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Abstract Running in an activity wheel generates pica behav-
ior (kaolin clay intake) in rats. Wheel running also results in
Pavlovian conditioned avoidance of the taste solution con-
sumed immediately before the running. Since pica has been
considered a behavioral marker of nausea in rats, these find-
ings suggest that wheel running induces nausea, which is the
underlying physiological state for establishing taste avoid-
ance. This article reports a replication of running-based pica
in rats (Experiment 1) and concurrent demonstrations of
running-based pica and taste avoidance in the same animals
(Experiments 2 and 3). Also shown is that pica does not alle-
viate running-based taste avoidance (Experiment 3). Another
finding is that pica is generated by a nausea-inducing lithium
chloride injection but not by a pain-inducing hypertonic saline
injection (Experiment 4). These results, when taken together,
support the hypothesis that pica behavior generated by wheel
running reflects nausea in rats.
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Aberrant pica behavior (kaolin clay intake) has been regarded
as a marker of nausea in rats (Andrews & Horn, 2006) that
cannot vomit because of anatomical and/or neural reasons
(Horn et al., 2013). Pica behavior is generated by a variety
of nausea-inducing treatments, including irradiation (e.g.,
Yamamoto, Takeda, & Yamatodani, 2002), motion sickness
(e.g., Mitchell, Laycock, & Stephens, 1977), and

administration of emetic drugs such as lithium chloride
(LiCl; e.g., Mitchell et al., 1976), cyclophosphamide (e.g.,
Tohei, Kojima, Ikeda, Hokao, & Shinoda, 2011), cisplatin
(e.g., Takeda, Hasegawa, Morita, & Matsunaga, 1993), rito-
navir (e.g., Aung et al., 2005), morphine (e.g., Aung,
Mehendale, Xie, Moss, & Yuan, 2004), and apomorphine
(e.g., Takeda et al., 1995), among others (see the
introduction of Nakajima, 2016a, for a more detailed review).

Recent studies conducted inmy laboratory have shown that
pica is also generated in rats by voluntary and forced running
in activity wheels (Nakajima, 2016a; Nakajima & Katayama,
2014), suggesting that running induces visceral discomfort
similar to nausea. This finding is consonant with the fact that,
similar to emetic drugs conventionally employed in Pavlovian
conditioned taste-aversion studies in rats,1 wheel running acts
as an agent (i.e., an unconditioned stimulus; US) to establish
avoidance of a paired taste (e.g., Heth, Inglis, Russell, &
Pierce, 2001; Lett & Grant, 1996; Nakajima, Hayashi, &
Kato, 2000; see Boakes & Nakajima, 2009, for a review).
Notably, running-based taste avoidance is prevented by the
administration of anti-emetic granisetron (Eccles, Kim, &
O’Hare, 2005), supporting the hypothesis that nausea is the
underlying physiological state for establishing running-based
taste avoidance. In addition, the finding that running-based
taste avoidance is alleviated not only by previous experience
of running but also by prior injection of emetic LiCl (i.e.,
cross-US familiarization effect: Nakajima, Urata, & Ogawa,
2006) implies that a common process (presumably nausea) is

1 In the present article, the term taste avoidance is used for suppression of a
target taste intake, while the term taste aversion is reserved for the case when
its underlying physiological state is identified as nausea (Parker, 2003, 2014).
Although some researchers (e.g., Lin, Arthurs, & Reilly, 2014, 2017) have
limited taste avoidance to intake suppression not based on nausea, this term
is used here in a broader sense, regardless of the underlying physiological
states.
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physiologically habituated by preexposure. Furthermore, a
unique reduction in taste palatability, measured by licking
patterns (Baird, St John, & Nguyen, 2005; Dwyer, 2009,
2012), accompanies both running-based and LiCl-based taste
avoidances, implying that running and LiCl commonly induce
nausea (Dwyer, Boakes, & Hayward, 2008; but see Lin,
Arthurs, Amodeo, & Reilly, 2012, for a dissenting view).
Finally, aversive orofacial responses, which also reflect taste
palatability (Grill & Norgren, 1978), are invoked by the taste
paired with wheel running, at least when the running is ac-
companied with a rocking movement of the wheel (Grant
et al., 2012). This suggests motion sickness may be produced
by wheel running, because motion sickness produces aversive
taste reactivity responses as well (Ossenkopp et al., 2003).

The present research, consisting of four experiments, at-
tempts to further clarify the nature of running-based pica and
taste avoidance in rats. The general methods of the present
research, including rats’ strain and age, experimental setup,
and principal data analysis, were the same as in the previous
studies (Nakajima, 2016a; Nakajima & Katayama, 2014).
Experiment 1 was conducted to replicate pica based on vol-
untary wheel running in order to determine the proper number
of running days for the following experiments. Experiment 2
was designed for a concurrent demonstration of running-
based pica and taste avoidance. The reasoning discussed in
the preceding paragraph leads us to expect that wheel running
produces pica and taste avoidance (intake suppression) in the
same animals, because it is assumed that nausea is a common
cause of these behaviors. Experiment 2 also explored correla-
tions between the amounts of pica and taste avoidance.

Experiment 3 was planned to explore the functional role of
pica in running rats. One may consider that pica is an adaptive
response to dietary toxin (De Jonghe, Lawler, Horn, &
Tordoff, 2009), because kaolin clay absorbs toxin (Dominy,
Davoust, & Minekus, 2004) and prevents diarrhea (Beck,
Jenkins, Thurber, & Ambrus, 1977). If such a remedial effect
of pica is applicable to discomfort induced by running, then
kaolin intake may alleviate running-based taste avoidance be-
cause it is expected that the attenuated discomfort has a weak-
ened potential to establish taste avoidance. Experiment 3 test-
ed this possibility by measuring running-based taste avoid-
ance in rats that could consume kaolin and rats without kaolin.
If kaolin has some alleviating (or remedial) effect on running-
induced discomfort, then the former rats should show weaker
taste avoidance than the latter rats.

The aim of Experiment 4 was to assess the validity of pica
as a behavioral marker of nausea. In rats, conditioned taste
avoidance can be established not only by emetic agents but
also by nonemetic stressful events such as dermal pain by
electric shocks (e.g., Garcia, Kovner, & Green, 1970; Krane
& Wagner, 1975; Nakajima, 2004) and visceral pain by intra-
peritoneal (ip) injections of hypertonic saline (e.g., Hargrave
& Bolles, 1971; Lin, Arthurs, & Reilly, 2013; Sakai &

Yamamoto, 1997). Thus, demonstration of taste avoidance
does not, in itself, necessarily guarantee that rats experience
nausea (Grant, 1987; Parker, 2003, 2014; Parker, Limebeer, &
Rana, 2009). In the same vein, any stressful event or any
visceral discomfort might generate pica in rats. Experiment 4
tested this possibility by monitoring kaolin intake during the
conditioning phase where ip injections of pain-inducing hy-
pertonic saline followed a target taste solution. If rats show no
pica behavior, though displaying taste avoidance, then it val-
idates pica as a marker of nausea, because the hypertonic
saline would induce little nausea in rats. Furthermore, it indi-
rectly supports the claim that wheel running induces nausea in
rats, because running generates not only taste avoidance but
also pica.

Experiment 1

The primary aim of Experiment 1 was to determine the proper
number of daily sessions to obtain reliable pica with 45-min
wheel running for the subsequent experiments. A subsidiary
aim of this experiment was to address the role of contextual
cues in carryover effects of running-based pica. Rats con-
sumes some, though small, kaolin, even after wheel running
becomes unavailable (Nakajima & Katayama, 2014). A pos-
sible account of this carryover effect is Pavlovian conditioning
of running-induced nausea to the environmental cues: Rats
may feel malaise when reencountering such cues, resulting
in kaolin intake (cf. Mitchell, Winter, & Morisaki, 1977).
Although this account has already been rejected in Nakajima
(2016a) by reporting carryover effect without any reliable en-
vironmental cues for wheel running, it was tested here again,
but with a different test procedure: the rats were exposed to
either lockedwheels or neutral cages on the postrunning days.
Equivalent small kaolin intakes would provide another piece
of evidence that the contextual cues plays little or no role in
the carryover effect. Furthermore, it would collaborate the
premise that running, rather than simple confinement in the
wheels, is critical to generate pica.

Method

Subjects and apparatus

Eight experimentally naïve male rats (Slc: Wistar/ST) pur-
chased from a supplier (Japan SLC, Inc., Shizuoka, Japan)
were housed in individual wire home cages (20 cm wide,
25 cm long, and 18.7 cm high) in a vivarium on a 16:8-hour
light–dark cycle (lights on at 0800) at 23°C and 55% humid-
ity. They were 9 weeks old on the first day of the experiment.
Throughout the experiment, water was freely available from a
built-in stainless nozzle protruding through a hole in the center
of the back wall of each cage.
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Each animal was supplied with cylindrical food pellets
(MF diet, Oriental Yeast Co. Ltd., Tokyo, Japan) available
ad libitum from a stainless container (7.5 cm wide, 4.5 cm
long, and 15 cm deep) positioned inward with its end aper-
tures 3.5 cm above the cage floor. Kaolin pellets were avail-
able ad libitum for all rats. The kaolin pellets were composed
of kaolin powder and gum arabic at a 99:1 (w/w) ratio; they
were mixed with tap water to form cylindrical pellets and
completely dried at room temperature of 23°C. A hanging
stainless container (8 cm wide, 4.5 cm long, and 6 cm deep)
filled with kaolin pellets was installed next to the food con-
tainer, with its end apertures 10 cm above the cage floor. A
plastic tray (22.5 cm wide, 32 cm long, and 5.5 cm deep) with
paper bedding was positioned 10 cm below each cage to col-
lect excreta, food shatters, and kaolin splinters.

After daily measurement of body weights, the rats were
transferred, by a carrying cart having individual compart-
ments, to a conventionally illuminated experimental room
nearby, which had eight handmade metal activity wheels
(15 cm wide and 30 cm diameter) hung on a wall in two rows
and four columns. The sides of the wheel were perforated
metal sheets, and the running surface was made of 0.2-cm
metal rods spaced 1 cm apart. The wheels could be tuned in
both directions. The minimum torque to initiate the movement
when the forepaws of animal were 10 cm from the lowest
point of the wheel was 25 cN measured by a Correx tension
gauge (Haag-Streit A.G., Koeniz, Switzerland). A full turn of
each wheel was counted automatically by a handcrafted sys-
tem consisting of a small magnet on the outer rim of the wheel,
a reed switch, and an electric pedometer. Each wheel could be
locked by two plastic tied laundry pinches.

Procedure

The protocols of this and following experiments were admin-
istered by laboratory assistants who were unaware of the pur-
pose of the study. In this experiment, all experimental proce-
dures were administered with a single squad of eight rats on
successive days.

At 1030 of each day of this experiment, all rats were
weighed and then moved to the individual compartments of
the cart. The cart was kept in the vivarium for 45 min on the
initial 4 baseline days (Days 1–4). On the next 8 days (Days
5–12), animals in the cart were transferred to the experimental
room, where all rats were allowed to run in the unlocked
wheels for 45 min. The travelling time from the vivarium to
the experimental room was around 1 min. The rats were then
returned to the no-running condition for the next 4 days (Days
13–16), but this time they were confined into either the locked
wheels or the associatively neutral, empty cages (i.e., copies of
the home cages without food nor kaolin) during the 45-min
period. The order of confinement was counterbalanced: half of
the rats were kept in the locked wheels on the odd days (Days

13 and 15) and in the empty cages on the even days (Days 14
and 16), while the order was reversed for the other half.

Measurement and analysis

The amounts of food and kaolin consumed in the home cages
(i.e., 23-hour intakes) were recorded every day by removing
the food and kaolin containers, immediately after the rats were
moved to the experimental room. The containers were
weighed with an electric balance to the nearest 0.1 g, refilled,
and replaced before the rats were returned to the home cages.
Crushed kaolin and food in the tray under the home cage were
collected, dried for a day, segregated, and weighed to obtain
the correct amounts of kaolin and food intakes. The number of
wheel turns was recorded after the running episode. In the
following graphs and text, the average scores will be reported
as arithmetic means with standard errors (SEs) across subjects.
A one-way repeated measures analysis of variance (ANOVA)
or a paired t test was applied to each data set having a day
factor. Although statistical decisions were based on an alpha
error level of p < .05, marginal effects (.05 ≤ p < .10) are also
mentioned so as not to miss any possible trends of the inde-
pendent variables. For simplicity, the standardized effect size
will be reported only when the p was less than .10.

Ethical considerations

All treatments of this and following experiments were ap-
proved by the Animal Care and Use Committee of Kwansei
Gakuin University, based on a Japanese law and the guideline
published by the Science Council of Japan.

Results and discussion

Running in activity wheels (45 min per day) gradually gener-
ated pica in rats up to the sixth day. The carryover effect was
similar in amount whether the rats were exposed to the locked
wheels or in the associatively neutral cages. The details are
reported below.

Kaolin intake

As in previous studies conducted in my laboratory (Nakajima,
2016a, 2016b; Nakajima & Katayama, 2014) and elsewhere
(e.g., Rudd, Yamamoto, Yamatodani, & Takeda, 2002), the
rats consumed some kaolin in the beginning of the experi-
ment, reflecting exploratory sampling of novel objects
(Barnett, 1956). However, it gradually decreased to the near-
zero level, as depicted in the left section in Fig. 1: An ANOVA
applied to the baseline data yielded a marginal day effect, F(4,
28) = 2.54, p = .062, ηp

2 = .266. The center section in Fig. 1
shows that wheel running gradually generated pica behavior
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up to the sixth day and leveled off thereafter: An ANOVA
yielded a significant effect of day, F(7, 49) = 4.59, p < .001,
ηp

2 = .396.
The kaolin intake dropped immediately after the running

opportunity was lost, as shown in the right section of Fig. 1.
However, the effect of running on kaolin intake was some-
what carried over after the running treatment. For example, the
rats consumed significantly more kaolin on the first
postrunning day than on the last baseline day, paired t(7) =
2.38, p = .049, r = .669. Notably, the amount of kaolin intake
was not affected by whether the rats were kept for 45 min in
the locked wheels or in the empty cages: the broken line of
Fig. 1 indicates the average intakes of the rats kept in the
locked wheels on the odd days and in the empty cages on
the even days, while the dotted line shows the averages of
the rats assessed in the reversed order. For statistical analysis,
the data were summarized to a 2 (context: locked wheel vs.
empty cage) × 2 (2-day cycle) fashion. On the first cycle, rats
kept in the locked wheel and those in the empty cages, respec-
tively, consumed kaolin of 1.4 ± 0.6 and 1.1 ± 0.3 g; the
corresponding values on the second cycle were 1.6 ± 0.5
and 0.9 ± 0.3 g. An ANOVA yielded no significant main or
interactive effects,Fs(1, 7) < 1.60, ps > .247. A supplementary
2 × 2 Bayesian ANOVA using the statistical software JASP
(JASP Team, 2017) with a default uniform distribution of
prior model probabilities revealed that the null hypothesis
was about 3 times more likely than the claim that the kaolin
clay intake was affected by the context, BF01 = 2.91. The
Bayes factor of the null hypothesis against the cycle model
was BF01 = 1.15.

The statistically equivalent kaolin intakes of the two con-
text conditions imply that the Pavlovian conditioning played
little or no role in the carryover effect observed here.

Furthermore, the large drop in kaolin intake observed in the
rats kept in the locked wheels in testing strongly indicates that
the pica had been generated not by wheel confinement itself
but by running in them (see also Nakajima&Katayama, 2014,
for another piece of evidence supporting this claim).

Food intake

The intake of food pellets slightly decreased in the baseline
phase, F(4, 28) =2.77, p = .047, ηp

2 = .283. The averages were
24.1 ± 0.8, 24.0 ± 0.8, 22.9 ± 0.8, 23.7 ± 1.0, and 22.6 ± 1.0 g,
from Day 0 to the fourth baseline days. The same trend was
observed in the running phase, F(7, 49) = 7.66, p < .001, ηp

2 =
.523. The averages were 24.6 ± 0.7, 21.6 ± 0.8, 22.4 ± 0.5,
22.0 ± 0.4, 21.9 ± 0.5, 21.3 ± 0.6, 21.7 ± 0.4, and 21.0 ± 0.6 g,
from the first to the eighth running days. The intake was sta-
tistically unchanged in the in the postrunning phase, F < 1.
The averages were 22.4 ± 0.5, 23.0 ± 0.8, 22.4 ± 0.7, and 23.0
± 0.7 g, from the first to the fourth postrunning days. The
small decrease of food consumption during the running phase
has been also reported by previous studies on running-based
pica (Nakajima, 2016a; Nakajima & Katayama, 2014), and it
might have reflected activity-based anorexia (Lattanzio &
Eikelboom, 2003). This possibility, however, must be viewed
with caution because of the same decreasing trend in the base-
line phase.

Wheel turn

The number of wheel turns was statistically unchanged
throughout the running phase, F < 1. The averages were 191
± 11, 196 ± 10, 197 ± 8, 192 ± 10, 193 ± 9, 194 ± 11, 184 ± 8,
and 180 ± 11 turns per session, from the first to the eighth
running days.

Experiment 2

Experiment 1 revealed that the number of daily sessions to
obtain the asymptotic pica based on 45-min running is six in
the preparation of the current study. Although the exact num-
ber of daily sessions to attain the asymptotic taste avoidance
based on 45-min running is unknown, it is reasonable to as-
sume that six sessions are enough to obtain the sizable avoid-
ance, by considering the published experiments administered
with 30-min running in our laboratory (e.g., Hayashi,
Nakajima, Urushihara, & Imada, 2002; Nakajima, 2008,
2014, 2015a). Accordingly, Experiment 2 was designed to
monitor pica and taste avoidance during the 6-day running
phase. Because the taste avoidance was measured by record-
ing consumption of flavored solution as in our previous stud-
ies, rats were water-deprived in this and following
experiments.

Fig. 1 Mean (± SE) amount of kaolin intake across the successive days of
Experiment 1. The kaolin pellets were available for 23 hr in the home
cages. In order to illustrate the effect of daily treatment in the
experimental room on kaolin intake, the data are shown as a function of
the days of treatment rather than the days of measurement. The first data
plot is on Day 0, because the kaolin pellets were available from the day
before the beginning of the baseline treatment. The broken and dotted
lines on the postrunning days respectively represent the two subgroups
exposed to the locked wheels and the empty cages. Their error bars were
omitted for simplicity
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Method

Subjects and apparatus

Two sets of 16 experimentally naïve male rats (Slc: Wistar/
ST) were purchased from the same supplier as in Experiment
1. One rat in the first replication set was too small compared
with the others (2.24 standard deviations lower than the mean
body weight) and rapidly lost its weight by 12% during the
baseline phase, and then excluded from the experiment,
resulting the total number of subjects of Experiment 2 being
reduced to 31.

The concurrent demonstration of running-based pica and
taste avoidance was expected to be, and in fact turned out to
be, achieved with a typical sample size of eight rats, but a
larger sample was employed in Experiment 2 to examine cor-
relations between several measures of pica and taste avoid-
ance. The minimum number of subjects to be employed for
assessment of Pearson correlations is 26, according to
G*Power 3 (Faul, Erdfelder, Lang, & Buchner, 2007) with
effect size = .50, alpha = .05, tail = 2, and power = .80. As
the number of available wheels was eight, 32 rats (8 rats × 2
squads × 2 replications) were prepared, but one of the rats was
excluded from the experiment as noted above. With the sam-
ple of 31 rats, the critical value of correlation coefficient at p =
.05 significance level is .355.

The animals were housed with food and kaolin pellets as in
Experiment 1, but water in the home cages was restricted to 1
hr per day as noted below. Tap water in the home cage was
provided by the built-in nozzle noted in Experiment 1. After
daily measurement of body weights, the rats were transferred
to the experimental room of Experiment 1, which now had
eight drinking cages (copies of the home cages) on a table. Tap
water or sweet flavored water (0.2% sodium saccharin) was
provided via a glass bottle with a metal spout inserted from the
center of the cage ceiling. The end of the spout was 16.5 cm
above the cage floor. When two bottles were used, they were
separated 8 cm apart. The room also had the eight wheels as in
Experiment 1.

Procedure

In each replication, all experimental procedures were admin-
istered with two squads of eight rats each on successive days.
The first squad had a daily 15-min fluid access starting at 1020
hr, whereas the second squad had the same daily treatment at
1320 hr. The rats were also given a 1-hour tap water access in
the home cages 1 hr and 40 min after the start of the daily
session. Since the replication and squad factors had no signif-
icant effect on any dependent measures, these factors were
collapsed in the data analyses reported here.

All rats were deprived of water on Day 0. On the next 4
days (Days 1–4: baseline phase), they were adapted to drink

tap water for 15 min from the bottles in the drinking cages.
Thereafter, the rats remained there for another 45 min before
being returned to the home cages. On the next 6 days (Days 5–
10: conditioning phase), all rats were allowed to run freely in
the unlocked wheels for 45 min immediately after a 15-min
access to sweet saccharin solution. The saccharin intakes was
monitored as the primary measure of taste avoidance. As the
secondary measure of taste avoidance, two-bottle choice test-
ing was administered on the next 2 days (Days 11–12: test
phase). One bottle contained the saccharin solution, whereas
the other contained tap water. The left–right positions of the
bottles were counterbalanced across rats and days in each
squad. The rats were kept in the drinking cages for 45 min
before being returned to the home cages.

After returning to the baseline for 3 days (Days 13–15), the
final treatment was administered. In order to confirm that the
rats were competent to show nausea-based pica, they were ip-
injected on a day (Day 16) with 0.15 M LiCl at 2% of body
weight immediately after a 15-min access to tap water.
Notably, we have reported that this dose is effective in gener-
ating pica (Nakajima & Katayama, 2014).

Measurement and analysis

In addition to the amounts of food and kaolin consumed in the
home cages, the intake of fluid in the experimental room was
measured by weighing each bottle before and after the drink-
ing period with an electric balance to the nearest 0.1 g. The
number of wheel turns was recorded as in Experiment 1.
Statistical analyses were the same as in Experiment 1.

Results and discussion

Pica and taste avoidance were concurrently generated by
wheel running. Furthermore, a weakly positive, though statis-
tically marginal, relationship was observed between the pica
and taste avoidance. The details are reported below.

Kaolin intake

Figure 2 illustrates the daily changes in kaolin consumption
along the time course of this experiment. The error bars are
shorter than those in Experiment 1 (Fig. 1) because of the
larger sample size of this experiment. Parenthetically, the
amounts of individual difference variance were similar to
those in Experiment 1. For example, the standard deviation
of kaolin intake on the sixth running day was 3.3 in this ex-
periment, while it was 3.4 in Experiment 1.

As observed in Experiment 1, the rats showed some pica
behavior in the beginning of the first baseline phase (the first
section of Fig. 2), reflecting exploratory sampling of novel
objects, and it gradually decreased to the near-zero level: An
ANOVA applied to the baseline data yielded a significant day
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effect, F(4, 120) = 39.79, p < .001, ηp
2 = .570. The second

section in Fig. 2 shows that wheel running gradually generated
pica behavior up to the last day, F(5, 150) = 36.86, p < .001,
ηp

2 = .551. It is notable that this is the first demonstration of
running-based pica with water-deprived rats, because tap wa-
ter was freely available to all animals in Experiment 1 and in
the previous studies (Nakajima, 2016a; Nakajima &
Katayama, 2014).

The kaolin intake dropped during the choice test phase, as
shown in the third section of Fig. 2, with some carryover
effect. Averaged over the 2 test days, the rats consumed 1.5
± 0.2 g kaolin, and this score was significantly less than the
intake of the last running day, paired t(30) = 6.35, p < .001, r =
.758, but significantly higher than the intake of the last base-
line day, paired t(30) = 5.43, p < .001, r = .705. In the second
baseline phase, the mean kaolin intake slightly decreased over
the 3 days (the fourth section of Fig. 2), F(2, 60) = 8.19, p <
.001, ηp

2 = .214. The kaolin consumption was greatly in-
creased by LiCl injection, as shown in the rightmost data point
of Fig. 2: Tt was not only higher than the intake of the last
days of the second baseline phase, paired t(30) = 9.50, p <
.001, r = .867, but well above the intake of the last running
day, paired t(30) = 6.69, p < .001, r = .774.

Food intakes

The average food intakes were 13.3 ± 0.3, 15.6 ± 0.5, 17.0 ±
0.3, 17.4 ± 0.4, and 17.6 ± 0.3 g, from Day 0 to the fourth
baseline days, F(4, 120) = 35.36, p < .001, ηp

2 = .541. The
relatively small intakes having the increasing trend, compared
with the large intakes having the slightly decreasing trend
observed in Experiment 1, were probably because rats were
under water deprivation in this experiment but not in
Experiment 1. The same, though weak, increasing trend was
observed in the running phase: The averages were 17.6 ± 0.3,
17.8 ± 0.4, 17.3 ± 0.3, 17.3 ± 0.3, 18.1 ± 0.3, and 18.3 ± 0.3 g,

from the first to the sixth running days, F(5, 120) = 10.47, p <
.001, ηp

2 = .304.
The food intakes on the two test days (18.1 ± 0.3 and 18.3 ±

0.3 g) were statistically equivalent, paired t(30) = 1.17, p =
.251. The food consumption was also statistically unchanged
over the second baseline days (18.6 ± 0.3, 19.0 ± 0.3, and 18.8
± 0.3 g), F(2, 60) = 2.23, p = .116. The rats consumed a
significantly small amount of food after the LiCl injection
(16.6 ± 0.3 g), compared with the intake on the preceding
baseline day, paired t(30) = 6.12, p < .001, r = .746. This
was expected owing to the LiCl-induced illness.

Fluid intake

Tap water intakes during the baseline days were 6.5 ± 0.3, 8.8
± 0.4, 9.1 ± 0.3, and 8.9 ± 0.3 g, from the first to the fourth
baseline days: An ANOVAyielded a significant main effect of
day, F(3, 90) = 30.06, p < .001, ηp

2 = .500, suggesting the
adaptation of drinking in rats. As shown in Fig. 3, the rats
learned to avoid drinking the saccharin due to running in the
wheels: AnANOVAyielded a significant day effect, F(5, 150)
= 19.33, p < .001, ηp

2 = .392. It is remarkable that consump-
tion of the same solutionwould gradually increase over days if
the bottle access were not followed by running (cf. Hayashi
et al., 2002; Masaki & Nakajima, 2010; Nakajima, 2014;
Nakajima, Kumazawa, Ieki, & Hashimoto, 2012).

Figure 4 summarizes the mean saccharin and tap water
intakes averaged over the 2 test days, because the day factor
had no effect on the test data. The rats clearly avoided saccha-
rin, paired t(30) = 8.10, p < .001, r = .829. Notably, rats would
prefer 0.2% saccharin solution to tap water if they had not
received conditioning treatment (Hayashi et al., 2002;
Masaki & Nakajima, 2004a, 2005, 2006, 2010; Nakajima,
2014, 2015b). Tap water intakes during the second baseline
days and the LiCl day were 11.2 ± 0.4, 11.2 ± 0.4, 11.5 ± 0.4,
and 10.8 ± 0.6 g, respectively, from the first to the fourth
baseline days: An ANOVA yielded no significant day effect,
F < 1.

Wheel turn

The number of wheel turns gradually increased during the
running days. The averages were 126 ± 10, 148 ± 11, 150 ±
9, 153 ± 10, 146 ± 10, and 156 ± 11 turns per daily session,
from the first to the sixth running days: An ANOVAyielded a
significant day effect, F(5, 150) = 3.54, p = .005, ηp

2 = .106.

Correlations between running, pica, and taste avoidance

The upper-right section of Table 1 summarizes Pearson corre-
lation coefficients (r) of major index of wheel running, pica,

Fig. 2 Mean (± SE) amount of kaolin intake across the successive days of
Experiment 2. See the caption of Fig. 1 for details. Some error bars are
smaller than the symbols
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and taste avoidance, with the Bayes factors of the null hypoth-
esis against the individual correlations (BF01). The amounts of
running and running-based pica are, respectively, represented
by the number of wheel turns and the kaolin intake per run-
ning day (Nakajima, 2016a). The LiCl-based pica is shown as
the kaolin intake after the LiCl injection. The primary index of
running-based taste avoidance is the cumulative saccharin in-
take on the second day and onward,2 because the sequential
saccharin–running pairing of a given day should affect the
saccharin intakes of the following days. The secondary index
of taste avoidance was from the choice test by calculating the
saccharin preference ratio, which is the ratio of saccharin so-
lution intake to total fluid intake. The lower the ratio value, the
stronger is the avoidance estimated. A single ratio was directly
calculated from the 2-day fluid intakes of each rat for statisti-
cal analyses.3 The average saccharin preference ratio calculat-
ed in this way was 0.22 ± 0.03. The kaolin intake on Day 0
(i.e., exploratory sampling) and the saccharin intake on the
first running day (i.e., unconditioned saccharin preference)
are also included in Table 1.

The first entry row of Table 1 shows that the amount of
running had little effect on the kaolin and saccharin intakes. It
is noteworthy that Nakajima (2016a) has reported that the
magnitude of pica is a positive function of the amount of
running if the latter is experimentally manipulated by chang-
ing the length of unlocked wheel confinement. It is also the
case for running-based taste avoidance (Hayashi et al., 2002;

Masaki & Nakajima, 2006). The present results, however, are
consistent with the finding that the magnitude of taste avoid-
ance is not easily predicted by the amount of running if the
latter is not manipulated experimentally (Nakajima, 2014).
Most likely, individual differences in sensitivity to effect of
running are so large as to mask an intrinsic linear running–
nausea relationship.

The kaolin and saccharin intakes during the running
days were negatively correlated (r = −.346), suggesting
a positive relationship between running-based pica and
taste avoidance as expected, although it just missed the
significance level,4 p = .056, BF01 = 0.79. The other in-
dex of taste avoidance, the saccharin preference ratio, also
negatively correlated with the kaolin intake (r = −.234),
but this correlation was far from the significance, p =
.204, BF01 = 2.07. Notably, the two indices of running-
based taste avoidance were weakly correlated (r = .378, p
= .036, BF01 = 0.55).

The most striking correlation was found between the
running-based and LiCl-based kaolin intakes (r = .731, p
< .001, BF01 = 1.35 × 10-4). Notably, the correlation
remained statistically significant even if Bonferroni cor-
rection for multiple testing was applied. One cannot attri-
bute it to the individual differences in unconditional, gen-
eral proneness to show pica behavior, because the kaolin
intake on Day 0 was not correlated with these measures.
Hence, the most likely account is that the common under-
lying physiological state (probably nausea) was induced
by running and LiCl injection, and it invoked pica
behavior.2 Other indices of running-based taste avoidance, such as the saccharin intake

on the last running day, the percentage decrease of saccharin intake in the
running phase, and the suppression ratio proposed by Archer and Sjödén
(1979) were also calculated, but they are not shown here because they were
highly correlated with the cumulative saccharin intake adopted in Table 1 and
thus redundant.
3 The saccharin preference was unchanged across the test days: The average
ratios separately calculated for the 2 test days were both 0.22 ± 0.04.

4 By considering the exploratory nature of this experiment, the error rate per
comparison, rather than the family-wise error rate, is reported to minimize
Type II error.

Fig. 3 Mean (± SE) amount of saccharin solution intake in the
conditioning phase of Experiment 2. The saccharin solution was
available in the experimental room for 15 min, which is followed by a
45-min wheel running

Fig. 4 Mean (± SE) intakes of saccharin solution and tap water averaged
over 2 test days of Experiment 2
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Experiment 3

De Jonghe et al. (2009) claimed that pica behavior allevi-
ates visceral discomfort induced by cisplatin. If this had
been the case for the discomfort induced by running in
Experiment 2, the increased kaolin intake would have
weakened the potential of running to further establish
taste avoidance. This might be the reason why the corre-
lation between pica and taste avoidance was not so strong
in Experiment 2. Experiment 3 tested this possibility by
measuring running-based taste avoidance in rats that
could consume kaolin and rats without kaolin. If kaolin
has some alleviating (or remedial) effect on running-
induced discomfort, then the former rats should show
weaker taste avoidance than the latter rats.

After the baseline phase of no running, two groups of rats
were allowed to drink saccharin solution immediately follow-
ed by running voluntarily in activity wheels for 6 days. One of
the groups was given kaolin in the home cages throughout the
experiment, whereas the other group was not. As in
Experiment 2, sweet saccharin solution was presented imme-
diately before running, and thus its intake was monitored as a
measure of taste avoidance. In addition, a posttraining choice
test between saccharin and water was administered as another
measure of taste avoidance. Experiment 3 was mainly con-
cerned with whether the two groups of rats differ in the degree
of taste avoidance. The weak avoidance in rats kept with ka-
olin compared with the no-kaolin rats would imply that kaolin
has a remedial effect on running-induced discomfort in rats.

Method

Subjects and apparatus

A new set of 16 experimentally naïve male rats (Slc: Wistar/
ST) were housed and maintained as in Experiment 2, although
the containers filled with kaolin pellets were installed only for
half of the animals. The setting of the experimental room was
the same as in Experiment 2.

Procedure, measurement, and analysis

All procedures in the experimental room were conducted on
successive days with two squads of eight rats each. The first
squad had a daily 15-min fluid access starting at 1020 hr,
whereas the second squad had the same daily treatment at
1320 hr. The rats were given a 1-hour tap water access in the
home cages 1 hr and 40 min after the start of the daily session.
Each squad consisted of four rats from two treatment groups
(i.e., kaolin and no-kaolin groups). Since the squad factor had
no significant effect on any dependent measures, this factor
was collapsed in the data analyses reported below. The exper-
imental procedure was identical to that of Experiment 2, ex-
cept that the LiCl-treatment was not administered in this ex-
periment. The measurement and analyses were the same as in
Experiment 2, but a split-plot factorial ANOVAs or an inde-
pendent t tests was applied to the data when analyzing the
group factor.

Table 1. Correlations between indices of wheel running, pica, and taste avoidance

Wheel Kaolin Kaolin Kaolin Saccharin Saccharin Saccharin
All run days BL Day 0 All run days LiCl-based 1st day 2nd onward Choice

Wheel All run days — -.236 -.041 -.183 -.079 -.234 -.172

(BF01) — (2.34) (4.38) (2.81) (4.11) (2.09) (2.98)

Kaolin BL Day 0 -.089 — -.005 -.048 -.040 .164 .004

(BF01 (4.32) — (4.48) (4.34) (4.38) (3.08) (4.48)

Kaolin All run days .066 .143 — .731 .006 -.346 -.234

(BF01) (4.59) (3.47) — (1.35*10-4) (4.48) (0.79) (2.07)

Kaolin LiCl-based -.183 -.048 .731 — .187 -.061 -.277

(BF01) (2.81) (4.34) (1.35*10-4) — (2.76) (4.26) (1.50)

Saccharin 1st run day -.004 .024 .060 .187 — .264 -.040

(BF01) (4.95) (4.90) (4.66) (2.76) — (1.67) (4.38)

Saccharin 2nd onward -.160 .127 -.304 -.061 .316 — .378

(BF01) (3.18) (3.75) (0.94) (4.24) (0.82) — (0.55)

Saccharin Choice -.106 -.037 -.243 -.277 -.047 .401 —

(BF01) (4.08) (4.84) (1.74) (1.50) (4.77) (0.25) —

Notes. The upper-right section presents correlation coefficients calculated using data of Experiment 2 (n = 31). Inclusion of the data of the kaolin group of
Experiment 3 results in similar scores as displayed in the lower-left section (n = 38 in total) . Because LiCl-based kaolin intakes were not measured in
Experiment 3, the scores concerning this index were identical to those in Experiment 2 as shown in italics
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Results and discussion

Wheel running generated pica behavior in rats kept with kao-
lin pellets. It also caused saccharin avoidance to the same
extent as in rats kept without kaolin pellets. In other words,
kaolin had no remedial effect on running-induced discomfort
in rats. The details are reported below.

Kaolin intake

As in the preceding experiments, the rats kept with kaolin
pellets engaged in pica in the beginning of the experiment,
but it gradually decreased to the near-zero level (the left
section of Fig. 5): An ANOVA applied to the baseline data
yielded a significant day effect, F(4, 24) = 3.61, p = .019, ηp

2

= .375. The right section in Fig. 5 shows that wheel running
gradually generated pica behavior, F(5, 30) = 4.11, p = .006,
ηp

2 = .406.

Food intake

The availability of kaolin in the home cage did not affect the
intake of food pellets. A 2 (group) × 5 (day) ANOVA, applied
to the baseline data, yielded a significant main effect of day,
F(4, 52) = 17.47, p < .001, ηp

2 = .573, whereas the group
factor had no significant main or interactive effect on food
intake, Fs < 1. The averages collapsed over the group factor
were 14.9 ± 0.5, 16.3 ± 0.5, 17.7 ± 0.3, 18.1 ± 0.4, and 17.8 ±
0.3 g, fromDay 0 to the fourth days. Food consumption slight-
ly changed during the running phase. A 2 (group) × 6 (day)
ANOVA yielded a significant main effect of day, F(5, 65) =
10.67, p < .001, ηp

2 = .451. Neither the main effect of group, F
< 1, nor the interaction, F(5, 65) = 1.04, p = .402, was signif-
icant. The averages collapsed over the group factor were 19.4
± 0.3, 18.1 ± 0.3, 18.5 ± 0.2, 18.3 ± 0.3, 17.9 ± 0.3, and 18.1 ±
0.4 g, from the first to the sixth running days.

Fluid intake

The two groups did not differ in tap water intake during the
baseline days: A 2 (group) × 4 (day) ANOVA yielded a sig-
nificant main effect of day, F(3, 39) = 3.15, p = .036, ηp

2 =
.195, suggesting the adaptation of drinking in rats, but neither
the main effect of group, F(1, 13) = 2.58, p = .132, nor the
interaction, F(3, 39) = 1.16, p = .339, was significant. The
averages collapsed over the group factor were 7.6 ± 0.6, 9.8
± 0.7, 8.1 ± 0.4, and 8.4 ± 0.8 g, from the first to the fourth
baseline days.

The two groups were also similar during the conditioning
days, as shown in Fig. 6. A 2 (group) × 5 (day) ANOVA
yielded a significant main effect of day, F(5, 65) = 14.96, p
< .001, ηp

2 = .535, demonstrating acquisition of conditioned
taste avoidance, whereas the group factor had no significant

main or interactive effect on saccharin intake, Fs < 1. To
underpin the claim of null group difference, a supplementary
2 × 6 Bayesian ANOVAwas performed. The Bayes factor of
the null hypothesis against the main research hypothesis (i.e.,
the group factor) was BF01 = 2.34, hence representing at least
anecdotal evidence for the null hypothesis against the claim
that the availability of kaolin affects taste avoidance learning.
Parenthetically, the Bayes factor of the null hypothesis against
the day model was BF01 = 2.01 × 10-9, reflecting the clear
acquisition of taste voidance across days.

Figure 7 summarizes the group mean saccharin and tap
water intakes averaged over the 2 test days, because the day
factor had no effect. The rats clearly avoided saccharin wheth-
er they had been kept with or without kaolin: a 2 (group) × 2
(fluid: saccharin vs. water) ANOVAyielded a significant main
effect of fluid, F(1, 13) = 38.20, p < .001, ηp

2 = .746, implying
saccharin avoidance, but the main effect of group was far from
significance, F < 1. The Group × Fluid interaction was also
nonsignificant, F(1, 13) = 3.17, p = .098, ηp

2 = .196. The
group effect on the choice data was also examined by the
saccharin preference ratio. As in Experiment 2, a single ratio
was directly calculated from the 2-day fluid intakes of each rat

Fig. 6 Mean amount of saccharin solution intake in the conditioning
phase of Experiment 3, separately shown for the rats kept with kaolin
and the rats without kaolin in the home cages. Bars of SEs are shown on
either side for clarity. See the caption of Fig. 2 for other details

Fig. 5 Mean (± SE) amount of kaolin intake across the successive days of
Experiment 3. See the caption of Fig. 1 for details
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for statistical analyses. The average ratios of the kaolin and
no-kaolin groups, respectively, were 0.21 ± 0.04 and 0.30 ±
0.07, which did not statistically differ from each other, t(13) =
1.14, p = .275. If anything, the pattern is opposite to what was
expected from the hypothesis that kaolin reduces the severity
of nausea. These results suggest that kaolin was not a remedy
for running-induced discomfort.

Wheel turn

The two groups did not differ in the amount of running. A 2
(group) × 6 (day) ANOVAyielded no significant main effects
of group and day, and the interaction was also nonsignificant.
The averages collapsed over the group factor were 101 ± 12,
112 ± 12, 123 ± 16, 116 ± 13, 131 ± 14, and 122 ± 15 turns per
daily session, from the first to the sixth running days.

Correlations between running, pica, and taste avoidance

The experimental treatments for the rats in the kaolin group
were identical to those for the subjects of Experiment 2 up to
the choice preference test. Thus, the data of the kaolin group
were added to the data set of Experiment 2 to examine the
correlations between the behavioral measures with a much
larger sample (n = 38). The results are summarized in the
lower-left section of Table 1. As shown in the first entry col-
umn, the amount of running once again had little effect on the
other measures. The kaolin and saccharin intake during the
running days was negatively correlated (r = −.304), suggest-
ing a weakly positive relationship between running-based pica
and taste avoidance, but it failed to reach the significance
level, p = .064, BF01 = 0.94. Furthermore, the other index of
taste avoidance, the saccharin preference ratio, was not signif-
icantly correlated with the kaolin intake (r = −.243, p = .141,
BF01 = 1.74). Notably, the two indices of running-based taste
avoidance were weakly correlated (r = .401, p = .012, BF01 =

0.25). The positive correlation in the saccharin intake between
the first and the remaining days of the running phase (r = .316)
was marginally significant, p = .054, BF01 = 0.86. A similar
positive correlation between preconditioning and
postconditioning saccharin intake was reported by Archer
and Sjödén (1979).

Experiment 4

So far, we have assumed that taste avoidance is based on
nausea in rats. However, nausea is not necessary to establish
taste avoidance (Grant, 1987; Parker, 2003, 2014; Parker
et al., 2009). In other words, demonstration of taste avoidance
does not guarantee by itself that rats felt nausea in training.
Further, pica behavior might also be generated by nonemetic
treatments. If this is the case, the argument that wheel running
induces nausea in rats would be invalid. Experiment 4 was
designed to examine this issue by exploring the effect of vis-
ceral pain on pica behavior. As noted in the introduction of
this article, repeated injections of hypertonic saline evoke vis-
ceral pain and cause avoidance of paired taste (e.g., Hargrave
& Bolles, 1971; Lin et al., 2013; Sakai & Yamamoto, 1997).
Hence, in Experiment 4, pica behavior in rats was monitored
to assess the effect of such injections. If pica is a genuine
marker of nausea, it should be negligible in injected rats.

Method

Subjects and apparatus

Experiment 4 started after a 37-day recess with free food and
water. Eight rats with a history of kaolin intake in Experiment
3 were excluded from the study, for fear of affecting kaolin
intake in Experiment 4. Thus, eight rats that had been kept
without kaolin in Experiment 3 were used as the subjects of
Experiment 4. The experimental setup was the same as in the
preceding experiments, though the wheels were not employed
in Experiment 4. The tastes employed were sour, bitter, and
salty solutions to minimize any effect of Experiment 3 where
sweet solution (saccharin) had been used. Notably, these four
tastes are perceptually independent from each other
(Chandrashekar, Hoon, Ryba, & Zuker, 2006). One concern
is the possibility that the weakly bitter taste of saccharin (Dess,
1994) would facilitate conditioned taste avoidance with the
bitter denatonium solution, but this was not the case in this
experiment as noted below.

Procedure

All procedures in the experimental room were conducted in a
single squad of eight rats, and the rats had a daily 15-min fluid
access in the drinking cages starting at 1020 hr. Thereafter, the

Fig. 7 Mean (± SE) intakes of saccharin solution and tap water averaged
over 2 test days of Experiment 3. The 2-day average data are shown
separately for the rats kept with kaolin and the rats without kaolin in the
home cages
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rats were kept in the drinking cages without any fluid for
45 min before being returned to the home cages, where they
were given a 1-hour tap water access starting at 1200 hr.

On Day 0, kaolin pellet containers were installed, and all
rats were deprived of water. On the first 2 days of baseline
training (Days 1–2), all rats were readapted to drink tap water
for 15min from the bottles in the drinking cages. On the next 2
baseline days (Days 3–4), tap water was replaced with either
sour (0.1% citric acid) or bitter (0.4 ppm denatonium benzo-
ate) solution to make it familiar to the rats; this solution was to
be used later as a control taste in the choice test. The concen-
trations of these solutions were determined by a pilot study
with other rats to produce equivalent amounts of initial intake
by rats. From the next day for 4 days (Days 5–8), all rats were
given an ip injection of 1.0 M hypertonic saline at 0.5% of
body weight immediately after a 15-min access to a target
solution (bitter or sour). The dose and number of injections
(i.e., the conditioning trials) were identical to those of Lin et al.
(2013, Experiment 2). It is also noteworthy that the number of
conditioning trial was limited to four because of ethical con-
cerns. For half of the rats, the control and target tastes, respec-
tively, were sour and bitter, whereas the control–target com-
bination was reversed for the remaining rats.

Two-bottle choice testing was administered on the next 2
days (Days 9–10) as the secondary measure of taste avoid-
ance. One bottle contained the sour solution, whereas the other
contained the bitter solution. The left–right positions of the
bottles were counterbalanced across rats and days in each
control–target combination subgroup. The choice of two
tastes (sour vs. bitter), rather than a choice between the con-
ditioned target taste and tap water, was used in this experiment
in order to control unconditioned taste avoidance regarding
these tastes.

In order to confirm that the subjects of Experiment 4 were
competent to show nausea-based pica, they were ip-injected
on the next day (Day 11) with isotonic but emetic 0.15M LiCl
at 2% of body weight immediately after a 15-min access to
salty (1% NaCl) solution. On the following 2 days (Days 12–
13), the rats were given salty solution for 15 min without any
injection to assess the acquisition of taste avoidance.

Measurement and analysis

The measurement and analysis of the data were administered
as the previous experiments, but Wilcoxon signed rank test,
instead of paired t test, was applied to the data, when they had
a skewed distribution.

Results and discussion

Injection of hypertonic saline caused avoidance of the paired
taste without generating any pica in rats. However, the same
rats showed strong pica by an emetic LiCl injection, which

also yielded avoidance of the taste consumed before the injec-
tion. The details are described below. The following sections
begin with the fluid consumption data, because they would
legitimate the usage of hypertonic saline as an agent for yield-
ing taste avoidance.

Fluid intake

Figure 8 illustrates the daily changes in fluid consumption
throughout the experiment. The two subgroups did not differ
during the baseline days when the bottles contained tap water
or a control taste solution: a 2 (subgroup) × 4 (day) ANOVA
yielded no significant main or interactive effect, Fs < 1. The
two subgroups, however, differed in the intake of the target
solution from the first hypertonic day and onward. Since the
access to the fluid preceded the injection, the subgroup dis-
parity on the first hypertonic day might imply that a bitter–
sour and sour–bitter shifts caused differential contrast effects.
More importantly for our research question, the fluid intake
gradually and reliably decreased over days, indicating clear
acquisition of taste avoidance by hypertonic saline injection.
A 2 (subgroup) × 4 (day) ANOVA yielded significant main
effects of subgroup, F(1, 6) = 12.94, p = .011, ηp

2 = .683, and
day, F(3, 18) = 31.10, p < .001, ηp

2 = .838, but their interaction
failed to reach the significance, F(3, 18) = 2.49, p = .093, ηp

2 =
293.

Figure 9 depicts the choice test data based on the 2-day
averages of target and control tastes, separately shown for
the subgroups. The day factor was collapsed, because it had
no main or interactive effect. Conditioned taste avoidance is
evident whether the target was bitter or sour taste. A 2
(subgroup) × 2 (fluid: target vs. control) ANOVA yielded a
significant main effect of fluid, F(1, 6) = 14.14, p = .009, ηp

2 =
.702. The main effect of subgroup was statistically nonsignif-
icant, F < 1, as was the interaction, F(1, 6) = 2.10, p = .197.

An injection of emetic LiCl endowed rats with strong
avoidance of the paired salty solution as shown in the right
section in Fig. 8. A 2 (subgroup) × 3 (day) ANOVAyielded a
significant main effect of day, F(2, 12) = 25.56, p < .001, ηp

2 =
.810, whereas the main effect of subgroup and the interaction
were far from significance, Fs < 1. Post hoc analyses with
Ryan’s procedure (Howell, 2006) statistically supported the
visual impression of the average data: The intake of the first
salty day was larger than the remaining 2 days, which did not
differ from each other.

Kaolin intake

Figure 10 illustrates the daily changes in kaolin consumption
along the time course of this experiment. The factor of sub-
group regarding physical identities of the control and target
tastes (sour and bitter) was collapsed because it had no signif-
icant main or interactive effect on kaolin intake in any analysis
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noted below. The rats showed some pica behavior on the first
day of the first baseline phase as in the preceding experiments.
Notably, the subjects of Experiment 4 were the rats kept with-
out kaolin in Experiment 3. Thus, they first encountered the
kaolin pellets in the beginning of Experiment 4. Kaolin intake
ceased to the nearest zero level on the second baseline day and
onward. A 2 (subgroup) × 5 (day) ANOVA, applied to the
baseline data, yielded a significant main effect of day, F(4,
24) = 12.32, p < .001, ηp

2 = .673. Neither the main effect of
subgroup, F(1, 6) = 2.82, p = .144, nor the interaction,F(4, 24)
= 1.61, p = .205, was significant.

The middle section in Fig. 10 shows that injections of hy-
pertonic saline failed to generate pica behavior. Kaolin intake
was negligible throughout the phase. The kaolin intake aver-
aged over the 4 hypertonic days was statistically equivalent to
the intake averaged over the last 2 baseline days, paired t(7) =
1.09, p = .313. Although the kaolin intake averaged over the
hypertonic days was slightly larger for the rats given the bitter
solution than the remaining rats (0.2. ± 0.1 vs. 0.0 ± 0.0 g), the
difference was minuscule and the main effect of subgroup in
the 2 (subgroup) × 4 (day) ANOVA failed to reach the signif-
icance level, F(1, 6) = 5.73, p = .054, ηp

2 = .488. The main

effect of day, F(3, 18) = 2.43, p = .099, ηp
2 = .288, and the

interaction, F(3, 18) = 2.85, p = .066¸ ηp
2 = .322, also failed to

reach the significance. The possibility that much longer train-
ing with hypertonic saline would generate kaolin clay inges-
tion cannot be ignored, but seems improbable in view of the
fact that there were any signs of incremental change in kaolin
clay intake up to the fourth trial.

Kaolin intake was maintained low during the choice tests,
but pica was evoked by an emetic LiCl injection as shown in
the last data point in Fig. 10. All rats consumed large amounts
of kaolin, as compared with the intake averaged over the pre-
ceding 2 choice test days: two-tailed Wilcoxon signed rank
test, T = 0, n = 8, p = .012, r = .630.

Food intake

The amount of food intake slightly increased over the baseline
phase. A 2 (subgroup) × 5 (day) ANOVAyielded a significant
main effect of day, F(4, 24) = 19.57, p < .001, ηp

2 = .765.
Neither the main effect of subgroup nor the interaction was
significant, Fs < 1. The averages collapsed over the subgroup

Fig. 8 Mean amount of fluid intake in Experiment 4. The data are
separately shown for the rats receiving injections of hNaCl (hypertonic
saline) after drinking either bitter or sour solution on hypertonic days. The
fluid was tap water on the first and second baseline days for all rats,

whereas it is sour or bitter solution (taste not used for the subsequent
hypertonic days) on the third and fourth baseline days. The fluid was
salty water on salty days for all rats. Bars of SEs are shown on either
side for clarity. Some error bars are smaller than the symbols

Fig. 10 Mean (± SE) amount of kaolin intake across the successive days
of Experiment 4. See the caption of Fig. 1 for details. Some error bars are
smaller than the symbols

Fig. 9 Mean (± SE) intakes of hNaCl-paired target solution and unpaired
control solution in the choice test of Experiment 4. The 2-day average
data are shown separately for two subgroups, which differed in the phys-
ical identities of paired and unpaired tastes
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factor were 12.5 ± 1.0, 14.7 ± 1.0, 15.8 ± 0.3, 15.8 ± 0.3, and
16.4 ± 0.6 g, from Day 0 to fourth days. Injections of hyper-
tonic saline did not affect food consumption. A 2 (subgroup) ×
4 (day) ANOVA yielded no significant main effects of sub-
group, F < 1, or day, F(3, 18) = 1.65, p = .214. The interaction
was also nonsignificant, F(3, 18) = 1.32, p = .299. The aver-
ages of all rats were 16.3 ± 0.3, 16.0 ± 0.6, 14.8 ± 0.6, and 16.8
± 0.6 g, from the first to the fourth hypertonic days. In addi-
tion, food intake averaged over the 4 hypertonic days was
statistically equivalent to the intake averaged over the last 2
baseline days, paired t < 1.

Food intake was unchanged by administering the choice
tests or by an emetic LiCl injection. The food intake averaged
over the 2 test days (15.9 ± 0.5 g) was statistically equivalent
to the intake during the 23-hour period after LiCl injection
(16.3 ± 0.4 g), paired t < 1.

General discussion

As reported in the previous articles (Nakajima, 2016a;
Nakajima & Katayama, 2014), running in an activity
wheel generated pica behavior in rats (Experiments 1, 2,
and 3). Since the amount of pica (kaolin clay intake) was
drast ical ly dropped when the wheel was locked
(Experiment 1), one must conclude that running, rather
than wheel confinement itself, played the central role in
the pica during the running phase. Notably, Nakajima and
Katayama (2014) have also shown that wheel confine-
ment did not generate pica behavior in rats.

Although we observed some pica in the home cages
after they were confined into the locked wheels on post-
running days, the amount was similar to that observed
after they were kept in the empty cages (Experiment 1).
Thus, these are the carryover effects from the running
phase rather than Pavlovian conditioned pica evoked by
the contextual cues. The author is not prepared to offer
any certain explanation for this kind of behavioral inertia
or Bresistance to change.^ A related question to be clari-
fied is acquisition of pica over running days because this
might be another case of Bresistance to change.^
Otherwise, the strength of discomfort grows by repeated
opportunities of wheel running. It is noteworthy that we
have once claimed that the opponent-process theory of
motivation (Solomon, 1980; Solomon & Corbit, 1974) is
applicable to rats’ running-based place avoidance (Masaki
& Nakajima, 2008), where we speculated that repeated
experience of running might evoke a initially large but
gradually dwindling unpleasant physiological state as
the Ba-process^ and a secondary but gradually developing
pleasant state as the Bb-process.^ The acquisition of pica
across days, however, might demand inversion of the he-
donic polarities of the opponent processes induced by

running. In this framework, the acquisition of pica reflects
development of the unpleasant nausea state across days.
Although further research is required to test the validity of
this new speculation, it is notable that a similar account
has been proposed for mood changes with repeated use of
addictive drugs (Koob & Le Moal, 2001).

Wheel running concurrently generated pica and taste
avoidance in Experiment 2, implying that the pica and
taste avoidance were evoked by a common or similar
physiological state (probably nausea). Although the cor-
relation coefficient between the kaolin intake and the ma-
jor index of taste avoidance was not high (r = .346) and
remained at a marginally significant level, this might be
regarded as sufficiently strong by considering the fact that
a similar low value was obtained even when we calculated
the correlation between the two indices of taste avoidance
(r = .378). More surprising is a strong correlation between
the amounts of running-based and LiCl-based pica (r =
.731), suggesting the commonality between the physio-
logical states induced by wheel the running and LiCl
injection.

Experiment 3 has implicated that kaolin intake does not
alleviate visceral discomfort induced by voluntary wheel run-
ning, because the magnitude of taste avoidance was equivalent
between the rats to which kaolin was available and those to
which it was unavailable. Probably, running-induced discom-
fort is fortuitously similar to toxin-induced nausea, and thus
misguidedly provokes instinctive behavior of kaolin con-
sumption in vain (Nakajima, 2016a; Nakajima & Katayama,
2014). In other words, running-based pica is likely a product
of body Bfallacy^ (or misperception). This claim, however,
needs further investigation. For example, kaolin might possi-
bly alleviate running-induced visceral discomfort in some
fashion, but the physiology of running-based pica has not
yet been elucidated.

Pica behavior seems to be a valid marker of nausea
because it is easily invoked by an injection of emetic
LiCl but not by injections of nonemetic hypertonic saline
(Experiment 4). One cannot ascribe the inability of hyper-
tonic saline to generate pica to its relative weakness as an
aversive stimulus, because wheel running, which is much
weaker than the hypertonic saline in producing taste
avoidance, has reliably generated pica in Experiments 2
and 3 as well as in the previous studies (Nakajima, 2016a;
Nakajima & Katayama, 2014). Hence, Experiment 4 has
segregated the two kinds of visceral discomforts (i.e., pain
and nausea). In other words, visceral pain induced by
hypertonic saline qualitatively differs from nausea in-
duced by LiCl, although hypertonic saline was effective
in causing taste avoidance as demonstrated here and by
other researchers (e.g., Andrews & Braveman, 1975;
Hargrave & Bolles, 1971; Lin et al., 2013; Sakai &
Yamamoto, 1997).
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The hypothesis that visceral pain and nausea are different
in physiology to cause taste avoidance accords with the report
that aversive orofacial responses are generated by emetic LiCl
injection but not by visceral pain induced by oral ingestion of
lactose (Pelchat, Grill, Rozin, & Jacobs, 1983). However, the
finding of Lin et al. (2013) that injection of hypertonic saline
reduces taste palatability measured by licking patterns in rats
is contradictory to this hypothesis. Since the licking-pattern
microstructure in rats has been considered a valid measure of
gastrointestinal malaise in rats (e.g., Arthurs, Lin, Amodeo, &
Reilly, 2012; Baird et al., 2005; Dwyer, 2009; Lin et al.,
2012), Lin et al. (2013) have concluded that hypertonic saline
induces not only pain but also gastrointestinal malaise in rats
(see also Lin et al., 2014, 2017). This conclusion appears to be
incongruent with the result of Experiment 4 that hypertonic
saline failed to generate pica, our marker of nausea in rats.
Although further study is needed to resolve this discrepancy,
a possible solution is to argue that nausea is more specific
illness than broader symptoms of gastrointestinal malaise.

Another puzzle related to the present study is that swim-
ming in water generates pica in rats (Nakajima, 2016b), im-
plying that swimming induces visceral discomfort similar to
nausea. Although swimming also endows rats with taste
avoidance (Masaki & Nakajima, 2004a, 2004b, 2005, 2010;
Nakajima, 2004; Nakajima&Masaki, 2004), failures of cross-
habituation between swimming and running suggest that these
two activities are qualitatively different in physiology to en-
dow taste avoidance (Nakajima, 2015a). Therefore, the valid-
ity of pica as a behavioral marker of nausea should be further
investigated before more definite statements can be made. It is
possible that running and swimming differ in their sites of
action. For instance, one may assume that running and swim-
ming, respectively, induce malaise in upper and lower gastro-
intestinal tracts, and both of which yield pica. This hypothesis
is currently under investigation in my laboratory.

We now know that pica is a useful behavioral marker of
running-induced discomfort in rats. Future research will be
directed to a finer-grained time-course analysis of daily kaolin
intake for tracking the running-induced discomfort by using
an automatic monitoring system, such as that developed by
Yamamoto, Asano, Matsukawa, Imaizumi, and Yamatodani
(2011). We also have learned that pica has little effect on
running-based taste avoidance, but is this similarly the case
for emetic-based taste avoidance? Mitchell et al. (1977) have
reported a concurrent demonstration of pica and taste avoid-
ance based on emetic cyclophosphamide injection, but they
did not examine whether the pica alleviated the taste avoid-
ance in rats. Because kaolin clay absorbs toxin (Dominy et al.,
2004), prevents diarrhea (Beck et al., 1977), modifies nutrient
absorption (Reichardt et al., 2009), and helps recovery from
chemotherapy-induced anorexia (De Jonghe et al., 2009), pica
behavior would alleviate malaise and then attenuate taste
avoidance based on emetic drugs. This issue must be

addressed in future work. In conclusion, the present study
has brought us a step forward in understanding running-
based pica and taste avoidance, but it also confronts us with
new challenges.
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