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system of Lymnaea induced by the dopamine and
serotonin neurotoxins 6-hydroxydopamine and 5,6-
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SUMMARY

The neurotoxins 5,6-dihydroxytryptamine (5,6-DHT) and 6-hydroxydopamine (6-OH-DA) were used
to examine the role of monoamines in the feeding system of the snail Lymnaea stagnalis. Biting responses
to sucrose were monitored up to 25 days after injection with drugs. Cerebral and buccal ganglia and
cerebro-buccal connectives from the same groups of snails were examined for changes in serotonin and
dopamine levels by high performance liquid chromatography and the glyoxylic acid histo-fluorescence
technique.

Twelve to eighteen days after injection with 5,6-DHT only 57 9, of the snails responded to sucrose with
biting movements, compared with 98, of controls. Those that did respond had a longer latency to the
first bite and the bites were of shorter duration and occurred at a lower rate when compared with controls.
This was accompanied by a 399, drop in 5-HT levels in the cerebro-buccal commissure and nerves and
a loss of fluorescence in the axons of the paired cerebral giant cells, the main serotonergic neurons involved
in feeding. Earlier behavioural effects of injecting 5,6-DHT at 20 min and 34 h after injection could not
be explained by specific changes in 5-HT levels. Recovery of both behavioural response and serotonin
levels occurred between 22-25 days after injection.

Injection of 6-OH-DA also inhibited feeding responses but the effects were quicker (1-3 days) and more
dramatic, with only 409, of snails showing any biting response to food compared with a 98 9, response
in controls. Reduction in dopamine (DA) levels of 40 9%,, together with a loss of DA fluorescence in nerve
fibres accompanied the reduction of behavioural responsiveness. An early (3—4 h) effect of 6-OH-DA
injection could not be correlated with a specific reduction in DA levels. Behavioural responses and DA
levels returned to normal by 4-7 days after injection.

Both neurotoxins inhibited uptake of their target monoamines and this appeared to be the main
mechanism for depleting 5-HT and DA. Early effects of neurotoxin injection probably directly inhibited
monoamine uptake, whereas long-term inhibition was a secondary effect because of degeneration of nerve
fibres. Neither neurotoxin caused release of monoamines.
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Monoamines and snail feeding

Results from both neurotoxins suggest that monoamines play an important role in the initiation and
maintainance of the feeding response, the consummatory phase of feeding. Neither neurotoxin prevented
the occurrence of the initial appetitive phase of feeding when snails orientate towards food in the

experimental chamber.

1. INTRODUCTION

The monoamines dopamine (DA) and serotonin (5-
HT) are important in the neural circuits controlling
feeding movements of gastropod molluscs (see Pen-
treath ef al. 1982; Walker 1986). Both substances are
present in the buccal and cerebral ganglia of the most
commonly used species and can be localized to the
somata or fibres of neurons of the feeding circuitry
within these ganglia (Sakharov & Zs-Nagy 1968;
Weinreich et al. 1973; Granzow & Rowell 1981;
Trimble ¢t al. 1984 ; Straub & Kuhlman 1984 ; Audesirk
1985; Wieland et al. 1987 ; Kemenes et al. 1989).

The detailed role of DA is not known but in at least
two species (Helisoma and Limax) its application to the
ganglia of the cns elicited patterns of electrical ativity
which probably underlie feeding in the intact animals
(Wieland & Gelperin 1983; Trimble & Barker 1984).
The interpretation of this data is made difficult by the
lack of knowledge of the precise neuronal target of the
DA and the fact that neurons containing this trans-
mitter are widespread in the feeding centres (Wieland
& Gelperin 1983 ; Trimble et al. 1984 ; Audesirk 1985).

Serotonin is more restricted in its distribution, with
few or no 5-HT-containing neurons occurring in the
buccal ganglia where the central pattern-generating
circuitry is located (Ono & McCaman 1984; Audesirk
1985; Gadotti et al. 1986 ; Kemenes et al. 1989 ; Hernddi
et al. 1989). The main serotonergic neurons involved in
feeding are a pair of giant neurons which are located in
the cerebral ganglia but have synaptic and modulatory
actions on neurons of the buccal ganglia or muscles of
the buccal mass (reviews Pentreath et al. (1982);
Benjamin (1983)). The function of these cerebral giant
cells (cees) (also called metacerebral giant cells in
some species) has been extensively investigated in
several different species (Granzow & Rowell 1981;
Pentreath e al. 1982). They are usually considered to
be modulatory neurons with a facilitatory role,
necessary for full activation of the feeding system. In
Aplysia it is proposed that these neurons are part of the
neural system underlying feeding ‘arousal’ (Weiss et al.
1982). Studies on the pharmacological role of 5-HT in
the feeding circuitry are only just beginning but it is
already becoming apparent that its actions are complex
and difficult to interpret in terms of a simple model.
For instance in the snail, Lymnaea, 5-HT applied to
central ganglia at low concentrations facilitate the
production of feeding motor patterns, but at high
concentrations will reduce the burst frequency or even
inhibit motoneuron activity (Tuersley & McCrohan
1988). Direct effects of serotonin on muscles of the
buccal mass are also known in the related mollusc
Aplysia (Weiss et al. 1978). Muscle contractions due to
motoneuron actions were facilitated by serotonin
directly activating second messenger pathways (Man-
delbaum et al. 1978).

Phil. Trans. R. Soc. Lond. B (1990)

The main problem with the pharmacological studies
so far carried out was that it was very difficult to relate
the results to the normal feeding behaviour of the
mollusc being studied. Almost all the experiments had
to be carried out in isolated or semi-isolated pre-
parations to allow intracellular recording (Weiss et al.
1982). Therefore, we decided to use a different
approach to compare the roles of DA and 5-HT, one
often used in vertebrates. This was to reduce the levels
of monoamines in intact animals and then to follow
changes in feeding behaviour.

A good method of depleting monoamines is to inject
live animals with the neurotoxins 6-hydroxydopamine
(6-OH-DA) or 5,6-dihydroxytryptamine (5,6-DHT)
to deplete DA or 5-HT, respectively (Berry et al. 1974;
Baumgarten et al. 1975; Sathanantan 1976; Elekes ¢t
al. 1977 ; Hiripi et al. 1977). We chose the pond snail,
Lymnaea stagnalis, for study because both the feeding
behaviour and the neuronal circuitry underlying
feeding were known in considerable detail (Benjamin
1983; Benjamin & Elliott 1989). An understanding of
the role of serotonin and dopamine neurons in this
species was facilitated by the recent production of maps
of serotonin and dopamine-containing neurons (Kem-
enes et al. 1989; figure 3). It was important to measure
the actual changes in levels of 5-HT and DA resulting
from drug injection, as well as behaviour, and so a
parallel biochemical analysis was done with experi-
ments aimed at determining whether 6-OH-DA and
5,6-DHT affected uptake and release of DA and 5-HT.

The results were complex, due to early non-specific
effects of the drugs, but it was clear that at periods of
time when 5-HT levels were reduced in the fibres of the
CGCGs, fewer experimental snails than controls res-
ponded to food and those that did took longer to
respond and had bites of shorter duration and lower
frequency compared with controls. This was significant
because suppressing CGC electrical activity in
electrophysiological experiments produced similar re-
ductions in frequency and duration of bursts in feeding
motoneurons (Benjamin & Elliott 1989). Reduction of
DA levels led to a dramatic reduction in the number of
animals responding to food, again suggesting an
important role for monoamines in the activation of the
feeding system.

2. MATERIALS AND METHODS

Pond snails, Lymnaea stagnalis, were obtained from
animal suppliers in the U.K. or collected locally on the
Tihany Peninsula in Hungary. No differences in the
gross anatomy, behaviour or physiology of specimens
of these two geographically distinct populations could
be detected. The snails were maintained under
standard laboratory conditions (12:12 L:D cycle,
20%2 °C) in aerated standard snail water (Thomas et
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al. 1975) and normally fed on a lettuce diet except for
three days before the experiments when they were
completely starved.

(a) Injection of the snails with 6-hydroxydopamine
and 5,6-dihydroxytryptamine

In separate experiments two groups of 50 snails of
1.5-3.0 g body mass were injected with 25-50 pl
solutions of either 5,6-dihydroxytryptamine creatinine
sulphate (5,6-DHT) (SIGMA) or 6-hydroxydopamine
HCl (6-OH-DA) (Sigma or CALBIOCHEM). The
neurotoxins were dissolved in HEPES-buffered saline
(Benjamin & Winlow 1981) containing 0.5 mg ml™
ascorbic acid as an antioxidant. The concentration of
neurotoxins in the injection solution was 12 mg ml™
and this was equivalent to a 200 mg kg™ dose of the
drugs after injection into the snail’s body. The syringe
needle was inserted into the ventral surface of the
anterior part of the foot so that after penetration of the
skin the drugs were injected into the haemolymph in
the vicinity of the cns. A group of 50 control snails for
each of the two experimental groups was injected with
the vehicle (saline 4 ascorbic acid) alone. To compare
the possible immediate effects of injection of the false
transmitters with those of the real ones, two groups of
20 snails were separately injected either with DA or 5-
HT. The transmitters were dissolved and injected the
same way as the neurotoxins to give the same final
dose.

(b) Behavioural feeding tests

Feeding tests were done on control and experimental
groups from 25 min up to 28 days after the injection
with drug or the vehicle control. Feeding movements
(opening of mouth, rasping and closing of mouth) of an
individual snail were elicited by pipetting sucrose
(0.001 mol I"* final concentration) into an observ-
ational chamber and permanently recorded using a
penrecorder (Kemenes ¢t al. 1986). Snails that did not
start feeding within 2 min after the sucrose stimulus
were classed as ‘non-responding’. A minimum of 7 and
a maximum of 25 snails were tested in each experiment
and the mean latency to first bite, mean duration of the
first 20 individual bites and the mean of the first 20
interbite intervals were computed. One-tailed paired
and unpaired -tests (Minitab Statistics Package) were
performed on the data to establish significance levels
for differences between control and experimental

groups.

(¢) Measurement of serotonin, dopamine and false
transmitter levels in neural tissue

(i) Hustofluorescence

We used the histochemical glyoxylic acid procedure
(Axelsson et al. 1973 ; Barber 1982) modified for whole
mounts in Lymnaea by Audesirk (1985) to locate DA
and 5-HT in Lymnaea neural tissue. The technique
stains up yellow (5-HT) and green (DA) fluorescing
fibres and cell bodies in the cerebral and buccal ganglia
where neurons of the feeding circuit are located. The

Phil. Trans. R. Soc. Lond. B (1990)
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green fluorescence is not unique to DA and could also
indicate noradrenaline. However, we chose certain
fibres which we know from separate experiments
do not contain biochemically detectable amounts of
noradrenaline but stain positively with an antibody to
dopamine (Elekes ¢/ al. in preparation) so we were
confident that we were analysing dopamine rather
than noradrenaline. Figure 34 (within the box) shows
the part of the cNs where the main glyoxylic acid
analysis was carried out. It contained the axons of the
serotonergic CGCs (Kemenes et al. 1989) and fibres of
DA cells from unidentified neurons of the buccal
ganglia. Ganglia from the behaviourally tested animals
(control and experimental) were sampled from 1 to 28
days after injection and on each day a minimum of five
snails were subjected to the glyoxylic acid assay. Only
the presence or absence of fluorescence was noted and
any change from one day to another was considered
significant only if it occurred in at least 759, of
animals. The loss of the fluorescence does not necess-
arily show complete depletion of the monoamines,
rather it shows that the concentration decreased below
the sensitivity of the glyoxylic acid technique.

(ii) High Performance Liquid Chromatography

More quantitative analysis of DA and 5-HT levels
together with neurotoxins was carried out by reverse
phase (HpLc) high performance liquid chromatog-
raphy following the procedures of Saller & Salama
(1984). The buccal ganglia, cerebro-buccal connectives
together with the latero- and ventro-buccal nerves and
cerebral ganglia were analysed as three separate pieces
(anatomical arrangement of these structures shown in
figure 3).

Tissue samples were homogenized in 40 volumes
(mass by volume) of mobile phase and centrifuged at
30000 ¢ for 20 min at 4 °C. Portions of the clear
supernatant were subjected to HPLC on a reverse
phase C18 Nucleosil column (15 cm x 4.6 mm, 5 pm
Chrompack) with a mobile phase of 0.1 M sodium
phosphate, 1 mM EDTA, 1 mm sodium octane-sul-
phonic acid, 10 9, acetonitrile, adjusted to pH 4.5 with
citric acid, at a flow rate of 1 ml min™. The elution
of neurotoxins and transmitters was monitored by
electrochemical detection at 0.7 V. Quantitative deter-
minations were made by comparisons with appro-
priate standards. The transmitter concentrations were
expressed in picomoles per tissue and then the
results from the experimental tissues were expressed as
a percentage of the same day’s vehicle controls. Each
result is the mean of five parallel measurements.
Statistical analysis of the differences between experi-
mental snails and same day’s vehicle controls was
performed by two-sample unpaired two-tailed ¢-tests.

(d) Do 6-hydroxydopamine and 5,6-
dihydroxytryptamine cause release of dopamine and
serotonin from snail ganglia?

In these experiments we wished to find out whether
the presence of high levels of the neurotoxins, likely to
occur following injection into the snail, caused release
of monoamines from the Lymnaea nervous tissue. This

Vol. 329. B
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might contribute to any behavioural effect of drug
injection.

The whole cns (including the buccal ganglia and
nerves) was quickly dissected from 24 untreated snails.
The 24 brains were separated into four experimental
and two control groups each consisting of four brains.
The groups were separately incubated in 2 ml
107" mol 1! ®H-DA or 3H-5-HT. The *H-amines were
dissolved in HEPES saline containing 0.5 mg ml™
ascorbic acid. After incubation at 25 °C for 1 h the
ganglia were rinsed twice in 20 ml saline and placed in
a 1 ml chamber. Superfusion was done with saline at
1 ml min™ flow rate. The first fractions were collected
after 10 min of superfusion. Twenty fractions were
collected and analysed in each group. In the ex-
perimental groups, during the collection of the 6th to
10th fraction, the superfusing medium was changed to
another fluid of the same composition except that
either the K* concentration was raised to 100 mmol 1!
or it contained 6-OH-DA or 5,6-DHT in 107 mol 17!
concentration. The radioactivity of the collected
fractions in the control as well as experimental groups
was measured by liquid scintillography.

(e) Do the neurotoxins inhibit uptake of dopamine
and serotonin into snail ganglia?

As well as causing release, the injected drugs could
also be inhibiting the uptake of the monoamines. This
was investigated in two types of experiments. In the
first type the uptake inhibiting direct effects of the
presence of different concentrations of the neurotoxins
was examined. In the second one we wished to find out
whether the neurotoxins caused persistent uptake
impairment in the neural tissue, following more
prolonged exposure to the drugs. This would be the
result of damage to nerve terminals and axons.

(1) Concentration-dependent effects

This examined the direct short-term effects of
bathing whole brains in different concentrations of 6-
OH-DA or 5,6-DHT, while monitoring DA or 5-HT
uptake, respectively.

For controls, 12 whole brains were incubated at
25 °C for 10 min in 2 ml/brain HEPES saline con-
taining ascorbic acid (0.5 mg ml™) and 1078 mol I}
*H-DA or *H-5-HT. In addition to the vehicle and
the tritiated monoamines, the incubation mixture of
24 experimental whole brains contained 6-OH-DA or
5,6-DHT at concentrations from 107¢ to 107 mol 17,
At the end of the incubation the brains were recovered
with forceps and rinsed twice in 20 ml per brain
HEPES saline. After the washing the brains were
dissolved in 0.5 ml per brain tissue solubilizer (Protosol,
NEN) then 10 ml per brain toluene-based scintillation
fluid was added and the radioactivity was measured.
The non-specific uptake was measured at 0 °C in Na*-
free solution. The specific uptake was defined as the
uptake at 25 °C in normal solution minus the uptake at
0°C in Na*-free solution. The 509, inhibitory con-
centrations (Ic;,) were determined graphically from
log-probit plots.

Phil. Trans. R. Soc. Lond. B (1990)
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(i) Persistent changes induced by in vitro and in vivo exposure to
the neurotoxins

Uptake measurements were done on isolated whole
brains exposed in vitro to the effect of neurotoxins for a
period of time estimated to be equivalent to 3—4 h
vivo exposure. In these experiments the in vitro test
developed by Bjorklund et al. (1975) was used. Ten
freshly dissected brains were exposed for 1h to
107® mol 1! concentration of either 6-OH-DA (7 = 5)
or 5,6-DHT (n = 5) at 25 °C. Ten control brains were
incubated in 2 ml of brain HEPES saline containing
ascorbic acid (0.5 mg ml™). After the exposure to
drugs or vehicle the brains were rinsed in 20 ml
physiological solution then the uptake of *H-5-HT or
*H-DA was measured in both controls and experi-
mentals as described before.

In witro uptake measurements were also done on
whole brains dissected from snails injected with vehicle
(n =5) or neurotoxins i vivo three days (6-OH-DA
injection, n =15) and 14 days (5,6-DHT injection,
n = 3) before the biochemical assay.

3. RESULTS
(a) Changes in feeding responses to sugar following
drug injection

(i) Snails injected with 6-hydroxydopamine

6-OH-DA had an immediate severe paralysing effect
on the snails that lasted for about 1 h. In this period,
the only behavioural response that could be induced
was the opening of the pneumostome (entrance to
lung) when it was artificially exposed to the surface of
the water. None of the snails showed any response to
sucrose, which normally induced a 989, response in
preinjected snails (figure 1). Injection of DA produced
the same paralysing effect so it appeared that 6-OH-
DA was mimicking the effect of the natural transmitter.

Three to four hours after injection the 6-OH-DA
injected snails had recovered from general paralysis
and showed normal locomotory and breathing be-
haviour and withdrew from tactile and shadow stimuli.
However, only 27 9%, of the snails responded to sucrose
compared with 98 9, in vehicle injected controls (figure
1). The latency to bite was also slightly greater than in
controls (p < 0.125). No difference was found in the
other parameters measured.

Between 1-3 days after injection the experimental
group continued to show reduced tendency to respond
to food (figure 1). In addition, those snails that did
respond (409%,) had an increased interbite interval
(p <0.01). Given that there was no difference in the
duration of individual bites (figure 1) this meant that
the snails were feeding at a lower rate.

After 4-7 days a complete recovery of response to
sugar had occurred and experimental snails returned
to pre-injection response levels and resembled same-
day controls (figure 1).

(ii) Snails injected with 5,6-dihydroxytryptamine

5,6-DHT induced an immediate change in general
behaviour of the snails which lasted for about 20 min.
Rapid uncoordinated bending movements were the
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differences between experimental and same-time vehicle
injected control values (one-tailed f-tests, n = 7-25) (aa,

most obvious feature of this abnormal behaviour and
the animal was incapable of carrying out normal
locomotory movements or responding to food. In-
jection of 5-HT induced the same behaviour so it was
likely that 5,6-DHT had an immediate pharmaco-
logical effect similar to that of 5-HT. In the period
afterwards (20-30 min) the snails’ response to food
appeared to be facilitated. Like pre-injected snails,
almost all responded to sugar (figure 2) but they
responded more rapidly (reduced latency) compared
with either control or pre-injected groups. At the same
time there was a slight tendency for the duration of
bites to be reduced compared with vehicle injected
controls. However, the response to food in the
experimental group was peculiar in one specific aspect.

Monoamines and snail feeding G. Kemenes and others 247

The snails only responded with a limited number of
bites (7-18) and then they stopped despite the fact that
the food was continuously present. Normally, snails
carried out feeding movements for as long as they were
left in the experimental dish or for the normal 20
responses, which were routinely monitored. The
interpretation of the data from this 20-30 min period
was made difficult by the results from the control group
which was injected with the ascorbic acid vehicle alone.
The vehicle or the injection-induced trauma inhibited
responses to food. Thus significantly fewer snails
responded and those that did responded more slowly
compared with pre-injection controls. This effect of the
vehicle or the injection itself was not seen at any of the
later stages of the experiment and from 3—4 h until the
end of the observation period (25 days) the controls
showed normal behaviour (figure 2).

Experimental snails at 3—4 h and again when they
were tested at 12-18 days showed a reduction in
responsiveness to sucrose (figure 2). The percentage of
snails responding to food was reduced significantly
(36 %, in the 3—4 h group and 579, in the 12-18 days
group compared with vehicle injected controls (98 %,)).
Those that did respond were slower to respond (latency
to first bite increased), had shorter bites and greater
interbite intervals (p < 0.01-0.001) (figure 2). That
these changes occurred at 12-18 days was particularly
significant because this was shown to be accompanied
by reductions in serotonin levels (see below). In
between these periods of reduced responsiveness, the
experimental animals were similar to controls (2-9
days, see figure 2) and after 22 days the behaviour of
the snails again returned to normal except for a slight
but statistically significant (p < 0.05) reduction in the
duration of the bites which persisted from the 12-18
day period.

An interesting general observation was that at
periods when the biting responses to food were
inhibited or reduced by 5,6-DHT, the increased
general exploratory activity associated with the in-
troduction of sucrose into the experimental dish still
persisted. The same phenomenon was observed in the
snails injected with 6-OH-DA. This implies that only
the consumatory phase of feeding was affected by
toxins and not the initial appetitive phase when the
snails were searching for food (Kupfermann 1974;
Benjamin 1983).

(b) Drug-induced changes in dopamine and
serotonin fluorescence

Serotonin (yellow) and dopamine (green) fluor-
escent fibres and cell bodies were examined for more
than 30 days after injection with either 6-OH-DA or
5,6-DHT and compared with vehicle-injected controls.
Throughout the period of the experiment no dim-
inution of fluorescense was seen in the cell bodies of DA
or 5-HT cells (figure 3) with either drug treatment
(figure 4, plate 1). These examples of cell bodies from
1 and 15 day snails injected with 6-OH-DA (figure 44,
b) and 5,6-DHT (figure 4¢, d), respectively, contrast
strongly with the absence of fluorescence seen in fibres
on the same days (figure 5¢, ¢, plate 2). Pre-injection
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Figure 2. Changes in four different parameters of the feeding response to sucrose in Lymnaea following injection with
5,6-dihydroxytryptamine (5,6-DHT) (solid bars) or vehicle control (empty bars). Pre-injection values shown by dotted
bars. Solid triangles to the right of the bars indicate statistically significant differences between experimental and
same-time vehicle injected control values (two-sample, unpaired f-tests, n = 7-25). Solid triangles to the left of the
bars indicate statistically significant differences between vehicle control and pre-injection control values (one-sample,
paired (-tests, n = 20) (A, p < 0.05; aa, p <0.01; aaa, 0.001).

controls (figure 54, plate 2) or vehicle injected controls
(figure 5b, d, plate 2) showed normal fluorescence.
This implied that the monoamines had been lost from
or their levels were greatly reduced in the axons and/or
the axons themselves had disappeared. Our detailed
analysis of fibres concentrated on the part of the
cerebrobuccal connective near the latero- and ventro-
buccal nerves (within the square shown in figure 34).
This contained the axons of the CGOCs, the main
serotonin cells in the feeding system, and a bundle of

Phil. Trans. R. Soc. Lond. B (1990)

DA fluorescing axons which probably originated from
the extensive population of cells in the buccal ganglia
(figure 34). The disappearance (and subsequent
reappearance) of the two types of monoamine flu-
orescence followed a different timecourse. After 6-OH-
DA injection the DA fluorescence was clear until the
first day after injection but by the end of the first day
no DA (green) fluorescing fibres could be seen (figure
S¢, plate 2) until they reappeared at day four (figure 5/,
plate 2). Serotonin (yellow) fibres persisted throughout
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s

Figure 4. Serotonin (5-HT), yellow, and dopamine (DA), green, fluorescent cell bodies in the cerebral (cr.g.) and
buccal ganglia (b.g.) of Lymnaea revealed by the glyoxylic acid method. The largest cell in the cerebral ganglion
(arrowed 5-HT) is the cerebral giant cell, one of a pair of large serotonin-containing neurons involved in the feeding
circuit. None of the dopamine cells are identifiable. Injection of snails with 6-hydroxytryptamine (6-OH-DA +
1 day) (figure 44,b) or with 5, 6-dihydroxytryptamine (5, 6-DHT + 15 days) (figure 4¢,d) had no effect on the
fluorescence of the cell bodies. On the same days, clear reductions in axonal fluorescence occurred (figure 5c¢,e,
plate 2). (Calibration bars: (a,c), 100um; (4,d), 30um.)
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(6)

g

1mm cr.g.

Figure 3. Serotonin (empty circles) and dopamine (solid circles) containing neurons in the buccal ganglia (b.g.) and
cerebral ganglia (cr.g.) of Lymnaea shown in dorsal (a) and ventral view (4). The serotonin content was shown by
immunocytochemistry, glyoxylic acid technique and 5,6-DHT-induced pigmentation (Kemenes et al. 1989). The
dopamine-containing cells were mapped by glyoxylic acid technique (Audesirk 1985, and present work) and
immunocytochemistry (Elekes et al. in preparation). Changes in glyoxylic acid induced fluorescence following 6-OH-
DA, 5,6-DHT or vehicle injection were monitored on the neuronal somata in the ganglia (figure 4) and in fibres of
the nerve structures shown in the rectangle (figure 5). (a.lo., d.lo., lalo., anterior, dorsal and lateral lobes,
respectively; m.d.b., medio-dorsal body; a, anterior; p, posterior; I, left; r, right.) Nerves, commissures and
connectives: post-buccal nerve (1), buccal commissure (2), dorso-buccal nerve (3), latero-buccal nerve (4), ventro-
buccal nerve (5), cerebro-buccal connective (6), superior lip nerve (7), median lip nerve (8), tentacle nerve (9), optic
nerve (10), nuchal nerve (11), cerebro-pleural connective (12), cerebro-pedal connective (13), cerebral commissure
(14), penis nerve (15).

the 0—4 days after 6-OH-DA injection (figure 5aq, ¢, f,
plate 2). With 5,6-DHT injection the CGC axonal
fluorescence could still be seen up until 12-14 days
after injection. From 12-18 days after injection
serotonin could not be detected in the region of the
cerebro-buccal connective where the CGC axons
normally occurred (example from 15-day control and
experimental shown in figure 54, ¢), although it was
still present in controls. By the 22nd to the 25th day
following injection, serotonin-containing fibres had
reappeared (figure 5g, plate 2). 5,6-DHT injection had
no effect on DA-containing fibres which were seen
throughout the 25 days.

(¢) Drug-induced changes in levels of dopamine and
serotonin measured by HPLC

(1) Snails injected with 6-hydroxydopamine
Histofluorescence data showed a loss of DA flu-
orescence in the fibres from 1 to 3 days after injection.

This was significant because behavioural tests showed
that feeding responses to food were inhibited on the
same days. Biochemical measurements of DA levels in
the cerebro-buccal commissure and nerves also showed
a significant reduction in DA (409,) compared with
controls (p < 0.05) on the same days (figure 6), giving
further evidence that a reduction in DA levels might be
responsible for the behavioural change. No significant
changes in levels of 5-HT were seen in the cerebro-
buccal connectives on the same days. Neither did the
buccal ganglia or cerebral ganglia show any significant
differences in monoamine levels compared with con-
trols.

Behavioural tests showed that feeding behaviour was
inhibited in the first 3—4 h after injection but DA fibres
could still be detected by histofluorescence indicating
that there was still some transmitter present. There was
a small drop in biochemically measured DA levels in
the same tissue (figure 6) but it was not statistically
significant. However, interpretation was made more
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Figure 5. Effects of 6-hydroxydopamine (6-OH-DA), 5,6-dihydroxytryptamine (5,6-DHT) and vehicle injection on
dopamine (DA), green, and serotonin (5-HT), yellow, containing nerve fibres in the cerebro-buccal connective and
nerves of Lymnaea revealed by glyoxylic acid staining. Area within bracket of figure 35 was photographed. The
serotonin-containing fibres originate from the identified cell type called the cerebral giant cell. The dopamine-
containing fibres mainly originate from unidentified cell bodies in the buccal ganglia. (a) Pre-injection control shows
both types of fibre. (4) Vehicle control one day after injection compared with one day experimental injected with 6-
OH-DA (¢). (¢) This shows a loss of green dopamine fluorescence (*), but a retention of yellow serotonin fluorescence.
(d) 15-day vehicle control compared with 15-day experimental (¢) injected with 5,6-DHT. (¢) Yellow serotonin-
containing fibres are lost (*), but the green dopamine-containing fibres are retained. By four days with 6-OH-DA
(f) and 22 days with 5,6-DHT (g) both types of monoamine-containing fibres can be seen again. (Calibration bars:
50 pm.)

Phal. Trans. R. Soc. Lond. B (1990)
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Figure 6. Changes in levels of dopamine (DA, dashed bars),
serotonin (5-HT, solid bars) and 6-hydroxydopamine (6-
OH-DA, open dots) following injection of snails with 6-OH-
DA measured by HpLc. Values are expressed as a percentage
of same-time vehicle-injected controls (+s.d.) for dopamine
and serotonin (left-side axis) but as picomoles per tissue
piece for 6-OH-DA (right-side axis). Solid triangles to the left
of the DA bars and to the right of the 5-HT bars show
statistically significant differences between experimental and
same-time vehicle control values (two-tailed ¢-test, n = 5) (a,
p <0.05; aa, p<0.01). The most important result is the
drop in DA concentration in the cerebro-buccal connective
and nerves (cbc+nerves) at 1-3 days after injection. This
coincides with a loss of dopamine fluorescence in the same
connectives (figure 5¢) and an inhibition of feeding responses
(figure 1).

5

difficult by an increase in 5-HT occurring at the same
time. Analysis of the cerebral and buccal ganglia also
revealed complex results with increases in 5-HT
occurring in the buccal ganglia and decreases in DA in
the cerebral ganglia. A major factor in these 3—4 h
animals was the high levels of the neurotoxin itself in
the buccal and cerebral ganglia (figure 6, open circles).
This was only present in measurable quantities at this
time and may have been the main factor causing the

Phil. Trans. R. Soc. Lond. B (1990)
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inhibition of feeding. 6-OH-DA has well known
neurotoxic effects in other organisms (Richards 1971;
Berry et al. 1974 ; Elekes et al. 1977 ; Hiripi et al. 1977).

DA levels in 4-7-day-old animals were similar to
normal apart from an increase in the buccal ganglia
(figure 6). This corresponded with the recovery of
normal behavioural responses to food and the presence
of DA histofluorescent fibres in the cerebro-buccal
connectives and nerves.

(i1) Snails injected with 5,6-dihydroxytryptamine

Again, there was a significant period after injection
when a change in behaviour could be correlated with
changes in levels of a monoamine. Between 12-18 days,
the snails responded less strongly to sugar and this
corresponded with a loss of 5-HT histofluorescent
fibres. Biochemical measurements of the 5-HT levels in
cerebro-buccal connectives and nerves, containing the
same fibres, showed a similar drop of 5-HT (figure 7,
409, compared with vehicle injected controls). A
complicating factor was that DA levels increased
considerably at the same time. Thus even high levels of
DA could not counteract the behavioural effects of
reduced 5-HT levels. It was unlikely that high levels of
DA would actually inhibit feeding responses as in-
creasing levels of DA does the opposite in physiological
experiments (see for example, Wieland & Gelperin
(1983)). No significant changes in levels of DA and 5-
HT in the cerebral and buccal ganglia were seen in the
12-18 day period.

Levels of monoamines before (2-9 days) and after
(22-25 days) this critical period were not significantly
different from those of vehicle injected controls (figure
7) and the snails behaved normally. This showed that
recovery from neurotoxin injection had occurred.

Behavioural tests at 3—4 h after injection showed
that, like in the later 12-18 day period, feeding
responses were reduced in frequency, duration and
latency. However, like the early effects with the other
neurotoxin, the results were confounded by non-
specific changes in drug levels. Biochemical mea-
surements showed that there was a high level of the
neurotoxin itself in all three neural tissues examined
(figure 7). This reduced to zero after 3—4 h. Also both
5-HT and DA levels went up together. Thus, in-
terpretation of the data in relation to specific mono-
amine concentration changes was impossible.

(d) Mechanisms of actions of the drugs

(i) Do 5,6-dihydroxytryptamine and 6-hydroxydopamine cause the
release of monoamines?

As both neurotoxins caused immediate behavioural
effects following injection, we tested the hypothesis that
this was caused by the release of monoamines present
in neural tissue. Tritiated DA or 5-HT was loaded into
the ganglia, followed by steady perfusion of saline to
allow the sampling of released radioactivity. At a
specific point in time, 6-OH-DA or 5,6-DHT or high
K* saline were added to the perfusing medium. Figure
8 shows that neither toxin could cause the release of
their target monoamines. However, depolarizing nerve


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Monoamines and snail feeding G. Kemenes and others 251

after injection

<=

T

before
injection

b 2-9 hours
- 12-18 hours

L 22-25 days

]

I s I

200 —
a

(control)

0 -

400 —

300 —

AAA

200 - AA

100 -——-ro-‘—-

0 -

5-HT(m)and DA(B) levels (pmol/tissue) as a percentage of same days’ controls

200

0

a
— ‘ '
'(control)
A

—
—
-
=
—

buccal ganglia

100 el .ﬁL A&Jw
F T

cbc + nerves - 50

AAA
2.5

5,6-DHT levels/pmol

cerebral ganglia

(contxl":l(; l EF.- W 1:*— &_J:

Figure 7. Changes in levels of serotonin (5-HT, solid bars), dopamine (DA, dashed bars), and 5,6-dihydroxytryptamine
(5,6-DHT), open squares) following injection of snails with 5,6-DHT measured by mpLc. Values are expressed as a
percentage of same-time vehicle-injected controls (+s.d.) for dopamine and serotonin (left-side axis) but as pico-
moles per tissue piece for 5,6-DHT (right-side axis). Solid triangles to the left of the DA bars and to the right of the
5-HT bars indicate statistically significant differences between experimental and same-time vehicle control values
(two-tailed f-test, n = 5) (a, p <0.005; a4, 0.01; aaa, 0.01). The most important result is the drop in 5-HT
concentration in the cerebro-buccal connective and nerves (cbc+ nerves) at 12—18 days after injection. This coincides
with a loss of serotonin fluorescencing fibres in the same connectives (figure 5d) and an inhibition of feeding responses
(figure 2). The large increase in dopamine levels occurring in the cerebro-buccal connectives and nerves on the same
days cannot explain the reduction in behavioural responsiveness (see text).

fibres using the high K* saline caused release of the
monoamines (figure 8) showing that the normal release
mechanisms were still intact.

(ii) Effects on uptake of monoamines

Initial experiments examined the short-term effects
on monoamine uptake of directly bathing the whole
cns in different concentrations of neurotoxins. The 10-
min in vitro incubation period used would be equivalent

Phil. Trans. R. Soc. Lond. B (1990)

to the initial loading of haemolymph with neurotoxins
produced by the in vivo injection of intact snails. Both
toxins inhibited uptake but the 1c;, value of 5,6-DHT
for 5-HT (indicating the concentration of drug
necessary to cause a 509, reduction of uptake) was
high (107" mol I"") suggesting that uptake would not
be significantly affected in the first minutes after in vivo
injection. This was also the case for 6-OH-DA effects
on DA uptake which gave a value of 2 x 107* mol 12,
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Figure 8. Release of *H-labelled monoamines from isolated Lymnaea ganglia which were perfused with normal saline
(solid dots), toxin (open dots) or high potassium saline (open squares). (a) 6-hydroxydopamine (6-OH-DA) failed to
induce the release of dopamine. () 5,6-dihydroxytryptamine (5,6-DHT) failed to induce the release of serotonin. In
both (a) and () normal release of monoamines occurred following perfusion with high potassium saline.

More significant effects were obtained after 1h
incubation. Preliminary uptake measurement experi-
ments with brains dissected from snails injected
3-4 h before the tests allowed us to calculate that this
would be equivalent to 3-4 h after in vivo injection
when high levels of neurotoxins were shown to be
present in the neural tissue (figures 6 and 7). This
difference in the time necessary for the toxins to exert
the same effect in in vitro perfused ganglia and in brains
of in vitro injected animals was probably because of the
different speed by which the directly perfused and
haemolymph injected drug solutions reached the
central nervous tissue. The result of i vitro incubation
for 1 h with 107> molI"™* 6-OH-DA was a 23.09,
(£5.19 s.d.) reduction of DA wuptake whereas
10° mol I"* 5,6-DHT reduced uptake of 5-HT by
30.2%, (+8.2 s.d.). These reductions in monoamine
uptake were both significant compared to vehicle
perfused controls (p < 0.05). If it is assumed that the
same phenomena are occurring n vivo, we can conclude
that the presence of neurotoxins in the feeding ganglia
in the first few hours after toxin injection was causing
significant reductions in the uptake of monoamines.
A further type of experiment was done on isolated
ganglia from snails which had been previously injected
with neurotoxins or vehicle control solutions, either 3
days (6-OH-DA) or 14 days (5,6-DHT) before the in
vitro assay. These days. were chosen because it was
known that the concentrations of neurotoxins in the
ganglia were below measurable levels (figures 6 and 7),
and no fluorescent nerve fibres could be seen in nerves
or connectives leaving the feeding ganglia (figure 5).
Despite the absence of neurotoxins, the uptake of the
monoamines were still reduced compared with con-

Phil. Trans. R. Soc. Lond. B (1990)

trols. In the 6-OH-DA group uptake was reduced by
23.7% (+4.2 sd.) and in the 5,6-DHT group by
24.1%, (£7.4 s.d.). This significant (p < 0.05 for both
drugs) level of inhibition of uptake cannot be due
directly to the presence of the neurotoxins in the
ganglia but probably resulted from a toxin-induced
degeneration of nerve terminals or axons of the
monoamine-containing cells. Degenerative changes
have been shown to occur in other molluscan nerve
tissue because of the injection of 5,6-DHT or 6-OH-DA
(Berry et al. 1974; Elekes et al. 1977).

We conclude that uptake of monoamines was
inhibited by neurotoxin injection both in the short-
and long-term with the short-term effects due to the
presence of neurotoxins in the ganglia tissue and those
in the long-term because of degeneration of the
monoamine containing fibres.

4. DISCUSSION

The objective of this paper was to gain information
concerning the role of monoamines in the feeding
system of the snail, Lymnaea stagnalis. The approach was
to inject neurotoxins into snails and measure con-
current changes in behaviour and levels of monoamines
in central ganglia and nerves. These data could then be
compared with our knowledge of the feeding circuitry
obtained from physiological experiments (Benjamin
1983; Benjamin & Elliott 1989). The results were
complex due to non-specific effects of the neurotoxins
on more than one monoamine, the effects of the
carrier/antioxidant or the injection-induced trauma at
the early stages of the experiment and the likely toxic
effects of the injected substances themselves when at
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certain stages of the experiments they were present in
the neural tissue at high concentrations.

Non-specific behavioural effects of ascorbic acid
present in 1 mg ml™ concentration in the vehicle and
mimicking those of the administration of 6-OH-DA
were earlier reported in rats (Waddington & Crow
1979). However, both the biochemical and behavioural
quantities measured after the initial 20-30 min in our
experiments in vehicle-treated control snails showed
that these were ‘normal’ controls. It could not be
excluded that the 0.5 mg ml™ ascorbic acid con-
centration used in snails had a similar effect in the
short-time to that found in rats but it is clear that it did
not produce long-term changes.

Despite the problems with the non-specific effects
there were periods in the experiments when clear
correlations could be made between specific be-
havioural deficits, loss of fluorescence in axons and
decreases in the levels of DA or 5-HT in neural
structures containing the feeding circuitry. These
correlations were observed only in the neurotoxin-
injected groups.

The data from the 6-OH-DA injection experiment
were the simplest to interpret. From 1 to 3 days after
the injection 609, of the snails failed to respond to
sucrose, a stimulus that produced a 989, response in
normal animals. This could be correlated with a drop
in DA levels in the feeding system. DA fluorescence
disappeared from fibres in the cerebro-buccal con-
nectives and latero- and ventro-buccal nerves and
biochemical measurements showed a 40 9, drop in DA
levels in the same structures. The neurotoxin did not
significantly influence the biochemically measured
levels of DA or DA fluorescence in the ganglia where
the cell bodies of the neurons occurred. This suggested
that the neurotoxins were mainly targeting the fibres of
neurons or the levels of DA were too high in the cell
bodies to show significant depletion. The response to
sucrose recovered by 4-7 days after injection with 6-
OH-DA.

The only other period in the experiments with 6-
OH-DA when feeding was affected was at 3—4 h after
injection. However, inconsistent changes in the levels
of both DA and 5-HT occurred in several neural
structures and significantly there were high levels of the
neurotoxin in neural tissue. This made it unlikely that
the behavioural inhibition could be due simply to
changes in DA levels.

The only other interesting result occurred immedi-
ately after the initial injection of 6-OH-DA. Complete
paralysis of the snails was seen and lasted for about an
hour. Only respiratory movements involving opening
of the pneumostome could be induced. This .be-
havioural response was mimicked by injection of DA
and so it appears as if the neurotoxin was having an
immediate pharmacological effect similar to DA. DA
in high concentration must play some role in the
inhibition of locomotory behaviour, but which specific
system was involved was unknown.

DA appears to be necessary for a basic feeding

response to food to occur, and pharmacological
experiments support this hypothesis. In the closely
related pond snail, Helisoma, application of DA to the

Phil. Trans. R. Soc. Lond. B (1990)

isolated ganglia activated bursts of activity in feeding
motoneurons (Trimble & Barker 1984) or increased
the frequency of motor bursts in the slug, Limax
(Wieland & Gelperin 1983). A preliminary report in
Lymnaea suggests that similar activation of feeding
patterns could occur (Kyriakides & McCrohan 1989)
on application of DA to isolated ganglia. The records
of Kyriakides & McCrohan (1989) showed that both
the ‘motoneurons and the rhythm-generating inter-
neuronal network could be the target for DA.

The results from 5,6-DHT injected animals sug-
gested that 5-HT, like DA, was necessary for full
activation of the feeding system. However, the effects of
reduction in 5-HT levels in fibres of the feeding system
were more subtle than those with DA and easier to
interpret in terms of neuronal mechanisms. From
12-18 days after injection, when behavioural changes
could be correlated with falls in 5-HT levels and loss of
5-HT fluorescing fibres, the majority of snails (57 %)
responded to sucrose. However, they had a longer
latency to the first bite, lower frequency and shorter
bite duration compared with controls. The target for
the 5,6-DHT was much easier to determine than for
DA. The only serotonergic neurons known to be
involved in feeding are the CGCs (McCrohan &
Benjamin 1980) and it was the loss of 5-HT from the
fibres of these specific neurons that was monitored in
the histofluorescence experiments. This loss of 5-HT
was accompanied by reduction of efficacy of the
synaptic connections from the CGCs to the feeding
motoneurons (Kemenes ¢t al. 1988), and so a break-
down in the neural transmission from the cccs to
neurons of the rest of the feeding network can account
for the reduction of behavioural responsiveness. Similar
impairment of the CGC-buccal neurons synaptic path-
way was observed after 5,7-DHT treatment in Helisoma
(Gadotti et al. 1986) and after 5,6-DHT treatment in
Helix (Vehovszky et al. 1988).

Changes in the response to food after 5,6-DHT
injection also occurred in the early stages of the
experiment. However, the interpretation of these
results was confounded by the non-specific effects of
carrier/antioxidant or injection-induced trauma at
20-30 min and the presence of high levels of the
neurotoxin in neural tissue at 3—4 h (cf. 6-OH-DA
above). Inhibition of neuronal activity by 5,7-DHT (a
serotonin neurotoxin closely related to 5,6-DHT) is
known in the vertebrate nervous system (Segal 1986)
and similar inhibitory effects on snail neurons probably
accounted for the inhibition of feeding response seen in
the snails at 3—4 h.

An immediate response to 5,6-DHT injection, which
was mimicked by 5-HT injection, consisted of exag-
gerated bending movements of the body. Muscular
movements of the body were associated with loco-
motory turning movements (Haydon & Winlow 1986)
and serotonergic mechanisms have been shown to play
a role in locomotion (Syed et al. 1988) and so
conceivably 5,6-DHT could be activating circuits
associated with movement control. This was supported
by work in Aplysia where injection of 5,6-DHT induced
pedal locomotory movements (Jahan-Parwar e/ al.
1987).
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Injection with 6-OH-DA resulted in the depletion of
DA much sooner than the depletion of 5-HT occurred
after 5,6-DHT treatment. This is consistent with earlier
suggestions that, unlike 5-HT-containing neurons,
those containing DA have a higher proportion of their
transmitter content in their axons and nerve terminals
than in their cell bodies (Swann et al. 1982). Since both
6-OH-DA and 5,6-DHT are taken up by nerve
terminals first and transported retrogradely along the
fibres (Elekes et al. 1977) it follows that axonal DA
would be depleted first. Our measurements of the levels
of neurotoxins in neural tissue showed that the DA
neurotoxin itself is used up more rapidly by this process
and the recovery also appeared sooner.

Depletion of the monoamines in fibres of the Lymnaea
feeding - circuitry probably came about by the im-
pairment of uptake processes. This was a short latency
effect of bathing the Lymnaea ganglia with neurotoxins,
but it also persisted for up to 3 (6-OH-DA) and 14 days
(5,6-DHT) following injection of the whole animal
with the drugs. The persistent effects occurred in the
absence of neurotoxins in central ganglia and nerves
and so we presumed that it must be a secondary effect
due to degeneration of nerve terminals and fibres.

No direct evidence was obtained for this phenom-
enon in Lymnaea but in two other molluscan species
(Anodonta cygnea : Elekes et al. 1977; Helix pomatia: S.-
Rozsa et al. 1986; Hernddi et al. 1988) ultrastructural
evidence for neurotoxin-induced degeneration was
obtained. The timecourse of the degeneration and its
subsequent recovery (Elekes et al. 1977) correlated well
with the sequence of biochemical and behavioural
changes induced by the neurotoxins in Lymnaca. Re-
uptake is part of the normal mechanism for main-
taining levels of monoamines in pre-synaptic ter-
minals and its inhibition could account for the gradual
reduction in monoamines in Lymnaea neural tissues.
The neurotoxins did not cause the release of mono-
amines, an alternative method for depleting fibres.
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igure 4. Serotonin (5-H'l'), yellow, and dopamine (DA), green, fluorescent cell bodies in the cerebral (cr.g.) and
accal ganghia (b.g.) of Lymnaea revealed by the glyoxylic acid method. The largest cell in the cerebral ganglion
arrowed 5-H'T') is the cerebral giant cell, one of a pair of large serotonin-containing neurons involved in the feeding
rcuit. None of the dopamine cells are identifiable. Injection of snails with 6-hydroxytryptamine (6-OH-DA +
day) (figure 4a,b) or with 5, 6-dihydroxytryptamine (5, 6-DHT + 15 days) (figure 4¢,d) had no effect on the
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norescence of the cell bodies. On the same days, clear reductions in axonal fluorescence occurred (figure 5Sc.e,
late 2). (Cahibration bars: (a,c), 100um; (4,d), 30um.)
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