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The terrestrial slug Limax has a highly developed ability to associate the odor of some foods (e.g., carrot juice) with
aversive stimuli such as the bitter taste of quinidine solution. The procerebrum (PC) is a part of the slug’s brain
thought to be involved in odor-aversion learning, but direct evidence is still lacking. Here we present evidence
showing that the PC is essential for odor-aversion learning. Unlike sham-operated slugs, PC ablation 7 d prior to
conditioning showed that most slugs did not avoid carrot juice in the memory retention test conducted 24 h after
the conditioning. Slugs with the PC ablated 3 h, 1 d, 3 d, or 7 d after conditioning and examined by the memory
retention test at 3 d after the PC ablation were also less likely to avoid carrot juice than sham-operated slugs. The PC
ablation did not damage the ability of the slugs to sense attractive odor (everyday food) or innately aversive odor
(onion or garlic). These results demonstrate that the PC is a necessary component in the retention and/or retrieval
of odor-aversion memory.

The neuronal mechanism of olfactory learning has been largely
investigated in mammals and insects, and the information pro-
cessing of olfactory sensing in the olfactory centers has been well
studied in these animal models (Davis 2004). However, there are
several limitations in the use of these animals for the study of the
neuronal mechanism of olfactory learning, such as the large
number of neurons involved and the difficulty of identifying
output motor pathways. The terrestrial mollusk is a suitable ani-
mal model because in vitro study of olfaction and learning is
possible using an isolated whole brain, which usually has far
fewer neurons (∼105 for Limax) with relatively low complexity
(Chang and Gelperin 1980; Gervais et al. 1996; Teyke and Gel-
perin 1999; Inoue et al. 2004, 2006). These characteristics provide
incomparable advantages to electrophysiological and histologi-
cal studies. In particular, the terrestrial slug Limax has a highly
developed ability to acquire an aversive response to the odor of
some foods (e.g., carrot) once it is presented in combination with
an aversive stimulus (e.g., application of CO2 gas or quinidine
sulfate solution) (Gelperin 1975; Sahley et al. 1981). This type of
associative memory is easily formed by a single conditioning and
persists for several weeks.

The procerebrum (PC), a part of the cerebral ganglion in the
central nervous system (CNS) of Limax, is thought to be one of
the loci of olfactory information processing. Histological studies
have shown that the PC is situated anatomically where it can
receive not only indirect input from the olfactory epithelium (tip
of a tentacle) via tentacle ganglion but also direct input from the
olfactory epithelium (Chase and Tolloczko 1989; Kimura et al.
1998a; M. Fukumoto, M. Sakura, I. Ito, S. Watanabe, and Y.
Kirino, unpubl.). Electrophysiological studies have demonstrated
that the synchronous oscillation of the local field potential (LFP)
recorded in the tentacle ganglion and the PC is responsive to the
olfactory inputs to the olfactory epithelium (Gelperin and Tank
1990; Ito et al. 2001). These features are analogous to those of the
olfactory bulb in mammals and the antennal lobe in insects (Gel-

perin 1999). It has also been demonstrated that the synchronous
oscillation of the PC activity is involved in odor discrimination
(Teyke and Gelperin 1999). Moreover, a series of studies has in-
directly supported the notion that the PC is implicated in the
formation or storage of olfactory memory. Firstly, changes in the
frequency of LFP oscillation depend on the acquired meaning of
the odor: Aversively conditioned odor evokes lower frequency
oscillation, while appetitively conditioned odor increases the os-
cillatory frequency of LFP in the PC (Kimura et al. 1998b). Sec-
ondly, post-conditioning injection of Lucifer Yellow specifically
labeled the PC neurons only when the unconditioned and con-
ditioned stimuli were presented simultaneously (Kimura et al.
1998a; Ermentrout et al. 2001). Thirdly, the mRNA of LAPS18,
which encodes secreted protein, was up-regulated in the PC 3 h
after olfactory conditioning (Nakaya et al. 2001). However, while
these studies showed the correlation between the physiological/
biochemical activities of the PC and olfactory learning, none of
these studies clearly demonstrated that the PC is necessary for
olfactory learning.

The present study was designed to define the role of the PC
in olfactory learning using a lesion experiment. We developed
the method for the PC ablation in anaesthetized slugs with a high
recovery rate. In the first experiment, the PC ablation was per-
formed before olfactory conditioning, and the recovered slugs
were conditioned and tested for memory retention. In the second
experiment, the PC was ablated various intervals after the olfac-
tory conditioning, and memory retention was tested after recov-
ery. We also examined whether the PC ablation left the olfactory
sensibility and the mobility of the slug.

Results

Experiment I: Pre-conditioning ablation of the PC
impaired odor-aversion memory
To investigate the role of the PC in odor-aversion memory in
Limax, the PC was ablated bilaterally 7 d prior to conditioning
(Fig. 1A and 1B). As shown in Figure 2A, 36 PC-ablated slugs and
37 sham-operated slugs were conditioned, and the memory re-
tention test was performed the next day in a blind manner. For
the sham-operated group of slugs, 34 (91.9%) out of 37 slugs
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avoided the carrot juice for 3 min, while only six (16.7%) out of
36 slugs in the PC-ablated groups did (Fig. 2B). This difference
was significant (�2 = 41.7, P < 0.001, d.f. = 1).

Odor sensibility was indistinguishable between the PC-
ablated group and the sham-operated group as judged by the
number of successes in the approach to the diluted powder mix-
ture laid in either the right or the left quadrant within 3 min
(Table 1; �2 = 0.188, P = 0.665, d.f. = 3; see Materials and Meth-
ods for details). The mobility of the slugs was slightly affected in
the PC-ablated group; the time it took to reach the diluted pow-
der mixture was 48.3 � 13.6 sec for the PC-ablated group (the
total number of successful approaches = 169) while for the sham-
operated group (the total number of successful approaches =
173), the mean time taken was 40.0 � 12.1 sec (P < 0.01, two-
tailed t-test). However, there was no difference in mobility within
the PC-ablated group between the slugs that reached the carrot
juice within 3 min and those that did not (47.5 � 13.9 sec;
n = 30 and 52.4 � 12.5 sec; n = 6, respectively; P = 0.418, two-
tailed t-test). There was also no difference in the mobility within
the sham-operated group (45.2 � 18.2 sec; n = 3 and 39.5 � 11.7
sec; n = 34, respectively, P = 0.645, two-tailed t-test). The ability

to avoid innately aversive odor was also
not affected by the PC ablation because
no slugs in either group reached the gar-
lic homogenate within 3 min (n = 73)
laid in a 180° arc with a 9-cm radius.

To further confirm the ability of the
slugs to sense and direct their movement
after a short recovery period (8 d after
surgery), we monitored their behavior
on a glass plate when they were sur-
rounded by a circle (5-cm radius) consist
of a favorable odorant (humidified ev-
eryday food) on one half and an aversive
odorant (onion or garlic homogenates,
Inoue et al. 2004, 2006) on the other.
Almost all the slugs (seven out of seven

sham-operated slugs, seven out of eight PC-ablated slugs) suc-
cessfully reached the everyday food (upper half) without touch-
ing the repellent odor sources (Fig. 3A,B), showing the intact
ability to sense and regulate their crawling as early as 8 d after the
surgery.

To confirm the successful ablation of the PC, we randomly
chose a sample of slugs that had avoided the carrot juice (five
slugs) and those that had not avoided the carrot juice (11 slugs)
in the PC-ablation group, and analyzed the residual PC region
histologically. This analysis confirmed the successful ablation of
the bilateral PC for almost all the slugs we examined (Fig. 4A,B).
For comparison, a stained section derived from a naive slug was
also shown (Fig. 4C). We also measured the areas of the residual
PC region in these stained sections to investigate the relation
between the extent of the lesion of the PC and the learning
behavior. But no significant difference was found in the residual
PC areas between the slugs that reached the carrot juice within 3
min and those that did not (Fig. 5), although there was a ten-
dency toward a reduced residual PC area in the slugs that reached
the carrot juice within 3 min (1.07 � 10�2 � 0.89 � 10�2 mm2

[n = 11] and 1.43 � 10�2 � 0.93 � 10�2 mm2 [n = 5], respec-
tively; P = 0.510, two-tailed t-test).

Experiment II: Post-conditioning PC ablation impaired
storage or retrieval of odor-aversion memory
In the second experiment, the PC was ablated after conditioning.
The PC was ablated 3 h, 1 d, 3 d, or 7 d after conditioning, and
the memory retention test was performed 3 d after the surgery
(Fig. 6A). In this experiment, we prepared not only PC-ablated
and sham-operated slugs, but also unoperated slugs conditioned
according to the same time schedule. The survival rate at 3 d after
the surgery was 66.2% (88 slugs out of 133) in the PC ablation
group. For 5.7% of the survived slugs (five slugs out of 88), a
mobility defect was detected, such as an inability to move in a
straight line, and they always circled on the same spot in a con-
stant turning direction. These slugs were not used for further
experiments.

The PC-ablated slugs showed reduced avoidance rates in all
the groups with different time intervals between conditioning

Figure 1. Photograph of the PC ablation surgery. (A) An anesthetized slug was laid on a paper towel,
and the side of the head was cut. (B) Magnified view of the cut site. The arrow indicates the left side
of the PC.

Figure 2. Experiment I: Pre-conditioning PC ablation impaired odor-
aversion learning. (A) Experimental schedule. (B) The avoidance rate (%)
was substantially reduced in the PC-ablated group in comparison to the
sham-operated groups on the day after the conditioning (P < 0.001 by �2

test). The numerals above the columns indicate the number of slugs used
for the conditioning.

Table 1. Distribution of the number of successful approaches
to the diluted powder mixture of the PC-ablated and the
sham-operated slugs

5 times 4 times 3 times 0–2 times Total

PC-ablated 26 9 1 0 36
Sham-operated 25 12 0 0 37

There was no significant difference (P = 0.665, by �2 test).
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and surgery in comparison to sham-operated slugs (�2 = 5.81,
P < 0.05 for a 3-h interval; �2 = 5.16, P < 0.05 for a 1-d interval;
�2 = 4.25, P < 0.05 for a 3-d interval; �2 = 9.25, P < 0.01 for a 7-d
interval, Fig. 6B). There was no difference in the avoidance rates
between sham-operated and unoperated slugs (P = 0.0882 for a
3-h interval; P = 0.915 for a 1-d interval; P = 0.474 for a 3-d in-
terval; P = 0.329 for a 7-d interval, Fig. 6B).

After the memory retention test, the mobility test was per-
formed on the same day using the diluted powder mixture as an
attractive odor source in order to examine the extent of recovery
of the PC-ablated slugs from the surgery. Here again, the PC-
ablated slugs took longer to get to the powder mixture than

sham-operated slugs, although all the
slugs reached the powder mixture
within 3 min. All the data from the PC-
ablated slugs and sham-operated slugs
were averaged (53.7 � 25.2 sec; n = 73
and 44.9 � 19.1 sec; n = 63, respec-
tively; P < 0.05, two-tailed t-test). There
was no difference in the mobility in the
PC-ablated group between the slugs that
reached the carrot juice within 3 min
and those that did not, although the
slug that did not reach the carrot juice
within 3 min took slightly longer to
reach the diluted powder mixture, but
the difference was not significant
(47.5 � 16.3 sec; n = 24 and 56.7 � 28.2
sec; n = 49, respectively; P = 0.083, two-
tailed t-test). In the sham-operated
groups, there was also no difference in
mobility between the slugs that reached
the carrot juice within 3 min and those
that did not, but, again, the slugs that
did not reach the carrot juice within 3
min tended to take longer to reach the
powder mixture, but the difference was
not significant (47.3 � 20.3 sec; n = 46
and 38.5 � 14.0 sec; n = 17, respec-
tively; P = 0.059, two-tailed t-test).

Discussion
In Drosophila, chemical and genetic ab-
lation of mushroom bodies abolished as-
sociative olfactory learning without af-
fecting most of the sensorimotor abili-
ties (de Belle and Heisenberg 1994;
Dubnau et al. 2001; McGuire et al.
2001). In rats, olfactory fear learning is
damaged by excitotoxic lesions of baso-
lateral amygdala or anterior perirhinal
cortex (Otto et al. 2000). However, there
are only a few cases in which the ability
to achieve associative olfactory learning
is attributable to one or a few neuronal
structures. In this study, we demon-
strated that the PC of the Limax is nec-
essary for associative olfactory learning.

In Experiment I, we demonstrated
that the pre-conditioning ablation of the
PC substantially reduced the avoidance
rate from the conditioned odor of carrot
juice 1 d after the conditioning, suggest-
ing that the PC is necessary for any of
the temporal stages of memory: acquisi-

tion, storage, or retrieval. Odor sensibility/mobility tests demon-
strated the intact ability to avert the crawling direction from the
repellent odorant and to approach the attractive odorant, in spite
of the fact that some slugs sometimes showed insufficient exten-
sion of one or both of their superior tentacles (not shown). The
video recording further confirmed their sound sensorimotor abil-
ity 8 d after the surgery, corresponding to the time when the
retention test was performed. In Experiment II, we reduced the
number of possible damaged stages by ablating the PC after the
conditioning. The fact that the post-conditioning ablation of the
PC reduced the avoidance rate from the conditioned odor sug-
gests that the PC is involved at least in either memory storage or

Figure 3. Tracings of the PC-ablated and sham-operated slugs 8 d after surgery. The humidified
everyday food was placed on the upper half of each circle, and repellent odorant ([A] onion or [B] garlic
homogenates) was placed on the lower half. The time the slug reached either odor source is indicated.
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retrieval. If the PC is the storage site of olfactory memory, it holds
memory for 7 d at least and does not transfer the engram to the
other sites of the brain, because the odor-aversion memory was
damaged by ablation of the PC even 7 d after conditioning (Fig.
6B). It is not possible to determine precisely whether the PC
functions for either or both of the memory storage and retrieval
stages. This is because the lesion experiment is irreversible, and
techniques such as temporally regulative genetic interference
and reversible pharmacological inhibition of the PC are not yet
available for slugs, although they have been used in Drosophila
(Dubnau et al. 2001; McGuire et al. 2001) and mammals (May-
ford et al. 1996; Izquierdo et al. 1997).

There was a greater tendency for the PC-ablated slugs to
avoid the carrot odor in the memory retention test in Experiment
II than in Experiment I (Figs. 2B, 6B). This could be due to several
slugs in Experiment II that did not recover completely because of
the short recovery period (3 d) following the surgery. These slugs
may have failed to reach the carrot juice within 3 min even in the
absence of aversive memory. This might cause overestimation of

the number of memory-intact slugs. In fact, we found a tendency
for the memory-lost slugs to move toward powder mixture more
slowly than the memory-intact slugs in Experiment II, although
the difference was not statistically significant. Another possibil-
ity is that the PC is more exclusively involved in the acquisition
of memory than in storage or retrieval, and some other part of
the CNS might have some ability to compensate these later
memory stages.

We did not find any correlation between the extent of the
PC lesion and the deficiency in memory, although there was a
tendency toward a reduced area of the residual PC in the
memory-intact groups (Fig. 5). It is not yet clear whether the
remaining PC could play a role in odor-aversion memory since
the number of slugs investigated was small, especially for the
memory-intact slugs (n = 5). A larger scale of investigation is re-
quired to test this possibility.

In spite of a series of studies implying the involvement of
the PC in the odor-aversion learning in Limax (Kimura et al.
1998a,b; Ermentrout et al. 2001; Nakaya et al. 2001), there is no
decisive evidence that the PC plays an essential role, possibly
because the surgery was technically difficult. In this study, we
developed a less invasive surgical procedure to remove both sides
of the PC from the slug with a relatively high recovery rate,
making it possible to study the behavior of recovered slugs. Al-
though the PC-ablated slugs tended to move slowly, the conclu-
sions of this study were not affected because most of the PC-
ablated slugs reached the carrot juice within 3 min in spite of
their slowness.

The PC has long been believed to be the locus involved not
only in odor-aversion memory but also in discrimination be-
tween similar odors (Teyke and Gelperin 1999). It is logically
difficult, however, to examine whether the PC is also necessary
for such odor discrimination by the PC ablation experiment, be-
cause, in many cases, the discrimination task depends on the
ability of the slug to acquire and retrieve the odor-aversion
memory (Sakura et al. 2004). Therefore, the possibility remains
open that the PC plays a role in odor discrimination. In fact, it
has been suggested that the information about odor identity is

Figure 5. There was no significant difference in the residual area of the
PC between the slugs that reached the carrot juice within 3 min (n = 5,
left dots) and those that did not (n = 11, right dots). The average areas
(1.42 � 0.92 � 10�2 mm2 and 1.07 � 0.89 � 10�2 mm2) are indi-
cated as broken and dotted lines, respectively.

Figure 4. Histological analysis of the PC-ablated brain of the slugs.
Toluidine blue-stained sections of the brains of (A) 11 randomly chosen
slugs that had not avoided the conditioned odor of the carrot juice and
(B) five randomly chosen slugs that avoided the conditioned odor of the
carrot juice. (C) A section of the brain from a naive slug. The arrow
indicates the PC. Scale bar, 500 µm.
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encoded by the activity of nonbursting neurons in the PC (Mu-
rakami et al. 2003).

The PC-ablated slugs moved normally toward their everyday
food laid in front of them to the right or left side, selecting ap-
propriate direction, and their success rate was not statistically
different from that of sham-operated slugs. The PC-ablated slugs
also retreated from onion and garlic homogenates, which has an
odor to which slugs are innately averse (Sahley 1990; Matsuo et
al. 2002; Inoue et al. 2004, 2006). Taken together, it seems that
the PC-ablated slugs retained the ability to sense and approach
innately motivated odorants, and to detect and retreat from in-
nately aversive odorants. Since the PC is often considered an
odor information-processing center, sometimes analogized with
the olfactory bulb of mammals (Gelperin 1999), how can slugs
sense odors without the PC? In Limax, olfactory afferent inputs
from the olfactory epithelium are conveyed through the tentacu-
lar nerves (in a superior tentacle) and the branch of medial lip
nerves (in an inferior tentacle). Kimura et al. (1998a) have re-
ported that both of these nerves have projections not only to the
ipsilateral PC but also to the metacerebral lobe. It is also known
that there exist at least two kinds of afferent pathways from a
tentacle in the giant snail Achatina fulica: One makes contacts
with neuropiles of the PC neurons, and the other bypasses the
PC, making direct contacts with extended dendrites of pedal neu-
rons (Chase and Tolloczko 1989, 1993). Such direct pathways
may still be intact after the PC ablation, enabling the slug to
sense the odors. In this case, tentacle ganglia or pedal ganglia are
candidates for the odor information-processing and/or decision-
making centers to determine the direction of the slug’s locomo-
tion when the olfactory epithelium binds innately aversive or
attractive odorants. With a fully intact brain, the PC might
modulate such decision making based on the memory stored
in it.

Strictly speaking, it could be interpreted that the preference
for the odor of everyday food was also acquired and formed by
learning as an appetitive memory. One possible explanation to
the fact that this memory was not damaged by the PC ablation is
that the PC is involved in the aversive learning but not in the
appetitive learning. In fact, a differential dependence on neuro-
transmitters has been reported between aversive and appetitive
learning: Aversive associative conditioning depends on serotonin
in Helix (Balaban et al. 1987) and Aplysia (Hawkins et al. 1993)
while appetitive food attraction conditioning does not in Helix
(Teyke 1996). Another explanation is that this memory has been
consolidated so firmly by repeated exposure to the powdered
mixture from birth, that the PC is no longer required to modulate
the slug’s behavior. According to the latter interpretation, further
investigation is needed to determine the locus where such fully
consolidated memories are stored.

Materials and Methods

Animals
Terrestrial slugs, Limax valentianus (12–20 wk post-hatching),
were maintained in our laboratory at 19°C. They were fed only
on a diet of a humidified powder mixture (for composition, see
Nakaya et al. 2001) and had never eaten carrot.

PC ablation
All the solutions injected into the slugs were sterilized by filtrat-
ing through a syringe filter (Corning) immediately before injec-
tion. The slugs were anesthetized by injection of ∼500 µL of ice-
cold Mg2+ buffer (57.6 mM MgCl2, 5 mM glucose, 2.36 mM N-2-
Hydroxyethylpiperazine-N�-2-ethanesulfonic acid [HEPES], 2.64
mM HEPES-Na) into the body cavity. For the PC ablation group
of slugs, small cuts were made with microscissors on both sides of
the head, and the PC was exposed and removed bilaterally using
sharp microforceps as shown in Figure 1A,B. After surgery, ∼300
µL of physiological buffer solution (70 mM NaCl, 2 mM KCl, 4.7
mM MgCl2, 4.9 mM CaCl2, 5 mM glucose, 2.36 mM HEPES, 2.64
mM HEPES-Na) were injected into the body cavity to facilitate
the recovery from anesthesia. In most cases, the wound was
healed spontaneously without any treatment. For the sham-
operated group of slugs, small cuts were made on both sides of
the head, and the PC was transiently exposed, and then the
physiological buffer solution was injected into the body cavity
to facilitate the recovery from anesthesia. After surgery, each
slug was transferred to a plastic container and maintained
individually with free access to the humidified powder mixture
until a memory retention test was performed. The survival rate
was monitored for the PC ablation group of slugs only in Experi-
ment II.

Associative conditioning and memory retention test
Conditioning and memory retention test were performed essen-
tially as described previously (Matsuo et al. 2002) using carrot
juice and 1% quinidine sulfate solution as conditioned and un-
conditioned stimuli, respectively, except that the slugs were not
starved before the conditioning. In Experiment I, the condition-
ing was performed 7 d after the PC ablation, and the memory
retention test took place the next day. Avoidance (%) was defined
as a relative number of slugs that did not reach the carrot juice
within 3 min. After the memory retention test, the slugs were
starved for 7 d and the odor sensibility/mobility tests (see below)
were performed using the humidified powder mixture and the
garlic homogenate. In Experiment II, the PC ablation was per-
formed 3 h, 1 d, 3 d, or 7 d after the conditioning, and the
memory retention test took place after 3 d of recovery. Following
the memory retention test, the odor sensibility/mobility tests
were performed in the same day using only the diluted powder
mixture. All tests were performed in a blind manner in which the
experimenter was not informed whether each slug was from the
PC ablation group or the control group.

Figure 6. Experiment II: The post-conditioning PC-ablation impaired
the odor-aversion learning. (A) The experimental schedule. The condi-
tioning, the surgery, and the retention test are indicated by �, �, and �,
respectively. (B) The avoidance rate (%) was substantially reduced in the
PC-ablated group than in the sham-operated groups irrespective of the
interval between the conditioning and the surgery. The numerals above
the columns indicate the number of slugs used for the conditioning.
*P < 0.05 and **P < 0.01 by �2 test. Solid bars: PC-ablated slugs; open
bars: sham-operated slugs; shaded bars: naive slugs.
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Odor sensibility/mobility test
The odor sensibility/mobility test was performed as follows in
order to assess the effects of the PC ablation on the ability of the
slug to sense the odor and to move normally. The experimental
chamber was the same as that used for conditioning and for the
memory retention test. In Experiment I, ∼1 mL of the diluted
humidified powder mixture was laid to the right or left side of the
slug in a quarter-circle arc (90°) with a 6-cm radius from the
marked point on the glass plate. The slug was placed just behind
the marked point and was timed to assess whether it reached the
powder mixture within 3 min after the middle of its body passed
the marked point. The slug was gently picked up with forceps just
before it touched the powder mixture and was returned to the
plastic container. The time it took to reach the powder mixture
was also recorded. This procedure was repeated five times for
each slug, alternating the side on which the powder mixture was
laid to reduce the probability that the slug could reach it by
chance. Immediately after these tests, another odor sensibility
test was performed using garlic homogenate as an innately aver-
sive odor (Sahley 1990; Matsuo et al. 2002). Garlic homogenate
was laid in a 180° arc with a 9-cm radius from the marked point,
and the slug was timed to assess whether it reached the garlic
homogenate within 3 min after passing the marked point. In
Experiment II, the mobility test was performed for randomly se-
lected slugs from the PC-ablated group (73 slugs) and the sham-
operated group (63 slugs) following the memory retention test
on the same day. Here, the diluted powder mixture was laid in a
180° arc with a 6-cm radius from the marked point, and the time
each slug took to reach the powder mixture was recorded. The
odor sensibility test using garlic homogenate was not performed
in Experiment II.

Monitoring the behavior of the slugs
The slugs’ behavior was traced by analyzing the video movies
recorded by a digital video camera recorder (Handycam, SONY)
from upright above (∼70 cm). The slugs were starved for 8 d after
the PC ablation (eight slugs) or sham operation (seven slugs). A
slug was gently placed on a glass plate at the center of a circle
(5-cm radius), whose halves consisted of everyday food/onion
homogenate or everyday food/garlic homogenate. The initial di-
rection of the head was gently adjusted toward the border of the
two odor sources. The video recording was continued until the
slug reached either odor source. In the off-line analysis, the head
position of the slug was plotted every 5 sec, and the dots were
connected by a line.

Section staining and image analysis
One day after all the behavioral tests of Experiment I were com-
pleted, a random sample of slugs that had avoided the carrot
juice (five slugs) and slugs that had not avoided the carrot juice
(11 slugs) from the PC ablation group were chosen. These slugs
were anesthetized by injection of ∼500 µL of ice-cold Mg2+ buffer
into the body cavity, and the whole CNS was dissected out. The
CNS was frozen in Tissue-Tek optimal cutting temperature (OCT)
compound (Sakura) using liquid nitrogen. Cryostat sections (10
µm thick) were cut and mounted onto glass slides coated with
Vectabond (Vector Laboratories). The sections were dried for 30
min at room temperature followed by staining using 0.2% tolu-
idine blue solution, and cover glasses were mounted using Eukitt
(O. Kindler). The images of the stained sections were obtained
using a light microscope IX-70 (Olympus) with an attached CCD
camera DP70 (Olympus). The area of the residual PC was defined
as consisting of intensely stained small cell bodies within a re-
gion circumscribed by the sheath of the PC and a line connecting
the two constricted portions at the base of the PC. This area
(mm2) was calculated using computer software Canvas 5 (De-
neba) by an experimenter who was not informed of the slug’s
avoidance behavior during the memory retention test.

Statistical analysis
All data were expressed as mean �SEM. Differences between
groups were examined for statistical significance using �2 test and

the two-tailed t-test. A P-value < 0.05 denoted the presence of a
statistically significant difference.
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