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Research

Interaction of inhibitory and facilitatory effects of
conditioning trials on long-term memory formation

Shouhei Hosono,1,2 Yukihisa Matsumoto,3,4 and Makoto Mizunami3

1Graduate School of Life Science, Hokkaido University, Sapporo 060-0810, Japan; 2Graduate School of Agriculture, Tamagawa

University, Machida 194-8610, Japan; 3Faculty of Science, Hokkaido University, Sapporo 060-0810, Japan; 4Faculty of Liberal

Arts, Tokyo Medical and Dental University, Ichikawa 272-0827, Japan

Animals learn through experience and consolidate the memories into long-time storage. Conditioning parameters to induce

protein synthesis-dependent long-term memory (LTM) have been the subject of extensive studies in many animals. Here we

found a case in which a conditioning trial inhibits or facilitates LTM formation depending on the intervals from preceding

trials. We studied the effects of conditioning parameters on LTM formation in olfactory conditioning of maxillary-palpi

extension response with sucrose reward in the cockroach Periplaneta americana. We found, at first, that translation- and tran-

scription-dependent LTM forms 1 h after training, the fastest so far reported in insects. Second, we observed that multiple-

trial training with an intertrial interval (ITI) of 20 or 30 sec, often called massed training, is more effective than spaced

training for LTM formation, an observation that differs from the results of most studies in other animals. Third, we

found that a conditioning trial inhibits LTM formation when the intervals from preceding trials were in the range of

10–16 min. This inhibitory effect is pairing-specific and is not due to decreased motivation for learning (overtraining

effect). To our knowledge, no similar inhibition of LTM formation by a conditioning trial has been reported in any

animals. We propose a model to account for the effects of trial number and ITIs on LTM formation. Olfactory conditioning

in cockroaches should provide pertinent materials in which to study neuronal and molecular mechanisms underlying the

inhibitory and facilitatory processes for LTM formation.

[Supplemental material is available for this article.]

Animals learn from experience and consolidate the memory into
long-term storage. Classical conditioning is one of the basic forms
of associative learning in many vertebrates and invertebrates, and
investigation of conditioning parameters for acquisition and re-
tention of long-term memory (LTM) has been a fundamental issue
in the study of learning and memory (Dudai 2012; Dudai and
Morris 2013; Kandel et al. 2014). It has been shown that multiple
trials are more effective than a single trial for inducing protein
synthesis-dependent LTM and that spaced training with a long-
time interval (typically over 1 min) is more effective than massed
training with short intervals for inducing LTM in many studies in
vertebrates and invertebrates (Sutton et al. 2002; Cepeda et al.
2006; Philips et al. 2007; Sunsay and Bouton 2008) including in-
sects (honeybees: Gerber et al. 1998; Menzel et al. 2001; fruit flies:
Tully et al. 1994; Margulies et al. 2005; Pagani et al. 2009; Akalal
et al. 2010; crickets: Matsumoto and Mizunami 2002; Matsumoto
et al. 2006). Here we report a case that appears to be an exception
to the latter rule.

In this study, we investigated stimulus parameters to deter-
mine olfactory long-term memory formation in the cockroach,
Periplaneta americana. Olfactory learning capabilities of cock-
roaches have been well documented in studies using an operant
conditioning procedure (Sakura and Mizunami 2001; Sakura
et al. 2002) and a classical conditioning procedure (Watanabe
et al. 2003, 2008; Watanabe and Mizunami 2006, 2007). In addi-
tion, olfactory receptor neurons and olfactory interneurons in
the brain have been anatomically and physiologically character-
ized in some detail in the cockroach (Boeckh and Ernst 1987;

Watanabe et al. 2010; Nishino et al. 2011, 2012, 2015), and exper-
iments with local microinjection of acetylcholine receptor antag-
onist suggest that the mushroom body plays critical roles in
olfactory learning (Watanabe et al. 2011). However, stimulus pa-
rameters to determine acquisition and retention of long-term
memory have not been characterized.

In this study, we first developed a procedure for olfactory
conditioning of maxillary-palpi extension response (MER) in
cockroaches. We recently showed that crickets extend and vibrate
their maxillary palpi in response to presentation of water to the
antennae or the mouth and that they also exhibit the same re-
sponses when an odor conditioned with water is presented to
the antennae (Matsumoto et al. 2015; Awata et al. 2016), and
here we show that cockroaches exhibit the same responses to pre-
sentation of sucrose solution or sucrose-associated odors. By using
MER, we investigated the effects of the number of conditioning
trials and the intervals between the trials for formation (consoli-
dation) of long-term memory (LTM), and we found some unique
features of stimulus parameters for formation of LTM. Notably, we
found that a conditioning trial can inhibit or facilitate LTM for-
mation depending on the timing from preceding trials, an obser-
vation that, to our knowledge, has not been reported in any
animals.
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Results

Olfactory conditioning of MER in cockroaches
We first established a procedure for olfactory conditioning of MER
in cockroaches. When a cockroach is stationary, the maxillary
palpi are held beneath the mouthpart. When a drop of sucrose
solution was placed on the antennae or a filter paper soaked
with essence of food odor was presented near the antennae, the
cockroach extended and vigorously swung its maxillary palpi
(Fig. 1A; Supplemental Movie 1), which we refer to as MER. This
response was immediately followed by upward and forward exten-
sion of the mouth, vigorous swinging of antennae, and forward
locomotory movement. Thus, MER is an initial part of a sequence
of exploratory behavior.

We investigated whether repeated pairing of an odor with
sucrose reward (Fig. 1B) leads to a pairing-specific increase in the
probability of MER to the odor. One group of cockroaches received
five pairing trials with a 7-min intertrial interval (ITI) (paired
group, Fig. 1C). The percentage of MERs during a 3-sec period of
odor presentation was scored. The group exhibited a significant
increase in percentage of MERs to the paired odor (CS) with an in-
crease in the number of trials (Fig. 2A, Cochran’s Q test: n ¼ 54,
P ¼ 4.70 × 10215, x2 ¼ 73.24). A control group received unpaired
presentations of an odor (CS) and a sucrose solution (US) for five
times each with a 3.5-min ITI (unpaired group). Another two con-
trol groups received presentation of an odor CS alone or sucrose
US alone for five times (odor-only group or sucrose-only group)
(Fig. 1C). In the unpaired group and odor-only group, percentages
of MERs during a 3-sec period of odor presentation were scored. In
the sucrose-only group, a filter paper containing no odor essence

was presented near the antennae for 3 sec before sucrose presenta-
tion, and the percentage of MERs during the 3-sec period was de-
termined. The unpaired group exhibited a significant increase in
the percentage of MERs with progress of training, but the odor-
only group and sucrose-only group did not (Fig. 2A, statistical
results shown in legends). A small increase in the MERs in the
unpaired group may reflect an unspecific sensitizing effect.
Statistical comparisons among groups showed that the percentage
of MERs in the paired group did not differ from those in control
groups in the first trial (before presentation of a US and thus be-
fore the first pairing), but the percentage of MERs in the paired
group was significantly greater in the fifth trial (i.e., after four
trials). We thus conclude that the increase in MERs to the paired
odor is pairing-specific and is not due to a nonassociative sensitiz-
ing effect.

In the 1-d retention test, the paired group exhibited a signifi-
cantly higher percentage of MERs to the odor used in training
(trained odor) than to a novel odor not used in training (Fig.
2B). In contrast, the unpaired group and the odor-only group ex-
hibited no significant difference in percentages of MERs to the
trained odor and to a novel odor. In the sucrose-only group, there
was no significant difference in percentages of MERs to two novel
odors (rose and orange odors). We thus conclude that five-trial
conditioning with a 7-min ITI is sufficient to induce acquisition
and 1-d retention of CS-specific memory. The percentage of
MERs to the trained odor in the unpaired group appeared to be
very low, but it did not significantly differ from that in the odor
only group.

Effects of five-trial conditioning with different ITIs

on acquisition and 1-d memory retention
A major aim of this study was to clarify the effects of number of
trials and ITI on formation of long-term memory. We first studied
the effects of five-trial conditioning with different ITIs. Seven
groups of cockroaches received five-trial conditioning with an
ITI of 20 sec, 30 sec, 2 min, 5 min, 7 min, 10 min, or 15 min. All
of the groups exhibited significant increases in percentages of
MERs to the CS with increase in the number of trials (Fig. 2C).
In the 10-min ITI group, however, the level of acquisition was
low. Comparison among groups showed that percentages of
MERs at the fifth trial in the 20-sec, 30-sec, 2-min, and 7-min
ITI groups, but not in the 5- and 15-min ITI groups, were signifi-
cantly higher than that in the 10-min ITI group.

In the 1-d retention test, all groups except for the 5-min ITI
group exhibited significantly higher percentages of MERs to the
CS than to a novel odor (Fig. 2D), indicating that the memory is
CS-specific. We thus conclude that five-trial conditioning with
ITIs of 20 sec, 30 sec, 2 min, 7 min, 10 min, and 15 min leads to
1-d retention but that five-trial conditioning with a 5-min ITI
does not. The absence of 1-d retention of CS-specific memory
with this specific stimulus parameter was the subject of our exper-
iments described in a later section. Comparison of percentages of
MERs at the fifth trial and in the 1-d retention test showed that
they significantly decreased in the 20-sec and 2-min ITI groups
but not in other groups, obviously due to a sensitization effect
adding to the acquisition performance in the short ITI groups.

Dissection of translation- and transcription-dependent

long-term memory from earlier memories
In various systems of learning in many animals, memory after
training can be divided into several phases with different
time courses and with different underlying biochemical or cellu-
lar processes, such as amnesia-sensitive short-term memory
(STM), amnesia-resistant mid-term memory (MTM), and protein

Figure 1. Experimental procedures. (A) A photograph of maxillary-
palpi extension response (MER) of a cockroach, Periplaneta americana,
to presentation of an odor. Red arrowheads indicate the maxillary palpi.
The black arrowhead indicates a filter paper soaked with odor essence
and the white arrowhead indicates a drop of sucrose solution. (B) A sche-
matic illustration of a conditioning trial to associate an odor (CS) with 0.5
M sucrose solution (US). (C) Conditioning and control procedures.
Groups of cockroaches were subjected to paired or unpaired presentation
of CS and US (paired or unpaired groups) or presentation of CS or US
alone (odor-only and sucrose-only groups). The paired group received
6-sec CS presentation and subsequent 3-sec US presentation with a
3-sec delay from the CS onset. The unpaired group received 6-sec CS pre-
sentation and subsequent 3-sec US presentation with a 3.5-min interval.
The odor-only group and sucrose-only group received 6-sec odor presen-
tation and 3-sec presentation of sucrose solution, respectively. The reten-
tion test consisted of 4-sec CS presentation and 4-sec presentation of a
novel odor with a 5-min interval.
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synthesis-dependent LTM (Tully et al. 1994; Tiunova et al. 1998;
Menzel 1999). We studied the effects of actinomycin (Act-D, a
transcription inhibitor, dissolved in 1% DMSO) and cyclohexi-
mide (protein synthesis inhibitor) on acquisition and 30-min,
1-h, and 1-d retention. We also tested the effect of L-NAME (NO
synthesis inhibitor), which inhibits the formation of protein syn-
thesis (translation)-dependent LTM in cockroaches (Matsumoto
et al. 2013). Four groups of cockroaches were injected with saline
or saline containing cycloheximide, actinomycin D, L-NAME,
or DMSO (saline, CHX, Act-D, L-NAME, and D-saline groups) at
30 min before five-trial conditioning with 30-sec ITIs and then
received a retention test at 30 min, 1 h, or 1 d after conditioning.
The doses of the drugs were determined on the basis of results of
our previous study (Matsumoto et al. 2013).

All of the groups exhibited significant increases in percent-
ages of MERs to the CS with progress of training (Fig. 3A). The lev-
els of acquisition in the Act-D group and D-saline group appeared
to be slightly lower, but no statistically significant difference was
found among the groups at the fifth trial. In the 30-min retention
test, all of the groups exhibited significantly greater responses to
the CS than to the novel odor (Fig. 3B). In the 1-h and 1-d reten-

tion tests, the control group injected with saline or saline contain-
ing DMSO (D-saline) exhibited a greater response to the CS than
to a novel odor, indicating retention of CS-specific memory, but
the CHX, L-NAME, and Act-D groups exhibited no significantly
greater percentages of MERs to the CS than to the novel odor
(Fig. 3C,D), indicating no retention of CS-specific memory. The
results show, at first, that translation- and transcription-depen-
dent LTM is established only 1 h after training. To our knowledge,
this is the fastest formation of LTM so far reported in insects: it
has been reported that protein synthesis-dependent olfactory
LTM is fully developed 8 h after training in crickets (Matsumoto
et al. 2003), 24 h after training in fruit flies (Tully et al. 1994;
Margulies et al. 2005), and 3 d after training in honeybees
(Menzel 1999; Matsumoto et al. 2014). Second, “massed” pairing
trials with a 30-sec ITI lead to formation of protein synthesis-
dependent LTM formation in cockroaches: This is in contrast to
results of previous studies showing that “spaced” pairing trials
with ITIs of at least 1 min are necessary for formation of pro-
tein synthesis-dependent LTM in other species of insects (fruit
flies, Tully et al. 1994; honeybees, Menzel et al. 2001; crickets,
Matsumoto and Mizunami 2002).

Figure 2. Evaluation of the pairing-specific effect (A,B) and the effect of ITIs (C,D) in five-trial conditioning. (A) Acquisition performances of the paired
group, unpaired group, odor-only group, and sucrose-only group in five-trial conditioning with 7-min ITIs. Percentages of MERs to the odor are shown for
the former three groups. The paired and unpaired groups exhibited significant increases in percentages of MERs with increase in the number of trials, but
the odor-only group did not (Cochran’s Q test: unpaired: n ¼ 26, P ¼ 0.046, x2 ¼ 9.67; odor only: n ¼ 16, P ¼ 0.76, x2 ¼ 2). Percentages of MERs did not
significantly differ among the groups in the first trial (LR test: P ¼ 0.91, deviance ¼ 0.18, df ¼ 2) but significantly differed in the fifth trial (LR test: P ¼
1.0 × 1029, deviance ¼ 41.43, df ¼ 2; Fisher’s exact test: paired group vs. odor-only group: P ¼ 4.7 × 1027, odds ratio ¼ Inf.; unpaired vs. odor only:
P ¼ 0.27, odds ratio ¼ Inf.). (B) One-day retention after five-trial conditioning with 7-min ITIs. Percentages of MERs to the CS (black bar) and to a
novel odor (white bar) were compared in the paired, unpaired, and odor-only groups (McNemar’s test: paired group; P ¼ 1.63 × 1025, x2 ¼ 18.58; un-
paired, P ¼ 1, x2 ¼ 0; odor only, P ¼ 1, x2 ¼ 0). In the sucrose-only group, percentages of MERs to two novel odors, rose (left down shaded bar) and
orange (right down shaded bar) odors, were compared (McNemar’s test: P ¼ 1, x2 ¼ 0). The percentage of MERs to the trained odor in the paired
group, but not in the odor-only group, was significantly higher than that in the unpaired group (LR test: P ¼ 2.23 × 1029, deviance ¼ 39.84, df ¼ 2;
Fisher’s exact test: paired vs. unpaired: P ¼ 2.24 × 1028, odds ratio ¼ 0.019; unpaired vs. odor only: P ¼ 0.15, odds ratio ¼ 0.18). (C) Acquisition per-
formance after five-trial conditioning with different ITIs. Percentage of MERs to the CS increased with the progress of training in all groups (Cochran’s Q
test: 20 sec, n ¼ 24, P ¼ 0.00018, x2 ¼ 14; 30 sec, n ¼ 35, P ¼ 3.74 × 1025, x2 ¼ 17; 2 min, n ¼ 24, P ¼ 0.00053, x2 ¼ 12; 5 min, n ¼ 49, P ¼ 4.16 ×
1028, x2 ¼ 40.09; 7 min, n ¼ 54, P ¼ 4.70 × 10215, x2 ¼ 73.24; 10 min, n ¼ 38, P ¼ 1.78 × 1025, x2 ¼ 27.23; 15 min, n ¼ 25, P ¼ 2.07 × 1025, x2 ¼
26.92). Percentage of MERs in the fifth trial of the 10-min group was compared with those of other groups (LR test: P ¼ 1.14 × 1027, deviance ¼ 43.05,
df ¼ 6; Fisher’s exact test: 20 sec vs. 10 min: P ¼ 1.37 × 1026, odds ratio ¼ 14.01, 30 sec vs. 10 min: P ¼ 0.00012, odds ratio ¼ 14.01; 2 min vs. 10 min:
P ¼ 0.0019, odds ratio ¼ 7.16; 5 min vs. 10 min: P ¼ 0.23, odds ratio ¼ 1.84; 7 min vs. 10 min: P ¼ 0.0018, odds ratio ¼ 4.79; 15 min vs. 10 min: P ¼
0.092). (D) One-day retention performance after five-trial conditioning with different ITIs. Percentage of MERs to the CS was significantly greater than that
to a novel odor in all groups except for the 5-min ITI group (McNemar’s test; 20 sec, n ¼ 24, P ¼ 0.016, x2 ¼ 5.82; 30 sec, n ¼ 35, P ¼ 0.00041, x2 ¼
12.5; 2 min, n ¼ 26, P ¼ 0.027, x2 ¼ 4.9; 5 min, n ¼ 49, P ¼ 0.07, x2 ¼ 3.27; 7 min, n ¼ 54, P ¼ 1.63 × 1025, x2 ¼ 18.58; 10 min, n ¼ 38, P ¼ 0.04,
x2 ¼ 4.27; 15 min, n ¼ 25, P ¼ 0.0055, x2 ¼ 7.69). Percentages of MERs to the CS significantly decreased from the fifth trial to the 1-d retention test
in the 20-sec and 2-min groups but not in other groups (McNemar test: 20 sec: P ¼ 0.0094, x2 ¼ 6.75; 30 sec: P ¼ 1, x2 ¼ 0; 2 min: P ¼ 0.0027,
x2 ¼ 4.9; 5 min: P ¼ 0.48, x2 ¼ 0.5; 7 min: P ¼ 1, x2 ¼ 0; 10 min: P ¼ 0.72, x2 ¼ 0.13; 15 min: P ¼ 1, x2 ¼ 0) (∗) P , 0.05, NS: P . 0.05.
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Dissection of anesthesia-sensitive short-term memory

from later memory phases
To discriminate anesthesia-sensitive STM from later memory
phases, we performed CO2 anesthesia at various times after two-
trial conditioning with a 30-sec ITI. Five groups received 10-sec
CO2 treatment at 30 sec, 5 min, 7 min, 15 min, or 1 h after com-
pletion of training. A control (intact) group received the same
training but no anesthetic treatment. The percentages of MERs
increased significantly with progress of training in all groups
(Fig. 4A). The percentages of MERs at the second trial did not
significantly differ among groups. In the 1-d retention test, the
intact group and the groups subjected to anesthesia at 7 min
after training or later exhibited significantly higher percentages
of MERs to the CS than to a novel odor. In contrast, the groups
that received anesthetic treatment 30 sec or 5 min after training
exhibited no significantly higher percentages of MERs to the
CS than to a novel odor (Fig. 4B). Thus, we characterize the mem-
ory up to 5 min after training as anesthesia-sensitive STM and
the memory at 7 min after training or later as anesthesia-insensi-
tive MTM.

Biphasic memory retention curve after one-trial

conditioning
It has been reported that multiple trials, but not a single trial, pro-
duce long-lasting memory in many learning systems of animals
(Tully et al. 1994; Gerber et al. 1998; Cepeda et al. 2006; Philips

et al. 2007). We next studied the effect of one-trial conditioning.
Groups of cockroaches received one-trial conditioning and then
received a retention test at various times after conditioning
(Fig. 5A). Percentages of MERs to the CS in the retention test
were significantly higher than that before conditioning (i.e., in
the conditioning trial) in the 20-sec, 30-sec, 2-min, 5-min,
15-min, 30-min, and 1-d retention test groups, indicating success-
ful memory retention, but those in the 7-min, 10-min, and 1-h
groups were not significantly higher than that before condition-
ing. A comparison among groups showed that percentages of
MERs in the 20-sec, 30-sec, 2-min, and 30-min groups, but not
the 5-min, 7-min, 15-min, 1-h, and 1-d groups, were significantly
higher than that in the 10-min group. Thus, the retention curve
after a single training trial is biphasic, showing an initial decay
with a trough at 10 min after training and then an increase with
a peak at 30 min after training and then a decay.

We next investigated whether the memory after a single pair-
ing trial is CS-specific. Two groups were subjected to one-trial
conditioning, and one group was presented with the paired
odor (CS) and the other group was presented with a novel odor
at 30 sec after training. There was no significant difference be-
tween percentages of MERs in the two groups (Fig. 5B), indicating
that 30-sec memory after a single trial is not CS-specific, reflecting
a nonassociative effect (sensitization). Another three groups were
subjected to one-trial conditioning and were presented with the
CS and a novel odor at 30 min, 1 h, and 1 d after training. The
30-min retention group exhibited a significantly higher percent-
age of MERs to the CS than to a novel odor (Fig. 5C), indicating

Figure 3. Pharmacological dissection of transcription- and translation-dependent LTM with earlier memory phase. (A) Acquisition performances in
groups injected with saline and saline containing DMSO (D-saline group), CHX, L-NAME, or Act-D. The time schedule of the experiment is shown
above the figure. Percentage of MERs to the CS significantly increased with the progress of training in all groups (Cochran’s Q test: saline, n ¼ 75,
P ¼ 2.2 × 10216, x2 ¼ 156.82; D-saline, n ¼ 68, P ¼ 2.2 × 10216, x2 ¼ 115.01; CHX, n ¼ 76, P ¼ 2.2 × 10216, x2 ¼ 159.42; L-NAME, n ¼ 66, P ¼
2.2 × 10216, x2 ¼ 142.6; Act-D, n ¼ 80, P ¼ 2.2 × 10216, x2 ¼ 118.14). Percentages of MERs to the CS at the fifth trial did not significantly differ
among groups (LR test: saline, CHX vs. L-NAME: P ¼ 0.405, deviance ¼ 1.8, df ¼ 2; Fisher’s exact test: Act-D vs. D-saline: P ¼ 0.71, odds ratio ¼
1.18; D-saline vs. saline: P ¼ 0.052, odds ratio ¼ 2.5). (B–D) Each group received a retention test at 30 min, 1 h, or 1 d after training. Percentage of
MERs to the CS (black bar) was statistically compared with that to a novel odor (white bar) in each group (McNemar’s test: 30 min: saline, n ¼ 22,
P ¼ 0.0094, x2 ¼ 6.75; D-saline, n ¼ 24, P ¼ 0.0026, x2 ¼ 9.09; CHX, n ¼ 24, P ¼ 0.046, x2 ¼ 4.0; L-NAME, n ¼ 24, P ¼ 0.0011, x2 ¼ 10.56; Act-D,
n ¼ 24, P ¼ 0.00087, x2 ¼ 11.08; 1 h: saline, n ¼ 27, P ¼ 0.027, x2 ¼ 4.92; D-saline, n ¼ 22, P ¼ 0.00087, x2 ¼ 11.08; CHX, n ¼ 26, P ¼ 1, x2 ¼ 0;
L-NAME, n ¼ 19, P ¼ 0.68, x2 ¼ 0.17; Act-D, n ¼ 23, P ¼ 0.68, x2 ¼ 0.17; 1 d: saline, n ¼ 26, P ¼ 0.0077, x2 ¼ 7.11; D-saline, n ¼ 22, P ¼ 0.0033,
x2 ¼ 8.64; CHX, n ¼ 26, P ¼ 0.68, x2 ¼ 0.17; L-NAME, n ¼ 23, P ¼ 1, x2 ¼ 0; Act-D, n ¼ 23, P ¼ 1, x2 ¼ 0). (∗) P , 0.05, NS: P . 0.05.
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that the 30-min memory after a single trial is CS-specific. In con-
trast, no CS-specific memory was found in the 1-h and 1-d reten-
tion tests. We thus conclude that one-trial conditioning induces
STM that is not CS-specific and 30-min memory that is CS-specif-
ic. One-trial conditioning induced a very low level of 1-d memory,
which was not CS-specific.

Effects of two- or three-trial conditioning with different

ITIs on LTM formation
We next investigated retention after two- or three-trial condition-
ing with various ITIs to compare with that after single-trial (Fig. 5)
or five-trial (Fig. 2C,D) conditioning. At first, six groups of cock-
roaches were subjected to two-trial conditioning with 30-sec,
5-min, 7-min, 10-min, 15-min, or 1-h ITIs. The 30-sec, 5-min,
7-min, and 10-min ITI groups exhibited significant increases in
percentages of MERs with training (Fig. 6A), but the 15-min and
1-h ITI groups did not. A comparison among groups showed that
the percentages of MERs at the second trial in the 30-min, 5-min,
7-min, and 10-min groups, but not in the 15-min group, were sig-
nificantly higher than that in the 1-h group. A slight difference in
the performances of the 15-min group shown in Figures 5A, 6A
may reflect incidental data variation due to the small sample size.

In the 1-d retention test, the 30-sec and 5-min ITI groups ex-
hibited significantly greater percentages of MERs to the CS than to
a novel odor (Fig. 6B). On the other hand, the 7-min, 10-min,
15-min, 30-min, and 1-h ITI groups did not exhibit significantly
greater percentages of MERs to the CS than to a novel odor, indi-
cating no CS-specific memory. Thus, we conclude that two-trial
conditioning with ITIs of 5 min or shorter induces CS-specific
LTM but that two-trial conditioning with longer ITIs does not.
These observations again do not match results of studies in
many animals showing that training with longer ITIs is more ef-
fective than training with shorter ITIs for inducing LTM (Tully
et al. 1994).

Next, we studied the effects of three-trial conditioning with
5-min, 7-min 10-min, and 15-min ITIs. All of the groups exhibited
significant increases in percentages of MERs with training (Fig.
6C). Percentages of MERs at the third trial did not significantly dif-
fer among groups. In the 1-d retention test, all of the groups exhib-
ited significantly higher percentages of MERs to the CS than to a
novel odor (Fig. 6D). Thus, three-trial conditioning with a wide
range of ITIs induces CS-specific LTM.

Figure 4. Dissection of anesthesia-sensitive and anesthesia-resistant
memories. Cockroaches in five groups received two-trial conditioning
with a 30-sec ITI and then received CO2 anesthesia at 30 sec, 5 min, 7
min, 15 min, or 1 h after the last trial. Another group received the same
training but no CO2 anesthesia. The time schedule of the experiment is
shown above the figure. (A) Acquisition performance. Percentages of
MERs to the CS significantly increased with training (Cochran’s Q test:
intact: n ¼ 25, P ¼ 0.00011, x2 ¼ 15; 30 sec: n ¼ 23, P ¼ 0.0046, x2 ¼
8; 5 min: n ¼ 22, P ¼ 0.0001, x2 ¼ 15; 7 min: n ¼ 22, P ¼ 0.00053,
x2 ¼ 12; 15 min: n ¼ 25, P ¼ 0.00031, x2 ¼ 13; 1 h: n ¼ 22, P ¼ 0.043,
x2 ¼ 10). Percentages of MERs to the CS at the second trial did not signifi-
cantly differ among the groups (LR test: P ¼ 0.2, deviance ¼ 7.23, df ¼ 5)
(B) One-day retention after two-trial conditioning. Percentage of MERs to
the CS was statistically compared with that to a novel odor in each group
(McNemar’s test: intact: n ¼ 24, P ¼ 0.00018, x2 ¼ 15; 30 sec: n ¼ 23,
P ¼ 1, x2 ¼ 0; 5 min: n ¼ 22, P ¼ 1, x2 ¼ 0; 7 min: n ¼ 22, P ¼ 0.027,
x2 ¼ 4.90; 15 min, n ¼ 25, P ¼ 0.043, x2 ¼ 4.08; 1 h: n ¼ 22, P ¼
0.027, x2 ¼ 4.90). (∗) P , 0.05, NS: P . 0.05.

Figure 5. Memory retention after one-trial conditioning. (A)
Cockroaches in 10 groups were subjected to one-trial conditioning and
then subjected to a retention test at different times after the trial.
Percentage of MERs in each retention test was compared with that at
the first trial (i.e., prior to the first CS-US pairing) (Cochran’s Q test: 20
sec, n ¼ 24, P ¼ 0.00018, x2 ¼ 14.0; 30 sec, n ¼ 35, P ¼ 3.73 × 1025,
x2 ¼ 17.0; 2 min, n ¼ 26, P ¼ 0.00058, x2 ¼ 12.0; 5 min, n ¼ 49, P ¼
0.00018, x2 ¼ 14.0; 7 min, n ¼ 54, P ¼ 0.058, x2 ¼ 3.6; 10 min, n ¼
38, P ¼ 0.16, x2 ¼ 2.0; 15 min, n ¼ 25, P ¼ 0.014, x2 ¼ 6.0; 30 min,
n ¼ 31, P ¼ 0.00017, x2 ¼ 15.0; 1 h, n ¼ 25, P ¼ 0.16, x2 ¼ 2.0; 1 d,
n ¼ 26, P ¼ 0.025, x2 ¼ 5.0). The percentage of MERs in the 10-min
group was compared with those in other groups (LR test: P ¼ 6.43 ×
1027, deviance ¼ 51.19, df ¼ 9; Fisher’s exact test: 20 sec vs. 10 min:
P ¼ 5.23 × 1026, odds ratio ¼ 23.54, 30 sec vs. 10 min: P ¼ 2.87 ×
1025, odds ratio ¼ 16.32; 2-min vs. 10 min: P ¼ 0.00015, odds ratio ¼
14.69; 5 min vs. 10 min: P ¼ 0.017, odds ratio ¼ 6.23; 7-min vs. 10
min: P ¼ 0.18, odds ratio ¼ 3.09; 15 min vs. 10 min: P ¼ 0.049, odds
ratio ¼ 5.52; 30 min vs. 10 min: P ¼ 5.71 × 1025, odds ratio ¼ 15.23; 1
h vs. 10 min: P ¼ 1, odds ratio ¼ 1.55; 1 d vs. 10 min: P ¼ 0.11, odds
ratio ¼ 4.18). (B) Retention performance. First two bars: Cockroaches in
two groups were subjected to one-trial conditioning and then presented
with the CS or a novel odor at 30 sec after the training trial. Percentage of
MERs to the CS did not significantly differ from that to a novel odor (novel)
(Fisher’s exact test: P ¼ 0.61, odds ratio ¼ 1.34; CS, n ¼ 35, novel odor,
n ¼ 25). Next six bars: Cockroaches in three groups were subjected to
one-trial conditioning and then a retention test at 30 min, 1 h or 1 d
after conditioning. Percentage of MERs to the CS was statistically com-
pared with that to a novel odor in each group (McNemar’s test: 30
min, n ¼ 31, P ¼ 0.034, x2 ¼ 4.27; 1 h, n ¼ 25, P ¼ 0.13, x2 ¼ 2.25; 1
d, n ¼ 26, P ¼ 0.45, x2 ¼ 0.57). (∗) P , 0.05, NS: P . 0.05.
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Effects of different numbers of trials

with 5-min ITIs on LTM formation
Our observations that two- or three-trial
conditioning but not five-trial condi-
tioning with 5-min ITIs produces LTM
(Figs. 2D, 6B,D) are paradoxical because
increasing the number of conditioning
trials usually strengthens LTM (Tully
et al. 1994). To better clarify the effect
of increasing the number of trials with
5-min ITIs on LTM formation, four
groups of cockroaches were subjected
to four, six, seven, and 10 trials with
5-min ITIs, and 1-d retention was tested.
The results are shown in Figure 7 togeth-
er with results for the two-, three-, and
five-trial groups.

In the 1-d retention test, the group
that received four trials did not exhibit
a significant level of CS-specific memory
as in the case of the five-trial group. On
the other hand, the six-, seven-, and
10-trial groups exhibited significantly
higher percentages of MERs to the CS
than to a novel odor (Fig. 7). Thus, the ef-
fect of increasing the number of trials
with 5-min ITIs on LTM formation is
complicated: LTM is formed by two or
three trials but not by four or five trials
and is again formed by six, seven, and
10 trials. It appears that the fourth trial
inhibits the ongoing process of LTM for-
mation, since LTM should have been
formed without the fourth trial. It also
appears that with further addition of
two trials, the inhibitory effect is over-
whelmed by the facilitatory effect for
LTM formation.

Effects of three-trial conditioning with different intervals

between the second and third trials on LTM formation
Based on the results shown in Figure 7, we proposed a model in
which (1) each conditioning trial has both a facilitatory effect
and an inhibitory effect on LTM formation, (2) the strength of
the effects varies depending on time intervals from preceding tri-
als, and (3) summation of the effects of all trials determines
whether LTM is formed. To clarify time intervals from preceding
trials with which a trial inhibits LTM formation, we designed a
three-trial conditioning experiment in which the interval be-
tween the first and second trials (I1–2) was fixed at 30 sec and
that between the second and third trials (I2–3) varied from 5 to
30 min and thus I1–3 varied from 5.5 to 30.5 min. Retention was
tested 1 d after conditioning. If the three-trial conditioning does
not form LTM, the third trial should have cancelled out the ongo-
ing process of LTM formation since the first two trials, if not fol-
lowed by the third trial, should have led to LTM formation (Fig. 6).

All of the groups exhibited significant increases in percentag-
es of MERs with training trials (Fig. 8A). In the 1-d retention test,
the percentage of MERs to the CS was significantly higher than
that to a novel odor in the 5-, 20-, and 30-min I2–3 groups (Fig.
8B), whereas the percentage of MERs to the CS did not signifi-
cantly differ from that to a novel odor in the 10- and 15-min
I2–3 groups (10-min I2–3, n ¼ 23, P ¼ 1, x2 ¼ 0; 15-min I2–3, n ¼
24, P ¼ 1, x2 ¼ 0). The results suggest that the third trial inhibits
the ongoing process of LTM formation when it is preceded by

the first and second trials with a range of intervals of 10–15.5
min (I2–3 ¼ 10 or 15 min and I1–3 ¼ 10.5 or 15.5 min) but not
when it is preceded by trials with shorter or longer intervals.

Inhibitory effect of the trial is pairing-specific
We finally investigated whether the inhibitory effect is pairing-
specific. Two groups received two-trial conditioning with 30-sec
I1–2, and a CS or US was presented alone 10 min later. Both groups
exhibited normal acquisition performance until the second trial
(Fig. 8C): The US-only group exhibited no MER at the third trial
because no odor was presented. In the 1-d retention test, both
groups exhibited significantly higher percentages of MERs to the
CS than to a novel odor (Fig. 8D), indicating that presentation
of a CS or a US alone has no inhibitory effect on the formation
of LTM. Thus, the effect of a trial to inhibit LTM formation is
pairing-specific.

Discussion

We used olfactory conditioning of MER to investigate condition-
ing parameters for formation of protein synthesis-dependent LTM
in cockroaches. Conditioning of MER is advantageous for analysis
of the effects of conditioning parameters for LTM formation com-
pared with our previous conditioning procedures (operant condi-
tioning procedure: Sakura and Mizunami 2001; Sakura et al. 2002;
classical conditioning and operant testing procedure: Watanabe

Figure 6. Acquisition and 1-d retention after two-trial conditioning (A,B) and after three-trial condi-
tioning (C,D) with different ITIs. (A) Acquisition performance after two-trial conditioning. The percent-
age of MERs to the odor in the first trial was statistically compared with that in the second trial in each
group (Cochran’s Q test: 30 sec, n ¼ 26, P ¼ 0.00011, x2 ¼ 15.0; 5 min, n ¼ 23, P ¼ 0.0455, x2 ¼ 4.0;
7 min, n ¼ 24, P ¼ 0.014, x2 ¼ 6.0; 10 min, n ¼ 24, P ¼ 0.045, x2 ¼ 4.0; 15 min, n ¼ 26, P ¼ 1, x2 ¼ 0;
1 h, n ¼ 22, P ¼ 1, X2 ¼ 0). The percentage of MERs at the second trial in the 1-h group was compared
with those in other groups (LR test: P ¼ 9.30 × 1028, deviance ¼ 41.02, df ¼ 5; Fisher’s exact test: 30
sec vs. 1 h: P ¼ 1.03 × 1026, odds ratio ¼ Inf.; 5 min vs. 1 h: P ¼ 0.046, odds ratio ¼ Inf.; 7 min vs. 1 h:
P ¼ 0.18, odds ratio ¼ Inf.; 10 min vs. 1 h: P ¼ 0.022, odds ratio ¼ Inf.; 15 min vs. 1 h: P ¼ 1, odds
ratio ¼ Inf.) (B) One-day retention performance. The percentage of MERs to the CS was statistically
compared with that to a novel odor in each group (McNemar’s test: 30 sec, n ¼ 26, P ¼ 0.0026,
x2 ¼ 9.09; 5 min, n ¼ 23, P ¼ 0.016, x2 ¼ 5.81; 7 min, n ¼ 24, P ¼ 0.22, x2 ¼ 1.5; 10 min, n ¼ 24,
P ¼ 1, x2 ¼ 0; 15 min, n ¼ 26, P ¼ 1, x2 ¼ 0; 1 h, n ¼ 22, P ¼ 0.29, x2 ¼ 1.13). Percentages of MERs
in the third trial did not significantly differ among the groups (LR test: P ¼ 0.27, deviance ¼ 3.86,
df ¼ 3) (C) Acquisition performances after three conditioning trials with different ITIs. The change in
percentage of MERs to the CS with increase in the number of trials was statistically evaluated in each
group (Cochran’s Q test: 5 min, n ¼ 32, P ¼ 0.0011, x2 ¼ 13.63; 7 min, n ¼ 26, P ¼ 3.25 × 1025,
x2 ¼ 20.67; 10 min, n ¼ 36, P ¼ 0.00015, x2 ¼ 17.64; 15 min, n ¼ 26, P ¼ 0.018, x2 ¼ 8.0). (D)
One-day retention performance. The percentage of MERs to the CS was statistically compared with
that to a novel odor in each group (McNemar’s test: 5 min, n ¼ 32, P ¼ 0.016, x2 ¼ 5.79; 7 min,
n ¼ 26, P ¼ 0.027, x2 ¼ 4.9; 10 min, n ¼ 36, P ¼ 0.00066, x2 ¼ 11.53; 15 min, n ¼ 26, P ¼ 0.0094,
x2 ¼ 6.75). (∗) P , 0.05, NS: P . 0.05.
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et al. 2003; and conditioning of activities
of salivary neurons: Watanabe and
Mizunami 2006, 2007; Watanabe et al.
2008, 2011) in that retention can be eval-
uated very easily.

We observed that the process for the
formation of protein synthesis-depen-
dent LTM has some unique features in
cockroaches in that (1) multiple trials
with short intervals (20–30 sec), called
massed training, are more effective than
trials with long (.5 min) intervals, called
spaced training, for formation of protein
synthesis-dependent LTM and (2) a
conditioning trial inhibits or facilitates
LTM formation depending on the time
interval from the preceding trial. To our
knowledge, the former has been reported
very rarely in other animals and the latter
has never been reported in other ani-
mals. These features will be discussed in
more detail below.

Memory phases after a single trial

and multiple trials
We observed that memory after two-trial
conditioning with a 30-sec interval can
be separated into three phases, anesthe-
sia-sensitive STM, anesthesia-insensitive
MTM, and protein synthesis-dependent
LTM (Figs. 3, 4). The STM lasts up to �5
min after training, the MTM develops
�7 min after conditioning and lasts up

to �30 min after training, and the LTM is fully developed 1 h after
training.

Memory after a single conditioning trial was biphasic, exhib-
iting an initial decay with a trough at 10 min after training and a
peak at 30 min after training. The time course of the second mem-
ory phase matches the late phase of the anesthesia-insensitive
MTM. We thus propose that MTM can be divided into early
MTM (eMTM) with a peak at 10 min and late MTM (lMTM) with
a peak at 30 min: following this scheme, memory after a single tri-
al consists of STM and lMTM, and memory after two trials with a
30-sec ITI consists of four memory phases, namely, STM, eMTM,
lMTM and LTM, as shown in Supplemental Figure S1. It should
be cautioned, however, that separation of MTM into eMTM and
lMTM remains hypothetical until evidence that they are based
on different biochemical or cellular processes is obtained.

We observed that protein synthesis-dependent LTM is fully
developed 1 h after conditioning in cockroaches (Fig. 3), and
this formation of LTM is the fastest so far reported in insects (8
h in crickets, Matsumoto et al. 2003; 1 d in fruit flies, Tully et al.
1994; 3 d in honeybees, Menzel 1999; Giurfa and Sandoz 2012).
This rapidly formed LTM can be maintained for at least 5 d: we ob-
served that memory formed by five trials with 30-sec ITIs lasted at
least for 5 d (data not shown). It is tempting to speculate that such
rapid formation of LTM is related to the lifestyle and behaviors of
cockroaches, but whether this feature can be generalized to condi-
tioning with CS and US other than the odor CS and sucrose US
needs to be investigated to enable solid discussion on this subject.

Memory after a single conditioning trial shows the lowest
level at 10 min after training. A lapse of memory after weak train-
ing has been referred to as the Kamin effect (Kamin 1957) and has
been reported in many vertebrates and invertebrates (Klein and
Spear 1970; Riege and Cherkin 1971; Sanders and Barlow 1971;

Figure 7. One-day retention after conditioning with different numbers
of trials and with 5-min ITIs. The percentage of MERs to the CS was statisti-
cally compared with that to a novel odor in two-, three-, four-, five-, six-,
seven-, or 10-trial conditioning groups with 5-min ITIs (McNemar’s test:
four-trial, n ¼ 20 P ¼ 1, x2 ¼ 0; six-trial, n ¼ 26, P ¼ 0.024, x2 ¼ 5.06;
7-trial, n ¼ 26, P ¼ 0.013, x2 ¼ 6.13; 10-trial, n ¼ 24, P ¼ 0.043, x2 ¼
4.08; for two, three, and five trials, see legends of Figs. 2, 6). (∗) P ,

0.05, NS: P . 0.05.

Figure 8. Acquisition and 1-d retention after three-trial conditioning with 30-sec I1–2 and different
I2–3 (A,B) and after two pairing trials with a 30-sec interval (I1–2) and subsequent presentation of CS
or US alone with a 10-min interval (I2–3) (C,D). (A) Acquisition performance. The change in percentages
of MERs to the CS with progress of training was statistically evaluated (Cochran’s Q test: 5-min I2–3, n ¼
23, P ¼ 0.00019, x2 ¼ 17.08; 10-min I2–3, n ¼ 23, P ¼ 0.0045, x2 ¼ 10.8; 15-min I2–3, n ¼ 24, P ¼
0.0047, x2 ¼ 10.71; 20-min I2–3, n ¼ 22, P ¼ 0.0084, x2 ¼ 9.56; 30-min I2–3, n ¼ 24, P ¼ 0.0023,
x2 ¼ 12.17). (B) One-day retention performance. The percentage of MERs to the CS was statistically
compared with that to a novel odor in each group (McNemar’s test: 5-min I2–3, n ¼ 23, P ¼ 0.027,
x2 ¼ 4.9; 10-min I2–3, n ¼ 23, P ¼ 1, x2 ¼ 0; 15-min I2–3, n ¼ 24, P ¼ 1, x2 ¼ 0; 20-min I2–3, n ¼
22, P ¼ 0.0077, x2 ¼ 7.11; 30-min I2–3, n ¼ 24, P ¼ 0.0015, x2 ¼ 10.08). (C) Acquisition performance
after two pairing trials with a 30-sec interval (I1–2) and subsequent presentation of CS or US alone with a
10-min interval (I2–3). The percentage of MERs in the first trial was statistically compared with that in the
second trial in each group (Cochran’s Q test: CS only, n ¼ 22, P ¼ 0.002, x2 ¼ 12.46; US only, n ¼ 35,
P ¼ 3.06 × 1027, x2 ¼ 30.0). (D) One-day retention performance. The percentage of MERs to the CS
was statistically compared with that to a novel odor in each group (McNemar’s test: CS only, n ¼ 22,
P ¼ 0.027, x2 ¼ 4.9; US only, n ¼ 35, P ¼ 0.0055, x2 ¼ 7.69). (∗) P , 0.05, NS: P . 0.05.
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Rosenzweig et al. 1993; Hellstern et al. 1998) including honeybees
(Menzel 1979; 1999; Gerber et al. 1998; Gerber and Menzel 2000).
In the mollusk Lymnaea (Marra et al. 2013), it has been concluded
that the dip in memory corresponds to transitions between differ-
ent phases of memory that have different molecular require-
ments. Notably, in the cockroach, a 10-min interval corresponds
not only to the interval in which formation of LTM is difficult
but also to that in which a training trial suppresses the ongoing
process of LTM formation. Indeed, the results of experiments
shown in Figure 8A,B strongly suggest that a trial that was preced-
ed by trials with a range of intervals of 10–15.5 min cancels out
the ongoing processes of LTM formation. To our knowledge, no
similar cancelation of the ongoing process of LTM formation
by a conditioning trial has been reported in any animals, except
for the “overtraining effect” (Brookshire et al. 1961; Ishida and
Papini 1997), in which excessive training in a condition of low
motivation (e.g., exhaustion) leads to inhibition of LTM forma-
tion. It is obvious that the trial number- and ITI-specific inhibi-
tion of LTM formation observed in this study differs from the
overtraining effect.

Effects of training parameters on LTM formation
We observed no evidence of a “trial-spacing effect” for LTM induc-
tion at least for ITIs of 20 sec or longer in cockroach olfactory
learning. This is in contrast to the fact that a spacing effect has
been ubiquitously observed in many animals; that is, multiple-
trial training with sufficient intervals (spaced training) leads to
formation of protein synthesis-dependent LTM, but training
with short intervals (massed training) is less effective. In insects,
the spacing effect has been reported in fruit flies (Tully et al.
1994), honeybees (Gerber et al. 1998; Menzel et al. 2001) and
crickets (Matsumoto and Mizunami 2002). It should be cau-
tioned, however, that a spacing effect might appear if we could
perform training with ITIs of ,20 sec. Moreover, because many
previous studies on the spacing effect have been performed using
weak conditioning protocols, in which many trials are needed to
establish LTM, it needs to be investigated whether the spacing ef-
fect can be found by training with a weak US.

Molecular mechanisms underlying the spacing effect have
been studied in fruit flies (Pagani et al. 2009), and it has been
proposed that activation of the consolidation process for LTM for-
mation requires multiple waves of activation of MAPK (mitogen-
activated protein kinase): spaced training (with a 900-sec ITI) pro-
duces multiple waves of MAPK activation, but massed training
(with a 45-sec ITI) does not, due to the slow kinetics of MAPK ac-
tivation. In rats and the sea slug Aplysia, it has been shown that
persistent activation of MAPK activates cAMP response element-
binding protein (CREB), which serves as a switch to form LTM
in many animals including the fruit fly (Margulies et al. 2005;
Philips et al. 2007; Naqib et al. 2012; Zhang et al. 2012). Based
on these findings, we propose that the absence of a spacing effect
in cockroaches can be accounted for by a model in which (1) ki-
netics of the biochemical process activated by each trial is rapid
and thus multiple trials with 20-sec intervals can produce multi-
ple waves of biochemical processes and (2) the summation effect
of multiple waves to trigger the biochemical process leading to
LTM formation is more effective when the ITI is short (5 min or
less). In the following section, we elaborate on this model so
that other observations in this study can be accounted for.

It was an unexpected observation that a conditioning trial in-
hibits LTM formation when the intervals from preceding trials are
10–15.5 min (Fig. 8A). To account for this observation, we pro-
pose a model in which we assume that (1) each trial transiently ac-
tivates a biochemical process (process A) and (2) multiple
activation of process A triggers sustained activation of process F

(facilitatory process), which leads to formation (or consolidation)
of LTM, as is assumed in the model proposed by Pagani et al.
(2009) for fruit flies. We also assume that (3) a training trial induc-
es process I, which inhibits process F, when the interval from the
preceding trial is in a range of 10–16 min or when the number
of preceding trials with intervals in this range is larger than the
number of trials with intervals outside this range (i.e., ,10 min
or .16 min). The model has been mathematically described in
Supplemental Data 1.

In Figure 9A,B, we show that the model accounts for observa-
tions in this study in that (1) a conditioning trial can inhibit the
ongoing process of LTM formation shown in Figure 8 (Fig. 9A),
and (2) three trials, but not two trials, with a 10-min or 15-min
ITI lead to LTM formation shown in Figure 6 (Fig. 9B). In Figure
9C,D, we show that the model accounts for the observations
that two, three, six, or more trials with 5-min ITIs lead to LTM for-
mation but that four or five trials do not (Fig. 7) if we assume that
process I lasts for at least 5 min (but no more than 10 min) once it
is activated. Therefore, simple modifications of a model proposed
for flies accounts for unique features of the memory system of
cockroaches. Although more studies need to be performed to eval-
uate the validity of this model, the model should provide a start-
ing point for further quantitative analysis of the interaction of
inhibitory and facilitatory processes to form LTM observed in
cockroaches.

Conclusion

We conclude that each training trial has a facilitatory or inhibito-
ry effect on LTM formation depending on the intervals from pre-
ceding trials in olfactory conditioning in cockroaches. Cellular
and molecular mechanisms underlying the interaction of these fa-
cilitatory and inhibitory effects are fascinating future subjects,
and the model we proposed should provide a starting point for
such study. We previously showed that activation of nitric oxide
synthase (NOS) participates in LTM formation in cockroaches
(Matsumoto et al. 2013), and thus activation of NOS should com-
prise one of biochemical processes to activate the facilitatory pro-
cess (process F) in the model. Cockroaches should provide a
unique opportunity to study the interaction of facilitatory and in-
hibitory processes for LTM formation and its underlying cellular
and biochemical mechanisms.

An important future subject is to investigate whether unique
characteristics of memory formation in appetitive olfactory learn-
ing can be generalized to other forms of learning in cockroaches.
Such studies should help to clarify general characteristics of the
memory system of cockroaches and hence allow discussion of
how unique properties of the memory system are related to life
styles and evolutionary history of animals.

Materials and Methods

Animals
Adult male cockroaches, Periplaneta americana, maintained in a
colony under a light–dark cycle of 14 h:10 h at 28˚C–30˚C
were used. One week prior to conditioning, 30–40 cockroaches
were collected from the colony into a plastic container. The con-
tainer was placed in a rearing room with a reversed light–dark cy-
cle of 12 h:12 h (light period: 20:00–8:00) at 25˚C–27˚C.
Drinking water was provided ad libitum. No food was provided
to enhance motivation to uptake sucrose solution. One day before
the training, cockroaches were anesthetized by CO2 and individu-
ally isolated into 200-mL beakers. The wall of each beaker was
smeared with liquid paraffin to prevent the cockroaches from es-
caping, and the floor of the beaker was covered with black
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cardboard. The beakers contained no food or water. The mortality
rate of cockroaches until the experiment was ,1%.

Conditioning procedure
Ten minutes before the training, beakers containing cockroaches
were transferred from the rearing room to an experimental room.
Training was performed in the dark period of the light–dark cycle
under white fluorescent light. We have observed that cockroaches
learn odors under white light as effectively as they do in the dark
(Sato et al. 2006; Matsumoto et al. 2012). The cockroaches were
subjected to conditioning trials to associate an odor (CS) with
sucrose (US). Rose or orange odor was used as CS and 0.5 M sucrose
solution was used as US. Hypodermic syringes (each 1 mL) were
used to present CS and US stimuli. A small filter paper (3 × 3
mm) was attached to the needle of the syringe at 10 mm from
its tip (Fig. 1B). The syringe was filled with sucrose solution. The
filter paper attached to the needle was soaked with odor essence
(rose or orange). The cockroaches received presentation of a CS
for 6 sec, and after 3 sec, US was presented for 3 sec, with a 3-sec
overlap to CS presentation (Fig. 1C: paired group). For CS presen-
tation, the filter paper was placed near the midpoint of the length
of the antenna. Presence or absence of MER during a period of 3
sec from the CS onset was recorded. For US presentation, a drop
of sucrose solution was presented to the antennae and then to
the mouth and the cockroach was allowed to drink it. The number
of trials and the ITIs were changed according to the purpose of ex-
periments. After training, cockroaches were placed in a rearing
room under a reversed light–dark cycle until the retention test.

Retention test
A memory retention test was performed under white fluorescent
light during the dark period. Retention of CS-specific memory
was assessed by comparing percentages of MERs to two odors
(rose odor and orange odor): one odor was a CS and the other
odor was a novel odor not used in training. The order of presenta-
tions of the two odors was randomized to avoid sequential effects.
The CS and the novel odor were presented for 6 sec each with an
interval of 5 min. After the retention test, sucrose solution was ap-
plied to the mouth or the antenna and resulting MER was tested.
Data for cockroaches that did not show MER to sucrose US were
discarded. Cockroaches that did not show response to US were
,0.7%.

Pharmacology
For injection of drugs, cockroaches were anesthetized with CO2

and then a small hole was made in the head capsule between ocelli
by a syringe needle. At 30 min before the start of training, the
cockroaches were each injected with 3 mL saline or saline contain-
ing 1.25% DMSO (D-saline), 25 mM cycloheximide (CHX, trans-
lation inhibitor, Sigma-Aldrich), 0.5 mM L-NAME (NO synthesis
inhibitor, Sigma-Aldrich), or 2.5 mM actinomycin-D (Act-D, tran-
scription inhibitor, Nakarai, Tokyo) into the head hemolymph
with a microsyringe according to the method of Matsumoto
et al. (2013).

Data analysis
Occurrence of MER to the test odor was recorded in training and
in retention tests. In all experiments, the percentage of MERs
was calculated as the number of cockroaches that exhibited
MER to the CS divided by the total number of cockroaches stud-
ied. Acquisition performance was evaluated by comparing per-
centage of MERs to the CS with increase in the number of
training trials using Cochran’s Q test. Retention performance
was evaluated by comparing percentages of MERs to the CS and
that to the novel odor using McNemar’s test. Fisher’s exact test
was used to compare percentages of MERs in training or the reten-
tion test between different groups. In the case of comparison
among three or more groups, we constructed generalized linear
models (GLMs), assuming a binomial distribution, and the signif-
icance of the difference of the effect of conditioning on

Figure 9. A hypothetical model to account for the effects of number of
trials and ITI on LTM formation. The model assumes that (1) each training
trial produces transient activation of biochemical process A, (2) multiple
activations of process A trigger sustained activation of biochemical
process F, (3) sustained activation of process F produces protein synthesis-
dependent LTM, (4) the effect of activation of process A to trigger F is
weaker when the intervals from preceding activations are .5 min, and
thus two trials are sufficient to trigger process F when the ITI is 5 min or
less, but three trials are required when the ITI is .5 min, (5) when a
trial is preceded by a trial with an interval in the range of 10–16 min,
the trial triggers process I, which inhibits process F, and (6) when a trial
is preceded by multiple trials, process I is triggered when the number of
preceding trials with intervals in the range of 10–16 min is larger than
the number of trials with intervals outside this range (,10 min or .16
min). In A, we show how the model accounts for the observation that
three-trial conditioning with I1–2 ¼ 30 sec, I2–3 ¼ 10 or 15 min and
I1–3 ¼ 10.5 or 15.5 min does not lead to LTM formation (Fig. 8). The
second trial triggers process F, but it does not trigger process I. The
third trial triggers process I since I1–3 ¼ 10.5 min and I2–3 ¼ 10 min.
Process I suppresses process F and thus no LTM formation occurs. In B,
we show how the model accounts for the observation that three-trial
training with 10-min or 15-min ITIs induced LTM formation but that two-
trial training did not (Fig. 6). The second trial triggers process I but not
process F, whereas the third trial triggers process F and hence LTM forma-
tion occurs. In C and D, we show how the model accounts for the obser-
vation that two-, three-, or six-trial training with a 5-min ITI produced LTM
but that four- or five-trial training did not (Fig. 7). We observed that five-
trial training with 5-min ITIs did not produce LTM, but our model assumes
that the fifth trial does not activate process I, since it is preceded by the
first to fourth trials for 20, 15, 10, and 5 min and thus the number of
trials with intervals in the range of 10–16 min is equal to the number of
trials with intervals outside this range (D). We thus added an assumption
that activation of process I is maintained for at least 5 min (but not more
than 10 min) once it is activated. For mathematical description of the
model, see Supplemental Data 1.
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percentage of MER was tested among groups by the
likelihood-ratio test (LR test). If there was a significant difference
(,0.05), we then compared between the lowest-performance
group and each of the other groups by Fisher’s exact test, with
the P-value adjusted for multiple comparisons by Holm’s method.
All statistical results are described in the figure legends.

Acknowledgments
This study was supported by Grants-in-Aid for Scientific Research
from the Ministry of Education, Science, Culture, Sports and
Technology of Japan (No. 24370030, 16H04814, and 16K18586).

References
Akalal DBG, Yu D, Davis RL. 2010. A late-phase, long-term memory trace

forms in the g neurons of Drosophila mushroom bodies after olfactory
classical conditioning. J Neurosci 30: 16699–16708.

Awata H, Wakuda R, Ishimaru Y, Matsuoka Y, Terao K, Katata S,
Matsumoto Y, Hamanaka Y, Noji S, Mito T, et al. 2016. Roles of OA1
octopamine receptor and Dop1 dopamine receptor in mediating
appetitive and aversive reinforcement revealed by RNAi studies. Sci Rep
6: 29696.

Boeckh J, Ernst KD. 1987. Contribution of single unit analysis in insects to
an understanding of olfactory function. J Comp Physiol A 161: 549–565.

Brookshire KH, Warren JM, Ball GG. 1961. Reversal and transfer learning
following overtraining in rat and chicken. J Comp Physiol Psychol 54:
98–102.

Cepeda NJ, Pashler H, Vul E, Wixted JT, Rohrer D. 2006. Distributed practice
in verbal recall tasks: A review and quantitative synthesis. Psychol Bull
132: 354–380.

Dudai Y. 2012. The restless engram: consolidations never end. Annu Rev
Neurosci 35: 227–247.

Dudai Y, Morris RG. 2013. Memorable trends. Neuron 80: 742–750.
Gerber B, Menzel R. 2000. Contextual modulation of memory

consolidation. Learn Mem 7: 151–158.
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