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Terrestrial snails, Cepaea nemoralis, develop tolerance to morphine-induced analgesia, such that after 7-9 days of treat-
ment with morphine (10 mg/kg) their response latencies to an aversive thermal stimuli (38.5°C) are not significantly different
from those of untreated control animals. In Experiment A snails were rendered tolerant to morphine using either of two
pre-injection cues (light and dark background brightness or color) and then assessed for morphine-induced alterations in
thermal nociceptive responses in both environments. In Experiment B snails were made tolerant to morphine in the
presence of one of two different thermal cues (a stressful temperature of 35°C that is normally avoided or an ambient
temperature of 22°C) and then tested for morphine-induced alterations in nociceptive responses in both environments. In
the two experiments tolerance to morphine-induced analgesia was displayed when snails were exposed to the pre-injection
environmental cue normally associated with the administration of morphine, but not when exposed to the alternative
pre-injection cue. These results demonstrate that various environmental factors (background colors or brightness as well as
temperature cues and potentially thermal stress), can function as environmental specific cues for the development of
tolerance to morphine-induced analgesia in molluscs, in a manner consistent with a behavioral mechanism of tolerance.
Thus, these results suggest that environmental specificity of tolerance involving either classical (Pavlovian) conditioning or
habituation may be a general phenomenon having an early evolutionary development and broad phylogenetic continuity.
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A characteristic effect of repeated administrations of opiates
is the development of tolerance. The behavioral and physi-
ological effects that are initially produced by substances
such as morphine show a progressive decline in intensity
until they are indistinguishable from responses of control
animals (3, 13, 40]. A variety of mechanisms have been pro-
posed to explain the development of tolerance; the majority
of these have dealt with the physiological and pharmacologi-
cal consequences of repeated opiate administrations. It has
been suggested that systemic changes arising within the or-
ganism may modify opioid receptor sensitivity, induce func-
tional neurochemical and/or neurotransmitter changes and
alter the disposition and metabolism of opiates [6, 13, 28, 40].

Relatively recently, it has been recognized that the display of
tolerance is also dependent on behavioral factors and en-
vironmental cues in a manner consistent with either Pavlo-
vian conditioning and/or habituation {10, 11, 35, 37]. Accord-
ing to both the compensatory classical conditioning and
habituation proposals, tolerance depends not only on re-
peated administrations of the drug, but also on experience
with specific environmental cues present at the time of drug
administration [2, 10, 37]. For example, rats tested in the
context of the ‘usual’ pre-drug cues are more tolerant to the
analgesic, thermic, locomotor and behaviorally sedating ef-
fects of repeated doses of morphine than are equally drug-
experienced rats tested in the context of ‘alternative’ cues
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[12, 33, 34, 37]. According to the habituation account this
may involve learned and unlearned responses while the al-
ternative conditioning explanation involves learning experi-
ence with the cues. Behavioral involvement in tolerance de-
velopment has now been demonstrated with a variety of
opiate and non-opiate drugs [11, 21, 26, 27, 37), and this
environmentally influenced response is hypothesized to be a
general characteristic of mammalian drug tolerance [37].

In invertebrates, and, in particular, molluscs, there is be-
havioral, biochemical, electrophysiological and phar-
macological data supporting the existence of regulatory
opioid systems that resemble those present in mammals
[15-20, 23, 24]. Endogenous opioid systems are involved in
the mediation of the thermoregulatory, nociceptive and anal-
gesic responses of the terrestrial gastropod snail, Cepaea
nemoralis. Morphine, as well as opioid peptides, enhance, in
a dose-dependent manner, the aversive thermal response
latencies of Cepaea to a ‘hot-plate” in a manner analogous to
that associated with the production of analgesia in mammals
[15, 16, 20]. These ‘analgesic’ responses display a stereo-
specific requirement similar to that reported in mammals
{20]. In addition, the opiate antagonist, naloxone, can sup-
press and reverse the analgesic effects of morphine in
Cepaea, as well as reducing response times of control snails
[15], further supporting a direct role for endogenous opioids
in the mediation of thermal nociception. As in mammals,
after 5~7 days of daily administration of morphine, Cepaca
develop tolerance to the morphine-induced prolongation of
response time [16]. Moreover, pre-treatment with the protein
synthesis inhibitor, cycloheximide, disrupts this develop-
ment of tolerance.

Learning behavior analogous to vertebrate classical con-
ditioning and habituation has been demonstrated and is
under intensive investigation in a number of species of mol-
luscs [1, 4, 5, 8,9, 29, 30]. It has been proposed that at least
some of the cellular and neuronal mechanisms underlying
associative learning may be consistent from molluscs
through to mammals {1, 8, 9]. It was considered of interest.
therefore. to determine whether or not the development of
tolerance to morphine in Cepaca is also influenced by en-
vironmental cues in a manner consistent with the proposed
behavioral models of tolerance. In the present study we
show that environmental features (background color or
brightness cues) as well as an elevated temperature, and po-
tentially thermal stress, can function as specific environ-
mental cues for the development and expression of tolerance
to morphine-induced analgesia in Cepaea.

METHOD
Animals

Cepaea were collected locally in London, Ontario, and
maintained as separate color banding morphs [14] under a 12
hr light-12 hr dark cycle (LD 12:12, L=25 pw/cm?) at 22°C.
The snails were fed daily with lettuce supplemented with
vitamins, with water being freely available.

Experimental Procedures

Aversive thermal responses of hydrated snails were de-
termined using a modified hot-plate technique [39]. Since the
activity of snails can be modified by their state of hydration
[38], all snails were allowed to fully hydrate (15 min) before
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being tested. Snails were placed in sealed containers with a
saturated atmosphere and water in the bottom. After hydra-
tion, snails were injected with either morphine sulfate (BHD.
Toronto) in a physiological saline solution (1.0 w1 containing
10 png) or the saline vehicle (1.0 ul) [25]. No corrections in
dose were made for variations in the mass of the individual
snails (the mass of the snail’s body without shell ranged
from 0.7-1.3 g). The solutions were injected with a micro-
syringe (5.0 ul Hamilton, NV) into the side of the foot in
either the vicinity of, or directly in. the mantle cavity into the
haemocoel. Snails were returned to the hydration chambers
for an additional 15 min. Individual snails were then placed
on a hot-plate (Technilab, NJ) and the latency of their foot
lifting response to a 38.5x0.5°C thermal stimulus was re-
corded. When placed on a thermally aversive surface, fully
hydrated Cepaea display a characteristic elevation of the
anterior portion of their foot (Fig. 1 in [20]). This response.
indicative of discomfort or aversion. has not been observed
in snails exposed to temperatures normally present in their
natural habitats [20]. but becomes evident as the experi-
mental temperature is raised to 40°C [16]. Previous studies
had established that maximal responses to morphine by
Cepaca occurred 15 min after injection [15.16]. All determi-
nations were carried out in the early light period (1000-1200
hr).

Tolerance Acquisition

Tolerance to morphine-induced analgesia was established
in snails that were exposed to one of two different specific
environmental cues. Administration of morphine was asso-
ciated with exposure to either (A) light or dark background
colors (high and low brightness, respectively), or (B) am-
bient or elevated environmental temperatures (22°C and
35°C, respectively). The latter investigation also encom-
passes consideration of the possible roles of stress [35°C
being aversive to some morphological varieties of Cepaca
(120] and Kavaliers, in preparation)] as a cue for tolerance
development. Details followed in experiments A and B are
given below.

A. Background color cues. Snails were treated as de-
scribed previously with saline or morphine every day for 10
days and the latencies of their thermal responses were de-
termined. Hydration of the snails for 1S min both before and
after injection occurred in either a bright light colored (white
opaque chamber with a transparent top) or dark (black,
closed chamber) environment. Chamber sizes. temperature
and humidity levels (saturated) were similar. Twenty differ-
ent snails were used for each of the four groups.

B. Temperature cues. Snails were treated with saline or
morphine as above every day for 10 days and the latencies of
their thermal responses were determined. One group of these
snails was exposed to a 35+0.5°C hot-plate for 1 min before
being injected with morphine or saline, while another group
was placed on the hot-plate at an ambient temperature of
22+ 1°C. Although the snails do not show any evidence of an
aversive response to 35°C after 1 min, the majority of morphs
of Cepaea avoid this temperature and in a number of cases
show aversive responses after 1.5-2.0 min. This latter
avoidance is taken as evidence to support the contention
35°Cis a stressful environment to this particular morphologi-
cal type of Cepaea. All groups were hydrated in similar light
environments. Twenty different snails were used in each of
the four groups.

To test for the possible effects of experience with the 35°C
hot-plate on the latency of thermal responses, additional
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groups of 10 snails were injected with morphine or saline for
10 days and tested on a non-functional 38.5°C hot-plate after
receiving morphine or saline. Previous studies had shown
that daily injections and handlings by themselves have no
significant effects on nociception and response latency of
snails [16].

Tolerance Test Conditions

A. Background color cues. After ten days of treatment
with morphine the specificity of the light and dark cues for
morphine tolerance induction was examined. Ten randomly
chosen snails that had been exposed to light pre- and post-
injection cues were now hydrated in the dark, while 10 indi-
viduals that had received the dark cues were hydrated in the
light. The other ten individuals in each group were main-
tained and tested with their original background color condi-
tions. Similar tests of the specificity of the background
hydration cues were also carried out with 10 each of the
saline injected individuals. As before, the other 10 individu-
als remained under their original conditions fifteen min after
injection with morphine or saline and hydration. The thermal
response latencies of the snails were determined as de-
scribed previously. On the next day, the nociceptive re-
sponse of all the morphine and saline-treated snails were
determined under their original light or dark tolerance ac-
quisition conditions.

B. Temperature cues. After ten days of treatment with
morphine and pre-exposure to either 35°C or 22°C the speci-
ficity of these temperatures as cues for morphine tolerance
was examined. Ten randomly chosen snails that had been
exposed to 35°C were now exposed to the hot-plate at 22°C,
while ten individuals that had been placed on the non-
functional 22°C hot-plate were exposed to 35°C. The other 10
individuals in each group were kept under their original cues.
Similar tests of the specificity of the temperature cues oc-
curred with 10 each of the saline-treated individuals. Fifteen
min after injection with morphine and hydration, thermal
response latencies of the snails were determined. On the
next day the nociceptive responses of morphine and saline
injected snails were determined under their original thermal
tolerance acquisition conditions.

All data were analysed by analysis of variance for re-
peated measures. Student-Newman-Keuls multiple range
test was used for post-hoc comparisons of means. The signif-
icance level for hypothesis testing was set at 0.05.

RESULTS

A stereotyped elevation of the anterior portion of the ex-
tended foot was observed in fully hydrated snails that were
exposed to 38.5°C for a short period of time. This foot-lifting
behavior was never observed at ambient temperatures of
22°C conditions and as indicated previously occurred only
after 1.5-2.0 min exposure to 35°C in individuals of this par-
ticular morphological type.

A. Light and Dark Cues and Tolerance Development

Administration of morphine resulted in an initial (day 1)
significant (p<0.001, for the light or dark environment) in-
crease in the latency of the foot-lifting response as compared
to saline-treated individuals (Fig. 1). There was a significant
(p<0.01) decrease in the analgesic effect of morphine be-
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FIG. 1. Thermal response latencies (38.5°C) of snails (n=20) ex-
posed to either light (L) or dark (D) backgrounds and receiving daily
injections of morphine (10 ug) or saline (1.0 ul) for 10 days. Saline
responses over days 7-10 (not shown) are the same as for the first 7
days. Vertical lines denote two standard errors of the mean.

tween days 1 and 3. By days 7-10, the response latencies
were not significantly different from those observed in saline
treated animals and the Cepaea were considered to have
become fully tolerant to the analgesic effects of morphine.
There were no significant changes in the response latencies
of saline-treated animals. Similar response latencies are
present for days 1-10, (Fig. 1). For clarity of presentation
only days 1-7 of the saline treated animals are presented in
Fig. 1.

During the tolerance acquisition period there were no
significant differences between the thermal response laten-
cies displayed by the morphine-treated snails exposed to
either the light or dark cues. However, when the responses
of the light or dark hydrated groups were assessed after ex-
posure to dark or light environmental cues, respectively,
there was a significant (p<<0.001) elevation of thermal re-
sponse latencies (Table 1). Neither group of animals held in
the reversed cue condition displayed tolerance to morphine-
induced analgesia; their response latencies were not signifi-
cantly different from one another, or from that obtained on
the first day of treatment with morphine (Table 1). The ther-
mal response latencies of the saline-treated snails subjected
to equivalent treatments were not different. Although not
shown, the increase in morphine response latencies disap-
peared upon subsequent re-testing under the original light
and dark environmental cues. These thermal response
latencies did not differ significantly from either those found
on day nine, before imposition of the novel cues, or from the
response latencies displayed on days 10 and 11 by snails
maintained under their original acquisition cues.

B. Temperature Cues and Tolerance Development

During the tolerance acquisition period there were no
significant differences between the thermal response laten-
cies displayed by the morphine-treated snails exposed to
either 35°C, or the non-functional 22°C hot-plate, prior to
injection (Table 2). The initial levels of morphine-induced
analgesia and patterns of tolerance development were
equivalent to those obtained for the snails exposed to the
light and dark cues in Experiment 1 (Fig. 1, Table 1). Addi-
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tionally. there were no evident differences between the basal
nociceptive responses of all the groups of saline-treated
snails.

Snails that had been treated with morphine and tested
with a non-functional hot-plate did not significantly differ in
their response to the hot-plate from individuals that were
tested daily with the hot-plate (Table 3). A similar pattern of
response was also observed for the saline-treated individu-
als. This indicates that the increased responsiveness to the
hot-plate observed during the development of tolerance can-
not be attributed to an acquired proficiency in responding to
aversive stimulation. Whether or not just exposure to a non-
functional hot-plate can serve as environmental cue for the
development of tolerance was not, however, examined.
When the responses of the 35°C and 22°C exposed groups
were assessed after pre-injection exposure to either a non-
functional 22°C hot-plate or a 35°C temperature, respec-
tively, there was a marked elevation (p<<0.001) in thermal
response latencies (Table 2). Both groups showed no evi-
dence of tolerance to morphine-induced analgesia, their
thermal response latencies being similar to those obtained
during the initial treatments with morphine. There were no
significant differences in response latencies between the
stressed and non-stressed groups. No significant differences
were evident in saline-treated snails exposed to novel pre-
injection cues (Table 3). Although not shown, in the subse-
quent re-test with the original pre-injection temperature
cues, there was no evidence of tolerance to morphine-
induced analgesia: the thermal response latencies being simi-
Jar to those of the saline-treated individuals as well as to that
of the morphine-injected animals that were continuously ex-
posed to the same pre-injection cues.

DISCUSSION

The present results demonstrate that environmental
specificity of tolerance development to morphine-induced
analgesia occurs in invertebrates as well as in vertebrates.
Snails were significantly more tolerant to the analgesic ef-
fects of morphine when the drug was administered in the
context of cues previously associated with the drug, than in
the context of alternative cues. These responses are analo-
gous to the environmental specificity of tolerance to
morphine-induced analgesia that has been observed in ro-
dents [10, 11, 33, 34]. Furthermore, and as in mammals,
different stimuli were shown to be effective environmental
cues for tolerance development [10,37]. The present results
showed that background color or brightness and tempera-
tures, and potentially the presence or absence of an elevated
and potentially aversive thermal stimulus or stress can func-
tion as specific environmental cues for the expression of
tolerance to morphine-induced analgesia in Cepaea. These
similarities to mammalian systems provide further support
for the generality and fundamental nature of environmental
specificity of tolerance.

Previous investigations had revealed that the phar-
macological aspects of opiate tolerance and withdrawal in
Cepacea were analogous to those reported in mammals [16].
This study provides further evidence of this similarity, dem-
onstrating that, as in mammals, morphine tolerance in snails
is dependent on the environmental context in which the drug
affect is assessed. This environmental specificity of
tolerance in mammals has been explained by a classical
conditioning model [12, 33, 34, 37. 40], though a modified
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TABLE 1

SPECIFICITY OF THE LIGHT AND DARK BACKGROUNDS AS CUES
FOR THE DISPLAY OF TOLERANCE TO MORPHINE-INDUCED
ANALGESIA BY SNAILS (n=10. FOR EACH CATEGORY)

[atency of Response (sec)

Tolerance Light Dark
Acquisition

Condition Morphine Saline Morphine Saline
Light 11.8x1.7 11.4=1.8 29.8+2.7 12.6%1.9
Dark 32,724 14.6x1.6 12.5+1.8 15.4=1.7

Saline responses are given for comparison. All thermal response
latencies are = two standard errors.

TABLE 2

SPECIFICITY OF THE THERMAL STIMULUS (35°, STRESS) AND
AMBIENT CONDITIONS (22°, NON-STRESS) AS CUES FOR THE
DISPLAY OF TOLERANCE TO MORPHINE-INDUCED ANALGESIA
BY SNAILS (n=10, FOR EACH CATEGORY)

[.atency of Response (sec)

Tolerance Stress Non-Stress
Acquisition

Condition Morphine Saline Morphine Saline
Stress 9.8+1.6 12.7+6.9 23.7+2.4 14.4+ 1.6
Non-Stress  29.6+2.4 13.9+2.1 10.6+1.% 13.2+1.7

Saline responses are given for comparison. All thermal response
latencies are = two standard errors.

TABLE 3
MEAN RESPONSITIVITY DURING HOT-PLATE TEST SESSIONS

Tolerance Latency of Response tsec)

Acquisition

Condition Morphine Saline
Functional hot-plate 11.7x1.3 11.4-1.7
Non-Functional hot-plate 13.9+2.4 13219

All thermal response latencies are = two standard errors.

homeostatic-conditioning model [27]. as well as habituation
have also been proposed {2, 7. 10, 22]. According to the
Paviovian associative conditioning model, environmental
stimuli accompanying drug administration serve as the con-
ditional stimulus, with the drug effect constituting the
unconditional stimulus. In the habituation proposal both
learned and unlearned processes are postulated to be in-
volved in the determination of the environmental specific
responses [2]. The conditioning and habituation models both
agree with the growing number of reports which show that
conditioning procedures, as well as habituation related learn-
ing, can significantly affect the behavior of molluscs {4, 5. 8,
9. 29, 30]. Simple associative learning in molluscs has been
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shown to be in most respects similar to that observed in
mammals [9], and could account for the observed environ-
mental specificity of tolerance to morphine-induced
analgesia. Whether or not molluscs display environmental
specific tolerance to other opiate or non-opiate mediated be-
haviors remains to be determined. However, the present re-
sults do suggest that the investigations of the neuronal mech-
anisms of associative learning, which are being carried out
with several species of molluscs {1, 8, 9], may provide in-
sights into the basic mechanisms underlying the impact of
environmental cues on opiate-induced tolerance.
Environmental specificity of opiate-based tolerance
necessitates a thorough account of and understanding of the
effects of the various environmental stimuli present at the
time of drug administration. Investigations with mammals
have revealed that a variety of factors may serve as distinct
cues [21, 37, 38, 40]. The present results indicate that this is
also true for Cepaea, with distinctive background and ther-
mal environment serving as effective cues. Whether or not it
is the differences in temperatures and/or the stress associ-
ated with exposure to 35°C that serves as the effective en-
vironmental cue remains to be determined. It has been
suggested, however, that tolerance may be enhanced when
the drug is experienced in conjunction with stress induced by
exposure to distinctive cues associated with drug adminis-
tration and assessment [12]. In the present study the results
of the control procedures indicated that the decreasing anal-
gesic effectiveness of morphine was not due to experience
with the aversive test surface. This is similar to the results
obtained from control studies by Siegel [33] using the ‘hot-
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plate’ test with rats. Eggposure to stress has been shown to
enhance morphine-induced analgesia in rats [31,32]. How-
ever, the intensity of stress imposed in those studies ac-
tivated endogenous opioid systems and was, by itself, capa-
ble of inducing analgesia. Although molluscs can also display
stress-induced analgesia [18], the duration and/or intensity of
the thermal stress or in the present study was not sufficient
to induce analgesia or potentiate the effects of morphine. In
this regard, it would be of interest to determine whether a
pre-exposure to a low level thermal or other type of appar-
ently non-analgesic stress could serve as an effective en-
vironmental cue for tolerance to morphine-induced analgesia
in mammals.

In summary, the present results suggest that environ-
mental specificity of tolerance, consistent with a classical
conditioning or habituation model, may be a basic and gen-
eral characteristic. Moreover, the results also suggest that
both the associative (learning) and non-associative (phar-
macological) mechanisms that contribute to the development
of tolerance may have had an early evolutionary develop-
ment and broad phylogenetic distribution.
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