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Abstract

Directed forgetting in rats, to elucidate active control of memory rehearsal processes while controlling for nonmemorial artifacts, was
examined using an eight-arm radial maze. To-be-remembered and to-be-forgotten items were presented at different arms in the same
trial. A trial consisted of learning and test phases. Rats needed to remember win or loss of a food pellet presented in the middle of the
arms, signaling presence or absence of a large reward there in the subsequent test phase. Two other qualitatively different foods placed
at the end of the arms served as remember (R) or forget (F) cues, signaling whether those arms would be presented in the test phase.
Compared with the normal test, rats’ performance deteriorated significantly if the arms previously marked by F-cues in the preceding
learning phase were actually used in the test phase, showing reliable directed forgetting in rats. Rats were also tested in a condition in
which F-cues were not presented at all, and thus rats had to remember all the arms. Although positive evidence of reduction of memory
load in working memory by utilizing F-cues was not demonstrated, analysis of individual data suggested that utilization of R-cues and

F-cues interfered with the main task of remembering win/lose information.
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Humans have the ability to actively control rehearsal process-
es in working memory. This enables us to actively process our
perceived world. For example, we try to retain important in-
formation in our working memory by selectively rehearsing
the information. Such active control of the rehearsal ability
must be adaptive in order to efficiently use the limited re-
sources of working memory. This ability to actively control
rehearsal has been investigated in humans using the directed
forgetting paradigm, where a list of items includes cues for the
items that will or will not be tested in a subsequent test.
Subsequently, when all the items are tested, regardless of the
remember (R) or forget (F) cues, poorer memory performance
is shown for the F-items, directed by the F-cue, than for the R-
items, directed by the R-cue (e.g., Bjork, 1972; Golding,
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Long, & MacLeod, 1994). Since it has been posited that di-
rected forgetting reflects selective memory rehearsal for R-
items, but not for F-items, directed forgetting in another spe-
cies could be evidence to suggest active control of the rehears-
al process in that species (e.g., Roper & Zentall, 1993).

The existence of working memory processes has been
demonstrated in nonhuman animals, such as the monkey, pi-
geon, and rat, through delayed matching-to-sample (DMTS)
or radial maze performance (e.g., Etkin & D’Amato, 1969;
Olton, 1978; Roberts, 1972). Therefore, can we conclude that
animals that show reliable performance in DMTS or the radial
maze have the ability to actively control working memory?
No, because flexible use of information in working memory
does not necessarily represent “active” control of memory
processes. In order to support the hypothesis of active control
of memory processes in nonhuman animals, directed forget-
ting has also been examined, primarily by modifying the
DMTS task. In a typical DMTS task, a sample stimulus is
presented, and, following a delay interval, two comparison
stimuli are presented. A correct response to the comparison
stimulus that matches the sample stimulus is rewarded. In a
typical directed-forgetting version of DMTS, following the
sample stimulus, an R-cue or an F-cue is presented during
the delay interval. Comparison stimuli are then presented,
and a response to the matching stimulus is rewarded for a trial
in which the R-cue is presented. However, in a trial in which
the F-cue is presented, the presentation of comparison stimuli
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is omitted, and the trial ends without testing. After sufficient
acquisition training with R-trials and F-trials, probe test trials
are occasionally inserted during training sessions. In probe
trials, unlike normal training trials, comparison stimuli are
presented following an F-cue, and memory of the sample
stimulus is assessed. Poorer test performance has been ob-
served in the probe test following an F-cue compared with
the normal test for pigeons (Grant, 1981; Maki & Hegvik,
1980; Maki, Olson, & Rego, 1981, in their omission group;
Parker & Glover, 1987; Santi & Savich, 1985; Stonebraker &
Rilling, 1981; Stonebraker, Rilling, & Kendrick, 1981) and
for monkeys (Roberts, Mazmanian, & Kraemer, 1984,
Experiment 3b). This type of directed-forgetting methodology
is called an “omission procedure” because the memory test is
omitted after the F-cue on the training trials. In another
directed-forgetting procedure called the “substitution proce-
dure,” following the F-cue, instead of presenting comparison
stimuli, a response to other stimuli is required in order to get a
food reward on the training trials. In this procedure, reward
opportunities are possible in the F-trials as well as the R-trials.
Directed forgetting has been reported in the substitution pro-
cedure using pigeons (Grant, 1981; Grant & Barnet, 1991,
Schwartz, 1986) and rats (Grant, 1982). Based on these find-
ings, it has been suggested that these animals, like humans,
might have the ability to actively control rehearsal in working
memory.

Roper and Zentall (1993) reviewed the initial directed-
forgetting studies in nonhuman animals and concluded that
the data obtained through the omission and substitution pro-
cedures did not necessarily represent active control of rehears-
al in nonhuman animals and could be interpreted as
nonmemorial artifacts. For example, the F-cue in the omission
procedure not only signals the omission of the sample mem-
ory test but also the omission of a reward opportunity. Thus,
the F-cue could become a conditional stimulus that elicits
conditional frustration. Such conditional frustration, if elicited
by the F-cue, could interfere with test performance in the
probe test. Also, as the F-cue signals the absence of a memory
test with comparison stimuli, inattention to the test stimuli or a
startle response caused by an “unpredicted” presentation of
the test stimuli might interfere with test performance in the
probe test. Some of these possible adverse effects of
nonmemorial artifacts in the omission procedure were con-
firmed experimentally (Grant & Soldat, 1995; Kaiser,
Sherburne , & Zentall, 1997; Zentall, Roper, & Sherburne,
1995).

However, in the substitution procedure, a task that does not
require sample memory is given instead of comparison stim-
uli. Therefore, unlike the omission procedure, a reward oppor-
tunity and attention to stimuli following the F-cue appear to be
possible in the substitution procedure. However, Roper and
Zentall (1993) also pointed out that the incompatibility be-
tween responses in a memory test with comparison stimuli

following an F-cue in the probe test and a substitution re-
sponse following an F-cue in the normal test could interfere
with test performance in the probe test. For example, Grant
(1981) examined directed forgetting in successive DMTS tasks
with a single comparison stimulus presented following an R-
cue (go/no-go discrimination), while a nondiscriminative sub-
stitution response was always required for a single constant
visual stimulus following an F-cue. Pigeons might learn to re-
spond to the stimulus following an F-cue indiscriminately, and
thus they showed poor performance in the probe trials for which
differential responses were required to the comparison stimuli
following the F-cue. Therefore, demonstration of directed for-
getting as a behavioral phenomenon does not necessarily imply
an underlying active control of working memory processes.
Possible nonmemorial artifacts must be eliminated carefully to
demonstrate active control of memory processes in nonhuman
animals.

Roper and Zentall (1993) also noted another important dif-
ference between directed forgetting tasks in human and non-
human animals. In a typical human directed forgetting task,
multiple R-items and F-items are presented in the same list.
Thus, nonrehearsal of F-items could benefit the processing of
R-items by reallocating limited working memory resources
from F-items to R-items. However, in a typical directed-
forgetting experiment using DMTS in nonhuman animals,
only one sample stimulus is presented, and testing memory
of the sample stimulus depends on R-cues or F-cues.
Therefore, nonrehearsal of a sample memory following an
F-cue would not contribute to the retention of R-items.

Only a few studies have reported on directed forgetting in
pigeons (Grant & Soldat, 1995; Roper, Kaiser, & Zentall,
1995) and rhesus monkeys (Tu & Hampton, 2014) with ade-
quate control for the nonmemorial artifacts pointed out by
Roper and Zentall (1993). Notably, Roper et al. (1995; see
also Kaiser et al., 1997) described directed forgetting in pi-
geons using a procedure that allowed for reallocation of mem-
ory resources from an F-item to an R-item by presenting an R-
item and one F-item in the same trial. In the R-trials, following
an R-cue, pigeons were presented with comparison stimuli
and were required to respond to a stimulus matching the sam-
ple. In contrast, in the F-trials of the task, either of two differ-
ent F-cues was presented, and pigeons were required to re-
spond to comparison stimuli of either vertical or horizontal
lines, depending on the F-cues, but not the sample stimulus.
Hence, in the F-trials, reallocating memory resources from the
sample stimulus (the F-item in the trial) to the F-cue stimulus
(R-item in the trial) could contribute to good performance.

Therefore, true directed forgetting has been shown for
avians and primates with appropriate control of nonmemorial
artifacts, as per Roper and Zentall (1993). Although some
studies have shown directed forgetting with an omission pro-
cedure (Grant, 1982, no-test group; Miller & Armus, 1999) or
a substitution procedure (Grant, 1982, no-choice group) in
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rats, appropriate control of nonmemorial artifacts has not yet
been demonstrated. Additionally, an experimental procedure
allowing for reallocation of memory resources from F-items to
R-items has not been tested in rats. Comparisons of directed
forgetting among various species, in addition to avians and
primates, is needed in order to clarify the origins of active
control of memory processes.

The purpose of the present study was to examine directed
forgetting in rats using a procedure that allows for reallocation
of memory resources from F-items to R-items with appropri-
ate control of nonmemorial artifacts. In Experiment 1, rats
were trained and tested in a directed forgetting task in which
R-items and F-items were presented in the same trials.
Experiment 2 examined the replicability of the findings in
Experiment 1. Experiment 3 investigated whether rats do re-
allocate memory resources from F-items to R-items.

Experiment 1

In Experiment 1, rats were tested in a directed forgetting task
using an elevated eight-arm radial maze (see Fig. 1). Each trial
consisted of a learning phase, a delay interval, and a test phase
(see Fig. 2). Although a standard radial maze has only one
food cup at the end of each arm, the radial maze in the present
study had a food cup at both the midpoint and end of each
maze arm. To-be-remembered memory items were the win or
loss of a food pellet in the middle cup of the eight arms.
Additionally, two qualitatively different foods, placed in the
end cups, acted as R-cues and F-cues to alert rats as to whether
the arm would be used in the subsequent test phase.
Reportedly, rats are sensitive to differences in the quality or
quantity of food rewards and use them as signals to discrim-
inate subsequent events (e.g., Capaldi & Miller, 1988; Phelps
& Roberts, 1991). In the learning phase, where the first word
represents win or loss of a food pellet in the middle cup and
the second character represents the R-cues or F-cues presented
in the end cup, one lose-R arm (i.e., no food pellet in the
middle cup and R-cue in the end cup), two lose-F arms, and
five win-R arms were presented (see Table 1). In the learning
phase, rats were allowed to enter the eight arms one by one in
a predetermined random order by opening the doors one by
one. Since the doors of the visited arms were closed immedi-
ately after a visit, rats could not enter those arms again, and the
learning phase always had eight choices. For example (see
Fig. 1), after a rat entered an arm from the central platform,
it had to climb over a barrier first, then encountered the win or
loss of a food pellet in the middle cup and, at the end of the
arm, received a R-cue or F-cue (qualitatively different foods)
in the end cup. After returning to the central platform, the rat
was allowed to enter a next designated arm in turn until it
visited all eight arms.
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Fig. 1 Schematic of the radial maze in Experiment 1. Food cups were set
at the middle and end of each arm. An obstruction barrier, 12-cm high,
was placed at the entrance to each arm in order to increase response cost
for entering the arm. Doors of the arms were controlled electrically by the
experimenter behind a semitransparent screen

There were two reasons that we used the forced-choice
procedure in the learning phase. First, in our pilot study, in
which a free-choice procedure was used in the learning phase,
rats came to circle the maze arms continuously in one direc-
tion (Roberts & Dale, 1981). Such a stereotypic response pat-
tern appeared to interfere with test performance, and rats did
not demonstrate reliable acquisition of the task. By presenting
the arms in a random order in the learning phase, we expected
this would help prevent the development of a stereotypic re-
sponse pattern. In addition, if we allowed reentry to arms in
the learning phase, rats might find no food in the middle and
end cups in the second or later choice of the arm. Thus, mem-
ories of those nonreward events in the succeeding choices
would interfere with those of the first entry. To prevent rats
from experiencing such extraneous reward events in
succeeding choices, we adopted the forced-choice procedure.

In the test phase, following a 3-min delay interval, the two
lose-F arms of the prior learning phase were excluded from the
test by keeping their entrance doors closed during the test
phase. Ten food pellets were placed in the middle cup of the



Learn Behav (2019) 47:310-325

313

Fig.2 Anoverview of procedures in Experiments 1 and 2. A training trial
consisted of a learning phase (a), a delay interval of 3 min., and a normal
test phase (b). During the probe test period, following acquisition
training, a probe test (¢) was inserted instead of the normal test in one
out of six trials. Filled gray circles in the middle of the arms represents one
food pellet in the learning phase (a) or 10 (Experiment 1) or 20
(Experiment 2) food pellets in the test phase (b and ¢). Broken circles

lose-R arm from the learning phase, and no reward was placed
in the other middle and end cups (win-shift/lose-stay task).

(c) Probe test

represent a nonreward in the middle food cups. Solid R and F at the end of
the arms represent two qualitatively different foods presented as
remember-cues (R-cues) and forget-cues (F-cues) in the end cups, respec-
tively. Broken R and F represent R-cues and F-cues presented in the prior
learning phase. Bold lines at the entrances of the arms represent closed
doors in the test phase (b and c)

That is, if a rat found a food pellet in the middle cup of an
arm in the learning phase, it would not be rewarded for

Table 1 Outline of procedures for the training and probe test trials in Experiments 1 and 2
Learning phase Test phase
Training trial One lose-R arm Correct arm

Two lose-F arms
Five win-R arms

One lose-R arm
Two lose-F arms
Five win-R arms

Probe test trial

Excluded from testing
Incorrect arms

Excluded from testing
One of the arms was correct and the other was excluded from testing
Incorrect arms

Note. Win and lose represent the presence or absence of a 45-mg food pellet in the middle cup in the learning phase, respectively. R and F stand for
presentation of remember or forget cues (two qualitatively different foods) in the end cup in the learning phase, respectively. In the test phase, 10
(Experiment 1) or 20 (Experiment 2) food pellets were presented in the middle cup of the correct arm, and no reward was placed in the incorrect arms.
Doors of two out of eight arms remained closed and excluded from the test in both trials
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entering that arm in the test phase. Conversely, if a rat found
no food in the middle cup of an arm in the learning phase, it
could predict a large reward in that arm in the test phase.
Thirdly, if the rat encountered an F-cue in the end cup of the
arm, it could predict that the arm would be excluded in the test
phase.

Hence, although rats had to remember win or loss of a food
pellet in the middle cup in the learning phase in order to
choose a correct arm in the test phase of the trial, if rats could
utilize R-cues and F-cues in the learning phase to predict
which arms would be presented in the subsequent test phase,
they could exclude the two lose-F arms from working memory
since those two arms would be excluded from the test. After
acquisition training, one probe trial was inserted for each five
normal training trials. In the probe trials, contrary to the direc-
tions implied by the R-cues and F-cues in the learning phase, a
lose-F arm was presented in the test phase instead of a lose-R
arm as the correct arm. Poorer test performance in the probe
trials than in the normal training trials was to be expected if
rats could actively exclude F-arms from working memory by
utilizing R-cues and F-cues.

Method
Subjects

The subjects were 10 experimentally naive, male Wistar rats,
approximately 120 days old and weighing 408.0 g on average
at the start of the experiment. Rats were given 16 g of food
daily except for experimental rewards. These rats were ac-
quired from Kiwa Laboratory Animals Co., Ltd., and were
cared for and used according to guidelines approved by
Kanazawa University Animal Experimentation Regulations.

Apparatus

An eight-arm radial maze, elevated 60 cm above room floor
level (see Fig.1), was used. The maze floor was constructed of
plywood and painted flat gray. The octagonal central platform
was 34 cm in diameter and surrounded by transparent walls
and guillotine doors, which were controlled electrically by a
remote control system and rotary solenoids. The radial maze
arms were 9-cm wide and 76-cm long, with gray PVC walls 2-
cm high. Adjacent arms were separated by 45° angles, and
two food cups were set on each arm. One food cup, 4 cm in
diameter, was located in the middle of each arm, and the other
food cup, 3.5 cm in diameter, was buried at the end of each
arm. Since it has been reported that increasing the response
cost of visiting arms contributed to better performance in ra-
dial maze tests (e.g., Brown, 1990; Brown & Lesniak-
Karpiak, 1993), an obstruction (6-cm long, 6-cm wide, and
12-cm high), made of two bricks, was placed 10 cm from the
entrance to an arm in order to increase the response cost of
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entering the arm. A transparent resin cage (40-cm long, 26-cm
wide, and 20-cm high) with bedding materials was used to
contain the rats during the delay interval. Forty-five mg of
food pellets, 30 mg of puffed sweetened rice, and 150 mg of
chocolate chips were used for food rewards and R-cues or F-
cues, as described below. The experimental room was 5.0-m
long, 3.5-m wide and contained a number of distinct
extramaze cues, such as a table with two operant boxes, black
curtains, a metal shelf, a ceramic sink, and two doors. A semi-
transparent brown PVC board prevented the rats from seeing
the experimenter manipulate the remote controls of the maze.

Procedure

Pretraining During the first 8 days, rats were handled for
1 min each day, and on Days 48, five food pellets, five grains
of sweetened puffed rice, and five chocolate chips were placed
in their home cages to familiarize the rats with these foods.
Exploration of the maze was allowed from Day 9 for 4 days,
and the rats could explore the maze for 15 minutes each day
individually. All the doors were open, and rats could eat a food
pellet from each of the middle and end cups. Training in en-
tering the radial maze arms began on Day 13 and lasted for 17
days. The arms were serially opened, one by one, in random
order, and rats could enter to eat a food pellet from both the
middle and the end cup. An obstacle was erected 10 cm be-
yond the entrance to an arm in order to increase the response
cost. Initially, there was no obstacle, then, a 5-cm long, 5-cm
wide, and 1.5-cm high metal board was put in place. Next, two
metal boards were stacked to make a 3-cm high obstacle. This
was replaced by a 6-cm long, 6-cm wide, and 6-cm high brick,
and ultimately, two bricks were stacked up to make the 12-cm
high obstacle used in the experiment.

Acquisition training Acquisition training began on Day 30 and
lasted for 36 days. The three steps in the acquisition trials were
the learning phase, delay interval, and test phase. In the learning
phase, using the radial maze (see Fig. 2a), one arm had no food
pellet in the middle cup, and the R-cue food in the end cup
(lose-R), two arms had no food pellet in the middle cup and
the F-cue food in the end cup (lose-F), and remaining five arms
had a food pellet in the middle cup and the R-cue food in the
end cup (win-R). R-cues and F-cues were counterbalanced be-
tween the three grains of puffed sweetened rice and the choco-
late chips across subjects. A rat was placed in the central plat-
form with all doors closed and about 5 s. later, the doors were
opened one by one in a predetermined random order. Rats were
allowed to enter the arms until all eight arms had been visited.
Since the doors of the visited arms were closed after a visit, rats
could not enter those arms again, and the learning phase always
had eight choices. Assignment of one lose-R, two lose-F, and
five win-R arms was changed randomly trial by trial. When the
rat had visited all eight arms and returned to the central
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platform, it was moved to a waiting cage by the experimenter
and kept there for a 3-min delay interval. After the delay inter-
val, the test phase was conducted. For the normal test phase, the
middle food cup of the lose-R arm in the prior learning phase
was baited with 10 food pellets (correct arm in the test phase),
and no food was put in other middle and end cups (see Fig. 2b).
The rat was placed in the central platform, and about 5 s later,
the six doors of the single lose-R arm and five win-R arms from
the prior learning phase were opened simultaneously. Doors of
two lose-F arms from the learning phase remained closed and
excluded from the test. Since the doors of the visited arms were
closed immediately after a visit, rats could not enter those arms
again, and the test phase always finished within six choices.
First, rats were allowed to choose arms freely until they found
the correct arm, but then the number of arms they could visit
was gradually restricted: six visits for the first 10 days, three
visits for next 10 days, and two visits for the remaining 16 days.
This gradual restriction of the number of arms allowed to visit
in the test phase was introduced because in our pilot study,
without such restriction, most of rats did not learn the task.
That is, rats continued to choose arms seemingly at random,
without using their memory of the learning phase, until they
found a large reward in the test phase. It was expected that
restricting the number of the arms allowed to visit would help
make rats use their memory of the learning phase and learn the
task. After consumption of the food reward of 10 food pellets in
the correct arm, the rat was returned to its home cage. Other
aspects of the procedure were identical to the learning phase.
Two trials were conducted per day with a 60-80-min intertrial
interval. Assignment of the one lose-R, two lose-F, and five
win-R arms was changed randomly and independently between
the two daily trials.

Probe test After completing 36 days of acquisition training,
probe tests were conducted for 18 days. One probe trial was
given in each block of 3 days, and six probe trials were con-
ducted in total for each rat. The remaining five trials in each
block of 3 days were normal training trials as used in acquisi-
tion training. In the probe test, in contradiction to the R-cuing
and F-cuing of the learning phase, one of the two lose-F arms
was randomly selected and presented in the test phase (see
Fig. 2¢) instead of the lose-R arm. The number of visits was
restricted to two arms in both the probe and the normal train-
ing trials. Other aspects of the procedure in the probe trials
were identical to those in acquisition training. The order of the
probe trial, as the first or second trial in each daily session,
alternated with each subject and was counterbalanced across
subjects.

Results

During preliminary training, four out of 10 rats were excluded
from the experiment because they had difficulty in smoothly

climbing over the obstacle placed at the entrance to each arm,
while the other six rats participated in the remainder of the
experiment. During pretraining, all rats learned to go to the
middle cup first and then to the end cup. No exceptional be-
havior was observed by the experimenter during acquisition
training and the probe test period.

Figure 3 shows the mean rank of correct choices during
acquisition training in blocks of four trials. Since the number
of arms that could be visited in the test phase was gradually
restricted from six to two, in order to evaluate the rats’ perfor-
mance using an identical index throughout acquisition train-
ing, we assigned a rank of 5.0 (average of fourth, fifth, and
sixth) if rats failed to choose the correct arm when restricted to
three arms and a rank of 4.5 (average of third, fourth, fifth, and
sixth) if rats failed to choose the correct arm when restricted to
two arms. The broken line represents the chance level (3.5).
Although the rats’ initial performance was around the chance
level, it improved gradually and reached 2.21 in the last block.
A one-factor, repeated-measures ANOVA of block (18 total)
showed that the main effect of block was not significant, (17,
85) =.884, p =.593, np2 =.150. However, the upper limits of
the 95% confidence interval were reliably better than the
chance level of 3.5 in Blocks 5, 6, 9, and 14 through 18.
Since better-than-chance performance was shown primarily
in the later blocks, it suggests that rats learned to choose the
correct arm at better-than-chance levels through acquisition
training.

The top panel of Fig. 4 shows the mean rank of correct
responses during the probe test period. At 95% confidence
interval analysis, the rats’ performance was reliably better than
the chance level of 3.5 during the normal training trials (1.675
< < 3.125), whereas it was not significant for the probe trials
(2.928 < 1 < 4.072). Paired ¢ tests showed that the rats’ test
performance was poorer in the probe test than in the normal
test, #5) =2.82, p=.019, r=.78, one-tailed. The bottom panel
of Fig. 4 shows the percentage correct of their first choice
during the probe test period. At the 95% confidence interval
analysis, rats’ performance was reliably better than chance
(16.67%) for the normal training trials (20.108 < p <
61.002), whereas it was not significant for the probe trials
(—2.493 < 1 < 35.827). Paired ¢ tests showed that the rats’ test
performance was poorer in the probe test than in the normal
test, #5) = 3.196, p = .012, r = .82, one-tailed. These results
show that the rats’ performance consistently deteriorated if the
correct arm used in the test phase of probe trial had previously
been signaled incorrectly by the F-cue in the prior learning
phase.

Discussion
Experiment 1 examined the rats’ performance in a directed

forgetting task in which R-items and F-items were presented
in the same trial, allowing reallocation of memory resources
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6-10), or two (Block 11-18) choices in the test phase. Error bars represent
standard error of the mean

from F-items to R-items. The rats’ test performance signifi-
cantly deteriorated in the probe trials in which the correct arm
had been signaled incorrectly by an F-cue in the prior learning
phase. These results demonstrate that the task used in
Experiment 1 may be an effective means to elicit directed
forgetting in rats.

Previous research in rats, which used an omission or sub-
stitution procedure, could not eliminate the possibility of
nonmemorial artifacts, such as interference of conditional
frustration elicited by an F-cue, lack of attention to test stimuli,
interference from surprise by presenting test stimuli following
an F-cue, or incompatibility between response to test stimuli
and substitution response (Grant, 1982; Miller & Armus,
1999). Unlike previous research with rats, R-items and F-
items were presented in the same trial in this study. The F-
cue in the learning phase signaled only “exclusion of F-items
in the subsequent test” and did not signal any omission of
reward opportunity in this study. Therefore, it is very unlikely
that conditional frustration, as a result of pairing the F-cue
with an omission of reward opportunity, developed in
Experiment 1. Also, rats were required to choose the one
correct arm out of six arms in the test phase in both the normal
training trials and the probe trials. Therefore, attention to test
arms should have been equal in both the normal training trials
and the probe trials. Since the response required in the test
phase of the normal training trials and the probe trials was
identical, there was not any incompatibility between the re-
quired response in the normal training trials and in the probe
trials. Finally, in the directed forgetting procedure used in
Experiment 1, six R-cues and two F-cues were always pre-
sented in the learning phase of both normal training trials and
probe trials. Thus, the possibility of interference from surprise
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in the probe test’s omission procedure would not occur selec-
tively in the test phase of the probe trials in Experiment 1.
Hence, the reliable directed forgetting effects in Experiment
1 cannot be explained in terms of possible nonmemorial arti-
facts, as pointed out by Roper and Zentall (1993). Therefore,
the findings in Experiment 1 strongly suggest true directed
forgetting in rats and their active control of rehearsal of R-
items and F-items presented in the same trial.

We assigned the mean rank of remaining arms for trials in
which rats could not respond to the correct arm within the
number of arms allowed to visit. Such substitution assumes
that the rat had no memory of the correct arm and it would
choose the remaining arms at random. However, if rats failed
to respond to the correct arm, they still might have some
memory of the correct arm. That is, our analysis might
underestimate rats’ test performance. However, since this
analysis possibly underestimates, but not overestimates, rats’
performance on the error trials, our data that showed rats’
performance were reliably improved from the initial phase to
the final phase must logically be more conservative than real-
ity. That is, rats’ performance was significantly better in the
later phases of acquisition (with possibly greater underestima-
tion of rats’ memory) than that in the initial phases (with
possibly less underestimation of rats’ memory).

Additionally, the restriction of the number of arms allowed
to visit should also not affect our conclusion in the comparison
between performance in the normal and the probe tests be-
cause the allowed arm entries were both two in the normal
and probe tests. In this regard, our conclusion about reliable
acquisition of the task and significant directed forgetting ef-
fects must be still valid despite the possible underestimation of
rats’ memory performance by the substituted rank for error
trials.

Experiment 2

In Experiment 1, rats showed reliable directed forgetting ef-
fects in a radial maze task in which R-items and F-items were
presented in the same trial. Directed forgetting in rats has been
investigated mainly through the DMTS task using a T-maze
(Grant, 1982) or an operant chamber (Miller & Armus, 1999).
In this regard, the directed forgetting task and apparatus used
in Experiment 1 was considerably different from those used in
previous research with rats, and there are no other similar
results to support our findings. Recently, the importance of
replication of findings in psychology, especially with greater
statistical power, has been emphasized (e.g., Maxwell, Lau, &
Howard, 2015). Experiment 2 attempted to examine the rep-
licability of the findings of Experiment 1 with a larger number
of subject animals. Considering the possibility of proactive
interference in spatial memory in the radial maze task
(Cohen, Reid, & Chew, 1994; Cohen, Sturdy, & Hicks,

1996; Roberts & Dale, 1981), the number of daily trials was
reduced from two in Experiment 1 to one in Experiment 2.
The obstruction made of bricks placed in the arms in
Experiment 1 was not used in Experiment 2 because some rats
had difficulty climbing smoothly over the obstacles in
Experiment 1. The food reward for a correct response in the
test phase was increased from 10 pellets in Experiment 1 to 20
pellets in Experiment 2. Different schedules to reduce the
number of arms rats were allowed to visit in the test phase
during acquisition training were also used for Experiment 2
because the schedule was determined in accordance with the
progress of acquisition. Other aspects of the experimental pro-
cedure in Experiment 2 were similar to those of Experiment 1.

Method
Subjects

The subjects were 10 experimentally naive, male Wistar rats,
approximately 90 days old and weighing 250.3 g, on average,
at the start of Experiment 2. Rats were given 16 g of food daily
except for experimental rewards. The rats were acquired from
Sankyo Labo Service Corp., Inc., and were cared for and used
according to guidelines approved by Kanazawa University
Animal Experimentation Regulations.

Apparatus

The brick obstacles placed at entrances to the maze arms in
Experiment 1 were not used in Experiment 2. All other aspects
of the apparatus were identical to those of Experiments 1.

Procedure

Pretraining During the first 11 days, rats were handled for
3 min daily, and five food pellets, five grains of sweetened
puffed rice, and five chocolate chips were placed in their home
cages for familiarization. Exploration of the apparatus was
allowed from Day 12 for 4 days. Each rat could explore the
maze for 15 min daily. All eight doors of the radial maze were
open, and rats could eat a food pellet from the middle cup and
a chocolate chip and three grains of puffed sweetened rice
from the end cup. Training in entering the radial maze arms
began on Day 16 and lasted for 18 days. The arms were seri-
ally opened, one by one, in random order, and rats could enter
to eat a food pellet from the middle cup and a chocolate chip
and three grains of puffed sweetened rice from the end cup.
Other aspects of pretraining were identical to those of
Experiment 1.

Acquisition training Acquisition training began on Day 34 and

lasted for 68 days. As in Experiment 1, an acquisition trial
consisted of a learning phase, a delay interval, and a test phase.
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In the learning phase, one lose-R arm, two lose-F arms, and
five win-R arms were presented (see Table 1). The doors were
opened serially, one-by-one, in a random order without re-
placement. Since the doors of the visited arms were closed
after a visit, rats could not enter those arms again. In the test
phase following the 3-min delay interval, the middle food cup
of the lose-R arm in the learning phase was baited with 20
food pellets (correct arm in the test phase), and no food was
placed in the remaining middle and end cups. The doors of the
two lose-F arms in the learning phase remained closed and
excluded from the test. The number of allowable visits to arms
was gradually restricted, depending on actual acquisition
progress: six visits for the first 12 days, five visits for next 8
days, four visits for next 12 days, and three visits for the last
36 days. A single trial was conducted during each daily ses-
sion. Other aspects of the procedure were identical to those of
Experiment 1.

Probe test After the completion of acquisition training, a
probe test period was conducted for 12 days. One probe trial
was given for each block of 4 days, and a total of three probe
trials were carried out on each rat. The remaining three trials in
each block of 4 days were normal training trials, just as in the
acquisition-training period. A probe trial was conducted on
the second or third day of the 4-day block and was
counterbalanced across subjects. In the test phase of the probe
trial, one of the two lose-F arms was randomly selected to
replace the lose-R arm, and the number of visits was restricted
to three arms. All other aspects of the procedure in the probe
trials were identical to those of acquisition training.

Results

Figure 5 shows the mean rank of correct choices during ac-
quisition training in blocks of four trials. Since the number of
allowable visits to arms in the test phase was gradually re-
stricted from six to three, in order to analyze the rats’ perfor-
mance using an identical index throughout acquisition train-
ing, a rank of 5.5 (average of fifth and sixth) and 5.0 (average
of fourth, fifth, and sixth) was given if rats failed to choose the
correct arm when restricted to four and three arms, respective-
ly. A broken line represents the chance level of 3.5. Although
rats’ initial performance was around chance, it improved grad-
ually and became better than chance, especially in the final
blocks. A one-way repeated-measures ANOVA of Block 17
showed significant main effect of block, F(16, 144) =2.110, p
=.011, npz =.19. Pairwise comparison by ¢ test with adjusted
significance level by Ryan’s method revealed that rats’ perfor-
mance was significantly better in Block 16 than in Blocks 1, 4,
5, and 9. Moreover, the upper limits of the 95% confidence
intervals were reliably better than the chance level of 3.5 in
Blocks 15, 16, and 17. These results suggest that rats learned
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to reliably choose the correct arm better than chance due to
acquisition training.

The top panel of Fig. 6 shows the mean rank of correct
response in the normal training trials and the probe trials dur-
ing the probe test period. According to a 95% confidence
interval analysis, rats’ performance was reliably better than
the chance level of 3.5 for the normal training trials (1.675 <
n < 3.125), whereas it was not significant for the probe trials
(2.928 < 1 < 4.072). Also, paired ¢ tests showed that rats’ test
performance was poorer in the probe test than in the normal
test, #9) = 2.156, p = .030, r = .58, one-tailed. The bottom
panel of Fig. 6 shows the percentage correct of the first choice
during the probe test period. According to a 95% confidence
interval analysis, rats’ performance was reliably better than the
chance level of 16.67% for the normal training trials (18.122 <
u < 41.878), whereas it was not significant in the probe trials
(—.194 < p < 33.528). Paired ¢ tests showed that rats’ test
performance was poorer in the probe test than in the normal
test, #(9) = 1.964, p = .041, r = .55, one-tailed. These results
were consistent with those of Experiment 1, showing that rats’
performance reliably deteriorated if the correct arm in the test
phase had been signaled incorrectly by an F-cue in the prior
learning phase.

Discussion

As in Experiment 1, rats reliably learned to choose the correct
arm during acquisition training in Experiment 2. Although the
main effect of the training block was not significant in
Experiment 1, it reached a level of significance in
Experiment 2. More importantly, the results in Experiment
1, which showed poorer performance in probe trials rather
than in the normal tests, were also replicated in Experiment
2. That is, rats’ test performance deteriorated if the correct arm
had been signaled incorrectly by an F-cue in the prior learning
phase. These results suggest that the directed forgetting effect
in the present paradigm, in which nonmemorial artifacts were
controlled and the reallocation of memory resources from F-
items to R-items was allowed, has stable replicability and
intersubject generality.

Speed of acquisition was somewhat slower in Experiment
2 than in Experiment 1. There were some differences in pro-
cedure between Experiments 1 and 2. Since the reduction of
the number of daily trials was expected to reduce possible
proactive interference between daily trials (Roberts & Dale,
1981), that could not be a reason for slower acquisition in
Experiment 2. Larger food rewards to correct responses in
the test phase in Experiment 2 than in Experiment 1 was also
expected to contribute to better test performance. In contrast,
some research has reported that increasing the response cost of
visiting arms by manipulating length or incline of the arms
contributed to better performance in a radial maze (e.g.,
Brown, 1990; Brown & Lesniak-Karpiak, 1993). Therefore,
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the difference in acquisition performance between
Experiments 1 and 2 might be explained in terms of a differ-
ence in response cost to visit the arms. Although introducing
such obstructions requires shaping training to climb over
them, it might contribute to better performance in this relative-
ly complex memory task in the radial maze.

Experiment 3

It appears that directed forgetting, using rats in a radial maze,
may have been demonstrated in Experiment 1 and replicated
in Experiment 2. These results suggest that rats have the abil-
ity to control their memory rehearsal actively. The purpose of
Experiment 3 was to provide further evidence of the directed
forgetting effect shown in Experiment 2, reflecting the reallo-
cation of memory resources from F-items to R-items. Rats in
Experiment 2 continued to be tested in Experiment 3, and
performance in low-memory-load and high-memory-load
conditions was compared, using a within-subjects design.
The procedure in the low-memory-load condition was identi-
cal to that in the normal training trials of Experiment 2. That is,
one lose-R arm, two lose-F arms, and five win-R arms were
presented in the learning phase of the low-memory-load con-
dition (see Table 2). In contrast, F-cues were not used in the
high-memory-load condition. That is, three lose-R arms and
five win-R arms were presented in the learning phase of the
high-memory-load condition. Since the correct arm in the test
phase was selected randomly from three lose-R arms in the
learning phase, rats had to remember all these possible correct
arms in the high-memory-load condition. Conversely, in the
low-memory-load condition, rats could reallocate memory
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Table 2  Outline of procedures for the low-memory-load and the high-memory-load trials in Experiment 3
Learning phase Test phase

Low-memory-load trial One lose-R arm Correct arm
Two lose-F arms Excluded from testing

Five win-R arms

Three lose-R arm
Five win-R arms

High-memory-load trial

Incorrect arms

One of the arms was correct and the other two arms were excluded from testing
Incorrect arms

Note. Doors of two out of eight arms remained closed and excluded from the test in both trials

resources for the two lose-F arms to the R-arms. Therefore, if
rats used R-cues and F-cues and reallocated memory resources
from the F-arms to the R-arms, better test performance would
be expected in the low-memory-load condition than in the
high-memory-load condition.

Method
Subjects

The 10 rats from Experiment 2 were used in Experiment 3.
The treatment of the animals was identical to that of
Experiment 2.

Procedure

Experiment 3 began the day after the completion of
Experiment 2. As in Experiments 1 and 2, a trial consisted
of a learning phase, a 3-min delay interval, and a test phase.
Low-memory-load and high-memory-load conditions were
assigned to the rats using a within-subjects design. In the
low-memory-load trials (see Fig. 7-al), one lose-R arm, two
lose-F arms, and five win-R arms were presented in the learn-
ing phase, exactly as in the training trials of Experiment 2. In
the high-memory-load trials (see Fig. 7-bl), F-cues were not
used, and three lose-R arms and five win-R arms were pre-
sented in the learning phase. The test phase was conducted
after a 3-min delay interval. In the test phase of low-memory-
load trials (see Fig. 7-a2), the middle food cup of the lose-R
arm in the learning phase was baited with 20 food pellets and
no food was placed in remaining middle and end cups. The
doors of the two lose-F arms remained closed and excluded
from the test. In the test phase of the high-memory-load trials
(see Fig. 7-b2), one of the three lose-R arms from the prior
learning phase was selected randomly and its middle cup was
baited with 20 food pellets. The doors of the other two lose-R
arms remained closed and excluded from the test and the
number of allowable visits to arms was restricted to three.
Experiment 3 was conducted over 24 days. The high-
memory-load trial was given on the second or third day
(counterbalanced among subjects) in a 4-day block, and the
other three trials tested the low-memory-load condition. Thus,
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a total of 18 trials in the low-memory-load condition and six
trials in the high-memory-load condition were conducted.
Other aspects of the procedure were identical to those of the
normal test trials in Experiment 2.

Results

The top panel of Fig. 8 shows the mean rank of correct choices
in the low-memory-load and high-memory-load conditions.
Since the number of arms visited in the test phase was restrict-
ed to three, a rank of 5.0 (average of fourth—sixth) was given if
rats failed to choose the correct arm within the restriction of
three visits. Paired ¢ tests showed that rats’ performance in the
low-memory-load condition was not significantly better than
in the high-memory-load condition, #9) = —1.245, p = .878,
one-tailed. The 95% confidence interval was 2.365 < u <
3.157 and 1.900 < p < 3.037 for the low-memory-load and
the high-memory-load conditions, respectively. Thus, al-
though rats’ performance in the both conditions was signifi-
cantly better than the chance level of 3.5, they were not sig-
nificantly different from each other. The bottom panel of Fig.
8 shows the percentage correct of a first choice. According to
95% confidence interval analysis, rats’ performance was reli-
ably better than chance (16.67%) for both the low-memory-
load condition (19.261 < p < 37.406) and the high-memory-
load condition (18.518 < p < 38.149). Given that the mean
percent correct was 28.333% for both the low-memory-load
and the high-memory-load conditions, paired ¢ tests showed
that the difference between the conditions was not significant,
#(9) = .000, p = .500, one-tailed.

Discussion

Experiment 3 was designed to examine whether the signifi-
cant directed forgetting effect in Experiment 2 reflected real-
location of memory resources from F-items to R-items. If rats
could reallocate memory resources from F-items to R-items
using R-cues and F-cues, better performance was predicted in
the low-memory-load condition than in the high-memory-load
condition. That is, rats could stop memory rehearsal for arms
in which F-cues were presented and could reallocate memory
resources from F-items to R-items in the low-memory-load
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(a) Low-memory-load condition

(1) Learning phase

Fig.7 An overview of the procedure in Experiment 3. Rats received both
low-memory-load trials (a) and high-memory-load trials (b) using a
within-subjects design. Filled gray circles in the middle of the arms rep-
resent one food pellet in the learning phase (al and b1) or 20 food pellets
in the test phase (a2 and b2). Broken circles represent a nonreward in the
middle food cups. Solid R and F at the end of the arms represent two
qualitatively different foods presented as R- and F- cues in the end cup,

condition. In contrast, in the high-memory-load condition,
since F-cues were not presented, rats had to remember during
the learning phase all the arms that might be tested in the
subsequent test phase. Contrary to our prediction, differences
in both mean rank of correct responses and percent correct of
first choice between these conditions was not statistically sig-
nificant. Therefore, any positive evidence to support the idea
of reallocation of memory resources from F-cues to R-cues
was not evinced in Experiment 3.

The upper limits of the 95% confidential interval of mean
rank of correct response and percentage correct of first choice
were significantly better than chance, not only in the low-
memory-load condition but also the high-memory-load con-
dition. Therefore, rats might not need to use F-cues if they
were capable of remembering all eight arms. However, this
explanation contradicts the results of Experiment 2, in which
the same rats showed evidence of the use of F-cues.
Apparently, the rats’ performance deteriorated significantly

(2) Test phase

respectively. Broken R and F represent R-cues and F-cues presented in
the prior learning phase. Bold lines at the entrances of the arms represent
closed doors in the test phase (a2 and b2). One lose-R arm was presented
in the test of the low-memory-load condition (a), whereas one of three
lose-R arms, selected randomly, was presented in the test of the high-
memory-load condition (b)

when an F-arm was presented instead of an R-arm in the probe
tests of Experiment 2. These results strongly suggest that rats
remembered arms selectively, using R-cues and F-cues from
the learning phase for the subsequent test.

There were individual differences among rats in the decre-
ment of performance in the probe test compared with the nor-
mal test in Experiment 2. Such individual differences may
reflect differences in the levels of utilization of R-cues and
F-cues to some extent. That is, greater deterioration in test
performance in the probe test compared with the normal test
would suggest greater utilization of R-cues and F-cues. This
assumption predicts that rats that showed a greater directed
forgetting effect in Experiment 2 might have better perfor-
mance in the low-memory-load condition than in the high-
memory-load condition in Experiment 3, given that the utili-
zation of F-cues could reduce memory load in the low-
memory-load condition but not in the high-memory-load
condition.
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Fig.8 Top panel: Mean rank of correct choice in the test phase of the low-
memory-load and high-memory-load conditions in Experiment 3. The
broken line represents chance level (3.5). Bottom panel: Percentage cor-
rect of first choice in the test phase of the low-memory-load and the high-
memory-load conditions. The broken line represents chance level
(16.67%). Error bars represent standard error of the mean

To test this hypothesis, the correlation between individual
differences in directed forgetting effect in Experiment 2 and
individual differences in performance between the low-
memory-load and high-memory-load conditions was ana-
lyzed. Two difference scores were calculated. First, the differ-
ence score was calculated by subtracting mean rank of the
normal test from that of the probe test in Experiment 2 (see
Fig. 6). In this difference score, a larger score means a greater
directed forgetting effect in Experiment 2. The other differ-
ence score subtracted the mean rank of the low-memory-load
condition from the high-memory-load condition (see Fig. 8) in
Experiment 3. In this difference score, a larger score means
better performance in the low-memory-load condition than in
the high-memory-load condition. If rats that showed a greater
directed forgetting effect in Experiment 2 had better perfor-
mance in the low-memory-load condition than in the high-
memory-load condition in Experiment 3, then a positive cor-
relation between these two difference scores would be predict-
ed. Contrary to the prediction, the correlation between these
two difference scores was significantly negative (» = —.660, p
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=.038, two-tailed). This negative correlation suggests that rats
that evinced a greater directed forgetting effect—that is, rats
that might utilize R-cues and F-cues more, showed poorer
performance in the low-memory-load condition where F-
cues could be utilized than in the high-memory-load condition
where F-cues could not be utilized.

One possible explanation for this paradoxical result might
be that while rats might exploit R-cues and F-cues to some
extent to predict information in the subsequent test phase, such
utilization of R-cues and F-cues might interfere with their
main memory task. That is, the low-memory-load condition
might actually be a “dual task” of memory, both of remem-
bering the win or loss of a food pellet in the middle cup as well
as the discrimination and selective processing task of R-cues
and F-cues to predict use of the win/lose information in the
subsequent test phase. Conversely, selective processing of R-
cues and F-cues must not be needed in the high-memory-load
condition since only R-cues were presented in this condition.
Therefore, the analysis of the results of Experiments 2 and 3 at
the individual level suggests that, although rats could use the
direction of R-cues and F-cues to predict subsequent use of the
win/lose information, a negative interference effect of using
R-cues and F-cues might outweigh the benefit of reducing
memory load by utilizing R-cues and F-cues. That is, although
Experiment 3 failed to find results predicted from active con-
trol of memory resources, it might not necessary imply an
absence of active control of memory processes in rats, and it
suggests that processing R-cues and F-cues, in itself; is a dis-
crimination task that requires memory resources in the present
directed forgetting task.

If this were the case, we may need to devise an experimen-
tal condition in which the benefit of reducing the memory load
by utilizing F-cues surpasses the processing load for R-cues
and F-cues. One solution might be to use a radial maze with a
larger number of arms—for example, a 12-arm maze.
Increasing the number of to-be-forgotten F-arms would in-
crease the benefit of reallocating memory resources from F-
arms to R-arms and might overcome the negative effect of
processing R-cues and F-cues differentially. Thus, evidence
of reallocation of memory resources might be shown.

General discussion

In Experiments 1 and 2 in the present study, compared with
the normal test, in which the R-arm was presented in the test
phase consistent with R-cuing and F-cuing in the learning
phase, the rats’ test performance significantly deteriorated in
the probe test, in which, in contradiction to R-cuing and F-
cuing in the learning phase, an F-arm was presented in the test
phase instead of an R-arm. These results suggest that the di-
rected forgetting task in the present study, in which R-items



Learn Behav (2019) 47:310-325

323

and F-items were presented in a same trial, was effective in
examining directed forgetting in rats.

Previous studies of directed forgetting in rats had not prop-
erly controlled for nonmemorial artifacts, as Roper and Zentall
(1993) pointed out. In contrast, as discussed in Experiment 1,
the directed forgetting effect shown in the present study can-
not be explained in terms of such nonmemorial artifacts, such
as a conditional frustration, inattention, or surprise in the
probe test trial, or incompatibility between the substitution
response required following an F-cue in the training trial and
the response required in the probe trial.

However, there may be some concern about the possibility
that rats might have learned to avoid arms in the test phase
where F-cues were presented in the prior learning phase.
Consequently, arms in which F-cues were presented in the
previous learning phase were simply excluded from the test
phase by keeping their doors closed. Since rats never experi-
enced any discrimination training with differential
reinforcement—that is, rats received reinforcement for re-
sponses to the correct lose-R arm, but they never experienced
nonreinforcement for a response to the incorrect lose-F
arms—it is unlikely that rats learned to avoid the arms in
which F-cues were presented in the learning phase through
acquisition training. Moreover, if rats had learned to avoid
arms in which F-cues were presented in the learning phase,
it would be expected that test performance in the probe test
would become poorer than the chance level. However, the
mean ranks were 3.500 and 3.367 in Experiments 1 and 2,
respectively, and they were not poorer than the chance level of
3.5. Additionally, the percentage correct of the rats’ first
choice in the probe test was 16.67% in both Experiments 1
and 2, which were equal to the chance level. These results of
around, but not poorer than, chance performance, in the probe
tests of Experiments 1 and 2, do not support the idea that rats
learned to avoid F-arms in the test phase of the probe trial.

Another possible explanation might be that rats just learned
to remember only a lose-R arm in the learning phase in which
a large reward was presented in the subsequent test phase and
that they did not learn anything about other of lose-F and win-
R arms in the learning phase at all. In this case, rats just
learned to respond to a lose-R arm and responded to the other
arms randomly in the test phase of a trial. This strategy might
explain the around chance test performance in the probe tests
in Experiments 1 and 2. The strategy might also explain al-
most equal test performance in the low-memory-load and the
high-memory-load conditions in Experiment 3, if it could be
assumed that rats could generalize the strategy to all the three
lose-R arms presented in the high-memory-load condition and
remember all of them as equally well as the one lose/R arm in
the low-memory-load condition.

However, this strategy cannot explain the reliable negative
correlation between individual differences in directed forget-
ting effects in Experiment 2 and ones in performance in the

low-memory-load and high-memory-load conditions in
Experiment 3, mentioned in the Discussion of Experiment 3.
The correlation suggests that as rats used R-cues and F-cues
more, they showed poorer performance in the low-memory-
load condition, in which F-cues were available, than in the
high-memory-load condition, in which F-cues were not avail-
able. The strategy of remembering only a lose-R arm would
explain individual differences in the directed forgetting effect
in Experiment 2 in terms of the different degrees to which rats
remembered only the lose-R arm using the R-cue or they
remembered three lose arms (one lose-R and two lose-F arms)
regardless of R-cues and F-cues in Experiment 2. In the for-
mer extreme case, it is expected that rats that learned to re-
member only one lose/R arm would show equal (in case rats
could remember one lose-R arm in the low-memory-load con-
dition and the three lose-R arm in the high-memory-load con-
dition equally) or better performance in the low-memory-load-
condition than in the high-memory-load condition because
such rats had to remember only one lose-R arm in the low-
memory-load-condition in contrast to three lose-R arms in the
high-memory-load condition in Experiment 3. However, it
would be expected that if rats learned to respond to the three
lose arms regardless of R-cues and F-cues, they would show
equal performance in the low-memory-load and high-
memory-load conditions because three lose arms (one lose-R
and two lose-F arms in the low-memory-load condition and
three lose-R arms in the high-memory-load condition) were
equally presented in both conditions. Therefore, this analysis
predicts only positive or no correlation between the degree of
utilization of R-cues and F-cues in Experiment 2 and perfor-
mance in the low-memory-load and the high-memory-load
conditions in Experiment 3. Therefore, the significant
negative correlation between these data would never have
been predicted in terms of the strategy of remembering only
lose-R arm in the learning phase and suggests that, generally
speaking, rats learned something about both R-cues and F-
cues. However, since individual rats may adopt different strat-
egies and the present studies do not allow precise analysis of
individual differences in learning strategy, the possibility of a
simpler learning strategy should be considered carefully in
future directed forgetting studies using the radial maze.

In these experiments, memory items were the win or loss of
a food pellet presented in the middle cup and R-cues and F-
cues were two qualitatively different foods presented in the
end cups. Therefore, there is a possibility that rats discriminat-
ed arms in the test phase based on compound cues that
consisted of a combination of reward events in the middle
and end cups. Namely, the R-cues and F-cues in the end cups
might not serve as independent cues, where a compound
“lose+R” cue might serve as a positive stimulus, while the
“win+R” cue might serve as a negative stimulus, and “lose+
F” cue signal exclusion from testing. Although the possibility
that rats might learn to utilize reward events in the middle and
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end cups as compound cues is not in contradiction to the
notion that rats in the present study controlled memory re-
hearsal based on R-cues and F-cues, it should be clarified that
R-cues and F-cues can serve as independent cues. One prom-
ising way to examine whether R-cues and F-cues can serve as
independent cues might be to test transfer of cue function from
the original directed forgetting task to another task. Some
previous studies reported the absence of transfer of R-cue
and F-cue functions from original memory items to novel ones
(e.g., Grant, 1988). However, Roper, Chaponis, and Blaisdell
(2005) showed significant transfer of R-cue and F-cue func-
tions between two different DMTS tasks in the pigeon. The
possibility that R-cues and F-cues might serve as an indepen-
dent cue or “higher order instruction” (Roper et al., 2005) in
the present study could be tested by examining the transfer of
the R-cues and F-cues among two or more directed forgetting
tasks using different memory items and R-cues and F-cues.

Another possible problem in the present study might relate
to the presentation of memory items (win or loss of a food
pellet in the middle cup) and direction cues (R-cue or F-cue
foods in the end cup) in the same maze arm. We assumed that
rats start to remember an item when they encounter a win or
loss in the middle cup and then differentially control rehearsal
for the items after receiving R-cues or F-cues in the end cup. In
this case, the directed forgetting procedure of the present study
is involved in active control of rehearsal of memory items.
However, the arm to-be-remembered or one to-be-forgotten
must still be present when rats received R-cues or F-cues in
the end cup. If rats combined win/lose information with arm
information when they received R-cues or F-cues, the directed
forgetting procedure in the present study might involve active
control of encoding or memorization of arm information as
well as rehearsal of memory items. Schwartz (1986,
Experiment 2) presented a sample stimulus and a direction
cue simultaneously to pigeons. Poorer test performance was
observed in the probe test than in the normal test. Since the
sample stimulus and R-cue or F-cue were presented simulta-
neously, the possibility that the results might reflect active
control of encoding, but not rehearsal of sample stimulus,
could not be excluded. Although the findings of the present
study strongly suggest that rats showed active control of mem-
ory processes, at least of rehearsal or encoding, in order to
elucidate rats’ ability to control rehearsal specifically, reexam-
ination with an improved procedure—for example, presenting
R-cues and F-cues at the central platform after exiting an arm,
would be needed.

Many studies have been conducted after Maki, Gillund,
Hauge, and Siders (1977) first reported directed forgetting in
pigeons using the omission procedure in the DMTS task.
Howeyver, after the influential critical review of the initial di-
rected forgetting studies by Roper and Zentall (1993), the
number of studies of directed forgetting in nonhuman animals
decreased, possibly because of the difficulty of controlling

@ Springer

nonmemorial artifacts appropriately. More recently, however,
some studies have investigated the neural activity of the pre-
frontal cortex in pigeon, using a directed forgetting paradigm
with the omission procedure (e.g., Milmine, Rose, &
Colombo, 2008a; Milmine, Watanabe, & Colombo, 2008b).
These studies have found differential neural activity following
R-cues or F-cues. But a subsequent study showed that the
neural activities correlated with R-cues and F-cues were asso-
ciated with the presence or absence of subsequent rewards, not
the sample memory (Browning, Overmier, & Colombo,
2011). These recent findings also suggest the importance of
controlling nonmemorial artifacts in directed forgetting stud-
ies in nonhuman animals, as Roper and Zentall (1993)
suggested.

The present study suggests that rats can actively control
memory rehearsal or, at least, encoding. However, we were
unable to obtain direct evidence of reallocation of memory
resources from F-items to R-items. To clarify species differ-
ences and the evolutional origin of active control of working
memory processes, a reexamination of directed forgetting in
rats with a more finely discriminative task is necessary in
order to tease apart these different aspects of memory.
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