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Magnetic Fields Inhibit Opioid-Induced
Feeding in the Slug, Limax maximus
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KAVALIERS, M., K.-P. OSSENKOPP AND A. MATHERS. Magnetic fields inhibit opivid-induced feeding in the slug,
Limax maximus. PHARMACOL BIOCHEM BEHAV 23(5) 727-730, 1985.—Exposure to rotating and elevated magnetic
fields significantly reduced over three hours the ingestive effects of the opiate agonist, morphine (10 mg/kg), in free-feeding
slugs, Limax maximus. Magnetic field exposure also inhibited the opioid-mediated increased ingestive responses of slugs
that had been food-deprived for 24 hr. These results suggest that magnetic stimuli inhibit opiate-mediated behavioral and
physiological functions in invertebrates in a similar manner as observed in vertebrates.
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SUBSTANTIAL evidence exists to suggest that magnetic
fields can influence biological systems. Geomagnetic cues
are used in avian, fish and insect orientation [13,30]. Various
types of magnetic stimuli have been shown to affect circa-
dian rhythmicity, growth, feeding, drinking, endocrine ac-
tivity and a variety of other behaviors in birds and mammals
{1, 4,9, 22-23a, 29-33, 42], including that of humans [42].
Magnetic fields have also been shown to influence a number
of behaviors in a variety of species of invertebrates [1, 6-8,
13].

One of the observed effects of magnetic field exposure is
a marked attenuation in the degree of analgesia and hyperac-
tivity induced in mice by administration of the exogenous
opiate, morphine [22-23b, 32]. This inhibitory effect is signifi-
cantly greater at night, with fluctuating earth-strength and
weak 60 Hz magnetic fields (0.5-1.5 Hz) reversibly suppres-
sing the normal nocturnal peak in the day-night rhythm of
morphine-induced analgesia [22]. In the day-time these weak
magnetic stimuli are without any apparent effect on
morphine-induced analgesia [23]. However, stronger mag-
netic fields do have significant inhibitory effects on day-time
analgesia [22,32a). The greater effects of magnetic fields on
opiate actions in the night-time may in part be attributed to
the inhibitory influence that magnetic stimuli are proposed to
have on the vertebrate pineal gland [22]. Semm and his co-
workers [37.40] indicated that exposure to time-varying
fields can block the nocturnal metabolic and hormonal activ-
ity of the pineal gland. Previously, it had been shown that
pinealectomy and non-invasive inhibition of the activity of
the pineal reduced the nocturnal peak of morphine-induced
analgesia [19,25]. However, the presence of significant ef-
fects of magnetic fields on morphine-induced responses in
the day-time [23], when the hormonal activity of the pineal is
at a minimum [34], suggests that magnetic stimuli may also
have other more direct actions on opiate systems. It is of
importance, therefore, to determine whether magnetic stim-

uli affect opiate mediated responses when the pineal gland is
absent. Additionally, since opioid systems have been impli-
cated in the regulation of a broad range of basic functions
[17], it is also of interest to establish whether magnetic stim-
uli affect opiate mediated behaviors other than locomotor
activity and nociceptive thresholds.

There is substantial evidence that opioid peptides have
functional roles in the determination of behavioral and phys-
iological functions in invertebrates. Opioid systems have
been shown to be involved in the mediation of ingestive,
locomotory, nociceptive and thermoregulatory behaviors of
terrestrial molluscs [18, 20, 21]. Recent studies have re-
vealed that opioid systems are involved in the regulation of
the ingestive behaviors of the slug, Limax maximus, in a
manner similar to that in mammals [21,23b]. Therefore, it is of
interest to determine whether magnetic stimuli affect opiate-
induced ingestive responses of this invertebrate. We report
here that an exposure to a rotating magnetic field markedly
reduces morphine- and food deprivation-induced ingestive
responses in the slug, Limax maximus.

METHOD
Animals and Experimental Apparatus

Slugs (10-15 g) were field collected (Victoria, British
Columbia) and maintained in the laboratory at 22+ 1°C under a
12 hr light 12 hr dark cycle (light 125 ww/cm®). They were
communally houssed in a glass aquarium (95x51x46 cm)
that was provided with a soil substrate. Animals were kept
moist and had continuous access to water, lettuce and other
leafy vegetation.

Slugs were placed individually in 10 cm diameter petri
dishes to which they were confined by S cm high plastic
mesh slides and a plastic cover. A substrate of lettuce was
placed on the bottom of the dishes. To ensure full hydration
of the slugs a thin film of water was also maintained in each
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FIG. 1. Effects of rotating magnetic fields (RF) and sham rotating
magnetic fields (sham) on the mean hourly food intakes of individual
Limax maximus that were, A. Free-feeding and received
intramuscular (IM) injections of morphine (10 mg/kg). B. Food-
deprived for 24 hr and then presented with food. Animals were
pre-exposed to the RF or sham RF conditions for 30 min before
receiving either the IM injections or being presented with food. In-
gestive responses were also determined of control groups (C) that
received neither the RF nor the sham exposures. N=10 in all cases.
Vertical lines denote two standard errors of the mean.

dish. The slugs were acclimated for 48 hr to these feeding
units before any experimental manipulations were carried
out.

The dishes, which were resting on 5 ¢cm foam rubber
sheets, were placed centrally between the magnets of a rotat-
ing magnetic field apparatus [22]. The apparatus consisted of
two horseshoe magnets that were rotated in opposite direc-
tions along their major axes at 29 rpm. Central field inten-
sities (with the magnets stationary and aligned along oppo-
site poles), as measured by a Bell Incremental Gauss Meter
(Model 640) ranged from 2.0-35 gauss. The spatial distribu-
tion of this field is illustrated in Kavaliers er al. [22]. In the
sham exposure conditions the noise and vibrations of the
motors were present, with the magnets replaced by lead
weights of equivalent mass. In the sham exposure conditions
field intensities were of constant earth strength (0.50-0.60
gauss).

Experimental Procedures

The dishes with the slugs were exposed for 30 minutes to
either the rotating field (RF) or sham RF conditions. Deter-
minations were then made of the effects of intramuscular
(IM) injections of morphine sulfate (10 mg/kg/10 ml, BDH,
Montreal) in saline on the amounts of pre-weighed lettuce
(2.0-3.0 g) ingested by individual stugs (n=10, in all cases)
each hour for three hours during the light period (900-1200
hr) while the animals were continuously exposed to either
the RF or sham RF. Determinations were also made of the
food intakes of control unexposed group of slugs (n=10, in
both cases) that received either morphine (10 mg/kg/10 ml) or
saline by itself (10 mg/kg). At the end of each hour slugs were
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quickly removed from the dishes and the remaining lettuce
was blotted dry and weighed. Any food adhering to the slugs
was removed and corrected for in the hourly determinations
of food intake.

In another series of experiments slugs were deprived of
food for 24 hr. They were then exposed to the RF or sham
RF conditions for 30 min after which lettuce (2.0-3.0 g) was
provided. Determinations were then made of the amounts of
food consumed hourly over 3 hr (900-1200 hr) while the slugs
(n=10, in all cases) were exposed to either the RF or sham
RF conditions. Determinations were also made of the food
intake of a non-exposed control group (n=10). All data was
analysed by analysis of variance.

RESULTS

Administration of morphine resulted in a significant
(7 <0.01) increase in the ingestive responses and food intakes
of both control and sham RF exposed free-feeding slugs (Fig.
1A). Maximal effects of morphine occurred within 1-2 hr of
administration with a non-significant increase in food con-
sumption evident in the third hour. There were no significant
differences between the hourly food intakes of the
morphine-treated control and sham RF exposed slugs. How-
ever, exposure to the rotating magnetic field dramatically
reduced (p<<0.01) the hourly food intakes of morphine
treated animals as compared to the control or sham RF ex-
posed individuals (Fig. 1A). The ingestive responses of the
RF exposed morphine treated slugs were not significantly
different from those of the saline treated control individuals.
No apparent differences in activity were noted between con-
trol, sham RF and RF exposed groups of slugs.

Control and sham exposed food-deprived animals dis-
played significantly greater (»<<0.01) ingestive responses
than did the individuals which had food continuously pres-
ent. The greatest increase in food intakes was evident during
the first and second hours after food introduction, with in-
gestive responses returning to basal levels by the third hour.
There were no significant differences in food intakes be-
tween the control and sham RF exposed groups. However,
exposure to the RF significantly (»<0.01) reduced the hourly
food intakes of the food deprived slugs. The food intakes of
the RF exposed food-deprived slugs were more variable and
non-significantly greater than those of the control individuals
which had food present. In control procedures no significant
differences were found between the basal food intakes of
free-feeding control. sham RF or RF exposed groups of slugs.

DISCUSSION

The present results show that exposure to a low fluctuat-
ing magnetic field inhibits morphine- and deprivation-
induced feeding in the slug, Limax maximus. This extends
previous demonstrations of significant attenuation of
morphine-induced analgesia and hyperactivity by magnetic
field stimuli [22, 23, 23a, 32, 32b] to opiate mediated ingestive
responses. Evidence obtained from behavioral, biochemical,
electrophysiological and pharmacological investigations of
the effects of opiates, their agonists and antagonists, in mol-
luscs, suggests the existence of regulatory opioid systems
that resemble those found in mammals [18, 20, 21, 23b, 24, 38,
39]. The present results provide further evidence of this similar-
ity, demonstrating that magnetic stimuli also inhibit opiate
actions in Limax. The time-course and patterns of morphine
and other opiate-induced ingestive responses in Linax are
similar to those observed in mammals [28,36]. Furthermore.
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administration on the opiate antagonist, naloxone, blocks the
ingestive effects of morphine as well as decreasing the feed-
ing responses of food-deprived slugs [21,23b]. These effects of
naloxone are similar to those reported from mammals [5, 27,
28] and are indicative of actions at specific opiate receptors
[2,8]. The similarities in the inhibitory effects of the magnetic
fields and naloxone on deprivation-induced feeding also
provide suggestive evidence to support the proposal that
magnetic stimuli may effect endogenous opioid activity.
Whether these magnetic fields have comparable effects on
morphine- and deprivation-induced feeding in mammals is
under investigation.

Since the animals in this experiment were well hydrated it
is expected that water uptake would secondarily accompany
feeding. This may be analogous to the situation in mammals
where drinking is primarily considered to arise from and fol-
low opioid-induced feeding [12,24]. There is some evidence,
however, to suggest that endogenous opiates may also have
independent stimulatory effects on mammalian drinking [28].
It remains to be determined whether the opioid system and
magnetic stimuli have any effects on the fluid balance and
water uptake of Limax.

These findings indicate that magnetic field stimuli have
similar inhibitory effects on opiate mediated behaviors in
invertebrates and vertebrates. This raises the possibility of
there being an early and common phylogenetic involvement
of opioid mechanisms in the mediation of the biologic effects
of magnetic fields. These findings also suggest that the pres-
ence of the vertebrate pineal gland is not essential for mediat-
ing the inhibitory effects of magnetic stimuli on opiate
mediated behavioral and physiological functions. This does
not, however, preclude the possibility that in vertebrates the
pineal organ and its hormonal products such as melatonin
[34], may be involved in the mediation of day-night rhythms
in sensitivity and responses to magnetic stimuli.

The inhibitory effects of the rotating magnetic fields on
morphine-induced ingestive responses in Limax may arise
from the increased levels of the magnetic fields as compared
to earth strength fields and/or fluctuations in field strength.
There is evidence to suggest that both of these components
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can influence biological systems [1], though, the mech-
anism(s) whereby these effects are exerted are not well un-
derstood. Evidence exists to suggest that it is the rotating or
varying portions of the field rather than the static compo-
nents which influence opioid activity (in preparation). Mag-
netic fields have been shown to influence the release of a
number of neurotransmitters [1,11]. These actions are
thought to involve alterations in neural calcium and in the
stability of calcium binding to neuronal membranes [1-3].
Exposure to radiofrequency electromagnetic fields has been
shown to increase **Ca** efflux from isolated chicken cere-
bral tissue [3].

These reports fit well with the available data on the rela-
tionships between calcium, as well as other ions, and opiates
[10, 14-16, 35]. In rodents intracisternal injection of calcium
antagonizes morphine and opioid peptide induced analgesia
[16]. The simultaneous administration of chelating agents
prevents the calcium antagonism while calcium ionophores
increase the antagonist effect of low doses of calcium [10].
Moreover, calcium injected into periaqueductal grey region
antagonizes the analgesia produced by injections of mor-
phine, 8-endorphin or (D-Ala?, Met* enkephalamide) into the
same region [15]. Additionally, both the mu and delta opioid
receptors on which morphine can act [28], may be coupled to
voltage- and/or calcium-dependent potassium channels [41].
Thus, any alterations in calcium release and binding resulting
from the magnetic field stimuli would probably have negative
effects on mu and delta opioid mediated responses.

A variety of other possible modes of action of magnetic
fields have also been proposed [13,26]. Further studies are
needed to determine whether or not magnetic fields influence
opioid mediated invertebrates and vertebrates in the same
manner and on the possible causal relationships to changes
in calcium and related ionic conditions.
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