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Abstract  

We c o m p a r e d  behaviora l ly  and  
physiological ly  the  olfactory r e sponses  of  
slugs (Limax marginatus) tha t  had  been  
subjected to aversive, appeti t ive,  o r  u n p a i r e d  
t r a in ing  wi th  food odors  (car ro t  o r  
cucumber) .  In  the  aversive t ra ining,  the  
slugs were  e x p o s e d  to the  food odor  as a 
cond i t ioned  s t imulus  (CS), and  t h e n  
qu in id ine  sulfate so lu t ion  as an  
u n c o n d i t i o n e d  s t imulus  (UCS) was 
immedia te ly  appl ied  to the  lip of  the  slugs. 
This t r a in ing  caused a decrease  in  
p re fe rence  level for  the  CS. The u n p a i r e d  
t ra ining,  in w h i c h  the  CS and  the  UCS were  
p r e sen t ed  to the  slugs wi th  a 5-min interval,  
induced  no change  in the  p re fe rence  level 
for  the  CS. In  the  appet i t ive t ra ining,  the  
slugs were  a l lowed to eat the  CS odor  source  
wi thou t  UCS appl icat ion.  W h e n  we used  
n o n s t a r v e d  slugs, it was  found  that  the  
p re fe rence  level for  the  CS increased  u p o n  
the  appet i t ive t ra ining.  These results  
indicate tha t  each  t ra in ing  changed  the  
p re fe rence  for  the  odors  in  a character is t ic  
m a n n e r .  In  the  physio logica l  expe r imen t s ,  
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we used bra in- in fe r io r  ten tacular  nose  
p repa ra t i ons  isolated f r o m  slugs a n d  
invest igated the  olfactory r e sponses  of  the  
oscil lat ions in  the  local field potent ia l  (LFP) 
of  the  p roce reb ra l  (PC) lobe. We found  tha t  
odo r  p re sen t a t i on  induced  var ious  types of  
changes  in  the  LFP osci l la t ion f requency,  
a l though  the  rate  of  occur rence  of  the  
f requency  modu la t i on  differed be tween  
odors  used  in  the  aversive and  the  u n p a i r e d  
t ra in ing  (avers ive-condi t ioned and  u n p a i r e d  
odors) .  The avers ive-condi t ioned odors  
induced  a decrease  in the  osci l la tory 
f requency.  Unpa i red  odors  did no t  change  
i t .  Moreover ,  odors  used  in  the  appet i t ive 
t r a in ing  (appet i t ive-condi t ioned odors )  
induced  an  increase  i n  the  f requency.  Thus,  
it was cons ide red  tha t  those  modu la t ions  of  
PC lobe osci l la tory activity were  
i n d e p e n d e n t  of  odo r  and  reflected l ea rned  
p re fe rence  for  odors .  

In troduc t ion  

Olfactory systems of many species of inverte- 
brates and vertebrates have proven to be excellent 
models for the study of learning and memory. Odor 
recognition in mammalian olfactory bulbs is 
thought to involve both spatial and temporal pat- 
terns of oscillation amplitude modulation (Kauer 
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1988) that are altered by odor learning (Freeman 
and Schneider  1982; Freeman and Skarda 1985). 
Some forms of synaptic plasticity in the olfacto W 
bulb  and pir i form cortex have been  demonst ra ted  
(Hasselmo and Bower 1990; Jung et al. 1990; 
Kanter and Harberly 1990; Sullivan et al. 1990). 
These exper imenta l  f indings encourage the view 
that some aspects of  the cellular substrate of odor 
identification and learning occur  early in the olfac- 
tory pathways.  

The central  nervous system of the slug has also 
been  considered to be a useful mode l  system for 
investigation of associative learning, because slugs 
easily learn associations be tween  appl ied odors 
and tastes and change their  responses  to condi- 
t ioned stimuli (Sahley et al. 1981a; Sekiguchi et al. 
1991). Various forms of classical condi t ioning (e. g., 
first order, second order, and presensory  condi- 
tioning) have been  reported to occur  in slugs (Gel- 
perin 1974; Sahley et al. 1981b; Suzuki et al. 1994). 
Furthermore,  Chang and Gelperin (1980) showed  
that taste-taste associative learning occurred in iso- 
lated slug brain preparat ions that inc luded the lip. 
However,  the basic mechan i sms  of this classical 
condi t ioning in slugs are unclear. Many important  
quest ions remain,  such as, Where  are the odor 
memor ies  stored? How are the odors represented  
in the CNS? and How does condi t ioning inf luence 
odor representation? 

Recently, it was found that some in terneurons  
wi th in  the procerebral  (PC) lobe of Limax margi- 
natus exhibi t  enhanced  activity after odor aversive 
condi t ioning (Kimura et al. 1998a). For induct ion 
of this enhanced  activity of the PC interneurons,  
associative (paired) presenta t ion of a condi t ioned 
stimulus (CS) and an uncondi t ioned  st imulus (UCS) 
is needed  (Kimura et al. 1998a). The finding sug- 
gests that the enhanced  activity of the PC lobe 
plays a role in the acquisit ion of odor memories  
during odor aversive conditioning. Electrophysi- 
ological studies have been  carried out to reveal the 
funct ion of the PC lobe in odor recognit ion and 
categorization. Gelper in  and Tank (1990) found 
that the PC interneurons  of Limax maximus  show 
spontaneous  oscillatory activity. The PC oscillatory 
ne twork  is considered to be a coherent  ne twork  
consti tuted by numerous  oscillators (Gelperin et al. 
1993). It was also reported that odor stimuli ap- 
pl ied to the superior  tentacular nose modula ted  
the oscillatory f requency and the coherency  of the 
PC ne twork  (Gervais et al. 1996). These results also 
show the impor tance  of the oscillatory ne twork  of 
the PC lobe in olfactory information processing. 

In the present  study, we  observed the occur- 
rence of behavioral  modif icat ion by (food odor) 
aversive condi t ioning in Limax marginatus and 
then  investigated its inf luence on the changes in 
the PC oscillatory activity to induce  by olfactory 
stimuli. 

M a t e r i a l s  a n d  M e t h o d s  

.MATERIALS 

ANIMALS 

Slugs (Limax marginatus) were  mainta ined in 
our laboratory on frog c h o w  (Oriental Yeast Co., 
Ltd.) with a l ight /dark cycle of 14:10 hr  at 19°C. 
Prior to the start of the exper iments ,  each animal 
was isolated in a plastic chamber  (113 x 105 x 28 
mm)  for 2 days wi thout  food. The weight  of the 
slugs used in the exper iments  was 1.5-2.0 grams 
before starvation. In the case of nonstarved slugs to 
be used for behavioral  exper iments ,  500 mg of frog 
chow was placed in the chamber  daily. 

SOLUTIONS 

Carrot or cucumber  juice was obtained by ho- 
mogenizat ion wi thout  dilution, fol lowed by filtra- 
tion through a filter paper  (Yamada et al. 1992). 
The filtered extract was divided into 4- to 5-ml 
aliquots in disposable tubes and stored in a freezer 
at -30°C.  Each aliquot was used wi th in  1 hr  after 
thawing. Frog c h o w  solution (10% in distilled wa- 
ter) was also filtered and stored in the same man- 
ner. A saturated solution of quinidine  sulfate in slug 
saline (70.0 mM NaC1, 2.0 mMKC1, 4.9 mM CaC12, 
4.6 mM MgC12, 5.0mM glucose, 10 mM HEPES) was 
used as a UCS in aversive training 

CONDITIONING 

Each slug used in the behavioral  and physi- 
ological exper iments  received one of three types 
of conditioning: differential, discriminative, or two- 
odor aversive conditioning. 

DIFFERENTIAL CONDITIONING 

Starved slugs received aversive training wi th  
ei ther  carrot or c u c u m b e r  odor and unpai red  train- 
ing wi th  the other  food odor. In aversive training, 
each slug was p laced on a clean glass plate 
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(30 x 45 cm) and kept  wi thout  any stimuli for 5 
min to acclimate to the environment .  After accli- 
mation, slugs usually began relatively straight 
crawling. The odor  source used as a CS was  a line 
of  food juice (10 cm in length) applied to the plate 
perpendicu la r  to the body axis 0.5-1 cm in front of 
the head  using a Pasteur  pipette.  About  10 sec 
later, just before the slug touched  the odor  source,  
100 pl of quinidine sulfate solution as an aversive 
UCS was  d ropped  onto the dorsoanter ior  surface 
of the animal. After a fur ther  10 sec, the quinidine 
sulfate solution was  w a s h e d  off wi th  slug saline, 
and the animal was  re turned  to the holding cham- 
ber. 

In unpai red  training, a CS was  also p resen ted  
to a slug in the same way  as in the aversive training. 
After 10 sec, the slug was  re turned  to the holding 
chamber ,  and 5 min later it was  placed on another  
clean glass plate and exposed  to quinidine sulfate 
solution for 10 sec. Each slug received two trials in 
each training. The sequence  of training was  ran- 
domly chosen,  and there was  a >20-min intertrial 
interval. 

DISCRIMINATIVE CONDITIONING 

Starved slugs received aversive and appeti t ive 
training twice. The me thod  for aversive training 
was  as same as that descr ibed above. In appeti t ive 
training, carrot  or  cucumber  odor  as a CS was  pre- 
sented  to the slugs as descr ibed above, but  the 
animals we re  al lowed to feed on the odor  source 
(carrot  or  c u c u m b e r  juice) for 5-10  min wi thout  
application of quinidine sulfate. Each slug received 
two trials in each training. The sequence  of  train- 
ing was  randomly chosen  wi th  >20 min b e t w e e n  
trials. 

TWO ODORS AVERSIVE CONDITIONING 

Slugs received aversive training for bo th  carrot  
and c u c u m b e r  odors. Each slug received two con- 
ditioning trials for each odor. The sequence  of 
training was  randomly  chosen  wi th  >20 min be- 
t w e e n  trials. 

B E H A V I O R A L  EXPERIMENTS 

One day after conditioning, a behavioral  test 
was  pe r fo rmed  on each slug. Each animal was  
placed on a glass plate as descr ibed above and left 
there for - 5  min to acclimate. After it began crawl- 

ing straight, a line of odor  source was  placed 5-10 

cm in front of it in the same m a n n e r  as that for 
conditioning, and the behavior  of  each slug was  
observed for 5 min. This exper imenta l  condit ion of 
the behavioral  test was  designed to make  each slug 
choose  b e t w e e n  avoiding the odor  source or  ap- 
proaching it. W h e n  slugs were  at t racted by the 
odor,  they  gradually approached  the odor  source 
and ex tended  their  lip toward  it and then  fed on it 
(eating behavior).  On the o ther  hand,  w h e n  slugs 
avoided the odor  source,  they acutely changed  the  
crawling direct ion wi th in  1 cm f rom the applied 
odor  source in many  cases (avoidance behavior;  
see Fig. 2a, below).  The influence of condit ioning 
on the slugs' behavior  was  quantitatively analyzed 
in terms of a change  the relative f requency  of the 
occur rence  of  eating behavior  obtained f rom 40 
slugs, wh ich  had been  subjected to a condit ioning 
treatment .  The p re fe rence  of a group of slugs to an 
odor  was  evaluated by the f requency  of  the eating 
behavior  wi th  the odor, and the significance of the 
difference in the p re fe rence  was  analyzed by 
means  of  the X 2 test. The behavioral  tests we re  
pe r fo rmed  by exper imente rs  w h o  did not  k n o w  
the t rea tments  adminis tered to each animal. In 
some cases, the slug mucus  remaining on the ex- 
per imenta l  glass plate was  traced onto a transpar- 
ent  film after the tests. 

P H Y S I O L O G I C A L  EXPERIMENTS 

SCREENING OF ANIMALS FOR PHYSIOLOGICAL EXPERIMENTS 

To minimize the influence of  variation of  con- 
ditioning pe r fo rmance  among individual animals 
on the results of PC lobe response  in physiological 
exper iments ,  exper imenta l  animals we re  selected 
on the basis of the results of behavioral  tests. For 
selection of  exper imenta l  animals the  following 
criterion was  used: In differential- and discrimina- 
t ive-conditioned slugs, w e  used the slugs that 
avoided the odor  source used in the aversive train- 
ing three t imes or more  in five tests wi th  acute  
turning of the crawling directions (see Fig. 2a, be- 
low) and did not  avoid the odor  source used in the 
unpai red  or  the appeti t ive training. In two odors 
aversive-condit ioned slugs, we  used the slugs that 
avoided each CS in over  three  of five tests. 

PHYSIOLOGICAL EXPERIMENTS 

Each selected slug was  anesthet ized by injec- 
tion of 200 pl of  50 mM MgCI 2 in 10 mM HEPES 

buffer (pH 7.4), and the brain was  exposed  by cut- 

& 
367  

L E A R N I N G M E M O R Y 

 Cold Spring Harbor Laboratory Press on April 26, 2024 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/
http://www.cshlpress.com


Kimura et aL 

ting the dorsal head skin of the slug. Then  the 
entire cerebral  ganglion wi th  right or left inferior 
nose ( randomly selected) was gently dissected 
from the body. The dissected preparat ion was then  
placed into an exper imenta l  chamber  filled wi th  
anesthetizing solution. The chamber  consisted of 
two compar tments  wi th  a slit connec t ing  them 
(Fig. 1). After p lacement  of the cerebral  ganglion in 
the "ganglion compar tment , "  the inferior nose 
was placed gently into the "nose compar tment , "  
wi th  care being taken not to damage the nose and 
nerve tract (medial  lip nerve)  connect ing  the infe- 
rior nose and cerebral  ganglion. The nerve was 
placed to pass through the slit. After placing the 
nose and ganglion, the anesthet izing solution was 
removed from both  compar tments ,  and the slit was 
sealed wi th  Vaseline. Following this, both  compart- 
ments  were  filled wi th  normal  slug saline. The lo- 
cal field potential  (LFP) of the PC lobe was re- 
corded through a suction pipet te  (tip diameter,  30 
pm) filled wi th  saline. After put t ing the suction 
pipet te  on the posterior (cell mass) surface where  
the PC interneurons  formed a layer of  cell bodies, 
the solution in each compar tmen t  was perfused 
wi th  normal  saline (the f low rate, 1.5 ml /min) .  The 
electrical activity from the PC electrode was fil- 
tered wi th  a O.08-Hz low-cut and 100-Hz high-cut 
passive filter and recorded in a PCM processing 
recorder.  For analysis of  the activity, the recorded 
data were  transferred into a personal  compute r  

(Macintosh 8100/80AV) via a 12-bit A-D conver ter  
wi th  a l O0-Hz sampling speed (MacAdioslI), and 
then the instantaneous f requency of each oscilla- 
tory cycle was calculated by detect ion of uppe r  
peaks of the oscillation wi th  the use of a commer-  
cial wave analysis program (IgorPro, WaveMetrics, 

Inc 3. 
An odor was applied at a constant  f low rate 

(0.1 ml / sec )  through a glass pipet te  (Fig. 1, top). 
Five minutes  before odor presentat ion,  the olfac- 
tory ep i the l ium of the inferior tentacle nose was 
exposed  to f lowing air to adapt to the constant  
airflow. Odor presentat ion was per formed by 
changing the airflow route by alternate switching 
of two electric valves. Each valve was connec ted  
ei ther  to a control syringe containing a piece  of 
paper  mois tened  wi th  water  or a syringe contain- 
ing a piece  of paper  mois tened  wi th  1 ml of a CS 

odor source. 
For the physiological study, we  used brain-in- 

ferior tentacular preparations.  This was based on 
our prior observation that induct ion of food avoid- 
ance by aversive-conditioned odors was more  reli- 
able in slugs possessing only the inferior tentacles 
than in the slugs possessing only superior  ones 
(T. Kimura, unpubl.) .  

ANALYSIS OF ODOR RESPONSE 

The period of every cycle was obtained by 

flow-me 

Figure 1: A schematic illustration show- 
ing the setup used for electrical activity 
recording and odor stimulation. (Bottom) 
A typical trace of LFP recorded from a PC 
lobe. The LFP obtained from a PC lobe 
showed an oscillatory profile, and frog 
chow odor induced an increase in the os- 
cillation frequency. The horizontal bar 
shows the stimulation period. 

out-fk 

inferior nose in-flow 

ut.,,ow 

L 
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measuring a time from peak to peak, and the aver- 
age cycle length (10 cycles) during stimulation was 
compared with that before stimulation (15-20 
cycles) by means of the t-test. In the stimulation 
period, we ignored the first four cycles as a tran- 
sient period and measured the fifth to the four- 
teenth cycle after the start of stimulation. Based on 
the analysis, the influence of the aversive and the 
unpaired training on the percentage of occurrence 
of statistically significant responses was analyzed 
by means of the ×2 test. 

The major tendency of the frequency modula- 
tion induced by an odor (i.e., carrot, cucumber,  
aversive-conditioned, unpaired, or appetitive-con- 
ditioned odor) was determined based on a value 
showing relative change in oscillation frequency 
(rAY) obtained from each response of each slug, 
that was defined as follows: where Fbe f is the aver- 

rAF-- 
(Gin- Fbe~) 

aged oscillatory frequency for 15-20 cycles of LFP 
oscillations just before stimulation and Fst m is that 
for 10 cycles during odor presentation. 

As an odor was presented more than twice, the 
averaged value of rAF for the responses was re- 
garded as rAF of the preparation for the odor. The 
difference between the mean rAFs obtained from 
groups was evaluated by means of the t-test. 

Results  

BEHAVIORAL CHANGES INDUCED BY ODOR 
CONDITIONING 

Prior to the physiological experiments, we 
performed behavioral tests to select the condi- 
tioned slugs. In the behavioral test, we observed 
the response of crawling animals to a line of odor 
source that was placed in front of the head. When 
naive slugs that had not been subjected to any 
treatments were attracted by the odor, they gradu- 
ally approached the odor source and extended 
their lip toward it. In these cases, they always be- 
gan active biting after touching the odor source. 
That type of behavior (eating behavior) was usually 
observed when  carrot or cucumber  juice as an 
odor source was presented to naive slugs (Fig. 2, 
naive). On the other hand, another type of re- 

sponse was often observed when  an odor source 
used previously in aversive training was presented 
to slugs. In those cases, the slugs avoided the odor 
source by turning sharply when  they reached a 
position located within 1 cm from the source (Fig. 
2a, 2[CaQ]). Figure 2b shows a typical example of 
results of the behavioral tests performed before the 
physiological experiments. Before conditioning, 
the slug showed a strong preference to both carrot 
and cucumber  odors and showed the eating behav- 
ior in four of five tests when  either of the odor 
sources was presented. After aversive training with 
carrot odor and unpaired training with cucumber  
odor (differential conditioning), the animal 
showed eating behavior in only one of five tests 
when  carrot juice was presented although it 
showed the eating behavior in four of five tests 
when  cucumber  juice was presented (Fig. 2b). 

The influence of the aversive conditioning on 
behavior in the groups of slugs (the number  of 
slugs used in each group, n = 40) was analyzed 
quantitatively. In the analysis, we counted the 
number  of the slugs that showed the eating behav- 
ior in each observation period (5 rain). In the dif- 
ferential-conditioned slugs, when  slugs had been 
subjected to aversive training to the carrot odor 
and to the unpaired training with the cucumber  
odor ([CaQ, Cu-Q]), the preference for the carrot 
odor was significantly weaker than that for the cu- 
cumber  odor (Fig. 3, P < 0.01, X z test, left bars). 
Among the differential-conditioned slugs that had 
been subjected to the aversive training with cu- 
cumber  odor and to the unpaired training with 
carrot odor ([Ca-Q, CuQ]), the preference to cu- 
cumber  odor was lower than that to carrot odor 
(Fig. 3, P < 0.01, X 2 test, right bars). Among two 
odors-conditioned slugs which  had been aversively 
conditioned to both carrot and cucumber  odors 
([CaQ, CuQ]), the preference for each of the odors 
was weaker than that for the unpaired control 
odors in both of the differential-conditioned 
groups (Fig. 3, middle bars). These results demon- 
strate that our learning procedure effectively in- 
duced odor-taste associative learning in the slugs. 

The influence of the appetitive conditioning 
treatment on the behavior was also examined us- 
ing nonstarved slugs, of which  the level of prefer- 
ence for the food odors was relatively lower than 
that of starved slugs. In this experiment,  we com- 
pared the level of preference for the same odor 
(carrot) in three different groups, to eliminate the 
winfluence of possible differences in the level of 
preference for the carrot and cucumber  odors (see 
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Naive (before conditioning) 

f 
O t  

Conditioned [CaQ] 

"- 0 /  

Naive (before conditioning) 

Eat m ( 3 4 1 ~ 3 4 1 ~ 3 4 1 4 B ~ -  
Avoid [ ]  

F-'I [Ca-Q, CuQ] • response to carrot 

I-I response to cucumber 
After conditioning 

Eat m ----. == [ ]  m 

Avoid [ ]  ~ O - - - - • -  

20 min 

Figure 2: Behavioral changes induced by the aversive 
conditioning. (a) "Footprints" of a slug showing its be- 
havior near the odor source before and after condition- 
ing. In this experiment, the odor source (carrot juice) 
was placed on the plate -10 cm in front of a slug crawl- 
ing forward. Exposure to the odor source usually did not 
induce stopping of the crawling before conditioning 
[each asterisk (*) shows the head position when the 
stimulus was presented] but induced extension of the lip 
and biting movements by the slug (eating behavior) in 
four of five tests. Each square shows the position at 
which biting movements were observed. After condi- 
tioning, the same slug turned sharply away from the 
odor source in four of five tests (arrowheads). (b) Etho- 
grams showing response of a slug to odor sources: carrot 
(m) and cucumber (F1)juice. Before conditioning, the 
slug usually approached both the carrot and the cucum- 
ber juice and exhibited eating behavior. After the be- 
havioral test, the animal was subjected to the aversive 
conditioning to the carrot odor and to the unpaired pro- 
cedure with the cucumber odor. After the treatment, the 
slug was repelled by carrot juice but not by cucumber 
juice. Such behavioral tests were performed before the 
physiological experiments for selection of experimental 
animals. 

Fig. 4). The nonstarved slugs subjected to the ap- 
petitive training twice ([CaCa]; n = 30) showed  
s t ronger  preferences  for the carrot  odor  than did 
the naive nonstarved slugs (naive; n = 30) or the 
nonstarved slugs subjected to the unpai red  training 
twice ([Ca-Q]; n = 30) (P < 0.05, X 2 test). On the 
o ther  hand, there was  no significant difference in 
the level of preference  for the carrot  odor  b e t w e e n  
the slugs that had been  subjected to the unpai red  
training and the naive slugs (P > 0.05, X 2 test). 
These results show that the appeti t ive condition- 
ing also induced a change in the p re fe rence  level 
and that the unpai red  control  t rea tment  did not. 
Such an influence of appeti t ive condit ioning on 
behavior  was not  de tec ted  in the starved slugs 
(data not  shown),  apparent ly  because  they were  
strongly at t racted by the food odors. 

FREQUENCY MODUIATION INDUCED BY ODORS 

In the physiological exper iments ,  we  used 94 
bra in -nose  prepara t ions  obtained f rom slugs that 
had been  subjected to differential, discriminative, 
or two-odor  aversive conditioning. 

1 0 0  - 

(%) 

75 

e" 

"-- 50 

e l  
25 

[CaQ, Cu-O] [CaO, CuQ] 

l 
I 
I 

I 

I1__ 
[Ca-Q, CuO] 

Figure :3: Effect of the aversive and unpaired training 
on slugs' preference to food odors. The preference to a 
CS was defined as the percentage of 40 slugs showing 
eating behavior when the CS odor source was applied. 
(2[CaQ, Cu-Q]) Responses of the slugs that had been 
subjected to the aversive conditioning to carrot odor and 
to the unpaired control treatment with cucumber odor. 
(2[CaQ, CuQJ) Response of the slugs that had been sub- 
jected to the aversive conditioning to both carrot (open 
bars) and the cucumber (solid bars) odor. (2[Ca-Q, 
CuQ]) Responses of the slugs that had been subjected to 
the unpaired control treatment with carrot and cucum- 
ber odor. The differential-conditioned slugs showed a 
significant difference in the frequency of occurrence of 
eating behavior for the presented odor source for the 
carrot and the cucumber odor (2[CaQ, Cu-Q]and 2[Ca- 
Q, CuQ]; P< 0.01 in each, X 2 test). 
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Figure 4: Influence of appetitive training on odor pref- 
erence. In this experiment, we used nonstarved slugs, 
which showed a weaker preference for the carrot odor 
than did the starved slugs, to determine the influence of 
appetitive trainings on the level of preference (the fre- 
quency of occurrence of eating behavior elicited by the 
odor source). The preference for the carrot odor in the 
slugs subjected to the appetitive training (2[CaCa]; 
n = 30) was significantly higher than that in the naive 
slugs (n = 30) (naive; P< 0.05, X 2 test) or that in the 
slugs subjected to the unpaired control treatment 
(n = 30) (2[Ca-Q]; P< 0.05, x 2 test). 

The LFPs recorded from the PC lobe of Limax  
marginatus  generally show an oscillatory pattern 
such as shown  in Figure 1 ( lower trace). The os- 
cillation in LFP was strikingly similar to the PC lobe 
oscillation detected in Limax  m a x i m u s  by Gel- 
per in  and Tank (1990). Examples of the responses  
obtained from a preparat ion from a differential- 
condi t ioned slug are shown in Figure 5. W h e n  cu- 
c u m b e r  odor used in aversive training was pre- 
sented to the inferior nose, we  observed a slight 
but  statistically significant decrease in the fre- 
quency  of the PC oscillation (P < 0.05, t-test). The 
same preparat ion showed  no change in the oscil- 
lation f requency  upon  the presenta t ion of carrot 
odor used in unpai red  training (P > 0.05, t-test). 
Furthermore,  it showed  a t endency  toward an in- 
crease in the oscillation f requency  by frog chow,  
al though it was not statistically significant 
(P > 0.05, t-test). We found no change in the am- 
pli tude of the PC oscillation in the responses.  Al- 
though we  did somet imes  observe slight ampli tude 
modulat ion accompanying  the f requency modula- 
tion, in many  cases the f requency  modulat ion oc- 
curred wi thout  the ampli tude modulation.  On the 
basis of these observations, we  focused on analysis 
of  the f requency  modulat ion fol lowing the odor 
presentat ion.  In this analysis, the average cycle 
length during stimulation was compared  wi th  that 
before st imulation by means  of the t-test. 

In Table 1, we  show the n u m b e r  of prepara- 
tions that showed  statistically significant changes 

a   ].lJJJllJlllI.ll.Ut.i I,It ill I, II,IL 
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Figure 5: Odor-evoked modulation of PC lobe oscilla- 
tion. The influences of cucumber, carrot, and frog chow 
odors on a PC lobe oscillation were examined using an 
differential-conditioned slug. (a) Response to aversive- 
conditioned carrot odor. The trace (top) shows the re- 
corded LFP, and the graph (bottom) shows the instanta- 
neous frequency change with time. Each horizontal bar 
indicates the stimulation period. Presentation of the 
aversive-conditioned carrot odor induced a change in 
the oscillation frequency from 0 .834+0.024 Hz 
(mean__ s.o., 20 cycles before stimulation) to 
0.754 + 0.035 Hz (mean + S.D., in cycles 5-14 after the 
onset of stimulation). The difference in the frequency 
was statistically significant (P< 0.01, t-test). (b) Presen- 
tation of unpaired control cucumber odor resulted in no 
significant change in the oscillation frequency. (c) When 
frog chow, a daily food for the slug, was applied to the 
inferior tentacular nose, the frequency tended to in- 
crease, although there was no statistically significant dif- 
ference (P> 0.05, t-test). Based on these results, the 
preparation was defined as a sensitive one. 
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Table 1 : Number of two trial aversive-conditioned, differential-conditioned, 
and discriminative-conditioned preparations that showed significant response to aversive-conditioned, 
unpaired, and appetitive-conditioned odor 

Number (%) of slugs responding to odors a 

Group aversive unpaired appetitive 

Two trial aversive conditioned 
differential conditioned 
discriminative conditioned 

4 (33)/12* 
14 (41)/34" 
16 (33)/48* 

Total 34 (36)/94* 

3 (9)/34* 
- -  1 3 (27)/48* 

3 (9)/34* 13 (27)/48* 

a(,) Group size. 

in oscillation f requency  upon  odor  presentat ion.  
Significant responses  to odors used in aversive 
training (aversive-condit ioned odors)  w e r e  found 
in 34 of  the 94 (36%) preparat ions.  Responses to 
odors used in unpai red  training (unpai red  odors)  
we re  found in only 3 of  the 34 (9%) differential- 
condi t ioned preparat ions.  There is a significant dif- 
ference b e t w e e n  the f requency  of  occur rence  of a 
PC lobe response  to the aversive-conditioned odor  
versus the unpai red  odor; therefore,  the f requency 
of occur rence  of  a significant response  increased 
owing to aversive conditioning. In total, we  found 
significant responses  to ei ther  or  bo th  applied 
odors in 34 prepara t ions  and categorized them as 
sensitive preparat ions.  

Odor  presenta t ion  induced at least two types 
of  changes  in PC oscillation in the sensitive prepa- 
rations (a decrease  or  an increase in f requency)  
(Figs. 1 and 5). We examined  the differences in 
f requency  modulat ion to carrot  and cucumber  
odors in the sensitive preparat ions.  In the sensitive 
preparat ions,  aversive-conditioned cucumber  odor  
induced a relative change in the oscillation fre- 
quency  of  -6 .52  + 4.37% (mean  _+ S.D., n = 18), 
and aversive-conditioned carrot  odor  induced a 
change of - 7 . 0 9  -+ 5.06% (mean  + S.D., n=16).  We 
found no statistically significant difference be- 
tween  the  responses  to the aversive-conditioned 
c u c u m b e r  odor  and the aversive-conditioned car- 
rot odor  (Fig. 6, P > 0.05, t-test). The selection of 
sensitive prepara t ions  was  not  based on the polar- 
ity of the response  (decrease  or  increase of fre- 
quency).  Thus, it was  considered that  both  aver- 
sive-conditioned odors showed  the same tendency  
to induce a decrease  in the f requency  of PC oscil- 
lation. Based on this result, we  calculated each rela- 
tive change  in the oscillation f requency  wi thout  
distinction b e t w e e n  carrot  and c u c u m b e r  odor. 

In the 15 sensitive differential-conditioned 
preparat ions,  a l though the aversive-conditioned 
odors induce a change in the oscillation f requency  
o f - 7 . 7 5  + 3.84% (mean  + S.D.), the unpai red  odors 
induced a change in the oscillation f requency  of 
only -1 .05  + 1.92% ( m e a n +  S.D.) in the same 
preparat ions  (Fig. 7). The difference in the fre- 
quency  change was  statistically significant caused 
by aversive and unpaired odors (P _+ 0.05, t-test). 
This revealed directly that the unpai red  odors did 
not  induce a change  in the oscillation f requency  

._~ 
~ 0 

¢,, 

~ - 5  

~ -lo 

t aversive averaive 
carrot cucumber 

Figure 6: Comparison between the effect of aversive- 
conditioned carrot and cucumber odors on the oscilla- 
tion frequency. Value of the frequency change in the PC 
oscillation was calculated from 20 cycles of LFP oscil- 
lations just before stimulation and 10 cycles (cycles 5- 
14 after the start of stimulation) during odor presentation 
(the mean frequency of the former was subtracted from 
that of the latter, and the result was divided by the mean 
frequency of the former) in each response obtained from 
the 34 sensitive preparations. Each column shows the 
mean value of the relative frequency change induced by 
the aversive-conditioned carrot or cucumber odor. We 
found no significant difference between the responses to 
the two odors in the relative change value of the oscil- 
lation frequency (P > 0.05, t-test). Each error bar shows 
the S.E.M. 
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Figure 7: Comparison between the effect of the aver- 
sive-conditioned odors and the unpaired odors on the 
oscillation frequency in 12 sensitive differential-condi- 
tioned preparations. The aversive-conditioned odors in- 
duced a change in the oscillation frequency of 
-7.75 + 3.84% (mean _ S.D.) in mean, and the unpaired 
control odors induced one of -1.05 + 1.92% (mean _+ S.D.) 
in mean. The difference between the responses to the 
odors was statistically significant (P < 0.01, t-test). Each 
column shows the mean value of the relative frequency 
change induced by the aversive-conditioned odors or 
the unpaired control odors, and each error bar shows the 
S . E . M .  

when the carrot or cucumber odor was used as 
the CS. 

The influence of odors used in appetitive train- 
ing (appetitive-conditioned odors) was also com- 
pared with that of the aversive-conditioned odors 
(Fig. 8). The change in the oscillation frequency 
induced by the appetitive-conditioned odors 
(7.20 -+ 10.19%; mean _+ S.D.) was significantly 
greater than not only that induced by the aversive- 
conditioned odors (-6.53 -+ 3.47%; mean _+ s.D.) in 
the discriminative preparations (P< 0.01, t-test) 
but also that induced by the unpaired control 
odors in the differential-conditioned preparations 
(P __ 0.05, t-test). This shows that the three training 
procedures (aversive, unpaired, and appetitive 
training) caused different influences in the re- 
sponse of the PC oscillation. 

D i s c u s s i o n  

The present study revealed that the odors ap- 
plied to the inferior nose modulated the frequency 
of PC oscillation and that the polarity of the odor- 
evoked modulation altered according not to the 
kinds of odors but to whether prior training had 
been administered. These results strongly suggest 
that the PC lobe of L. marginatus plays an impor- 
tant role in cognition of previously experienced 
odors. 

The PC lobe of slugs is a brain area speculated 
to play important roles in olfaction. The afferent 
fibers arising from the tentacle ganglia located at 
the superior and inferior tentacle tips directly ter- 
minate in the terminal mass of the PC lobe (Kimura 
et al. 1998a). Chase (1986) suggested that based on 
the results obtained using a 2-deoxyglucose tech- 
nique, odor presentation enhances the activity of 
the PC lobe of Helix. On the other hand, Yamane et 
al. (1987) showed that protein phosphorylation 
was induced in Limax PC interneurons by 5-HT. It 
is reported that the NO cascade occurs in the PC 
lobe (Gelperin 1994; Gelperin et al. 1996). Both 
5-HT and NO cascades are considered to be impor- 
tant in plastic changes at the level of synaptic effi- 
ciency (e.g., Hawkins et al. 1993; Robertson et al. 
1994; Teyke 1996). Furthermore, it was reported 
that the metabolic activity of a localized cluster of 
Limax PC interneurons was enhanced when the 
slug showed odor aversive learning (Kimura et al. 
1998b). These findings suggest the importance of 
the PC lobe not only in odor recognition but also in 
olfactory learning. 

The aversive-conditioned odors mainly in- 
duced aversion to the odor source, and the appe- 
titive-conditioned odors usually induced eating be- 
havior (Fig. 3). Thus, the response of the PC lobe 
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Figure 8: Comparison between the effect of aversive- 
conditioned odors and appetitive-conditioned odors in 
the oscillation frequency. The responses to the avesive- 
conditioned odors and to appetitive-conditioned odors 
in 18 sensitive discriminative preparations were ana- 
lyzed for comparison of the stimulatory effects of the 
odors. The aversive-conditioned odors induced a 
change in the oscillation frequency of -6.53 + 3.47% in 
mean, and the appetitive-conditioned odors induced 
one of 7.20 + 0.19% in mean. This difference was sta- 
tistically significant (P<0.01, t-test). Each column 
shows the mean value of the relative frequency change 
induced by the aversive-conditioned odors or the appe- 
titive-conditioned odors, and each error bar shows the 
S . E . M .  
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to the odors was basically behavior  oriented. The 
PC lobe may play an important  role in determina- 
tion of odor-elicited behavior.  However,  the un- 
paired control  odors did not  induce  an increase in 
the f requency of PC oscillation (Fig. 7), whereas  
they usually induced  eating behavior  in the starved 
slugs used in the physiological  exper iments  (Fig. 
2). From only the results of the present  study, we  
cannot  expla in  the behavioral  choice  w h e n  the un- 
paired control  odors or novel  odors were  pre- 
sented to the inferior nose. It has already been  
suggested that novel  odors presented  to the supe- 
rior nose induced  a change in the f requency  of PC 
lobe oscillation in several ways (Gervais et al. 
1996), a l though the physiological  meaning  of the 
variations in the responses  is unclear  (Gervais et al. 
1996). We consider  that exper iments  per formed 
using preparat ions that included both  the superior  
and the inferior noses would  be useful for explain- 
ing the behavioral  effects of presenta t ion of un- 
paired control  or novel  food odors. 

W h e n  the carrot or c u c u m b e r  odor was pre- 
sented to the inferior nose, the f requency  of the PC 
lobe oscillatory activity responds in three ways: no 
change,  increase, or decrease. This may be ac- 
counted for by one of the fol lowing two possibili- 
ties: First, two types of modulatory fibers consti- 
tute the afferents, account ing for the f requency 
increase or decrease. If a certain plastic change in 
the level of synaptic eff iciency (such as long-term 
depress ion or potentiat ion) had occurred in each 
of the terminals  of the afferents because of condi- 
tioning, the aversive-conditioned odor would  
change the oscillation f requency  of the PC lobe, 
wi th  the magni tude of the change reflecting the 
propor t ion  of the synaptic effects exer ted  via those 
afferents. However,  we  do not know that the ol- 
factory afferents can be classified into two types 
based on the extent  to w h i c h  their  activity affects 
the PC oscillation. The second possibili ty is that 
the odors induced  a change in the level of  neural  
activity related to the motivation for odor source 
aversion or eating, and this de te rmined  the re- 
sponse of the PC lobe. Gelper in  et al. (1996) re- 
por ted that some in t emeurons  located in the buc- 
cal ganglion induced  f requency  modula t ion  and 
obtained depressive inputs from the PC lobe. Ya- 
mada et al. (A. Yamada, T. Kimura, A. Iwama, Y. 
Suzuki, S. Kawahara, Y. Krino, and T. Sekiguchi, 
unpubl . )  suggested that taste-evoked modulat ion 
of the PC oscillation was mediated by some meta- 
cerebral  or mesocerebra l  neurons.  It is likely that 
those types of neurons  are related to the odor-in- 

duced f requency modulation.  An optical recording 
study analyzing the frequency-decreasing response 
showed  that the response to aversive-conditioned 
odors involved at least two different phases  
(Kimura et al. 1998b). In the early phase  of the 
response,  a depolarization occurred, and then  hy- 
perpolarizat ion accompanied  by a f requency  de- 
crease occurred. The early phase  of the response is 
considered to be important  for the odor recogni- 
tion or categorization (Kimura et al. 1998b). If 
there would  be feedback inputs to the PC lobe, the 
PC lobe activity in the late phase  of response,  in 
wh ich  the f requency modula t ion  was observed, 
could be inf luenced by feedback activity and 
change from that in the early phase.  Unfortunately, 
we cannot  yet de termine  the mechan i sm produc- 
ing the variety of responses.  Currently, we  are at- 
tempt ing  to identify the feedback or output  neu- 
rons wi th  an intracellular recording technique  to 
test the validity of the second possibility. 

In recent  years, oscillatory p h e n o m e n a  relating 
to recognit ion and /o r  learning processes have 
been  detected in many species of vertebrates and 
invertebrates (e.g., Freeman and Schneider  1982; 
Eckhorn et al. 1988; Gray et al. 1989; Laurent and 
Davidowiz 1994; Laurent et al. 1996), and the stud- 
ies in wh ich  they have been  found have provided 
n e w  viewpoints  for encoding or information pro- 
cessing in the CNS. The PC lobe is an oscillatory 
network,  the dynamics  of w h i c h  are inf luenced by 
prior exper ience.  We hope  that achieving an un- 
derstanding of the PC oscillatory ne twork  in the 
slug brain will  open  n e w  avenues for the study of 
learning and m e m o r y  in animals. 
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