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Jones, Nick, Gyogy Kemenes, and Paul R. Benjamin.Selective 1996; Lukowiak et al. 1996). Appetitive classical conditionirg
expre_s_siqn o_f electric_al correlates of differen_tial appetitive classioglas one particular learning paradigm that was extensively
conditioning in a feeding networkl NeurophysioBS: 89-97, 2001. st died inLymnaeaat both the behavioral and cellular lev
Electrical correlates of differential appetitive classical conditionirrlﬁemer.les et al. 1997 Staras et al. 1998. 1999a: Whelan land

were recorded in the neural network that underlies feeding in the s . : .
Lymnaea stagnalidn spaced training (15 trials over 3 days), the lip Crohan 1996). Following classical conditioning of te

and the tentacle were used as+8einforced conditioned stimulus) rhythmlc feeding behavior using a “p'tOUCh tf"’."”'”g pa."?‘d'g K
or CS— (nonreinforced conditioned stimulus) sites for behavior!€ctrical correlates of nondifferential appetitive conditioning
tactile conditioning. In one group of experimental animals, touch €Puld be recorded in a semi-intact preparation. Changes|Qg
the lips (the CS- site) was followed by sucrose (the unconditione@urred at several different sites in the feeding network, at |
stimulus, US), but touch to the tentacle (the -€Site) was not level of the central pattern generator (CPG) interneuronal i
reinforced. In a second experimental group thet@SS— sites were work, the motor neurons, and the conditioned stimulus (Q
reversed. Semi-intact lip-tentacle-CNS preparations were made frgagthway (Staras et al. 1999a).
both experimental groups and a naive control group. Intracellular kemenes and Benjamin (1989a) also showed that the to
L‘Zﬁrgr'lr(‘giw‘]"i’gzeamw: f f;ﬁ;“ nt::;it%?inrgoé?ragg\‘jig”ino‘;htgiefeetﬁg'rl‘garning paradigm irymnaeacould be developed further tq
central pattern generator (CPG) interneurons as well as early syna Wi onstrate a more Comp_l_ex form of appetltlvel copdmory
inputs evoked by the touch stimulus. Following successful behavio ergntlal cla§S|CaI C()_ndltlomng, a t.y.pe_ of d|scr|m|n§tl
iarnlng behavior. In differential conditioning, two CS sit
t

conditioning, the touch stimulus evoked CPG-driven fictive feedi | ' ; (23
activity at the CS- but not the CS- sites in both experimental groups.the lips and the tentacles, were used in the same animal. At|dhe

Naive snails/preparations showed no touch responses. A weak asgite (the CS-) touch was paired with sucrose, and at the oth&
metrical stimulus generalization of conditioned feeding was not rene (the CS-) touch was specifically unpaired. After 152
tained at the electrophysiological level. An early excitatory postsyspaced trials discriminative learning was demonstrated.
aptic potential (EPSP) response to touch was only enhanced followigign of the present experiments was to determine whe
conditioning in the Lip CS-/tentacle CS group but not in the neyral correlates of this behavioral differential appetitive cq(E
Zfenr:i]itf?giri%/ !\%p?estigvger?:ra%gchaﬁ ::%S;\lﬂftsu ;gﬁgég?}t éger;"c%? dfggg*trteaitioning could be obtained. This was successful at the leve| gf
electrophysiological level, but some characteristics of the condition & _SUStalned _CPG-drlven _dlfferentlally conditioned fictiye’
response are selectively expressed in the reduced preparation. eedm_g pattern in b(_)th expe_r_lme_ntal groups. Anothe_r aspedt f
behavioral differential conditioning, weak asymmetrical stifn©
ulus generalization, was not retained in the reduced prepfgra-
tion. Moreover, a known electrophysiological consequencq of
appetitive conditioning, an increase of the amplitude of pgn
Invertebrates provide excellent model systems for studies @@rly excitatory postsynaptic potential (EPSP) responsg to
the cellular and molecular mechanisms of learning and meteuch (Staras et al. 1999a) was only seen in the Lip+CS
ory (Krasne and Glanzman 1995) and have provided importd@ftacle CS- group but not in the Tentacle GSlip CS—
information on the nature of changes resulting from associatigeoup, indicating the selective expression of the neural cofre-
conditioning. Gastropod mollusks demonstrate both nonasdes of behavioral differential conditioning.
ciative and associative learning (Byrne 1987; Carew and
Sahley 1986). They also have relatively simple nervous SygE THOD S
tems and large neurons, which are accessible to intracellujar. |
analysis, and this has made them patrticularly valuable in t gimais
search for the cellular mechanisms of behavioral plasticity. Wild-type specimens of adultymnaea stagnalisvere obtained
One such model gastropod is the pond shgihnaea stagna- from animal suppliers (Blades Biological, Kent, UK). The snails were
lis. This animal previously was shown to demonstrate a varief§Pt in groups in large holding tanks, containing copper-free watef at
of distinct types of classical and operant conditioning (Audé— —20°C on a 12 h:12 h light, dark regime and fed lettuce three tirthes
sirk et al. 1982; Kemenes and Benjamin 1989a,b; Kojima et &Veek-
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thin wedge of soft, flexible plastic (see Staras et al. 1999a). The ta
zone on the lip structure was the median portion adjacent to

Before the experiment, animals were moved into three tanks in thuthparts including the leading edge of the lips as previously
laboratory. During the training procedure the animals were givensaribed in Staras et al. (1998). Withil s of thepresentation of the
little lettuce at the end of each day’s training so that they were intactile stimulus, sucrose (the US) was presented by injecting it into
semi-satiated state. All lettuce was removed from the home tankswater of the experimental dish from a 10-ml syringe so that the fi
min before the first trial and the water was replaced daily. concentration was 0.01 M. This was previously determined to be
most effective concentration for stimulating a high-frequency unc

DIFFERENTIAL CONDITIONING TRAINING. The simpler nondifferen- (11itioned feeding response (Kemenes et al. 1986). The pairing of tq
tial appetitive conditioning paradigm uses lip touch as the CS fq "ﬁh sucrose stimulus constituted one €Srial. After this, the

lowed by sucrose as the unconditioned stimulus (US) in a spac‘g mals were rinsed in a clean water tank to remove anv resic
training schedule (Kemenes and Benjamin 1989a; Staras et al. 1993 y

1999a). Differential conditioning involved two sites on the body, thqurose before they were placed back into the home tank. Forty;
lips and tentacles, both of which could be used as CS sites (Kemeﬂ'BE”tis”aﬁer thi C$ trial, the anllmalsa were ﬁlace_d |r;to test dishg
and Benjamin 1989a). In a balanced design, both lips and tentacles, Info OV;”T? tl ? same ﬁ)mtoﬁo »an fa ltlactl 3 St'.n;]l.J us W‘Es app
as reinforced conditioned stimulus (€$ or nonreinforced condi- 10 the tip of the left tentacle. This was followed within 1 s by wat

tioned stimulus (CS) sites for touch. Thus touch at the €Ssite is Thi nstituted one CStrial. Again. the animals were then rinsed i
followed by sucrose (the US) dissolved in water, but touch at the CS S constituted one al. Again, the animals were the se
CEclean water tank before being placed back into the home tank.

site is only followed by water to equalize for the displacement caus h ; S
by the addition of sucrose solution to the dish after touching the cgn erval between consecutive €Sand CS- trials was 45 min. Five

site (Fig. 1). As well as these two experimental groups, a third, naigeS+ and 5 CS- trials were performed each day over a period of

group, was used where spontaneous feeding rates were measurecfj%a so that each animal received 15 trials of both-Gfd CS- in
the lack of basic feeding responses to touch was ascertained. a spaced training regime. The second experimental group, the T

The two groups of experimental animals were labeled LiptCS cle CSt+/lip CS— group, received the same number of trials over t

. : : . 3-day period, with the same intertrial intervals, but here, to
tentacle CS- or Tentacle CS/lip CS—, depending on which site was same o ) ! ;
positively reinforced (Fig. 1). To differentially condition the animalstO tShe t'deft thehletft t;ahntalc_:le (tthhe GCS_SS't.Et’) was pa'r?d fW|I|th su(;:rgse
subjects were taken from the home tank and individually placed inté d')t" an f ou;: to thet |p_s_( %. h SA'e) was only (f) owe | y
dishes containing 90 ml of copper-free water. After 2 min in the te ttion of water 1o Ihe training dish. A naive group ot animais W
dish, the animals in the Lip GS/tentacle CS- group were presented used asa further control for both experimental groups. These ha
with a touch to the lips. As the animals were freely moving, the toucq,{(perlmental procedures performed on them, but were fed the s

: . ] : ; ount of lettuce and kept in an identical environment to the exg
stimulus was presented using a hand-held probe with a tip made (ﬁnr%ntal animals during the trials. At the end of the 3-day traini

period, all three groups of animals were given a little lettuce in
home tanks and left undisturbedrf@ h before they were tested
behaviorally.

BEHAVIORAL TESTING OF THE DIFFERENTIALLY CONDITIONED

FEEDING RESPONSE. Testing was performed using a blind procq
dure, by a person who had no knowledge of the training history of
animals. During testing, animals were removed from the home tal

Behavioral experiments

Differential classical conditioning

Lip CS+/tentacle CS- Group

Sucrose (US)

injected into the water of the experimental dish from a 10-ml syringe.
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and placed in shallow test dishes containing 100 ml copper-free w
The test dishes were placed on a Perspex box with a mirror angl
45° inside that allowed the animals to be observed while they

1
T

moving around on the bottom of the dish. ktymnaea,feeding | ™

) ) movements (rasps) consist of cycles of mouth opening and clo i@

Lip touch Tentacle touch  Lip touch accompanied by extrusion of the toothed radula of the buccal mpss.
(CS+) (€S-) (CS+) Each cycle of feeding was counted by visual observation usin )

hand-held counter.

A @

Tentacle CS+/ lip CS- Group

After emergence of the snail from its shell, any spontaneous feeding
activity was recorded for 2 min, and then a touch stimulus was applied
to the lips or the tip of the left tentacle. For a balanced test protogol,

Sucrose (US) Water Sucrose (US) we alternated the order in which these two different test sites
I 45 min |_| 45 min l used from one animal to another. After applying the touch stimulu
. . —_ the test sites, feeding activity was recorded for a further 2 min be
’ e the animals were replaced into the home tanks. After all the ani
T T T had been tested on touch at one of the test sites, they were tested

after 90 min for a feeding response to touch to the other site.
(cS) testing regime ensured that approximately half of the animals in
three groups were first tested for a response to lip touch followed

Fic. 1. Differential appetitive conditioning paradigmsligmnaeaThetop 3 tentacle touch, and the remaining animals within the group W

panel shows the training proced_ure used to dn‘ferentlally_ condm_on the Ligasted in the reverse order.

CS+/tentacle CS- group of experimental animals. One €%rial consisted of

pairing lip touch, the reinforced conditioned stimulus (E)Swith sucrose, the . . .

unconditioned stimulus (US), and one €%rial consisted of a tentacle touch, Electrophysiological experiments

the nonreinforced conditioned stimulus (Epfollowed by addition of water I . .
to the training dish. The 2 different trials were separated by an interval of 45The main aim of these experiments was to record electrical chan

min. The experimental animals received 5-£8nd 5 CS- trials a day for 3 1N Sémi-intact preparations resulting from differential conditioning
consecutive days. The training procedure used to differentially condition tHee intact snails. Following training on three consecutive days sn
Tentacle CS-/lip CS— experimental animal$pttom) was similar but with the were kept overnight in a sub-satiated state, and electrophysiolog
CS+ and CS- sites reversed. experiments were carried out on the following 2 days.

Tentacle touch
(CS+)

Tentacle touch
(CS+)

Lip touch

ere

gey
o
pils
ical



http://jn.physiology.org

DIFFERENTIAL CONDITIONING IN LYMNAEA 91

GENERAL PROCEDURES. Individual snails from experimental and Therefore by intracellularly recording from the B3 motor neurop,

control groups of animals were dissected under a light microscopeittwas possible to monitor indirectly the activity of all the compd
a silicone elastomer (Sylgard)-lined dish containiig-hydroxyeth- nents of the CPG. We impaled the B3 with two microelectrod
ylpiperazineN-ethanesulfonic acid (HEPES)-buffered snail salingne for recording the electrical signals and one for passing cur
previously described by Benjamin and Winlow (1981). The prepargto the cell. The current passing electrode was used to main
tions were then transferred to the electrophysiology chamber. Befghg membrane potential of the cell at65 mV, the average of
recording, the outer ganglionic sheath surrounding the CNS Wagvious measurements of B3 resting potential (Staras et

removed from around the buccal ganglia using a pair of fine force&%%a). This current clamp allowed the early depolarizing synagtic

and the inner ganglionic sheath was softened using a nonspe ; :
protease (Sigma, XIV, Sigma Chemicals, Poole, UK) to aid intracgjjBgloonse In B3 due to touch (input | of Staras et al. 1999a) t

lular recording. An experimenter who had no prior knowledge of t ecorded at a constant membrane potential. Changes in the ar

training history of the individual animals then performed the rest ?Jde. of the early compqund E.PSP were r_ecorded as a fur
the electrophysiological procedures. monitor of the effect of differential conditioning.

PREPARATIONS. “Whole lip-tentacle-CNS” semi-intact preparationsELECTROPHYSIOLOGICAL -~ TESTING = OF  THE  DIFFERENTIALLY

were developed that allowed the lips and tentacles to be stimulatedd$3NDITIONED FEEDING RESPONSE. After the preparation had beer

touch while simultaneously recording from neurons of the feedirggt up by an experimenter who had no knowledge of its train

system. The CNS was accessed by a dorsal body incision and all higfory, spontaneous fictive feeding activity was recorded for 2 nfin,
was
nerves and the tentacle nerves. The buccal mass was excised, lnepaated after a 2-min interval. After a further 2-min interval the otfer
er 2
pinning out. The lips and the surrounding structures including thgin. Randomization of the testing regime was achieved by using

peripheral nerves cut except for the paired superior and median dipd then a touch stimulus was applied to one of the CS sites. This
short length of esophagus was left attached to the brain to all@® site was stimulated, and this was repeated again after anot

tentacles were arranged in the electrophysiological chamber facifig@parations provided by a second experimenter that had been
upward so that the C8 and CS- sites were accessible to tactilegomly selected from the three groups to be tested.

stimulation. The tactile stimulus was applied to either the lips or o
tentacle using an electromagnetic coil-driven mechanical probe that g
was designed to closely mimic the handheld probe used in the behgyatistical analysis of behavioral and electrophysiological | =
ioral experiments (see Staras et al. 1999a). By pulling the intact CNgtg 8
down below the peripheral head structures, the buccal ganglia could o]
be stretched clear of the head structures over a raised Sylgard block sphe same types of statistical analysis were used for both [the
that the dorsal side was exposed for intracellular recording, as preyihavioral and electrophysiological experiments. All analysis 8
ously described by Staras et al. (1998). done blind with the person analyzing the records unaware of fhe
INTRACELLULAR RECORDING TECHNIQUES. Glass microelectrodes, group from which the snail/preparation had originated. First, tﬁg

with tip resistances ranging from 10 to 60(Mwhen filled with 4 M presence of a normal distribution of both prestimulus (sponta
potassium acetate solution, were used in the electrophysiologigak) and poststimulus (touch-evoked) raspffictive feeding rate
experiments. These were pulled on a Narashigi vertical electrog@re established [Normal Probability Plot, SPSS (Norusus 199
puller. The tips were dipped in black etching ink to improve visualrhjs justified the subsequent use of parametric analysis technig
ization. The electrophysiology chamber in which the preparatiogs compare data (presented as meansSE) both within and
were pinned was illuminated with a cold light source, and the pregaiyeen groups. A one-way ANOVA on the prestimulus dg
arations were viewed under a stereo microscope. To allow intracg stablished that all three groups (Lip €8entacle CS-; Tentacle

lular recording, micromanipulators with attached headstage pream ISH”p CS— and Naive) were matched for both spontaneo
fiers (Neurolog, Digitimer, Welwyn Garden City, UK) were arranged,oing and fictive feeding rates before either a lip or a tenta

around the electrophysiological chamber. Signals were fed into ap- ; el _ ; _
plifiers (NL102G, Digitimer) incorporating a bridge-balance circui gzhpwisoagé)l|Z(|1§[C(t5r,o7p5h)y5igl.§é; 0.26, behavior~(5,58)

for current injection and then outputted to a storage OSC'Iloscc’peRésponses t’o touch to the lips or the tentacle were quantified
(GOULD 1604, Gould Instrument Systems, Hainault, UK) and aChazﬂlvarding a difference score to each animal for each site. This

recorder (GOULD TA240S). All signals were recorded digitally usm%alculated b ; i :
: ; . y subtracting the number of raspsf/fictive feeding cycle
a DAT recorder (BIOLOGIC DTR-1801, Biologic Science InsttUyne minyte preceding the tactile stimulus from the number of ras

ments, Claix, France). fictive feeding cycles in the minute after the first rasp/fictive feedi
INTRACELLULAR RECORDING OF THE B3 MOTOR NEURON. There cycle after the tactile stimulus. Poststimulus rasps/cycles were (

were two main goals for the electrophysiological experiments. Theunted if the first rasp/cycle occurred within 1 min after the stimulyis;

first was to monitor fictive feeding activity in the semi-intactotherwise the poststimulus rate was regarded as zero. For the ana
preparations, and the second was to record an early synamtidictive feeding rates, the rates measured before and after the
response to lip touch, previously reported on feeding neurosmuli to the same site were averaged. These are the same me
(Staras et al. 1999a,b). Both types of response were enhanteat were used by Staras et al. (1998, 1999a) to analyze behaviora
following training in earlier nondifferential tactile conditioning electrophysiological changes after simple appetitive classical co
experiments (Staras et al. 1998, 1999a). The B3 motor neurdimning. Paired-tests were then performed on datihin each group
were used because food (sucrose) is known to elicit sequencedoofletermine whether touch to a site, either lip or tentacle, inducq
burst activity that are representative of fictive feeding activitgignificant change in the rasping/fictive feeding rate over prestimd
throughout the feeding network. Similar patterns of neural activitevels measured in the same preparations. Differences betweel

(Rose and Benjamin 1979). Feeding patterns are generated byeae also analyzed using pairetests. To make comparisohstween

CPG consisting of three main types of interneurons (N1, N2, amiifferent groups, first an ANOVA was performed separately for

N3) and at least three modulatory and command neurons (Beponses to touch to the lips and tentacle, respectively. Only whd
jamin and Elliott 1989). The B3 motor neuron receives inhibitorgource of significant difference was revealed was the data fur
input in the N1, protraction phase and is excited in the subsequenbjected to post hoc analysis (Tukey’s B test) to determine wherg
N2 and N3, rasp and swallow phases (Rose and Benjamin 198ddurce of significant difference originated.

were known to underlie feeding movements in the intact animaponses to touch applied to the two different sites in the same g]oup
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RESULTS A Lip CS+ tentacle CS- Group
Behavioral analysis Al & peooot Aiii g s
LIP CS+TENTACLE CS- GROUP. In almost all of the Lip CS-/ 35‘ . [ peoont
tentacle CS animals (12 of 13), touch to the lips at test 2 |

0

increased the feeding rate following training. The mean spon-

taneous feeding rate before touch was applied to the lips was

1.3+ 0.8 (SE) rasps/min. After tactile stimulation of the lips, i

the mean feeding rate rose to 5:31.0 rasps/min (Fig. &i),

and statistical analysis showed that there was a significant 0 " +—

difference between the pre- and poststimulus data (pdired ]

test, df= 12,t = 6.1;P < 0001) Before After Lip touch Tent touch
In comparison, touch to the tip of the left tentacle in the Tentacte touch

same animals increased the feeding rate in only a small pro-

portion of the animals (5 of 13), and the average increase wBs Tentacle CS+/ lip CS- Group

Before After
Lip touch

(rasps/min)
N

Mean feeding rate (rasps/min)

CanwRaO~
E<

Mean feeding response difference

'
-

only small (Fig. ii). The mean feeding rate before the ten- Bi 17 peaoot]

tacle was touched was 08 0.5 rasps/min, and in the 1-min 5] Biii g °] wos |
test period after touch rose only marginally to 10 0.4 £ 3] g, P
rasps/min. This increase in the feeding rate was not significant ﬁé; 5

when the pre- and poststimulus data were compared (paired S Before After 253

t-test, df= 12,t = 0.44;P = 0.7, Fig. Aii). A pairedt-test T Tentacte touch 8% i
comparing the differences between the pre- and posttouch dataBii § Z] of i

for both sites (lips: 4.0+ 0.7 rasps/min; tentacle: 0.2 0.5 2 8] po02i g ]

rasps/min) also revealed a significant difference between the g 3] ifi H ‘g 0 .
feeding responses to touch stimulus at the two sites=(d®, iy 2

t = 4.4; P < 0.001, Fig. Aiii) confirming that differential Before After L
conditioning had been successful. Lip touch Hptouch  Tenttouch
TENTACLE CS+/LIP CS- GROUP. The results with this group of .

animals were more complex than with the Lip €&entacle C Naive Group

CS— group. As expected, touch to the €Site after training Ci _1 Ciii 5

increased feeding rates (in 15 of 17 animals) over spontaneous E 3] g o

levels. The mean feeding rate before touch was 1.2.4 g3 5

rasps/min; this increased to 53 0.9 rasps/min after touch, %6 82 3

and this was statistically significant (pairetest, df= 16,t = ‘g Bfif:'; After %g 2

2.6;P < 0.001), indicating successful conditioning of the€S . £, =8

tentacle site. However, increases in feeding rate were also Cii § 4 g "

observed at the CS lip site (Fig. Bii). This occurred in a §3 T o .
smaller proportion of animals (10 of 17460% for the lips, =1 ; 2

compared with 90% for the tentacles), and the increase in mean % pefore After ! Lip touch Tent touch
feeding rate was smaller (less than twice, 2.2.8 rasps/min Tentacle touch

- o . . .
before; 4.2+ 1.0 rasps/min after, for lips compared with more FIG. 2. Behavioral analysis of differential classical conditioningLiym-

than 3 times for the tentacle), but it was St_'” S_Ignlflcant (pa'reﬁlaea A: pre- and posttouch feeding rate and feeding response data for the
t-test, df = 16,t = 2.6; P < 0.02). This indicated that the cs+/tentacle CS- experimental group. The feeding responses here ai i
effects of food reinforcement on the tentacle were being trarswd C were calculated as the mean difference between the post- and pret
ferred to the alternative |ip site, despite its €Status. This feeding ratesAi: mean feeding rates{SE) before and after touch to the lip

- N . +), showing a significant increase after toudkii: mean feeding rates
suggests that stimulus generallzatlon was occurring, but onl (E£SE) before and after touch to the tentacle {gSshowing no change after

one direction, from tentacle to lips (FigBR) and not from lips  tguch.Aiii: mean feeding responses$E) to touch to the 2 sites. The respong
to tentacle (see FigAli). Touching the CS tentacle site after to lip touch is significantly greater than to tentacle touch, showing t
training still produced significantly greater conditioned feedingjfferential conditioning was successfg. pre- and posttouch feeding rate an
responses than the GSip site in the same animals (FigBBi; eeding response data for the Tentacletd$ CS— experimental groupBi:

. - v . . mean feeding ratesH{SE) before and after touch to the tentacle {§S
palredt-test, df=16,t = 21;P < 0'05) showmg that there showing a significant increase after touddii: mean feeding ratesHSE)

was still a distinction between the effectiveness of the two sitB&ore and after touch to the lips (E$ also showing a significant increas
in eliciting conditioned feeding and that generalization wagdter touch and indicating stimulus generalization from tentacle toBlijp:
0n|y partial. mean feeding responses$E) to touch to the 2 sites, calculated as th

difference between mean feeding rates before and after touch. The respot
NAIVE GROUP. The naive control group provided baseline dat®@ntacle touch is significantly greater than to lip touch, showing that despite
for comparison with the two experimental groups. It alsgimulus generalization, difererial conditioning was S‘;ICCESQUP&‘:_‘ and

S . : ttouch feeding rate and feeding response data for the Naive @oap

showed that there were no §|gn|f|cani d'ffefef‘ces in the bef I: mean feeding rates{SE) before and after touch to the lips and tentaclq
and after touch scores at either the lips (FiGi)2or tentacles respectively, showing no change after touchii: the lack of feeding responseq
(Fig. 2Cii), and it follows from this that simply touching eitherto touch at the 2 sites.
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of these sites does not induce any feeding responses (FAg. Lip CS+/ tentacle CS- Group
2Ciit).

- — 47 an g -
COMPARISONS BETWEEN LIP CS/TENTACLE CS-, TENTACLE Al £ 3] peooo2 Ali s 2_ [ peo.o0s
CS+ILIP CS—, AND NAIVE GROUPS. The inter-group analysis was 8 2] 3 18
useful in that it confirmed the basic discriminative phenomena g ; i “ £ 19
revealed by the within group analysis. Thus the effect of lip £ Before After gg 05
touch (Fig. 2 Aiii—Ciii, open bars) was significantly greater in i £ Lip touch 28
the Lip CSt+/tentacle CS group than in either the Tentacle 3 : };:E 0 q.—
CS+/lip CS— or the Naive group (Tukey’'s B ted?, < 0.05). 2 1 2 .05
Similarly, the effect of tentacle touch (Fig. Ajii—Ciii, solid 2 1] I [ & N
bars) was found to be significantly greater in the Tentacle 2 ° Berore After g Liptouch  Tenttouch

CS+/lip CS— group than in either of the other two groups Tentacle touch

(Tukey’s B testP < 0.05). However, the inter-group analysi% Tentacle CS+/ lip CS- Group
was less successful in detecting the stimulus generalization °
revealed by the paired test in the Tentaclet@$ CS— group. Bi
This was indicated by the lack of significance when the dif-
ference score (Fig.Blii, open bar) to lip touch in the Tentacle
CS+/lip CS— group was compared with baseline response to
touch in the naive group (Fig.(lii, open bar; Tukey’s B test,

P > 0.05). Inter-group analyses are always less sensitive thanBii
their within group equivalents because of group differences,
and this made it more difficult to confirm the fairly weak
stimulus generalization.

p<0.001] Biii 21 o002

1.5

o = N W b

-

1
Before After
Tentacle touch

(cycles/min)
o
o o

o
o«

'
LN
L

O = N W

Mean fictive feeding response differenci

Lip touch Tent touch

Mean fictive feeding rate (cycles/min)

. Before After
Electrophysiology Lip touch

ANALYSIS OF TOUCH-EVOKED FICTIVE FEEDING. The same ani- C Naive Group
mals that had been behaviorally trained over 3 days were keptci
overnight in a sub-satiated state and semi-intact preparations
made for electrophysiological recordings. The person perform-
ing the electrophysiological experiments on the snails was
unaware of their behavioral scores, and the animals to be
dissected were drawn randomly from the three groups (2 ex-
perimental, 1 naive). Cii

LIP CS+/TENTACLE CS- GROUP. In 80% of the preparations (8
of 10), touch to the lips (C$ site) increased the fictive feeding
rate (Fig. 3i). The mean fictive feeding rate following touch
increased to 2.2= 0.5 cycles/min from 0.85- 0.2 cycles/min

before touch. When the data were analyzed, using a paired

. . . e . ElG. 3.  Electrophysiological analysis of differential classical conditioniy
parametric test, the increase in mean fictive feeding rate Wﬁ%ymnaea A: pre- and posttouch fictive feeding rate and fictive feedi

found to be significant (df 9,t = 4.2;P < 0.002; Fig. &i).  response data for the Lip GStentacle CS- experimental group. The fictive
This increase in the fictive feeding rate is substantially lowéfeding responses here anddrandC were calculated as the mean differeng
than the conditioned feeding rates in response to touch in f¥giween the post- and pretouch fictive feeding raé:smean fictive feeding
intact animals, but similar differences between intact snails aff{f® ¢SE) before and after touch to the lips (€% showing a significant

o . followi diff ial . InCrease after touchAii: mean fictive feeding rates=SE) before and after
semi-intact preparations following nondiiferential appetitive, ch o the tentacle (C9), showing no change after touahiii: mean fictive

conditioning were reported earlier by Staras et al. (1998eding responses+SE) to touch to the 2 sites. The response to lip touch
1999a)_ significantly greater than to tentacle touch, showing that differential conditi

In contrast, touch to the tentacle (€$ had little effect or ind (see Fig. 2) survived into the semi-intact preparatiimpre- and posttouch

. . . ictiye feeding rate and fictive feeding response data for the Tentacleli(pS
tended to cause a decrease in the mean fictive feedlng ratétgé experimental grouBi: mean fictive feeding rates{SE) before and after

of 10 snails). A de?rease in mean fictive fee(_:ling rate (befokBuch to the tentacle (GS), showing a significant increase after toudHii:
1.3 = 0.4 cycles/min; after, 1.6 0.3 cycles/min) was poten- mean fictive feeding ratesSE) before and after touch to the lips (€%

Ciii

-
[ )
A s

o = N W b
o

Mean fictive feeding response difference

-
L

Before After
Lip touch

o
o

(cycles/min)

o

.

o = N W A
T

-

Lip touch Tent touch

.

o

o
|

Mean fictive feeding rate (cycles/min)

Before After
Tentacle touch

tially interesting because a GSsite might be predicted to showing no change after touch and indicating that the behavioral stimfyilus

reduce the response after training. However, statistically, tﬁ%ﬂeralization from tentacle to lip (see FigBiD did not survive into the

ducti . fictive feedi ianifi semi-intact preparatiofiii: mean fictive feeding responses$E) to touch to
reduction in mean fictive teeding rate was not significant, amgk » sites, calculated as the difference between mean feeding rates befof

there was no significant difference in mean fictive feeding ra&@er touch. The response to tentacle touch is significantly greater than t
before or after testing (paireetest, df= 9,t = 1.3;P = 0.2; touch, showing that unlike stimulus generalization (see Fii)2differential
Fig. 3Aii). conditioning (see Fig. Biii) survived into the semi-intact preparatid®. pre-

. . .. and posttouch fictive feeding rate and feeding response data for the N
Comparison of the data from “p and tentacle test Slt‘ggoup.Ci andCii: mean fictive feeding rates=SE) before and after touch to

ShOWed that _the differential _condi_tioning that was apparent #k lips and tentacles, respectively, showing no change after t@iiththe
the intact animals had survived into the semi-intact prepanaek of fictive feeding responses to touch to the 2 sites.
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tions, with increases in fictive feeding occurring with lip touch
(CS+ site) but not with tentacle touch (CSsite). The differ-
ence in the response (FigAlB) of the two sites was confirmed
by statistical analysis (pairetitest, df = 9,t = 3.9; P <
0.004). An example of touch responses recorded electrophysi-
ologically in a semi-intact preparation is shown in FigA.4
Touch to the lips (the C$& site) induced sustained bursts of
fictive feeding activity (details of the N1, N2, and N3 CPG
synaptic inputs are shown in thesetof Fig. 4A) in the B3
motor neuron but nothing, apart from an early subthreshold
EPSP, following tentacle touch (the ESsite).

TENTACLE CS+/LIP CS— GROUP. Touch to the tentacle CSsite
increased fictive feeding rates in the semi-intact preparation
(Fig. 3Bi). This occurred in 11 of the 12 preparations tested
(mean fictive feeding rates before 13 0.4 cycles/min and
after 2.9+ 0.9 cycles/min), and the increase was statistically
significant (paired-test, df= 11,t = 4.8; P < 0.001). This

A Lip CS+/ tentacle CS- Animal

| =t

Touch to lip A\

B3

__I 20 mv

Touch to tentacle 20 secs

B Tentacle CS+/ lip CS- Animal

result was similar to the equivalent behavioral response seen in
the whole animals. However, touch applied to the-CSite
produced different results from those obtained in the same
animals in the behavioral experiments. Instead of stimulus
generalization and an enhanced response to touch on the lips,
no increase in fictive feeding was observed in the semi-intact
preparations. There was a small increase in mean fictive feed-
ing rates (from 1.5+ 0.5 cycles/min to 1.6= 0.4 cycles/min; 83 l ll l l
Fig. 3Bii), but this was not statistically significant. Most of the st e N
preparations (7 of 12) did not respond at all, with the remainder ] 20mv
showing one or two cycles of activity in the minute after touch. 20 secs

In the example shown in Fig.B} the early EPSP evoked a
burst of spikes, but then only one burst of spikes was seen in C Naive Animal
the 1 min following touch in the B3 motor neuron. This alve Anima

contrasts with the tentacle GSsite where a more sustained B3

pattern of fictive feeding was recorded with five bursts of P g
spikes following the early EPSP-evoked activity (Fig3,4 T

bottom trace.

NAIVE GROUP. As predicted from the behavioral experiments,
the naive group did not show fictive feeding responses (Fig.
3Ciii) at either the tentacle or lip test site, and this is illustrated B3

in an example of the electrophysiological records shown in Fig. e
4C. T ] 20mv

COMPARISONS BETWEEN LIP CS/TENTACLE CS-, TENTACLE 20 secs
CS+ILIP CS—, AND NAIVE GROUPS. The statistical comparison of
the electrophysiological data between groups confirmgncf

ST - .

Touch to lip

Touch to tentacle

Touch to lip

Touch to tentacle

What was eXPeCt_ed _from SUQCGSSfW differential conditionip cs+/tentacle CS- group. Top trace an example of a lip touch (GS)
ing. The main significant differences were between thduced increase of the fictive feeding rate. Theetshows a 10-s period of
conditioning shown for lip touch in the Lip CS'tentacle B3 bursting activity (in rectangle on B3 trace) on an expanded time (8 tim

CS— group (Flg. Aill, open bar) versus the other tWOcentral pattern generator (CPG) are indicated below the expanded t

groups. The effect of lip touch in this group was signifiggtiom trace a typical response to touch to the tentacle {G%ifter differ-
cantly greater (Tukey’s B tesR < 0.05) than that of lip ential conditioning, where no cycles of activity are inducé. Tentacle
touch in the Tentacle C8&/lip CS— (Fig. 3Biii, open bar) CS+/lip CS— group.Top trace touch to the lips (CS) producing a weak
and Naive groups (Fig.Giii, open bar). For tentacle touch][?f_por}seé’_‘ B?E"“‘t’rr]" tlfactem‘r‘fhhto the ttetr[gff'e (cs& inducing 5“0’;93:

. ' : ictive feeding than the lip touch shown in race. C naive group, bo
the response In the_Ten_t_aCI? GEBID CS- gro_up was Slg- electrophysioglogical tracgs show that touch to either the lips ogr the-ptentac
nificantly greater (Fig. Biii, filled bar) than either the Lip this group induces no cycles of activity in the feeding network’s CPG
CS+/tentacle CS group (Fig. &iii, filled bar) or the Naive monitored on the B3 motor neuron.

group (Fig. Ziii, filled bar; Tukey’'s B testP < 0.05). ; - ) ;
We conclude that the effect of differential conditioning Wit@rg?cl)ﬁsegotgelggmpl|tude of the touch-evoked EPSP in
either the lips or the tentacle as €Sites survives as a fictive
feeding pattern in the semi-intact preparation but without the Previous studies of Staras et al. (1999a,b) showed that
asymmetrical stimulus generalization seen in the behaviosdrliest response to lip touch on the B3 motor neuron wa
experiments. compound EPSP. The maximum amplitude of the EPSP

1G. 4. Examples of electrophysiological traces from each of the 3 groyips
esponse to touch to each tactile site recorded from the B3 motor ne\irof.

and voltage scale (4 times). Synaptic inputs (N1, N2, and N3) from the feeding
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not the duration was enhanced following nondifferential ap- An ANOVA showed that the differences within the grouy
petitive conditioning (Staras et al. 1999a). A similar earlwere greater than between the groupgs[56) = 1.15,P =
EPSP also occurred in B3 following tentacle touch (e.g., Fif.67] so no multiple unpaired comparisons could be justif
4C), so we examined whether the size of the responses fram@tween groups. Nevertheless, the within group analysis s
the two sites would change after differential conditioning. gests that differential conditioning of the early EPSP was o

Maximum EPSP amplitude (FigA) was measured with no possible in the Lip CS$/tentacle CS group. This asymmetry|
knowledge of the origin of the preparation in the Lip €5 of the effect of differential conditioning on EPSP amplitug

tentacle CS (n = 10), Tentacle C$/lip CS— (n = 11), and was different from the result of the analysis of fictive feeding

Naive groupsti = 10; Fig. B). The only significant difference where differential conditioning occurred symmetrically in bo
was found within the Lip CS/tentacle CS group. As pre- experimental groups (Figs. 3 and 4).

dicted by the successful differential conditioning of the behav-

ioral response and its electrophysiological correlate, fictive, s - yssioN

feeding, the amplitude of the lip touch-induced EPSP was

greater than the tentacle touch response (mean EPSP amplitudéhis paper has shown that neuronal correlates of differery
7.3+ 1.0 mV, 5.0= 1.3 mV, respectively; pairetditest, df=  appetitive classical conditioning can be recorded from se
9,t = 2.3;P < 0.05; Fig. Bi). This is not due to any inherentintact preparations of behaviorally conditionkeginnaea stag-
difference in the amplitude of the responses from the two sitealis. This appears to be the first electrophysiological stu
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ugH
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e

h
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dy

plitude of EPSP responses to lip (mean EPSP amplitudez5.3rom differentially conditioned whole animals. The main ele

because there was no significant difference between the grarformed on a single identified neuron in a preparation m’Fde

1.5 mV) and tentacle touch (mean EPSP amplitude#3.8.1 trical correlate of the differential conditioning was found at the
mV) in the naive group response (pairest, df= 9,t = 1.0; level of the CPG-driven fictive feeding pattern but only selgc-
P < 0.3; Fig. Biii). However, there was no significant differ-tively at the level of the early EPSP response recorded on B3.
ence between the amplitudes of EPSPs from lip (mean EPAIBo the asymmetrical stimulus generalization seen behay, @-
amplitude 7.5+ 1.2 mV) and tentacle touch (mean EPSRIly was not present as a correlated fictive feeding pattern intge
amplitude 5.1+ 1.6 mV) in the Tentacle C8/lip CS— group semi-intact preparation. 2
(pairedt-test, df= 10,t = 1.5;P = 0.15; Fig. Bii) indicating @
tnhc') effect of differential conditioning on the EPSP response iflscriminative learning and conditioned fictive feeding g
is group. 3
. The behavioral results showed that after differential conds
A ¢T°”°h to lip tioning the animals in the Lip CS/tentacle CS- group were | S
1l able to dist_inguish between tou_ch to the Ii.ps and touqh to e
BL_LVLM Lw tentacle, with only touch to the lips increasing the feeding rgt&
HEANY This clearly showed the presence of discriminative learning.
L I 50 mV However, in the case of the Tentacle €8p CS— group, the 3
i 20 secs data were more complex with evidence for weak stimulus
& generalization as well as discriminative learning. Because |tie
_l 10mv lip touch could evoke a generalized feeding response in [tge
1 soc Tentacle CS-/lip CS— group, we have to assume that thgre iss
Bi Bii Biii a site pf convergence betwgen the nonrelnforcgd Illp—bram hnd
S, <, s, the reinforced tentacle—braln pathway, and it is Ilke!y to b&
s p<0.05 g8 N.S. <. upstream to the site(s) of plastic change(s) resulting frpfi
;3:; ] 2, 27 NS tentacle CS conditioning. On the other hand, the lack of ja
ES ES Es generalized response to tentacle touch in the Lip-@&ntacle
a 4 o 4 a2 4 Lo X .
3 g 3 %3 CS— group indicates that the nonreinforced tentacle-brain thc-
i 23 @ tile pathway has no access to neurons that have undergong
§ e Tenttons & Liotonen enttonn 5 Liroen plastic changes after lip touch conditioning. This asymmefry
£ Hpfoueh Tentoush 3 Hpfouch Tentfoush 2 Hptouen Tentioush  could be due to differences between the innervation of the [ips
Lip CS+/ tentacle CS- Tentacle CS+/ lip CS- Naive and tentacles, the former being innervated only by the [lip
Group Group Group nerves, whereas the latter is innervated by both the lip nefves
FiIG. 5. Analysis of the early excitatory postsynaptic potential (EPSP) tougf‘tnd the t.entade nerve (Nakamura et al. 1999) There.fore lip
response in the B3 motor neuro: an example of an electrophysiological CONditioning may only affect neurons receiving tactile inpyts
trace recorded from a B3 motor neuron in a Lip©&ntacle CS animal from the lip, but tentacle conditioning may affect neurops
where touch to the lips (C§) also stimulated subsequent fictive feeding. Areceiving tactile inputs from both the lip and tentacle. Recerltly
similar EPSP response can be evoked by touch to the tentacles (see Fig. 4)ihgas suggested that the expression of cellular correlate$ of
early EPSP touch response is shown at higher gain with an indication of how ~ "~ —~9* . .. . e . ;
the amplitude was measuregl.analysis of the amplitude of the early EPSP in'ondiscriminative appetitive classical conditioning using the
each of the 3 groupsBi: analysis of the amplitude of the early EPSP inlips as the CS site iAplysiais also specific to the stimulatior]
response to lip touch and tentacle touch in Lip-@8entacle CS animals  of a particular lip-CNS pathway (the ATherve) but the effect
rﬁ‘égﬁ'fgdaaslgr”igf%“;ggfsvfﬁgﬁi gr?]“"’;eeg mhzt-o‘ﬁ’gﬁfteo t&‘fthem;gz)'zg(csof stimulating other peripheral nerves was not investigajed
gnd Biii: in thg Tentacle C$/lips ?:S— and naive groups there was no(LeChner.et 6.“' 2000_b). Behavioral work on appetitive classifal
significant difference (N.S.) between the 2 sites in relation to the amplitude @@Nditioning inAplysia(Lechner et al. 2000a) also showed that
the early B3 EPSPs. for the appetitive training to be successful, the US needq to
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come into contact with both external (e.g., lips) and interngtoduce a similar amplitude EPSP on the B3 motor neuror] so
epithelia (e.g., foregut) of the animal and subsequently dethe differential effect of conditioning suggests independént
onstrated that the esophageal nerve plays an important rol@athways mediating the early EPSP, one of which is mpre
the mediation of the internal effect of the US during condisusceptible to appetitive conditioning than the other.
tioning. These nondifferential conditioning experiments pro- The fact that conditioned fictive feeding patterns can ocgur
vided valuable insights into the organization of the US-medie tentacle touch in the Tentacle €8ip CS— group, despite
ating pathways, whereas our differential conditioning lack of enhancement of the early EPSP, was not entifely
experiments provide new insights into the organization of thaexpected, as the two components could be dissociatef in
CS pathways that contribute to appetitive associative learnimgevious experiments on nondifferential conditioning by sating
The robustness of the basic discriminative learning restiite experimental animals between the behavioral and eleqtro
was confirmed in the electrophysiological experiments. Hephysiological tests (Staras et al. 1999a).
elevation of fictive feeding rates only occurred at thetCStes
in both groups. However, the weak stimulus generalizati
seen in the behavioral data in the Tentacletd® CS— group
did not survive as an electrophysiological response in theDiscriminative learning has been previously demonstrated in
semi-intact preparation. Previous work showed that the neutaher invertebrate systems, mainly mollusks. For example,
nal correlates of both unconditioned and conditioned feediniifferential conditioning of the defensive gill withdrawal refle|
were always weaker than the corresponding behavioral kgas shown in intacfAplysia (Carew et al. 1983), and mor
sponses in intact animals (Staras et al. 1998) and as the belaeently Hawkins et al. (1998) have shown that differentjal
ioral stimulus generalization was weak both in the present ap@nditioning of the same reflex can be achieved in a redufed
previous experiments (Kemenes and Benjamin 1989a), it g@eparation. In vitro analogues of differential classical conli-
pears that only the strongest aspects of the behavioral respditsting also have been used with great succes#pilysia
survive. (Hawkins et al. 1983; Murphy and Glanzman 1999; Walt
and Byrne 1983), but so far no attempt has been mad

Asymmetrical differential conditioning of the early EPSP ~ analyze cellular traces of discriminative learning in preparg
response tions made from differentially conditioned whole animals. Dis§

Touch to the lips produces an early compound EPSP on #ifornica (Mpitsos and Cohan 1986a,b), and using mus B
B3 motor neuron that precedes the onset of the rhythmigcording techniques it was shown that it survives dissecti
conditioned fictive feeding pattern. Previous work using thend therefore features of whole-animal differential conditi
nondifferential lip touch conditioning paradigm showed thahg can persist into physiological preparations (Mpitsos
the amplitude of this EPSP was enhanced following reinforceohan 1986¢). The abow&plysia and Pleurobranchaeaex-
ment of lip touch with sugar in behavioral experiments, ar@imples used aversive paradigms, but appetitive differe
this correlated with an increase in fictive feeding responsesdiassical conditioning also has been demonstratedpiysia
touch (Staras et al. 1999a). If differential conditioning had begQolwill et al. 1997) and the terrestrial slugmax maximus
completely successful, then it would be predicted that touch ®ahley et al. 1990). Appetitive differential classical conditio|
the CSt sites in both the Lip C$/tentacle CS- and Tentacle ing was also investigated in an insect, the honeybee (Mauels&a
CS+/lip CS— experimental groups would produce largegen 1993), where a neuronal correlate of differential appetitjve
EPSP responses than the corresponding-G8es. In fact, conditioning also was obtained after training had been geg
only the lip CSt stimulus in the Lip CS-/tentacle CS- group formed in an isolated head preparation. The main advantagef
produced a significant enhancement in the amplitude of theing differential conditioning paradigms is that each animaf?
EPSP response compared with the tentacle- G8mulus, and preparation can serve as its own control. This is particuldrly
there was no significant difference between the effect of tougthportant in studies aiming to find cellular traces of behaviofal
at the two test sites in the Tentacle €8p CS—experimental classical conditioning where the variability of the data at bgth
group, despite the occurrence of conditioned fictive feedinge behavioral and electrophysiological levels can considergbly
that normally follows the EPSP response. reduce the chances of finding such traces.

Why should it be more difficult to use the tentacle as a-CS
site compared with the lips to condition this early EPSP re-g emenes is a Medical Research Council Senior Fellow.
sponse? One possibility is that the early EPSP response tehis work was supported by the U.K. Biotechnology and Biological S
tentacle touch is a correlate of an alternate behavior, witérces Research Council.
drawal. Short latency EPSP responses to skin touch can be
recorded in many neurons in tHeymnaeaCNS, including rererencEs
motor neurons known to mediate whole body withdrawal re- )
sponses (Ferguson and Benjamin 1991). It is generally knofiyPESIRK TE, ALEXANDER JE, AUDESIRK GJ, AND Mover CM. Rapid, non-

. . . aversive conditioning in a freshwater gastropod. |. Effects of age and
from vertebrate studies that stimuli that are a cue for anygivation.Behav Neural BioB6: 379—390, 1982.
alternative behavior are more difficult to condition than comBensamin PR anp ELLioTt CJIH. Snail feeding oscillator: the central pattem
pletely novel or indifferent stimuli (Shettleworth 1973). Touch generator and its control by modulatory interneurons. Neuronal and
to the lips is more likely to be a part of the normal food Cegu|2a1|’405cillators,edited by Jacklet JW. New York: Dekker, 1989, g.
stimulus (Se.e Sf[aras et al. 1999b) making tOUCh TeSPONBER amin PR AND WinLow W. The distribution of three wide-acting inputs t
evoked at this site more susceptible to conditioning by foodigentified neurons in the isolated brain bfmnaea stagnalis. Comp Bio]
reinforcers. The touch pathways from tentacles and lips bottehem Physiol [A]70: 293-307, 1981.

Biscriminative learning in other model systems
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