monkeys select the high-frequency image
either because they remember it from the study phase of the trial, or because they have a
habit to do so even though they forgot seeing it as the sample. In contrast, monkeys select
the high-frequency image on incongruent trials, an error, only when they have forgotten
which image appeared as the sample, and they have a habit to select the high-frequency
image. Note that the equations for these two circumstances share the term “habit (1 - one-
trial memory),” which reflects the conjoint probability of habit on trials when one-trial
memory failed. Therefore, the value p(hf) for incongruent probes, which was determined
directly from the behavioral data, can be substituted into the equation for congruent probes,
permitting a solution for the value of one-trial memory. The value for one-trial memory can
then be entered into the formula for incongruent probes to solve for the value of habit.

Empty probes provide a manipulation check. Because no sample was presented on empty
probes, the probability of choosing the high-frequency image on these trials should be
largely a pure measure of habit; there is no one-trial memory from the current trial to
contribute to performance.

Statistics—Proportional data were arcsine transformed before analysis to better conform
to the assumption of normality (Kirk, 1982). Most results were analyzed first using within-
subjects ANOVAs. Two-tailed post-hoc t-tests were then used to further specify the source
of significant differences found by ANOVA.

Results
Lesion assessment

The intended lesion, a representative MRI scan, and a plot of the lesion in Case PRh-E are
shown in Figure 2. The percent damage for each of the 6 animals in Group PRh is reported
in Table 1. For further details see Hampton and Murray (2002).

In all cases except PRh-C, discussed below, damage to perirhinal cortex approximated the
intended lesion. Five of 6 animals had minor unintended damage to entorhinal cortex,
ranging from near 0% to 10% (see Table 1). Area TG was damaged in every monkey, 13.1%
on average. Each monkey sustained a small amount of damage to the laterally adjacent area
TE, but for five of the six monkeys, this damage did not exceed 4% of the volume of TE,
averaged across the two hemispheres. Case PRh-C was observed to have substantial
inadvertent damage to area TE in the right hemisphere, and some hippocampal atrophy in
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the right hemisphere as well. During surgery, this monkey was noted to have tough, yellow
tissue in the right temporal lobe, involving the perirhinal cortex, suggesting that the
hippocampal atrophy, like the abnormal tissue, predated the surgery. Hippocampal damage
was not evident in any other case.

Cognitive testing
Experiment 1—Five of the six PRh monkeys reached criterion for matching-to-sample
tests. PRh-D performed consistently below 70% over 70 sessions of remedial training with
only one distracter. He was then advanced to delay testing despite not having met criterion.

The first five sessions of delay testing were excluded from analysis to ensure that the
remaining 10 sessions represented asymptotic performance across delays. The average time
elapsed between sample offset and completion of the test were 2.96 ± 0.68, 5.62 ± 0.85, 7.88
± 1.18, 12.80 ± 2.65, 21.19 ± 2.32, and 37.93 ± 2.83 seconds (mean ± SE) on each delay
level, respectively. Because monkey PRh-D behaved differently than other monkeys in the
operated group, we analyzed the results both with and without his data included (Figure 3).
Repeated measures ANOVA showed significant interactions between group and delay, as
well as main effects of both these factors, indicating that with longer delays, performance of
the PRh monkeys deteriorated faster than that of control monkeys (with PRh-D included,
Group F1, 8 = 31.96, p < .001; Delay F5, 40 = 37.90, p < .001; Group × Delay F5, 40 = 11.24,
p < .001; with PRh-D excluded, Group F1, 7 = 31.09, p < .01; Delay F5, 35 = 39.74, p < .001;
Group × Delay F5, 35 = 11.38, p < .001).

Experiment 2—The critical measures for the PDP analyses come from the probe trials
(Table 2). The interaction between group and process was significant both with and without
PRh-D (Figure 4; repeated measures ANOVA, with PRh-D included, Group F1,8 = 4.09, p
= .08; Process F1,8 = 0.76, p = .41; Group × Process F1,8 = 9.36, p < .05; with PRh-D
excluded, Group F1, 7 = 3.59, p = .10; Process F1, 7 = 0.59, p = .47; Group × Process F1, 7 =
7.48, p < .05). Post-hoc t tests showed that the two groups of monkeys did not differ on the
habit measure (with PRh-D included, t8 = 1.30, p = 0.23; with PRh-D excluded, t7 = 1.03, p
= 0.34). In contrast, monkeys in the control group had significantly higher one-trial memory
scores (with PRh-D included, t8 = 2.59, p < .05; with PRh-D excluded, t7 = 2.36, p = 0.05).

All monkeys selected the high-frequency image more often than expected by chance (0.25)
on empty probes (Control mean = 0.37; t3 = 5.46, p < .05; PRh with PRh-D included, mean
= 0.41; t5 = 6.28, p < .01; PRh with PRh-D excluded, mean = 0.40; t4 = 5.10, p < .01), and
the two groups did not differ in this tendency (with PRh-D included, t8 = 1.02, p = .34; with
PRh-D excluded, t7 = 0.76, p = .47). The probability of selecting the high-frequency image
on an empty probe trial correlated significantly with the habit measure (with PRh-D
included, r = 0.85, p < .01; with PRh-D excluded, r = 0.84, p < .01).

Experiment 3—Training with extreme bias of 100% should increase the habit measure but
leave the one-trial memory score unaffected. However, one control monkey showed an
abrupt and considerable decrease in the one-trial memory score, dropping to almost 0. To
ensure that we collected a representative memory score from this monkey, it was re-trained
using identical procedures for another 15 sessions and probe testing was repeated. To match
this additional training, the two PRh monkeys with the lowest one-trial memory scores were
also trained and tested again. For all three subjects, we used the higher of the two scores
from the two runs in the final analyses.

Compared to the 70% bias condition in Experiment 2, the 100% bias condition yielded habit
scores that were modestly but significantly higher in the PRh group (Table 3; paired t tests,
with PRh-D included, mean before = 0.38, after = 0.44; t5 = 8.04, p < .001; with PRh-D
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excluded, mean before = 0.37, after = 0.44; t4 = 8.89, p < .01) but not in the control group
(mean before = 0.34, after = 0.37; t3 = 1.16, p = .33, paired t test). One-trial memory scores
did not change significantly in either group (paired t tests, Control mean before = 0.46, after
= 0.48; t3 = 0.13, p = .91; PRh with PRh-D included, mean before = 0.19, after = 0.21; t5 =
0.50, p = .64; PRh with PRh-D excluded, mean before = 0.19, after = 0.23; t4 = 1.28, p = .
27).

Replicating the results of Experiment 2, there was no main effect of group or process, but
the interaction of these two factors was significant (Figure 5; repeated measures ANOVA,
with PRh-D included, Group F1,8 = 3.54, p = .10; Process F1,8 = 1.59, p = .24; Group ×
Process F1,8 = 7.83, p < .05; with PRh-D excluded, Group F1, 7 = 2.39, p = .17; Process F1, 7
= 0.93, p = .37; Group × Process F1, 7 = 5.83, p < .05). Post-hoc t-tests showed that control
monkeys scored higher than PRh monkeys on the one-trial memory measure when PRh-D
was included (t8 = 2.46, p < .05) but the difference in one-trial memory scores in this post-
hoc test when PRh-D was excluded did not quite reach significance (t7 = 2.10, p = .07).
There was no significant difference in habit scores with or without PRh-D (with PRh-D
included, t8 = 1.99, p = .08; with PRh-D excluded, t7 = 1.76, p = .12).

As in Experiment 2 both groups of monkeys were numerically more likely to select the high-
frequency image than expected by chance (0.25) on empty probes, although the tendency
was not quite significant in the control group (Control mean = 0.43; t3 = 3.06, p = .06; PRh
with PRh-D included, mean = 0.44; t5 = 7.17, p < .01; PRh with PRh-D excluded, mean =
0.44; t4 = 5.92, p < .01). The two groups did not differ in this tendency (with PRh-D
included, t8 = 0.29, p = .78; with PRh-D excluded, t7 = 0.29, p = .78). The probability of
selecting the high-frequency image on an empty probe again correlated significantly with
the habit measure (with PRh-D included, r = 0.81, p < .01; with PRh-D excluded, r = 0.83, p
< .01).

Discussion
PDP resulted in a quantitative dissociation of one-trial memory and habit within a single
cognitive test in monkeys. This dissociation is particularly informative because the two
types of memory were measured in the identical task context, using identical visual stimuli,
in tests with the same subjects, precisely controlling for a host of factors that might cause
differences in performance across separate memory tests. This establishes a clear
correspondence in monkeys to results from human PDP tests in which one-trial memory has
been dissociated from habits acquired over multiple trials (e.g. Jacoby, 1991; Hay and
Jacoby, 1996).

In this first use of PDP with monkeys, it was important to validate our measures. Experiment
1 revealed that the PRh group rapidly forgot sample images, consistent with the lower one-
trial memory scores resulting from PDP in Experiments 2 and 3. Performance on empty
probe trials, which depends on a history of repeated reinforcement as is the case in object
discrimination learning, correlated with the habit scores. A future study of whether damage
to another region, such as tail of the caudate nucleus (Fernandez-Ruiz et al., 2001), would
selectively impair habit scores, would test for a double dissociation and would further
evaluate the suitability of PDP in monkeys.

PDP generated an especially clear distinction regarding the role of perirhinal cortex in
memory performance. Perirhinal cortex in monkeys receives strong input from the ventral
visual pathway and projects heavily to the hippocampus via the entorhinal cortex (Suzuki,
1996). This anatomical position is consistent with both high level perceptual functions and
memory function (Baxter, 2009; Suzuki, 2010). It is established that perirhinal cortex is
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critical for performance in memory tests (e.g., Meunier et al., 1993; Buffalo et al., 1999) and
also contributes to discrimination learning under some conditions (Buckley and Gaffan,
1997, 1998; Bussey et al., 2002; Hampton and Murray, 2002). We found that one-trial
memory was impaired by PRh lesions, but habit formation was intact, even though these
capacities required equivalent perceptual function to discriminate test images. This
dissociation reinforces the importance of mnemonic functions of perirhinal cortex. Other
reports indicate a role for perirhinal cortex in the acquisition of some visual discrimination,
which presumably require the development of habits (Buckley and Gaffan, 1997, 1998;
Bussey et al., 2002; Hampton and Murray, 2002) and for perirhinal cortex together with
entorhinal cortex in the retention of preoperatively acquired visual discriminations (Gaffan
and Murray, 1992; Thornton et al., 1997). We did not measure the course of habit
acquisition in this study and cannot determine whether perirhinal cortex removal impacted
acquisition of the habits. The dissociation we report here does clearly show that deficits in
one-trial memory following perirhinal cortex removal occur with a large set of visual stimuli
that monkeys can discriminate without impairment in the execution of postoperatively
acquired visual habits.

Because it is unlikely that cognitive tests measure just a single cognitive process, application
of PDP in other paradigms might help resolve some apparent contradictions in the literature.
For example, concurrent discrimination has been viewed as habit learning because monkeys
with medial temporal lobe lesions performed normally in this task (e.g., Malamut et al.,
1984). However, given the same task, amnesic patients with medial temporal lobe damage
showed absence of learning (Squire et al., 1988; Hood et al., 1999). Studies have suggested
that two fundamentally different strategies may be used to solve a concurrent discrimination
task (e.g., Buffalo et al., 1998; Hood et al., 1999). One is to explicitly remember the specific
features of the rewarded item in each pair, an ability that is thought to depend on certain
medial temporal lobe structures. Human patients may adopt this approach (Squire and Zola-
Morgan, 1991; Hood et al., 1999). The other involves gradual acquisition of dispositions to
choose the rewarded object in each pair, a process that can occur independently of the
medial temporal lobe and may be the method adopted by monkeys (Malamut et al., 1984;
Squire and Zola-Morgan, 1991). Furthermore, even with the same task, parametric
differences may cloud comparisons between studies. For instance, the frequency of each
stimulus pair in a concurrent discrimination task may change the relative contribution of
one-trial memory and habit. If each discrimination is seen more than once in a session (e.g.,
Squire et al., 1988), one-trial memory may contribute to performance, whereas this is
unlikely in experiments where each pair is only used once per day (e.g., Malamut et al.,
1984). PDP paradigms make it possible to measure the relative contributions of both of these
types of memory to learning concurrent discriminations, across variations in studies.

Differences in cognitive strategy may be reflected in PDP scores. One control monkey
showed a memory score of almost 0 in the first round of testing in Experiment 3, suggesting
that monkeys may use one-trial memory when the identity of the sample matters, as in
normal matching to sample or in the 70% bias condition of Experiment 2, but may abandon
one-trial memory when it is irrelevant, as in the 100% bias condition. The habit scores of
PRh monkeys, but not those of control monkeys, increased modestly but significantly after
extremely biased training in Experiment 3. This may suggest that the impairment in one-trial
memory, combined with sparing of habit acquisition, disposes monkeys lacking perirhinal
cortex to express habits more readily than do control monkeys. Whether this result
represents a controlled, strategic process, or rather the absence of an overshadowing effect
of one-trial memory on the expression of habits, is a question that deserves to be addressed
in further research. It is noteworthy that habit scores never approached the maximum of 1.0,
even in Experiment 3 in which monkeys could have solved 100% of training trials correctly
using habit. Instead, one-trial memory continued to contribute to performance. This suggests
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that monkeys approach the task as a one-trial memory task and habits emerge only when
memory fails. It also suggests that habit is not “easier” for monkeys than is one-trial
memory, so difficulty would not account for the selective impairment of one-trial memory.

PDP has been used to dissociate other memory types, for example, recollection and
familiarity in humans (e.g., McCabe et al., 2011). Validation of PDP in monkeys may create
new opportunities for the study of other memory systems in monkeys, but the use of PDP is
limited by several factors. First, all uses of PDP depend on a contrast between two
processes, one under cognitive control and one not. Second, PDP does not work when
performance is determined by more than two cognitive processes acting concurrently. Third,
PDP depends on the assumption that the cognitive processes being measured are
independent. Some authors have argued that violations of this assumption may lead to
artificial dissociations (e.g., Joordens and Merikle, 1993; Curran and Hintzman, 1995).
Jacoby et al. (1997) have countered that correlations between processes only produce
negligible biases that are insufficient to generate artificial dissociations. On their account
such “paradoxical dissociations” instead result from floor effects or other violations of the
test conditions that can be avoided.

Establishing correspondences between human and nonhuman memory is a major challenge
in the development of valid animal models of human memory, and distinguishing between
controlled and automatic memory processes in nonverbal animals is difficult. In humans,
declarative or explicit memories are consciously accessible, reflecting the ability of subjects
to monitor and control the use of these memories in the expression of behavior.
Nondeclarative or implicit memories can be inferred from their influence on behavior, but
cannot be brought to conscious awareness (e.g., Tulving and Schacter, 1990; Squire et al.,
1993; Cohen and Eichenbaum, 1994). This is reflected in findings that the influence of these
memories on behavior proceeds automatically, without cognitive control (Jacoby, 1991;
Jacoby et al., 1993). Declarative and nondeclarative memories are often distinguished in
humans on the basis of verbal commentary, for example “I remembered” versus “I guessed.”
While some results suggest that monkeys possess declarative memories, in the sense that
they can monitor the presence of these memories (e.g., Smith et al., 1998; Hampton, 2001;
Kornell et al., 2007), interpretation of such findings is complicated and converging evidence
will be required (Hampton, 2009; Smith, 2009; Murray and Wise, 2010). Because PDP in
humans does not depend on verbal commentary that nonhumans cannot produce, it provides
an approach to establishing correspondences between human and nonhuman automatic and
controlled memory systems. Future research should address whether the one-trial and habit
memory systems identified here with PDP differ in accessibility to cognitive monitoring in
monkeys.

PDP is a valuable behavioral technique in humans that dissociates automatic and controlled
memory systems (e.g., Jacoby, 1991; Jacoby et al., 1993). Here we showed that PDP also
provides a powerful experimental tool for studies of nonhuman species that cannot verbally
describe their experience of memory as do humans. Dissociations between memory systems
in nonhuman primates are critical for understanding the neurobiological mechanisms
supporting cognition in humans. Understanding the neurobiology of explicit and implicit
cognition in nonhumans is particularly challenging, and PDP provides a new approach to the
problem.
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Figure 1.
Each image quad appeared once in each daily testing session. Because one of the four
images in each image quad was the sample more frequently than the others, there is
opportunity for habits to select these high-frequency images to develop through repeated
reinforcement. A total of 72 quads were used. Only one image quad is illustrated in the
figure. The illustration shows a high-frequency image appearing as the sample on every
single trial, as in Experiment 3. In Experiment 2, the three images in each image quad that
were not the high frequency image each appeared as the sample with a probability of 0.1.
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Figure 2.
Location and extent of the perirhinal cortex lesion in PRh-E. The intended lesion of
perirhinal cortex (shaded region) is shown on coronal sections from a standard rhesus
monkey brain (left column). Postoperative MR images from matching levels (middle
column) and plots of the lesion (shaded region) onto sections (right column) show the extent
of the lesion in PRh-E. Numerals indicate distance in mm from the interaural plane. White
arrows in the MR images show the boundaries of the lesion.
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Figure 3.
Average matching-to-sample performance with different delays in control monkeys (n = 4;
solid line) and monkeys from which perirhinal cortex was removed bilaterally, with all PRh
monkeys (n = 6) and with PRh-D excluded (n = 5; dashed line). Error bars indicate standard
errors.
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Figure 4.
The contributions of one-trial memory and habit to matching-to-sample performance in
control monkeys (black bars) and monkeys from which perirhinal cortex was removed
bilaterally, including PRh-D (gray bars). Habits were produced over 25 sessions in which
high-frequency images were rewarded on 70% of trials in Experiment 2. Error bars indicate
standard errors. See text for details of the process dissociation procedure analysis used to
generate the values.
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Figure 5.
The contribution of one-trial memory and habit to matching-to-sample performance in
control monkeys (black bars) and monkeys from which perirhinal cortex was removed
bilaterally, including PRh-D (gray bars). Habits were further developed over 15 sessions in
which high-frequency images were rewarded on 100% of trials in Experiment 3. Error bars
indicate standard errors. See text for details of the process dissociation procedure analysis
used to generate the values.
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Table 2

Probability of choosing the high-frequency image on congruent and incongruent probes and derived PDP
scores in Experiment 2 (70% bias). Note that in the congruent condition, this value is equivalent to percent
correct, while in the incongruent condition it reflects the probability of erring by selecting the high-frequency
image (and not one of the other low frequency images.)

Congruent Incongruent One-trial Habit

Con-A 0.58 0.21 0.37 0.33

Con-B 0.63 0.24 0.39 0.39

Con-C 0.78 0.10 0.68 0.31

Con-D 0.60 0.19 0.41 0.32

Mean 0.65 0.19 0.46 0.34

PRh-A 0.48 0.35 0.13 0.40

PRh-B 0.42 0.28 0.14 0.33

PRh-C 0.74 0.19 0.55 0.42

PRh-D 0.52 0.33 0.19 0.41

PRh-E 0.33 0.27 0.06 0.29

PRh-F 0.48 0.39 0.09 0.43

Mean 0.50 0.30 0.19 0.38
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Table 3

Probability of choosing the high-frequency image on congruent and incongruent probes and derived PDP
scores in Experiment 3 (100% bias). Note that in the congruent condition, this value is equivalent to percent
correct, while in the incongruent condition it reflects the probability of erring by selecting the high-frequency
image (and not one of the other low frequency images.)

Congruent Incongruent One-trial Habit

Con-A 0.63 0.27 0.36 0.42

Con-B 0.53 0.30 0.23 0.39

Con-C 0.79 0.08 0.71 0.28

Con-D 0.76 0.16 0.60 0.40

Mean 0.68 0.20 0.48 0.37

PRh-A 0.56 0.40 0.16 0.48

PRh-B 0.51 0.32 0.19 0.40

PRh-C 0.71 0.25 0.46 0.46

PRh-D 0.50 0.41 0.09 0.45

PRh-E 0.43 0.33 0.10 0.37

PRh-F 0.62 0.38 0.24 0.50

Mean 0.56 0.35 0.21 0.44
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