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Long-Term Memory Survives Nerve Injury and
the Subsequent Regeneration Process
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A three-neuron network (a central pattern generator [CPG]) is both sufficient and necessary to generate aerial
respiratory behavior in the pond snail, Lymnaea stagnalis. Aerial respiratory behavior is abolished following a
specific nerve crush that results in axotomy to one of the three CPG neurons, RPeD1. Functional regeneration
of the crushed neurite occurs within 10 days, allowing aerial respiratory behavior to be restored. Functional
regeneration does not occur if the connective is cut rather than crushed. In unaxotomized snails, aerial
respiratory behavior can be operantly conditioned, and following memory consolidation, long-term memory
(LTM) persists for at least 2 weeks. We used the Lymnaea model system to determine (1) If in naive animals
axotomy and the subsequent regeneration result in a nervous system that is competent to mediate associative
learning and LTM, and (2) if LTM survives RPeD1 axotomy and the subsequent regenerative process. We
show here that (1) A regenerated nervous system is competent to mediate associative memory and LTM, and
(2) LTM survives axotomy and the subsequent regenerative process.

A three-neuron central pattern generator (CPG) in Lym-
naea, whose sufficiency and necessity has been shown,
generates an easily recognizable and quantifiable behavior,
aerial respiration (Syed et al. 1990, 1992; Syed and Winlow
1991). This behavior can be operantly conditioned, a form
of associative learning, and depending on the training pro-
cedure used, the learning can be encoded into either inter-
mediate-term and/or long-term nondeclarative memory
ATM/LTM) (i.e., “savings”) (Lukowiak et al. 1996, 1998,
2000; Sangha et al. 2002; Smyth et al. 2002). Consistent
with the hypothesis that nondeclarative memory is encoded
within the same neuronal network that mediates the behav-
ior (Milner et al. 1998), neural correlates of learning and
memory have been found in the three-cell network, specifi-
cally in RPeD1, the neuron that initiates rhythmic activity in
the CPG (Spencer et al. 1999, 2002). Moreover, we have
recently demonstrated that the ablation of RPeD1’s soma
(i.e., removing its nucleus), but leaving its primary neurite
functional (i.e., sufficient to enable aerial respiratory behav-
ior to occur), creates a snail that has the capacity to asso-
ciatively learn, form ITM but not form LTM (Scheibenstock
et al. 2002).

Lymnaea possess a number of characteristics, which
allow experiments to be performed, that would be very
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difficult or impossible in other preparations. The first of
these is that Lymmnaea are bimodal breathers, satisfying
their respiratory needs via cutaneous and/or aerial respira-
tion (Lukowiak et al. 1996). In the operant conditioning
procedure, snails associatively learn not to perform aerial
respiration in a hypoxic environment where that behavior
should predominate. Thus, learning and remembering not
to perform aerial respiration does not harm the snails. In
fact, adult Lymnaea can be maintained for months in eu-
moxic experimental conditions where aerial respiration is
prevented without any apparent deleterious effect (Her-
mann and Bulloch 1998; K. Lukowiak, unpubl. observa-
tions). Thus, procedures that preclude aerial respiratory be-
havior need not be lethal to the snail. A second character-
istic of the Lymmnaea model system is that Lymmnaea
neurons, including the respiratory CPG neurons, are ca-
pable of functional regeneration (i.e., neurite extension and
appropriate synapse formation) both in vitro and in vivo
(Syed et al. 1992; Haque 1999; Woodin et al. 1999). Haque
(1999) found in freely behaving Lymnaea that following
the crush of RPeD1’s axon, one of the members of the
three-neuron network, snails could not perform aerial res-
piration. However, 10 d later as a result of functional regen-
eration, as assessed both electrophysiologically and behav-
iorally, aerial respiratory behavior was restored.

All of these above-mentioned properties of the Lym-
naea model system allow us to ask the following questions:
(1) Is a regenerated central nervous system (CNS) compe-
tent to mediate both associative learning and LTM? (2) Does
an already-established memory (i.e., LTM) survive axotomy
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and the subsequent functional regeneration processes? We
attempted to answer these questions using two different
experimental strategies to ascertain whether memory of as-
sociative learning was formed. We did this because there is
always an inherent dilemma when testing for memory:
whether to apply or not apply the reinforcing stimulus in
the memory test (Wagner and Rescorla 1972). Thus, we
tested for savings using (1) a procedural assessment where
the reinforcing stimuli are delivered to the snail as in the
training sessions, and (2) a memory test in which the rein-
forcing stimuli was not applied. Both procedures yielded
similar results and thus we are confident Lymnaea are ca-
pable of forming long-lasting memories in a regenerated
nervous system and that the cellular processes that consti-
tute LTM are sufficiently robust to survive the processes
that underlie neuronal regeneration. These questions and
the answers to them are important not only because of their
heuristic value but they may allow us in the future to specity
where and how memory is encoded within single, identi-
fied neurons.

RESULTS

Recovery of Aerial Respiratory Behavior
Following Induced Trauma

As respiratory rhythmogenesis in Lymnaea is initiated by
RPeD1 activity (Syed et al. 1990), we hypothesized that
crushing the right pleural-parietal connective, which con-
tains RPeD1’s primary neurite (Fig. 1), would result in the
inability of the snail to perform aerial respiratory behavior.
Moreover, we hypothesized that regeneration of the pri-
mary neurite would occur allowing the snail to again be
able to perform aerial respiration. These data are presented
in Figure 2. One day after the crush, none of the experi-
mental animals tested (0 of 20) were able to perform aerial
respiration (Fig. 2A). In five of these snails (randomly
picked) Lucifer yellow (LY) fills of RPeD1 were made. In all
cases, dye was not seen distal to the crush site. An example
of one of these fills is shown (Fig. 2, top panel, left). Ten
days following the connective crush, 12 of the remaining 15
snails tested on day 1 performed aerial respiration (Fig. 2).
We randomly selected five of these snails from the 12 that
exhibited aerial respiratory behavior and filled RPeD1 with
LY. In all five cases, dye filled the primary neurite distal to
the crush site into the parietal and visceral ganglia, and out
to the periphery. An example of one of these fills is shown
(Fig. 2, top panel, right). The remaining three snails when
tested 3 d later were able to perform aerial respiration.
Thus, following the connective crush, RPeD1’s primary
neurite functionally regenerates, allowing aerial respiration
to occur. In snails (N = 10) that had the right pleural-parietal
connective cut rather than crushed, aerial respiratory be-
havior was never observed even though the snails remained
alive for up to 3 weeks (data not plotted).
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Figure 1 Schematic diagram of the right pleural-parietal connec-
tive crush in the experimental snails. The respiratory central pattern
generator (CPG) in Lymnaea consists of three neurons, RPeD1,
VD4, and IP3. RPeD1 initiates rhythmicity in this circuit by syn-
aptic interactions with the other two CPG neurons, IP3 and VD4.
RPeD1 is located in the right pedal ganglion. Neuron IP3 is located
in the right parietal ganglion, and its activity activates pneumos-
tome opener motor neurons. Thus, IP3 activity results in expiration.
Neuron VD4 is located in the visceral ganglion and its output goes
to the pneumostome closer motor neurons. Thus, VD4 activity
controls inspiration. The axon (i.e., primary neurite) of RPeD1
courses through the right pleural-parietal connective. Crushing this
connective interrupts the synaptic interactions necessary for the
production of rhythmic activity needed for aerial respiratory activ-
ity. This crush does not interrupt the output from IP3 or VD4 to
their respective follower motor neurons; nor does it interrupt the
axons of the motor neurons to the periphery. With the functional
regeneration of RPeD1’s axon rhythmicity is restored and aerial
respiratory behavior can be observed.

Operant Conditioning of Aerial Respiratory
Behavior Following Regeneration

All together, six different cohorts of snails were tested. This
enabled us to compare the learning abilities of snails that
had functionally regenerated, were sham operated, or given
a yoked control procedure.

The ability to associatively learn and form LTM in func-
tionally regenerated snails was first tested by determining if
the total breathing time in the hypoxic challenge was sig-
nificantly different after training compared to the pretrain-
ing hypoxic challenge (Fig. 3). We observed aerial respira-
tory activity (total breathing time) in a group of 30 func-
tionally regenerated snails (10 d postcrush). This gave us a
pretraining index of their aerial respiratory behavior. This
group of snails was then randomly divided up into the fol-
lowing three groups: (1) a naive group; (2) an operant con-
ditioning (contingent) group; and (3) a yoked control group
(yoked-procedure No. 2). Following the indicated training
procedure for each cohort, a one-way repeated measures
analysis of variance (ANOVA) was performed on these data
testing both a within-groups factor (i.e., pre vs. post) and a
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Figure 2 Aerial respiration after the right pleural-parietal connec-
tive crush. (A) A cohort of snails (N = 20) had a nerve crush applied
to the right pleural-parietal connective. They were placed in the
hypoxic pond water on days 1 and 10. One day after crush, 0 snails
performed aerial respiration in a 1-h observation period in hypoxic
pond water. We randomly picked five snails for Lucifer yellow (LY)
fills. On day 10, however, 12 of the remaining 15 snails performed
aerial respiration. Although not shown here, three days later the
remaining three snails performed aerial respiration. In the sham
group, all snails were able to perform aerial respiration on day 1
(data not shown). LY fills of RPeD1. In the left panel, a LY fill was
made 1 d after the right pleural-parietal connective crush to show
that RPeD1’s axon was crushed. Notice that the LY does not reach
the site of the crush, marked by the arrow, as the crushed neurite
has pulled back from the site of injury. The right panel shows an
RPeD1 fill 10 d after the crush; the arrow points to the approximate
location of the crush. This snail exhibited aerial respiration before
it was sacrificed for the LY fill. In the two panels, RPeD1 is ~70 pM
in diameter. The scale bar is 70 pM in each panel.

between-groups factor. The ANOVA (F[12,5] = 7.687,
P<0.0001) showed that there was a significant effect and
thus we determined which (both within and between
groups) sessions were significantly different from each
other. We first determined the within-group differences be-
tween the pre- and postbreathing observation periods. In
both the naive and yoked control groups, there was no
significant difference (pre vs. post) in the total breathing
time (P > 0.05 for each group). There was, however, a sig-
nificant difference (P < 0.01) in the pre- vs. posttotal breath-
ing time in the operant conditioned (contingent) group.
That is, the total breathing time in the hypoxic challenge
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observation period following operant conditioning was sig-
nificantly less than it was in the observation period before
operant conditioning. We then performed between-group
comparisons. There were no significant differences in the
total breathing time in the pretraining observation period
between the groups (P > 0.05 for each respective compari-
son). There was also no significant difference between the
total breathing time in the postobservation period between
the naive and yoked control groups (P > 0.05). We found,
however, that there was a significant difference in the total
breathing time in the postobservation period between the
contingent group and the naive group (P < 0.01) and be-
tween the contingent group and the yoked control group
(P <0.01).

It is apparent that only the operant training procedure
(i.e., the contingent cohort) results in a significant change
in the posttraining hypoxic challenge breathing behavior.
We thus conclude that functionally regenerated snails have
the capability to associatively learn and form LTM.

Naive Yoked

1

Contingent

ik

2004
180+
o 160

T

= 4

140 -
120
100

g E
| b
%

Total Breathing Time {sec

[T I Y
- (=]
1 1

Pre Post Pre Post

Pre

Figure 3 Learning and memory after functional regeneration. (A)
A group of snails had their right pleural-parietal connective
crushed and 10 d later all snails performed aerial respiration. All
these snails were given a 30-min hypoxic challenge and their total
breathing time tabulated (the pretraining test, Pre). They were then
randomly assigned to one of three groups: naive, yoked, and con-
tingent. The naive group was maintained in a eumoxic aquarium
and 10 d later was again given the posttraining hypoxic challenge
(Post). The contingent group received a tactile stimulus to their
pneumostome every time they attempted to open their pneumos-
tome. One week after the last training session, they received the
posttraining hypoxic challenge. The yoked group received a tactile
stimulus to their pneumostome, not when they opened their pneu-
mostome, but when the snail that they were yoked to attempted to
open its pneumostome. One week after the last yoked training
session, these snails received the posttraining hypoxic challenge.
There was no significant difference in the total breathing time (pre-
vs. posthypoxic challenge) between the naive and yoked control
groups. In the contingent (i.e., operant conditioning cohort), there
was a significant decrease (P < 0.01, *) in total breathing time in
the posttraining hypoxic challenge.
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We next tested (Fig. 4) the remaining three cohorts of saving-test between the sham and the regenerated snails.
snails (10 sham control snails and 10 functionally regener- We statistically confirmed this by using a single-mixed de-
ated snails received the yoked-procedure No. 1, and 10 sign ANOVA (consisting of within and between group fac-
functionally regenerated snails received the operant condi- tors). The ANOVA (F[29,19] = 92.6012, P < 0.001) showed
tioning procedure) using a reinforcing test for savings to that there was a significant effect. We thus compared both
determine if associative learning could also be demon- within and between group sessions. We first compared the
strated 10 days postsurgery. Each cohort was also chal- within group responses. In the sham control group (Fig. 4A)
lenged with a change-of-context test (CC) session (Session 7 we found a significant difference between the number of
in Fig. 4) and a further standard test session (Session 8) 1 h attempted pneumostome openings in Session 6 (the sav-
following the CC session. On inspection, there appeared to ings-test session) compared to Session 1 (P < 0.01). We next
be no differences in the learning curves or responses in the compared the response in the CC with Session 1 and found
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Figure 4 Associative learning in a regenerated nervous system demonstrated by a different testing procedure. The operant conditioning
procedure of two 30-min. training sessions for 2.5 d followed by a savings-test session 1 wk later was imposed on two cohorts of snails; a
sham-operated cohort (A) and a functionally regenerated group (B). A third cohort of functionally regenerated snails received the yoked
control No. 1 procedure (O). In this yoked procedure (procedure No. 1), snails were first tested (Pre) and then on the next days received the
yoked-training procedure (filled squares). As can be seen in A and B, there was learning and memory in both of the operantly conditioned
groups. In the yoked control cohort there was no significant difference in the number of attempted openings in the pre- vs. the posttraining
session. Furthermore, the number of attempted openings in the posttraining session of the yoked control snails was significantly greater than
the number of attempted pneumostome openings in the savings-test session (Session 6) of A and B. As a further control, each of the cohorts
was challenged with a CC. Notice that in the operantly conditioned cohorts (A and B), there was a significant difference in the number of
attempted pneumostome openings in CC compared to Session 6, which was not the case with the yoked control snails. Finally, when all three
cohorts were again tested (Session 8 for A and B and Post 2 for C) with the standard context test, there was no significant difference in the
number of attempted pneumostome openings in this test compared to the savings test (Session 6) in the operantly conditioned cohorts (A and
B). There was however, a significant difference in the number of attempted pneumostome openings in Session 8 compared to the postsession
in the yoked control group. As this postsession 2 was given 2 h after the first postsession test, this may indicate that these snails are now
forming an association between pneumostome openings and the contingent presentation of the tactile stimulus.
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that they were not significantly different (£ > 0.05). Com-
paring the response in CC with the response in Session 6,
we found a significant difference (P < 0.01) as we did when
we compared the response in Session 8 with CC (P < 0.01).
The interpolation of the CC (Session 7) did not have an
effect on the memory, as Session 6 was not significantly
different from Session 8 (P > 0.05). When we made similar
within-group comparisons in the regenerated conditioned
group (Fig. 4B), we found the same interactions. That is,
there was a significant difference (P < 0.01) between Ses-
sion 1 and Session 6 (the savings-test session), no significant
difference (P > 0.05) between the CC and Session 1, a sig-
nificant difference (P < 0.01) between Session 6 and CC,
and no significant difference (P > 0.05) between Session 6
and Session 8. We next made within-group comparisons in
the yoked control group (Fig. 4C). We found that there was
no significant difference (P > 0.05) between the response
in the pretraining session and the posttraining session. Fur-
ther, there was no difference in the response between the
CC and the pre- or postsession (P > 0.05 in both compari-
sons). Finally, there was a significant difference between
the response in postsession 2 compared to the response in
the initial postsession, as was the response in postsession 2
compared to CC, and was the case when postsession 2 was
compared to the presession (P < 0.01 for each separate
comparison).

Performing between-group comparisons on these data
revealed the following: (1) There was no statistical differ-
ence in the response in Session 1 between the sham (Fig.
4A) and regenerated conditioned group (Fig. 4B). As well,
there was no statistical difference between Session 1 in the
sham group and the presession in the yoked control group
(Fig. 40); nor was there a difference between Session 1 in
the regenerated conditioned group and the yoked control
group (P > 0.05 for all comparisons). (2) There was no sta-
tistical difference (P > 0.05) between the savings-test ses-
sion (Session 6) in the sham and the regenerated condi-
tioned group. (3) There was a significant difference be-
tween Session 6 in the sham group compared to the
postsession in the yoked control group; Session 6 in the
regenerated operant group was also significantly different
from the postsession in the yoked control group (P < 0.01
in both comparisons). (4) There was no statistical differ-
ence in the response in CC between the sham (Fig. 4A) and
regenerated conditioned group (Fig. 4B). As well, there was
no statistical difference between CC in the sham group and
CC in the yoked control group (Fig. 4C); nor was there a
difference between CC in the regenerated conditioned
group and CC in the yoked control group (P > 0.05 for all
comparisons). (5) A comparison of the responses in the
session following the CC challenge revealed that there was
no statistical difference (P > 0.05) between Session 8 in the
sham group and Session 8 in the regenerated conditioned
group. However, there was a statistically significant differ-
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ence (P < 0.01) between Session 8 in the sham group and
the post-2 session in the yoked group and a statistical dif-
ference between Session 8 in the regenerated conditioned
group and the post-2 session in the yoked group (P < 0.05);
indicating that while learning and memory may have oc-
curred in the yoked group between the first and second
postsessions, it was not yet as robust as that in either the
sham or operant group.

Thus, snails that receive a traumatic insult and that
undergo functional regeneration are capable of learning,
forming long-lasting memory, and also have the capacity to
differentiate a CC.

The Persistence of Memory Following Nerve
Crush and Subsequent Regeneration

We next determined whether LTM could survive the trauma
of the connective crush and the subsequent regeneration
process. Again, we used two different indices of memory (a
significant decrease in aerial respiratory behavior in the
posttraining hypoxic challenge [Fig. 5] and a significant de-
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Figure 5 Memory as demonstrated by a posttraining hypoxic
challenge survives axotomy and the regeneration process. All
snails (N = 30) were given a 30-min hypoxic challenge and their
total breathing time tabulated (the pretraining test, Pre). They were
then randomly assigned to either the yoked or contingent training
cohort. The contingent group (seven training sessions over a 10-d
period) received a tactile stimulus to their pneumostome every time
they attempted to open their pneumostome. Following Session 7,
their right pleural-parietal connective was crushed. Ten days later,
they received the posttraining hypoxic challenge (Post). The yoked
group received a tactile stimulus to their pneumostome not when
they opened their pneumostome, but when the snail which they
were yoked to attempted to open its pneumostome. These snails
received seven yoked control training sessions. Following Session
7, their right pleural-parietal connective was crushed and 10 d later
they received the posttraining hypoxic challenge. There was no
significant difference in the total breathing time (pre- vs. posthy-
poxic challenge) in the yoked control group. In the contingent (i.e.,
operant conditioning cohort) there was a significant decrease in
total breathing time in the posttraining hypoxic challenge.
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crease in the number of attempted pneumostome openings
in the savings test [Fig. 6]); the two yoked control proce-
dures; as well as a change-of-context control, to assure our-
selves that LTM could survive regeneration.

Using a similar strategy as in Figure 3, we determined
whether we were able to show that LTM survives axotomy
and the subsequent regeneration process by comparing the
breathing behavior in a 30-min hypoxic challenge (i.e., total
breathing time; no reinforcing stimuli delivered) before and
after operant conditioning (and of course, the nerve crush
and regeneration process, Fig. 5). A group of snails (N = 30)
were first given a 30-min hypoxic challenge during which
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time their aerial respiratory behavior was assessed. These
snails were then randomly divided into a yoked-control and
an operantly conditioned group. Each group then received
the seven training sessions (one group received the contin-
gent procedure while the other received the yoked proce-
dure) over a 10-day period followed by the nerve crush.
This particular training procedure results in an LTM that
persists for at least 2 wk (Lukowiak et al. 1998). Ten days
after the nerve crush, we again observed their respiratory
behavior in a 30-min hypoxic challenge (i.e., the posttrain-
ing session). Following the indicated training procedure
(yoked or contingent training) a one-way repeated mea-
sures ANOVA was performed on these data testing both a
within-groups factor (i.e., pre vs. post) and a between-
group factor. The ANOVA (F[11,3] =2.893, P <0.05)
showed that there was a significant effect and thus we de-
termined which (both within and between groups) sessions
were significantly different from each other. We first deter-
mined the within-group differences between the pre- and
postbreathing observation periods. There was no significant
difference between the total breathing time (i.e., pre vs.
post) in the yoked control group (P < 0.05). There was,
however, a significant difference in the total breathing time
(pre vs. post) in the operantly conditioned (contingent)
group (P < 0.01). Next we made between-group compari-
sons and found that there was not a significant difference in
total breathing time in the preobservation period between
the two groups (P > 0.05). However, there was a significant
difference (P < 0.01) between the total breathing times in
the posttraining observation period between the two
groups. Thus, using the criterion of a significant change in

Figure 6 Long-term memory (LTM) survives the regeneration pro-
cess. A cohort of snails received the operant conditioning training
procedure of two 30-min. training sessions for 2.5 d, followed by a
further two sessions 1 wk later. Following the last training session
(Session 7), the right pedal-parietal connective was crushed in 20
of these snails (B); the other 10 snails were sham-operated (A). All
30 snails were capable of opening their pneumostome 10 d later
and were given the savings test (Session 8). One hour following this
test, both groups were given the change-of-context test (CC). In C,
a yoked-procedure No. 1 control (as described in Methods and Fig.
4) was performed. After Session 7, the right pedal-parietal connec-
tive was crushed. Ten days later, these snails received the posttest
session. The number of attempted openings in the posttraining ses-
sion of the yoked control snails was significantly greater than the
number of attempted pneumostome openings in the savings-test
session (Session 8) of A and B. In A and B, the number of attempted
pneumostome openings in the CC was significantly greater than the
number in the savings-test session, and was not different from the
number in Session 1 indicating that these snails were still capable
of performing aerial respiratory behavior. In the yoked control co-
hort (O), we did not perform a CC following the posttest because
there was no difference in the number of attempted pneumostome
in that session compared to the pretest session. Thus, there was no
need to further demonstrate that aerial respiratory behavior was
possible. Thus, memory survives axotomy and the regeneration
process.
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total breathing time (a decrease) we conclude that LTM of
associative learning survives the regeneration process.

In the second series of experiments (similar to Fig. 4),
we operantly conditioned a large group of snails (N = 30;
and N =10 for a yoked-procedure No. 1 control) using
the training procedure described above that results in an
LTM with a duration of 2 wk (Fig. 6). One hour following
the last training session, the snails were randomly divided
into different cohorts of sham-operated (Fig. 6A; N = 10)
and connective-crush groups (Fig. 6B; N = 20; N = 10 for
the yoked-procedure No. 1 control, Fig. 6C). We then tested
all snails 10 d later. In this test session, all snails (including
the yoked controls) received a tactile stimulus to their pneu-
mostome when they attempted to open it. In the sham and
crushed conditioned group (Fig. 6A,B) a CC was also pre-
sented to the snails following the savings-test session (Ses-
sion 8).

A single-mixed design ANOVA (F[39,19] = 84.0957,
P < 0.001) showed that there was a significant effect. Per-
forming a similar analysis of the data as in Figure 4, we first
compared within-group differences and then compared be-
tween-group differences. In the sham control group (Fig.
6A) we found a significant difference between the number
of attempted pneumostome openings in Session 7 com-
pared to Session 1 (P < 0.01). There was also a significant
difference in the savings-test session given 10 d later (Ses-
sion 8) and Session 1 (P < 0.01). There was no statistically
significant difference between the response in Session 7 vs.
Session 8 (P > 0.05). We next compared the response in the
CC with Session 1 and found that they were not significantly
different (P > 0.05). Comparing the response in CC with the
response in Session 8 (the savings-test session), we found a
significant difference (P < 0.01). To determine if memory
(i.e., savings) survived the nerve crush and regeneration
process, we made similar within-group comparisons in the
group shown in Figure 6B. We found the same interactions.
That is, there was a significant difference (P < 0.01) be-
tween Session 1 and Session 7. Importantly, there was also
a significant difference between Session 1 and Session 8
(the savings-test session following crush and regeneration),
while there was no significant difference (P > 0.05) be-
tween the CC and Session 1. A significant difference
(P < 0.01) was, however, observed between Session 8 and
CC. Thus, the significantly lower number of attempted
pneumostome openings in Session 8 is not the result of
snails being incapable of performing aerial respiration. We
next made within-group comparisons in the yoked control
group (Fig. 6C). We found that there was no significant
difference (P > 0.05) between the response in the pretrain-
ing session and the posttraining session that followed nerve
crush and regeneration. That is, following the yoked control
procedure, axotomy and regeneration, there was not a sig-
nificant difference in the number of attempted pneumos-
tome openings between these two sessions.
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We next made between-group comparisons as we did
for the snails that demonstrated learning and memory fol-
lowing axotomy and regeneration (Fig. 4). Performing
between-group comparisons on these data revealed the
following: (1) There was no statistical difference in the re-
sponse in Session 1 between the sham (Fig. 6A) and nerve-
crush group that received operant conditioning training
(Fig. 6B). As well, there was no statistical difference be-
tween Session 1 in the sham group and the presession in the
yoked control group (Fig. 6C); nor was there a difference
between Session 1 in the nerve-crush group that received
operant conditioning training and the yoked control group
(P > 0.05 for all comparisons). (2) There was no statistical
difference (P > 0.05) between the savings-test session (Ses-
sion 8) in the sham and the nerve-crush group that received
operant conditioning training. (3) There was a significant
difference between Session 8 in the sham group compared
to the postsession in the yoked control group; Session 8 in
the nerve-crush group that received operant conditioning
training was also significantly different from the postsession
in the yoked control group (P < 0.01 in both comparisons).
(4) There was no statistical difference in the response in
CC between the sham (Fig. 6A) and nerve-crush group that
received operant conditioning training. We did not chal-
lenge the yoked control group to a CC, as we saw no need
to demonstrate that these snails were capable of responding
to the hypoxic stimulus because their level of responsive-
ness in the posttest session was not different from the pre-
test session.

Together, the data in Figures 5 and 6 demonstrate that
LTM survives the traumatic insult of the nerve crush and the
subsequent regeneration process.

DISCUSSION

The data presented here confirm and extend the findings of
Haque (1999; Z. Haque, K. Lukowiak, and N. Syed, in prep.)
regarding the ability of RPeD1’s primary neurite to undergo
functional regeneration following nerve crush to the right
pleural-parietal connective. Haque (1999) demonstrated in
both intact freely moving snails using behavioral criteria and
in isolated ganglionic preparations using electrophysiologi-
cal and anatomical criteria that functional regeneration of
RPeD1’s primary neurite occurred following crush of the
right pleural-parietal connective. Our data show that follow-
ing the successful regeneration of RPeD1’s primary neurite
snails have the ability to learn and form LTM. In addition,
we show that in snails that have already consolidated asso-
ciative learning into LTM, axotomy and the subsequent re-
generation of RPeD1’s primary neurite does not abolish the
LTM.

It was possible that following the crush, some other
neuron took over RPeD1’s functions in the CPG circuit. We
believe this does not occur for the following reasons. Be-
cause snails that had their right pleural-parietal connective
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cut never regained the ability to perform aerial respiration,
and because crush of this connective only transiently inter-
rupts aerial respiratory behavior, it is unlikely that some
other neuron took over the function of RPeD1. Moreover,
enzymatic destruction of RPeD1 by pronase injection abol-
ished aerial respiratory behavior for the rest of the life (at
least 2 wk) of the snail (Haque 1999). Ten days following
nerve-crush LY injections of RPeD1 show that the dye fills
the neurite past the crush point into the visceral ganglia and
out to the periphery. Haque (1999) has also demonstrated
electrophysiologically that RPeD1 remade appropriate syn-
aptic connections with the other members of the central
pattern generator that control aerial respiratory behavior.
Further, in isolated ganglionic preparations and in cell-cul-
ture experiments, regeneration of RPeD1’s primary neurite
and the reestablishment of RPeD1’s synaptic connections to
its follower neurons had previously been demonstrated
(Benjamin and Allison 1985; Syed et al. 1990; Haque 1999).
Finally, the physical removal from the CNS of one of the
CPG neurons (VD4) abolishes aerial respiratory behavior
(Syed et al. 1992). However, the subsequent transplantation
of a VD4 from a donor animal into a VD4-less snail allows
aerial respiratory behavior to be reestablished some 10 d
later (Syed et al. 1992). Thus, we conclude that 10 d after
crushing of the right pleural-parietal connective, functional
regeneration of RPeD1 primary neurite occurs allowing
functional recovery of the three-neuron network.

Using two different approaches of looking at associa-
tive learning and its memory, we showed that associative
learning occurs in a regenerated nervous system and that
LTM survives the regenerative process. When one tests
whether learning has occurred and memory has been
formed, there is always a dilemma that must be faced (Wag-
ner and Rescorla 1972; Mackintosh 1974). If the reinforcing
stimulus is applied in the test session for memory, then this
should best be described as a savings test (Wagner and
Rescorla 1972), as it’s really just another training session. An
obvious way around this is to have a memory test in which
the reinforcing stimulus is not applied. However, this ex-
perimental strategy creates other problems. First, this form
of memory test can also be considered an extinction session
that may result in a within-session inhibition as a result of
the lack of reinforcement. As well, what does one compare
the memory test session with? If a pretraining session is
performed in which a reinforcing stimulus is not applied,
this might result in the phenomenon of latent inhibition and
affect the conditioning process (Wagner and Rescorla
1972). We therefore tested for learning and LTM using both
methods and obtained consistent results. Further, by using
two different yoked-control procedures and the CC, we are
confident that we have shown that LTM can survive the
regeneration process.

Is the savings (i.e., LTM) of the conditioned behavior
encoded within the Lymnaea respiratory CPG? We believe
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so for the following four reasons. First, the type of memory
we are studying (nondeclarative memory) is thought to re-
side within the neural circuit that mediates the behavior
(Milner et al. 1998; Kandel and Pittenger 1999). Second,
changes in the activity of CPG neurons, and the synaptic
connections between the CPG neurons, have been corre-
lated with learning and LTM (Spencer et al. 1999). Third,
changes in RPeD1 activity correlated with LTM survive the
dissection process and are observable in semi-intact, behav-
ing preparations (Spencer et al. 2002). Fourth, RPeD1 is a
site of LTM formation and storage (Scheibenstock et al.
2002). In those experiments, the soma of RPeD1 was ab-
lated, leaving the surviving primary neurite intact. If per-
formed before operant conditioning training, this proce-
dure prevents the establishment of LTM but does not inter-
fere with learning or the establishment of intermediate-term
memory (ITM). ITM typically persists for only 2-3 h
(Lukowiak et al. 2000; Scheibenstock et al. 2002). Thus,
sites of the formation and storage of the LTM appear to be
contained within the respiratory CPG network and as the
data show, the changes that constitute LTM survive the
trauma caused by axotomy and subsequent regeneration.

In the leech model system, a regenerated CNS is com-
petent to mediate sensitization, a form of nonassociative
learning (Modney et al. 1997). In an analogous situation,
both nonassociative and associative learning has been
shown following the reorganization (cell death, birth of
new neurons, reassignment of neurons to new behaviors) of
the insect CNS following metamorphosis (Tully et al. 1994;
Weeks and Wood 1996; Weeks et al. 1997; Armstrong et al.
1998). These changes have significant effects on behavior
and the ability of insects to learn and remember (Weeks et
al. 1997; Zars et al. 2000). Finally, the incorporation of new
neurons in specific areas of the adult rodent CNS is required
for certain forms of new learning and memory (Shors et al.
2001). Thus, our finding that a regenerated nervous system
in Lymnaea (Fig. 3) is capable of mediating operant condi-
tioning is not too surprising. The learning curve of these
animals in which regeneration had occurred was not no-
ticeably different than a control naive group of snails. We
have not explored whether the duration of memory reten-
tion is any different in snails that have a regenerated ner-
vous system.

Because operant conditioning of aerial respiratory be-
havior leads to long-lasting changes in RPeD1 activity, we
were interested to determine whether or not a trained CNS
was still capable of regeneration, and if regeneration oc-
curred, would the memory still be encoded? It was uncer-
tain whether functional regeneration could occur because
of the significant changes induced in RPeD1 by learning and
its consolidation into LTM (Spencer et al. 1999, 2002).
These specific learning-induced changes, a significant de-
crease in spontaneous activity, and inability to elicit rhyth-
mogenesis in the CPG circuit, might have altered RPeD1’s
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ability to reestablish the necessary synaptic connections
for aerial respiratory behavior. However, aerial respiration
did return following the crush with the same time course
as in naive snails. More importantly however, LTM was ro-
bust enough to survive the powerful molecular signals in-
duced by the traumatic crush and the subsequent regenera-
tion (Figs. 5, 6). That the significantly reduced response in
the savings-test session was LTM and not trauma-induced
unresponsiveness was shown by both the yoked control
data and the CC data. Naive functionally regenerated snails
subjected to either of the two-yoked control procedures did
not exhibit the same changes in aerial respiratory behavior,
as did snails subjected to the operant conditioning proce-
dure. Snails trained with either of the yoked control proce-
dures before the nerve crush did not show any significant
change in responsiveness following functional regenera-
tion. Thus, the significant changes that were seen in aerial
respiratory behavior in the operant conditioning groups are
the result of associative learning and its consolidation into
memory by the snails. Previously, Sahley’s group demon-
strated that a form of nonassociative learning, sensitization,
persisted following regeneration of neurites of specific neu-
rons in the leech (Modney et al. 1997). Here, we have
shown that LTM of associative learning also survives the
regeneration process. LTM also survives the process of
metamorphosis (Tully et al. 1994; Ray 1999). However,
whether or not the specific neurons that encode the
memory (e.g., Kenyon cells of the mushroom bodies) are
altered during the process of metamorphosis is not clear
(Armstrong et al. 1998).

In molluscan preparations, there are a number of simi-
larities between the cellular events underlying learning and
its consolidation into LTM, axotomy, and functional regen-
eration. Altered gene activity and new protein synthesis are
required both for memory consolidation (Milner et al.
1998), neurite outgrowth, and the reforming of synaptic
connections (Feng et al. 1997; Woodin et al. 1999). Similar
second-messenger cascades are also utilized to elicit gene
activity in both memory consolidation (Carew and Sutton
2001) and regeneration (Feng et al. 1997; Zhang and Am-
bron 2000). In addition, many of the changes in neuronal
activity correlated with learned behavior and LTM (e.g.,
long-term sensitization in Aplysia) are similar to the long-
term changes brought about by axotomy and functional
regeneration in Aplysia (Walters et al.1991; Ambron et al.
1996). While there are similarities between learning,
memory, and functional regeneration, it is still not clear
how the changes that encode LTM survive the molecular
events induced by axotomy and the subsequent powerful
molecular activities that subserve functional regeneration
(i.e., neurite outgrowth and the successful reestablishment
of synapses). How a neuron keeps track of each similar
second messenger cascade signal, and which gene is to be
turned on or off, is a complex cell-biology question. How-
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ever, researchers making use of a specific gene (e.g., the
encoding BDNF) have shown how different types of neuro-
nal stimuli can activate distinct transcriptional responses
(West et al. 2001). Whether such mechanisms underlie the
ability of LTM to survive functional regeneration remains to
be determined.

MATERIALS AND METHODS

Associative Training Procedure

Associative learning and LTM (i.e., “savings”) were produced in
Lymnaea as described previously (Lukowiak et al. 1996, 2000;
Spencer et al. 1999). Briefly, freely moving adult Lymnaea were
placed in hypoxic pond water (bubbled with 100% N, for 20 min)
to increase their aerial respiratory drive. They were first given a
10-min acclimatization period during which the snails were al-
lowed to perform aerial respiration. At the end of this period they
entered the 30-min training session. During the training session, the
snails received a tactile stimulus (reinforcing stimulus) to the pneu-
mostome area (the respiratory orifice) each time the snail at-
tempted to open its pneumostome. The tactile stimulus resulted in
closure of the pneumostome and the snail did not retract inside its
shell. Most snails continued to remain at the surface. Thus the
animals learned not to perform aerial respiration in an environment
where the probability of aerial respiration is high. The snails re-
ceived five training sessions over a period of 2.5 d (two sessions a
day, with at least a 1-h interval between sessions) and a savings-test
session was administered 1 wk later to determine whether LTM was
present. Data obtained for these naive, sham operated snails (see
below) are shown in Figure 3A. For the experiments on naive snails
following regeneration (Fig. 3B) the same training and testing pro-
cedure was used. In experiments described for operantly condi-
tioned animals before the sham control or nerve crush (Fig. 5)
these snails received two further training sessions before the nerve
crush or sham control. Thus one week after the fifth training ses-
sion, they received two further 30-min operant conditioning train-
ing sessions separated by at least 1 h. This procedure results in a
savings that persists for at least a 2-wk period (Lukowiak et al. 1998,
2000). Note that in the savings-test session (i.e., Session 6 for Fig. 3
and Session 8 for Fig. 5) the snail continues to receive a tactile
stimulus to the pneumostome as it attempts to open it just as it does
in the previous training sessions.

We also tested whether LTM was formed in a different man-
ner. As we have previously reported (Lukowiak et al. 1996), we
measured the aerial respiratory response to a hypoxic challenge (a
30-min session in hypoxic pond-water) before (pretraining) and
after (posttraining) operant conditioning training. We measured
the total time spent breathing during each challenge session. In
these challenge sessions a tactile stimulus is not delivered to the
pneumostome when the snail opens its pneumostome to perform
aerial respiration. We conclude that associative learning occurs if
there is significantly less breathing time in the posttraining session
compared to the pretraining hypoxic challenge session. Increasing
the time interval of the posttraining session from the last training
session determines the persistence of memory. Of course, to con-
clude that the change in respiratory behavior is associative a yoked
control procedure must also be performed (see below). In the
yoked control procedure we would expect that there should be no
significant difference in breathing between the pre- and posttrain-
ing challenge sessions, if those differences are because of associa-
tive processes. These assumptions will be statistically tested, in
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part, using a single ANOVA with two factors: a between-group
factor and a repeated-measures factor (see below).

Yoked Control Procedures

Two different yoked control procedures were used in this study.
The results from both show that the savings seen with the operant
training procedure were the result of associative processes and not
the result of application of the reinforcing stimuli to the pneumo-
stome.

In the first modified yoked control procedure, the snails
(yoked procedure No. 1; see Lukowiak et al. 2000 and Haney and
Lukowiak 2001 for previous studies using this yoked control pro-
cedure) were subjected to a single 30-min training session 1 d
before the yoking (i.e., the pretest). In this pretest every time the
snail attempts to open its pneumostome it receives a tactile stimu-
lus to its pneumostome. However, as has been previously reported,
a single 30-min session does not result in LTM (Lukowiak et al.
2000). On the following days, these snails received a tactile stimu-
lus to their pneumostome area that was not contingent upon open-
ing their pneumostome, rather they received the tactile stimulus
when the snail to which it was yoked opened its pneumostome in
the operant conditioning procedure. Following yoked training,
these yoked-procedure No. 1 snails then were tested in a 30-min.
training procedure in which they again received a tactile stimulus
every time they attempted to open their pneumostome (i.e., the
posttest). We then compared the number of attempted openings in
the pretest with the posttest. The number of attempted openings in
the posttest was also compared to the number of attempted open-
ings in the initial training session (Session 1) and the savings-test
session in the operant conditioning group.

The second yoked control procedure (yoked procedure No.
2) is a more typical one. In this procedure, aerial respiratory be-
havior was first observed in hypoxic conditions (total breathing
time and the number of pneumostome openings were recorded
[i.e., the pretest]). That is, snails were allowed to perform aerial
respiration without receiving any tactile stimuli. On the next day,
these snails received a tactile stimulus to their pneumostome area
that was not contingent upon opening their own pneumostome,
rather they received the tactile stimulus when the snail to which
they were yoked to opened its pneumostome in the operant con-
ditioning procedure. We again observed their aerial respiratory be-
havior in hypoxic conditions (i.e., the posttraining test, no tactile
stimuli were delivered) just as we did before the snails received any
tactile stimuli. The exact same pre- and posttest breathing obser-
vations were performed on snails receiving operant conditioning
training, and on a naive group of snails that received no tactile
stimuli over the same time period. We then compared the differ-
ences between the pre- and posttraining test observations in the
three groups.

The Different Context Test

Associative learning and LTM in Lymnaea is context dependent
(Haney and Lukowiak 2001). That is, if snails are trained in the one
context when tested in a different context, they behave as naive
snails. Two contexts were used here, the standard and the food-
odorant context. The standard context refers to a procedure in
which N, is bubbled through the test beaker to create the hypoxic
environment, whilst the food odorant context is created by first
bubbling the N, through a flask of cut-up carrots before being
bubbled through the test beaker. This CC will serve as a control for
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unresponsiveness. Full details of context specific learning and
memory are given in Haney and Lukowiak (2001).

Surgery

Prior to surgery, snails were anesthetized by injecting 50 mM mag-
nesium chloride (1-3 mL) directly into the foot to paralyze the foot
musculature. The animal was then placed on a dissection tray with
its foot facing downward. The tentacles were pinned down and the
shell retracted. A dorsal midline incision was made to expose the
central ring ganglia. Using a fine, fire-polished glass pipette, the
central ring ganglia were exposed and fine forceps used to crush
the axon of RPeD1 (and other neurons), traversing between the
right pleural and parietal ganglia (i.e., the right pleural-parietal con-
nective; see Fig. 1). In sham-operated animals, a skin incision was
made but no nerve or connective was crushed. A second control
group was also used. In this group, the right pleural-parietal con-
nective was cut. All animals were then returned to a well-aerated
tank and allowed to recover for 1 d before determining if they
could perform aerial respiratory behavior. No suture was necessary
to close the incision in any of the three groups.

To determine if a regenerated nervous system was capable of
mediating associative learning and LTM, the operant conditioning
procedure described above was used on previously untrained snails
that had (1) their right pleural-parietal connective crushed and (2)
performed aerial respiratory behavior 10 d after surgery (i.e., had
undergone functional regeneration).

To determine if LTM (.e., savings) survived axotomy and the
subsequent regeneration process, snails were first subjected to the
operant conditioning training and 1 h after the last training session
(Session 7) the right pleural-parietal connective was crushed. Ten
days later, the snails received a savings-test session (i.e., Session 8).
These snails were also subjected to a different context test (i.e.,
Session 9) to demonstrate that aerial respiratory behavior was still
possible. However, in the yoked control experiments described in
Figure 6C, we did not perform a CC challenge following the post-
test because there was no difference in the number of attempted
pneumostome in that session compared to the pretest session.
Thus, there was no need to further demonstrate that aerial respi-
ratory behavior was possible.

Lucifer Yellow Fills

In pilot experiments, LY fills of RPeD1 were performed 1 d after
the nerve crush to the right pleural-parietal connective to demon-
strate the effectiveness of the crush procedure. Pilot experiments
showed that it took 10 d for aerial respiratory behavior to be rees-
tablished following the crush. To demonstrate that regeneration of
RPeD1’s axon had occurred, LY fills of RPeD1 were performed on
randomly picked snails 1 and 10 d after the crush. We followed the
procedure for LY fills in in vivo preparations as described previ-
ously for Lymnaea (Syed et al. 1992). When tested with a hypoxic
challenge 1 d after the crush, snails did not perform aerial respira-
tion; whilst aerial respiration was performed in the snails examined
10 d after the nerve crush.

Statistics

To determine whether breathing behavior (total breathing time)
changed as a result of operant conditioning training (Figs. 3, 5), we
employed a one-way, repeated-measures ANOVA: testing both a
within-groups factor (i.e., pre vs. post) and a between-group factor
(i.e., naive, contingent, yoked [Zar 1999]). If the ANOVA is signifi-
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cant (P < 0.05), a post-hoc Fisher’s LSD t-test was performed to
show which individual sessions were significantly different.

To determine whether the number of attempted pneumos-
tome openings are significantly altered as a result of operant con-
ditioning in sham controls and regenerated and yoked control
snails (Figs. 4, 6), we used a statistical design with one between-
group factor (i.e., sham-control operantly conditioned, regenerated
operantly conditioned, and regenerated yoked control) and two
within-group factors (i.e., Factor II: Sessions 1, 6, 7, 8; and Factor 111
context effects). If the ANOVA is significant (P < 0.05), a post-hoc
Fisher’s LSD t-test was performed to show which individual ses-
sions were significantly different. Differences were considered to
be significant if P < 0.05.

All behavioral observations were performed blind. The re-
searcher performing behavioral observations was unaware of the
surgical procedures performed on the animals, and the investigator
performing the surgery was unaware whether the animal had been
trained, was a yoked control, or was naive.
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