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ABSTRACT
Some larval helminths alter the behaviar of their
invertebrate intermediate hosts by changing the hosts’
responéeé to'environhental stimuli. The mode of action of
these parasites was investigated using the acanthocephalan
Polymorphus panadoxus in its intermediate host Gammarus
lacustris (Crﬁstacea). The worm induces, in this fresh water
shrimp, an altered eséapé response and a shift in habitat.
Infected-gammaridsrescape towards a lighf source, skim fhe
surface, cling to any material and remain immobile in a
flexed posture. Uninfected gammar ids escape away from,a
light source, do not skim and do not cling. The shift in
/’habitat is associated with a shizt in light preferendum
towards zones of higher illuminatipn (Holmes and Bethel,
1972) . | " | S
The flexed posture of c{inging infected gammarids was
reminiscent of ‘the flexed posture of lobsters injected with
the biogenic amine sercotonin (Livingstone et al., 1980);
therefore, the effects of injected amines on the behavior of
gammarids were tested. -Serotonin (5-hydroxytryptamine,
5-HT), 1 to 20 pg, injected into uninfected gammarids,
.transiehtly induced three components of the "altéered
beravior": higher photopositivity, skimming and clinging
~respon;es. Octopamine (5, 10 pg) antagonized the cl1n§1ng'-
response but nQ; the photoposjtivity of infected gaﬁmarids.

Dopamine (10 pg) and noradrenalin (10 pg) had lesser

antagonistic effects on clinging. Histological sections did

AN
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not reveal any qualitative difference between the eyes of
infected and uninfected gammarids ~ However, the accessory

‘ screening pigment was, on average, more light adapted in
infected gammarids than in uninfected ones. The increased
photopositivity induced by serotohin was not accompanied by
a migration of the accessory screening pigment. /

The results are interpreted as follows. Serotonin may

modulate the different components of the altered escape
behévior in the CNS of infected gammarids; that is, the
transient directional r?sponse to light, and the skimming
,and clinging behaviors. The position of the accessory
screening pigment (serotonin independent) may mediate the
pe sistent graded response to light (i.e., the light
preferendum), and hence participate in the habitat shift of

d

infected gammarids.

3
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P
- I. INTRODUCTION

In the last two decades a number &6f studies have
explored an intriguing phenomenon: the alterations of
behavior induced by larval helminths in their invertebrate
inte}mediate hosts. In many cases, Ihe altered behavior can
be reduced to changed responses to environmental stimuli
(Holmes and Bethel, 1972). However, in none of these cases
has the mode of action of the parasites been determined.
Therefore, the aim of this study {s to investigate that
aspéct of the alterations of behavior.

There are.by now more than a dozen cases known where
larval helminths, mainly Acanthocephala and Trematoda, ,
change the behavior of their invertebrate intermediate
hosts, mainly Crustacea, Mollusca, and Insecta (Table I-1).
In the cases listed in Table I-1, the altered behavior
occurs in an intermediate host which must be ingested by the
definitive host of the parasite for the cycle to continue
(Fig. 1-1; see reviews in Holmes, 1976; Combes, 1980, 1883,
Helluy, 1983a; Moore, 1984). These definitive hosts are
diverse comprising fishes, birds and mammals. However, where
laboratory'predation tests have been performed, the
definitive host has eaten significantly morfe infected than
uninfected intermediate hosts (Table 1-2). Therefore, the
altered behavior of the invertebrate intermediate host makes
it hore vulnerable to predation by the definitive host of

the parasite, thus probably enhancing the parasite’ s

transmission. _ .
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Table 1-1. Larval helminths that alter the behavior of their invenabrate intermediate «hbsts.

Intermediate
host
(ingested by

definitive host)
N\

Parasite

Reference

Amphipod.a Polymorphus paradoxus Bethel and Holmes, 1973
Polymorphus marilis’ "
Corynosoma constrictum o
Polymorphus minutus Hindsbo, 1972
Pomphorhynchus laevis Kennedy et al., 1978
Isopoda Acanthocephalus jacksoni Muzzall and Rabalais, 1975
Acanthocephalus dirus Camp and Huizinga, 1979
Plagiorhynchus cylindraceus Moore, 1983a
Ostracoda Octospiniferoides chandieri Demont and Corkum, 1082
Insecta Moniliformis moniliformis Moore, 1983b;
Wilson and Edwards, 1986
Isopoda Dispharynx nasuta Moore and Lasswell, 1986
Amphipoda Diplocotyle sp. Stark, 1965 -~
Trematoda:
Insecta Dicrocoelium dendriticum Hohorst and Graefe, 1961; Anokhin,
' .1968; Spindler et al., 1986
Dicrocoelium hospes Romig et al., 1980
Brachylecithum mosquensis Carney, 1969
Amphipoda Microphallus papillorobustus Helluy, 1983b, 1984
Chaetognatha Hemiuridae Pearre, 1979
Gastropoda Leucochloridium spp. Ulmer, 1971
Neoleucochloridium sp. .
Bivalvia Swennen, 1969

Parvatrema affinis

.
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Definitive host | . p
. .. eggs

Intermediate host
(altered  behavior)

Fig. I-1. Life cycle of an acanthocephalan! parastte P).
The aduit lives in the intestine of the deﬂr&tivo host, a vertebrate. The. female lays eggs
which are passed out with the feces of the host. An egg eaten by an arthropod develops
parenterally into an infective larva, called a cystacanth. The cycle is completed when
the Intermediate host is ingested by the definitive host. ,

in other groups of heiminths, additional stages and additional intermediate hosts may
be added between the egg and the larval stage tha} is infective to the definitive host
(thin arrow). However, in all cases listed in Table I-1, the altered behavlor occurs in
the intermediate host that is Ingosted by the doﬂnmvo host.



Larval helminth$ have been shown to change responses in
the invertebrate intermediate host to virtually all types of
envigonmental stimuli: light, temperature, humidily,
mechanical stimuli, gravity and chemical stimuli (Table
1-3). Proprioceptive stimuli have not been mentioned.
Different hést-parasite systems involve altered responses to
different stimuli that seem to fall iato two main gategories
(terminology that of Camhi, 1984).

1) Altered responses to persistent stimuli, leading to

habijtat shifts. For a stimulus with a gradient, infected

‘anima]s choose a different intensity of the stimulus than
;nﬁnfected animals. This shift in preferendum brings the
infected hosts into a different habitat. For example,
isopods infected with Plagiorhynchus cylindraceys prefér
less humid areas thén Hﬁ§nfected isopods, and g;mmarids
infected w%th:PolymorpLus marilis, Polymorphus paradoxué or
Microphal lus papillorobustus prefer zones of higher
illumination than uninfected gammarids.

2) Altered reéﬁpnses LQ transient stimuli, modulating

subseguent responses. Altered responses to a sequence of
stimuli require a triggering stimulus to be expressed;.\a new--
behavioral sequence is created. For example, mgghanical
disturbance triggers algered esgape reSponsés hw%yyéigrids
infécted with P. paradoxus or M. papilloﬁobuétus, inctuding -
a change in the orientation of the escape (towards the lighf;

source, rather than away from it). - .

N\



Table I-3. Environmental stimuli involved in the altered behavior of invertebrate
intermediate hosts infected by various larval helminths.

Only cases where the authors have studied the responses of infected hosts to a definite
stimulus, eliminating variation in other parameters, ‘are listed; references as in

Table I-1.

Stimulus invoived in Parasite Host
altered gol@yjor of
inteyn’ediate host

4ht / Polymorphus paradoxus Gammarid
Polymorphus marilis Gammarid
Polymorphus minutus Gammarid
Corynosoma constrictum _Hyalellid
Pomphorhynchus laevis Gammarid
Octospiniferoides chandleri Ostracod
Monilitormis moniliformis Cockroach
Microphaflus papillorobustus Gammarid
’ Brachylecithum mosquensis Ant
’ Dispharynx nasuta Terrestrial
isopod
Temperature Dicrocoselium dendriticum Ant
B. mosquensis . Ant
Chemical stimuli M. moniliformis Cockroach
Humidity Plagiorhynchus cylindraceus Terrestrial
‘ isopod
4
Mechanical stimuli ' P. paradoxus Gammarid
‘ M. papillorobustus Gammarid
P. cylindraceus . . Terrestrial
isopod
Gravity M. papiliorobustus “Gammarid




In addition, responses to different physical characteristics
of the same stimulus can be altered. In the P. paradoxus
system, responses to both direction ;;d intensity of light
are altered in gammarids. Also, mechanical stimuli can play
diverse roles {n‘the altered behavior. As a vibration or as
a transient tactile stimulus, it can trﬂgger an altered
behavioral sequence (P. paraddxus system); as a persistent
stimulus, it can lead to a thigmotactic response (P.

cyl Indraceus ‘infected isopods, clinging of P. paradoxus
infected gammarids) . '

Besides being of interest to a parasitologist, the
host-parasite systems listed in table I-1 represent a thqqe
oppor tunity for a Qeuroethologist. In a single species, in a
single population, in animals of the same agé, a stereotyped
behavior 1ike an escape reaction consists of two totally
different behavioral sequépcés, depending og“yhether the
. individual is parasitized or not. Behavioral changes are
common in invertebrateé. but they occur normally as
compulsory modifications in the ontogeny Qf a species, and
are often associated with changes in hormone levels. Truman
and Riddiford (1977, 1978) distinguish twg general
categorieg _in ontogenif behavioral changes induced by
hormones: réleaser effects and modifier effects.

¢ A re]éaser action of a hormone is_a direct
triggering of aipartjculaf piece of behavior..;‘ln
silk moths, fbr examplg, the eclosion hdrmone;acts.

on the moth CNS to trigger a stereotyped program of

~
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movements that begins 10-15 minutes after hormone
application and results in the escape of the moth
from the pupal cuticle and cocoon (Truman, 1976).
Modifier actions are more subtle and serve to alter
the respohsiVe state gf the CNS such that a given
stimulus provokes a new behavioral response. This
action often requires- hours or days in which to
become manifest. An example is the action of
juvenile hormone in promoting sexual behavior in
female grasshoppers (Loher and Huber, 1966)" (Truman
and Riddiford, 1977 :285).

The host-parasite systems listed in Table I-1 seem to

provide interesting models in which to studyvpodifier

effects. ’ Oy

A. Polymorphus paradoxus / Gammarus lacustris and related
systems ,

The host-parasite system chosen for‘a study .of the mode
of action of parasites in—their intermediate host comprises
the acanthocephalan Polyhorphus paradoxus Conoell and
Corner, 1957 (Palaeacanthoceohala' Polymorphidae). and its
intermediate host, the crustacean Gammarus_]acustrls Sars,
1864 (Amphipoda: Gammaridae), The definitive hosts 1n the
- system are mainly mallard ducks, muskrats and beavers (see
life cycle in Denny, 1969; Bet;el and Holmes, 1977) This
host- parasite system is quite common in the ponds»and 1akes

around Edmonton (Alberta, Canada) The alterod behavior of
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P. paradoxus infected G. Iacdstris has been investigated by
Holmes and Bethel (1972), and Bethel and Holmes (1873, 1974,
1977). It consists of both 4 habitat shift and an altered
escape‘behavior. The habitat ;hiff is related tq a shift in
light preferendum vowards higher illumina;ions (a graded
component of the photic ?esponse).

The altered escépe behavior is mbre comp{éx. When a P.
paradoxus infected G. Jacustris is disturbed, it escapes
toward the source of light (toward the surface i: natural
conditions, but toward the bgttom in aquaria lighted from
beléw). and then skims the surface until it finds some solid
material to which it clings firmlty with the dactYlopodﬁtes
of its gnathopods [the claws of the first two ofithe seven
pairs of thoracic legs). It then remains jmmobi le in a
flexed posture (Fig. 111-1). An uninfected G. Jacustris
seems less sensitive to disturbance (Bethel and Holmes,
1973). When disturbed, it dives toward the bottom and hides
in the mud. | S '

During -the full escape pattern of P. paradoxus infected
G. lacustris, three different stimuli are invo]ved,,]eadiég
to two distinct motor patterns. The transienf triggering
stimulus is a~mechan}cal one, such as aidisturbance of tHe
water around the gammarid (shadow respoﬂses do not seem to
play a part in this host-parésite system). This’disturbgﬁce‘
prémpts the P. paradoxus infected G. lacustris to escape -
toward the light source (a difectional/component of the -

photic response). When the surface is encountered (ﬁle;,

N
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when thé phototactic response cannot go further), a
thigmotactic stimulus leads the P. paradoxus iﬁfecfede.
Agfustn4§}to cling. The whole sequence is not compulsory. An
infecfed gammarig may cling to a support in a Petri dish
after tactile stimulation without the directional  response
to light being expressed (Chapter III).

Two other polymorphids dewelop in the haemocoel of G.
lacustris in A]be;ta (Denny, 1969), Polymorphus maﬁlfls and
Polymorphus contortus.“Both_cystacanths are smaﬁler fhan( )
P.paradoxus. Little is known of the effects of P. contortus.

P. marills provokes in G. Iacustrfs only. an a]teﬁéd

preferéndum along é light gradient; infected gammar ids seek

- zones of higher i1lumination. However, their escape reaction
is normal; after disturbance, they swim away ffom the source

of light and they do not cling (Bethel and Holmes, 1973).
The different altered‘beﬁaviois elicited by P.'paradoxus and
P. marilis appear to be adaptations.io the feeding‘niches of
their Eéspective definitive hosts. P.mér?l)s infects mainly
d1ving ducks; and P paradoxus mainly dabbling ducks or

' mamma 1 s feed1ng on the surface. _ . .‘ | ; 'l

Presently, there are seven different combinations of
Gammarus spec1es~and he1m1nth species in which 1nfected
_hosts have been documented to exhibit an altered behavior:

G. lacustris / P. paradoxus, G. Iacustnls / P. mar”ls
' (Canada; Bethel and Holmes, 1973), G. lacustris / P. minutus -
(Denmark; Hindsbo, 1972), G. pulex / Pomphorhynchus laevis
(England Kennedy et al., 1978), G. zaddach/ /_Dlplocotyle

f
| r



sp. (England; Stark. 1965), G. insehsibilis / Microphal lus

Si papllilorobustus and G. aequicauda / M. paplillorobustus
JFrance; Melluy., 1983). The variety is not only in the
geographic distribution of the pairs or in the taxa of

he lminth involved (acanthocéphalan_ cestode and trematode! .
but also in the microhabitats of the parasite in the
gammar ids. The acanthocephalan and cestode larvae float
freely in the haemocoe le of the gammarids when mature. The
only larvae‘of the trematode M.paprillorcbustus that induce

an altered behavior are those located in the cerebral

ganglia.

The stimuli involved in the altered behavior have been
investigated in all studies except the earliest one. In the
six pairs studiéd_ light has been shown to be of par amoun t

importance as a stimulus in the altered responses. However.
;' there are distinct variations in the type of alteration
noted from one pair to the next. Altho ‘vjt is difficult to
assess experimentally the difference betWéen graded and
directioﬁal responses to light, it has been shown that a
directional response is not involved in G. lacustris
infected by P. marilis, while it is involved in the same
species of gammarid infected by P. paradoxus. G. lacustris /
P. paradoxﬁs is the only pair in which a chpging behavior
is exhibited. Altered responses to grav?ty have been
implicated only in G.insensibilis / M. bapfllorbbustus (G.
‘aequicauda / M. papillorobustus was not studied in that

wrespect).
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Other effects of the parasites on their hosts also
differ. Altered haemolymph color has been reported only in
G.lacustris / P. minutus. No trace of ovaries could be found
in female G. zaddach! infected by Diplocotyle sp., and very
few female G. lacustris infected by P. paradoxus presentqw
mature ovaries or carry a brood, but progeny were very
abundant in female G. insensibflis infected by M.
papillorobustus. Thus, each species of parasite ﬁeﬁtioned
above has a different action on its gammarid host. even in
the same host species. Other larval helminths have been
shown to have no perceptible action on the behavior of their °
gammar id host [such as thé larval cestodes Later f porus spp.
in gammarids (Bethel and Holmes, 1973)]. Thus, the "altered
behaviorsx probably represent convergent adaptations in
helminths to enhance their transmission (Helluy, 1983b).
B.'Speculatﬂons on the mode of action )

If responses‘to environmental stimuli are altered, it
indicates that refl;x pathways are modified in an infected
intermediate host, most probably through a chemical or a
}echaniéal action of the parasite. Bethel and Holmes (1973)
suggest that a chemical action, an allomone, is more likely
than a mechanical action, by, pressure of the larvae on
surrounding tissues, for at least three reasoris: -

1) The same altered behavior is elicited by parasites in
somewhat different locations. For example, P. paradoxus is

mostly found laterally in the haemocoele, at the junction of

.~ ep



thorax and abdomen i{Fig. IIl-1). but is also active when
present at the posterior end of the abdomen. The
metacercaria of D. dendriticum is generally located in the
suboesophageal ganglion of the ant and induces from dusk to
dawn a contraction of the mandibles anchoring the ant to a
plant.'However, a metacercaria located in the
supraoesophageal ganglion still induces a typical
contraction of the mandibles (Romig et al., 1980).

2) Different paraghtes in approximately the same location,
such as P. paradoxus‘and P. marilis, induce different types
of altered behaviors in the same host species.

3) There are no changes in the behavior of the intermediate
host for up to two months after infection for P. paradoxus
in G. lacustris (Bethel and Holmes, 1974), one month for
Dicnocoeliym hospes {n Camponotus compressicapus (Lucius et
al.., 1980), or approximately one month for M.
papillorobustus in G. insensibilis (Helluy, 1981). Only when
the larvae are mature and infective to the definitive host
(several days-after acquiring their maximum size) does the
altered behavior appear (Bethel and Holmes, 1974).

If the action of the parasite is chemical, the active
factor(s) has to be blood born before reaching its target.
The circulatory system is open in crustacean;. B lood |
circulation is completed in less than 60 seconds in large
decapods (Barnes, 1980). Little is known of the phy§ioTbgy
of gammar ids; however,rthe active factor(s) is likely to

reach within seconds (see Chapter [1-B) any target including
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the central nervous system. The CNS of gammar%ds comprises a
supraoesophageal ganglion, a suboesophageal ganglion, and a
ventral nerve cord with seven thoracic and four'abdominal
ganglia (Macpherson and Steele, 1980a. 1980b).

Once it is postulated that the action of the parasite
is chemical, several obvious questions are raised. .
1) Are there one or several factors released by the parasite
and responsible for the different aspects of the altered
behavior?.
2) What is the nature of the factor(s) released by the

N

parasite?

3) Does -this factor(s) act directly on its target (e.g., a
nerve cell), or indirectly by influencing some biochemical
pathway at an earlier stage?

4) Are the reflex pathways of the host affected at the
peripheral sensory receptor level, at the central level, or
at the peripheral effector level?

5) Is a reflex pathwéy created de novo in infected
intermediate hosts, or is a preexisting reflex pathway
elicited in the "wrong circum§tances"? In other words, is
the parasite rerouting an afferent input to a different
efferent 1imb or is it inducing in its host the |
physiological characteristics of a special behavioral state?
6) As Tryman and Riddiford (1377) put it: "Do the new

behaviors occur by the facilitation of specific pathways or

by the removal of inhibition from the appropriate pircuit?”
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7) Is the parasitic factor(s) released once, irreversibly

. modifying some host neural circuits, or is it produced

continuously or at least intermittently, inducing a variable
response”?

The partial answers I will be able to provide emerged
initially from the analogy of the flexed posture of infected
gammarids with the flexed posture induced by the biogenic
amine serotonin in lobsters and crayfishes (Livingstone et
al., 1980). In these crustaceans, ancother biogenic amine,
octopamine, produces an opposite extended posture. Serotonin
and octopamine have also opposite actions on the escape
behav?ér of the crayfish (Glanzman and Krasne, 1983). In

addition, serotonin is involved as a neuroregulator in

wxgrious sensory-motor processes (see Chapter VI-B, and Fig.

VI-2). Thus, the‘effécms of injecfed serotonin and
octopamine on the clinging beha?ior.gﬁvgammarfds were
tested. Nothing is known about émines in amphipods. However,
several potential neuroregulators of. invertebrates,
dopamine, noradrenadin, and GABA (Leake and Walker, 1980),
weée arbitrarily chosen, and their effects on the clinging
‘Behavior also tested. High doses of serotonin (1 to-20 Hg)
injected into uninfected gammarids élicited, as a response
to tactile stimulation, the clinging behavior fﬁauced by P.
paradoxus in infected ho§fs. The other amines did not elicit
the clinging behavior. Octopamine (5, 10 pg) and, to a
lesser extent dopamine (10 ug) and noradrenalin ({O Ha),
injected in infected gammérids suppressedithe clinging

f B » &



behavior for hours.:These results are reported in Chapter
II1.

If serotonin and octopamine have opposite actions on
the clinging behavior, what are the effects of the two
biogenic amines on the other components of the altered
behavior, more specifically on the photobehavior of
gammar ids? Serotonin was found to induce a gtrong transient
photopositivity when injected into uninfected gammarids,
while octopamine did not affect the photobehavior of
infected animals. Dopamine, morphine, and leu-enkephalin
were also tested because they were suspected of controlling
'a%cessory screening pigment movements in the eyes. (These

«ﬂ\lkree subs tances are known to act as releasing factors of
chromatophorotropins (Fingerman, 1985).) Neither the amine,
nor the two peptides had any significant influence on the
phqtobehavﬁor of infected,gammar;aé. It was also shown that
serotonin reproduces in uninfected gammarids thé skimming
behavior (ynterpreted as being derived from the directional
photic response). The data regarding the photbbehavior are
analysed in Chépter Iv.

. If light is so widely implicated in the altered
behavior induced by helminths, could their hosts’
photoreceptors be moqified in a 5ercept1ble way? In
crustaceans, photomechanical adaptations play an important
part in adjusting the light intensity reaching the sensory
structures of the compound eyes (Autrum, 1981). In

gammarids, two sets of screening pigments, the retinular’
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screening pigment and the white accessory screerfing pigment,
undergo migrations (Debaisieux, 1944). Their positions
control the number of photons admitted at the level of the
rhabdom. To answer the last question, the eyes of infected
and uninfected gammarids were examined histologically in a
light and dark adapted state. It appeared that there were no
qualitatiQe differenées in the anatémy of the eye of
(infected and uninfected gammarids at the light microscope
level. Hoﬁever, external quantitative examination gqf the
eyes showed that on average, the white accessary screening
pigment was sTighL&y but significant]y more superficial
(i.e., more:]ight adapted), in infected than in uninfected
gammarids. The time-course of light and dafk adaptation was
studied and it wag found that individual gammarids, whether
infected or uninfected, have approximately the same rangé of
amp1itude of migration of thei; accessory pigment but at a 1
different set point. The increased photopositiv%ty induced
by serotonin was not accompanied by a migration of the
accessory screening pigment. The results concerning the
study of the eyes are presented in Chapter V.

In the discussion (Chapter VI), I attempt to
demonstrate that, although the quantitiés of serotonin
necessary to obtain behavioral effeéts.in gammar ids were
high, the effects were likely to be specific, rather than
responsés o( alnervous system overwhelmed by a powerful
biogenic amine. The possible level of action of serotoni; in

the reflex pathways leédihg to clinging is examined in the
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1ight of recent literature on the behavioral action of
serotonin in different invertebrate systems. The actual
involvement of serotonin in the host-parasite system is also
debated. The dual nature of the photic responses of
gammarids is discussed. An explanation is proposed
integrating the results obtained on the photic behavior,
screening pigments, and aétion of amines. Part of this
explanation assumes that Serotonin modulates the different
components of the altered escape behavior (the directional
response to light, skimming, and clinging behavior), wher;as
the graded response to light (serotonin independent) is

mediated, at least partly, through the position of the

accessory screening pigment.
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I11. MATERIALS AND METHODS

A. Nature and origin of experimental hosts and parasites

Gammarus lacustris Sars, 1864 (Amphipoda: Gammaridae),
uninfected or infected by the larval acanthocephalan
Polymorphus'paradoxus Conneil and Corner, 1957
{Palaeacanthocephala: Poiymorphidae). were collected at a
pond near Polar Park, 27 km southeast of Edmonton (Alberta,
Canada), from October 1983 until May 1984, and at LaKeQiew,
South Cooking Lake, 34 km §§§(beast of Edmonton, from June
1984 until August 1987. ixﬁ_

For 22 months, ice depthIOr water temperature were
measured at Lakeview during ﬁonthly visits to "the station
(Table 1I-1). Ice depth was measured about 100 m from the
shore line after digging a hole with a 6 inch (15 cm) auger.
In both years, the lake froze over in November. The
thickness of the layer of ice incréased gradually to about
80 cm in February - Mérch; free watér appeared in April.
Watér temperature was measured about 1 m from the shorgline,
near the bottom at about 20 cm depth. It reached a peak of
22 C in August. In the correlation between water temperature
and photic behavior.(Chgpter_VJ, watér'temperature under the

ice is arbitrarily considered to be 0 C. Monthly duration of

day light ‘at the approximate latitude of Edmonton (54 N) was

taken from the Smithsonian Meteorologicai Tables (List,

1949) .

19 ,



Table 11-1.  Water temperature and ice depth at Lakeview, South Cooking Lake.
Date Water Ice Date Water |ce
Temp Depth Temp.  Depth
(°C) (cm) (°C) (cm)
Sept 11, 1985 10.5 Sept 14, 1986 11.0
Oct 12 4.0 Oct 11 6.0
Nov 14 .5 forming NoY 15 25
Dec 12 - 60 Dec 13 50
Jan 18, 1986 65 Jan 17, 1987 65
Feb 15 85 Feb 14 - 70
Mar 15 - 80 Mar 14 85
Apr 12 - 5, near shore Apr 18 1.0 thin layer
Apr 26 7.0 - -
May 17 12.0 - May 16 \ 17.5
Jun 14 18.0 - Jun 13 19.0
SN
Jul 19 ~ 20.0 -
Aug 11 22.0 s

20
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Gammar ids were present all year rcund and were captured
with a dip net. Most of the infected gammarids were piéked
up by hand from vegetation, roots and logs near the shore
line. In winter, the gammarids sdrged up with the water in
the nole bored in the icéd. Moving the auger up and down like
a piston brought more gammarids to the surface.

The life cycle of G. lacustris is annual (Menon, 1966).
When using wild gammarjds as experimental animals, it is
important to be aware that their physiological state changes
over the course of a year. Populations of G. Jlacustris and

of P. paradoxus were obsérved carefully for 22 months; a

summary of these observations is presented in Table I1I1-2.

-«

Gammarids in precopula, the male anchored on the back of the
female (Fig. I11-3), appeared as early as January. Gravid
females bearing'eggs br juveniles in their brood pouch were
noticeable from April to June. Juveniles were released from
the brood pouch‘in June and du[y and by August many young of
the year were nearly the éize of the parent generation. Fﬁéﬁ
September on, it was difficult to differentiate the two
generations. Gammarids infected with P. paradoxus wgre’
available as soon as™Mfree water appeared near the shore in
April. Gammarids with mature .cystacanths were difficult to
’i_nd in June, but harbored at that time many acanthellae
(developing acanthocephalan larvaef: this new generétion of
P. paradoxus matured in the parent gammarid generation by
July. The first mature P.-paPadoxus in the young of the year

were noticed in August.
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Table II-2: Summary okéield observations on Gammarus lacustris. and Polymorphus
paradoxus populations at ¥akeview, South Cooking Lake.

Month Observatlons on Host Observations on Parasite
" population population
'd

Jan Some precopulating gammarids P. paradgxus not found when ice present
Feb - ) .
Mar Many precopulating gammarids "
Apr Many precopulating gammarids Numerous mature P. paradoxus in

Few gravid females - overwintering gammarids

¢ :“3’?;

May Few precopulating gammarids " )

Many gravid females B
‘ Few mature P, paradoxus in overwintering
s Jun Many gravid females gammarids but numerous developing
- Many juveniles acanthocephalan larvae

Numerous méiture P._paradoxus in

Jul Many aduits, many juveniles overwintering gammarids, presumably
mostly the new generation

Ahg . Young of the year nearly Mature P, paradoxus in spring gammarids
parent size : |
P }
Sep Difficult to differentiate the Numerous mature P, paradoxus
* generations
Oct ‘ v _ ' "
“Nov . ' P. paradoxus not found when ice present
Dw » L]
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In the laboratory, the amphipods were Kept in lake
water or in tap water left several days to dechlorinate. The
water was aerated constantly using air stones. The tanks
were situated in én énvironmental chamber at 17 -19 C with
12 hr dark, 12 hr light.

Adult gammarids, both male and female, weighing from 30
mg to 100 mg depending on the season, were used as
experimental animals. However, in any gne experiment,
gammar ids were as similar as possible. When injecting drugs,
no correction was made for the differences in weight. The
weight of the parasite represented approximately 0.5 % of
the weight of the host. The average individual wet weight of
100 cystacanths of P. paradoxus (measured in groups of 20)
was 340 pg. The average individual dry weight (after freeze

drying) of 97 cystacanths (measured in groups of 5) was 51

Mg

B. Injecting gaﬁmaridé - Chemicals used

Before an experiment, gammarids were housed in numbered:
inéividua] plastic Petri/dishes\(diameter: 5.5 cm) filled
with lake water. For the injection, a gammarid was pTaéed
head first in a well hollowed in plastictne, and ihmobilized
with a strip of the same material. A 10 pl Hamilton’syr%nge‘
fitted with a special needle (0.26'mm in diameter, 17 mm
ldng) was inserted laterally between two abdominal segments.
Generally groups of 5 (clinging behavior. tests) or 6 (photic

behavior tests) were injected at a time. The most
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satisfactory results were obtained with the following

procedure: 1) the syringe was loaded with 2 pl solution, 2)

T AR

the gammarid was dropped on paper, towel to dry the cuticle

3) it was fixed in the plasticine well, '4) the injection was

per formed under the dissecting microscope, 5) the tyme of

_ injection was noted, 6) the syringe was loaded for the next

gammarid, and 7) thé injected animat was returned to its
Petri dish. The whole process:took approximately 2 mingtes.
For experiments lasting sevefa] days, the.cuticle of the
lateral abdomen was rubbed with 70 % alcohol prior to .
injection. It was once tested whether or not injeCt;E :

substances‘were distributed throughout the animal; 2 pl of

diluted China ink were injected into gammardds; within

seconds, the entire organism became darker. The quality of
the injection improved with practice. Towards the end of the
study, death following treatment was rare; the gammarids
surv1ved for several days (as long as Odbserved), with*only a
black Scar (due to depos1t1on of melan1n) at the point of
insertion of the needle The performance of a gammarid dying
at anyvt1me ddring a test or immediately after was not

cons1dered in data analysis. All experiments were performed

at. room temperature (21 - 23 c), during the day Nearly aTl

' experiments were started in the morning.

Thé—conpositlon of the crustacean saline was taken from

Van Harreveld (1936; in Lockwood, 1981) per 1iter: Na ¢l

(12 g), KC1 (0.4 g), CaCl, (1.5.g), Mg Clp (0.25 9l Na HCO,

(0.2 g) to which 0.3.g of glucose was added (Butterworth
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1968) . The saline was stored at -20 C as a stock
concentrated solution according to the technique of Coulombe
(1970). The sodium bicarbonate was added on the day of use
and the saline was never kept for more than two days after
dilution.

The following chemicals were injected into the
gammarids: ¥-amino-n-butyric acid (GABA)., (%) arterenol
(norepinephrine, noradrenalin), 5,7-dihydroxytryptamine
creatinine sulfate, [D—Alaz. D-Leu5]-epkephalin_
5-hydroxytryptamine creatinine sulfate and

S-hydroxytryptamine hydrochloride (5-HT, serotonin),

3-hydroxytyramine hydrochlor ide (dopamine).

DL -p-hydroxypheny lethanolamine hydrochlioride (octopamine),

morphine sulfate. SQ 10,643 hydrochloride (cinanserin).

These substances were purchased from Sigma Chemical Company.
except for the two peptides from Peninsula Labo;aqﬁfjes. and
for cinanserin donated by E.R. Squibb and Sons.‘TheL‘

molecular weights of these substances are listed in\Appendix

I1-1. For most substances, 10 pug per gammarid was used and

the corresponding number of moles is also 1iSted in Appendix
éﬁ—1. The substances were dissolved immediately prior to
injection. However, serotonin was sometimes stored frozen at
-20 C in samples of 1 ml for up to a week (but no longer, to
avoid using an oxidized solution). When 10 pg Was to be
injected in a 2 pl volume of saline, 50 mg of the substance
qés dissolved in 10 ml of saline.

¢



The volume of haemolymph in Gammg%us pulex is
equivalent to 26% of its wet weight YButterworth, 1968) .
Gammarus lacustris ranging from 30 to 100 mg, depending on
the season, were used; by analogy, their haemolymph volume
ranged from 7.8 to 26 pl. Ten ug 5-HT HC1 represent 2.58 x
10 ® moles, whereas 10 pg 5-HT Creatinine Sulfate represent
4.70 x 10-8 moles (Appendix 11-1). The highest concentration
of serqtonin was obtained after injection of 4.70 x 10-°8
moles into 7.8'pl of haemolymph, which gives a concentration
of 6.0 x 10°7 M (4.7 x 10-% x (10% / 7.811: the lowest
concentration was obtained after injection of 2.58 x 10-8
moles into 26 ul of haemolymph, which gives a concentration
of 9.9 x 10-4 M [2.58 x 10°% x (10° /‘26)]. Therefore, the
level of serotonin in the haemolymph of gammar ids,
immediately after injection, was in the low 10°* M range.

Cystacanth extracts were prepared by crushing in a
tissue grinder 20 fresh cystacanths of‘P. paradoxus in 70 pl
saline (Appendix 111-3, experiment Jun,17) and 40 fresh
cystacanths in 40.pul saline (exp. Aug,31). The solution was
then transferred to a microtube, centrifuged, and the
supernatant was immediately injected into uninfected
gammarigf (Jun,17). For the second experiment, the

supernatant was frozen at -70 C and two weeks later . thawed

and then injected (Aug,31).
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C. Clinging behavior

To assess the clinging response, gammarids were placed

in individual plastic Petri dishes {(diameter: 5.5 cm) lined
with cheese-cloth (thread diameter: .16 mm, mesh: .26 mm)
(Fig. 1I11-1, below). The gammarid was stroked with a

1
paint-brush for a few seconds. Its clinging response was

recorded as positive if it grasped the cheese-cloth with its
gnathgg;ds, curled its abdomen and became immobile. Two
typeslof ambiguous clinging responses were observed and they
were both recorded as negative: 1) The gammarids tried to
cling to the cheese-cloth but kept moving;: this type of
response seemed characteristic of a low "drive” for
clinging. 2) The gammarids curled completely, stopped mov ing
but clung to their antennae; this appeared to be an .
“over-clinging” response7

Generally 5,~eemeff;és 6, gammar ids were injected at a
time. Inj;cting 5 Gammarus took approximately 10 min. The
clinging behavior was assayed every 15 min: at the hour, and
15, 30, and 45ﬁnh1 after the our. The first assay was
usu;lly done at the next checking time after the injéction
of the last gammarid in the group. Each group of 5 was
considered to have been iﬁjected at the same time. When many
gammar ids were assayed togetﬁer, the lag time between fhe
injection of groups of 5 (15 min) was taken into account.

In some experiments, the duratio7 of the clinging

response was rsporqed using a stopwatch or, if the response

lasted hours, the time of initial stimulation was noted as
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well as the time when the gammarid stopped clinging.

D. Photic behavior
To test the photic behavior of Gammarus, a long
plexiglass box (140 x 35.5 x 11 cm) was constructed (Fig.
I11-1). Eleven removable partitions (6.5 cm high) formed 12
tracks, each 2.5 cm wide. The bottom and sides were black,
the ends were transparent. The iray was filled with lake
water to a depth of 4 or 5 cm, the night prior to an
experiment. The water was aerated vigorously overnight with
an air stone, which was removed at the b§ginning of the
test. 7
Two types of experiments Qere performed. For the first
one, with fixed light source (Fig. II-1, above), a removable
black lid covered half the box forming a dark zone. A small
additional black vertical partition (which extended down to
“the water surface, but not below) was added in the center,
parallel to the smaller faces of the tray, to create a
a;rker zone under the 1lid. A 60 W light in a 16 cm white
reflector was placed at a distance of 25 cm away from the
end without the 1id, and 25 cm ;bove it. Even after several
hours of exp;riment, the difference in temperature at the
two ends of the tray was never more than one degree Celsius.
The illuminance, measured in foot-candlés with a photometer,
ranged over 3 log units from approximately 40 foot-candies
_(approximately 400 lux) at the lighted end, to 2 ft-c
-(approximately 20 lux) in the middle of the tray, and 0.03
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Fig. Il-1. Testing apparatus for photic behavior of gammarids.

Above: experiments with fixed light source.

Below: experiments with alternating light source; "a®, "b", and "c” indicate positions
of individual gammarids; in ten minutes, the minimum distance covered by gammarid
(a) was + 60 cm, (b) - 20 cm, and (c) - 110 cm .
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ft-c (approximately 0.32 lux) at the darkest end. The
absolute values were liable to change depending on the
turbidity of the water. There was one gammarid per track,
and the tracks (and the gammarid in each track) were
identified by numbers. A gate with indentations fitting the
partitions was brought down for a short time every 5 minutes
and the numbers of the gammarids present in the\lighted zone
of their tracks were recorded.

In the experiment with alternating light sources, the
hlack 1id was removed, a second 60 W lamp was installed at
the other end of the tray and the light was switched on
alternately at each end every 10 minutes (Fig. II-1, below).
Before each light switch, the positioh of each gammarid tn
the tray was recorded to the nearest 10 centimeters.

Six gammar{ds were injected in a row; aI] six were
considered to have been injected at the time of the medianth
injection (9:10 in the example in Fig. 11-2). In experiments
with a fixed light source, the 6 gaﬁnarias were placed 1Q
the track with the number corresponding to that of their'
Detrf dish, uninfected gammarids in the half away from the
lamp, infected ones in the half nearest to the lamb. for 5
minutes with the gate down. The gate was lifted and 5
minutes later the first record of several hours of
observation was taken. Another batch of 6 was treated in the
same way, and placed 1n'§he remaining tracks. When analysing
the data for the 12 gammarids, the lag time between the

injection of the two groups was taken Wnio consideration. ‘In

-\

\
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9:30
9:35
9:40
9:45
9:50
9:55
10:60
10:05
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t0+20
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10430

10435
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t0+45

10450

t0+55
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. 1) Average individual performance:

2) Average performance per checking time:

3) Percentage pc;_;\tlve:

4) Time-course:

Individuals
1 2 3 4 5 6
9:05 9:07 9:09 9:11 9:13 9:15
+ + + + + + 6
+ + + + + 5
+ + + + + + 6
+ + + + 4
+\ + + 3
+ + 2
+ + + 3
+ + 2
5 4 8 4 6 T4 31
n=6 X=51711.60 (65%)
n=8 X =388t 164 (65%)
31 x 100 = 65
48
100 r A A
A
% A
+ [ A A
A
0 L A L 1 L L ey 1 L L b E—
0 10 20 30 40 50 Timq (min)

Fig. Il-2.. Sample of data recording for behavioral tests involving gammarids,
and primary steps of data analysis.
"+" may refer to clinging or to presence in the lighted portion of the photic
testing apparatus (see text).



}\. ) 32
experiments with alternate opposite light source, the
procedure was similar, exdept that the observations were
made every 10 minutes, and both infected and uninfected
gammarids were placed initially at the end away from the
light. Most experiments (see Appendix IV-1 and IV-2)
involved 12 control gammarids and 12 gammarids injected with
the substance tested. In that case, either 6 infected
controls and 6 drug injected animals were treated on one day
and the procedure repeated on the next day, or, the 12 drug
injected were treated on day 1, and the 12 controls on day
2. For an experiment running on tWo consecutive days,
special care was taken thaf gammar ids of the same origin ’
would be used and handled in exactly the same way.
Experimehts were started in the morning.

3
E. Distribution of accessory screening pigment
The position of the white accessory screening pigment
in the dompound eye of G. lacustris was assessed on living
or freshly Killed gammarids. The amphipods were dropped for
a few seconds in sub-boiling water to prevent further
"migration of the'pigments. The eyes were observed
immediately after death because the reflecting pigment is
photolabile; the white color in reflecting 1ight disappeared
after a few hours (Debaisieuxf 1944). \
The suberficiality of the white pigment was rated under

the dissecting scope in arbitrary units from 1 to 5 (with

0.5 unit steps), 1 representing the darkest eye }the mos t
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dark adaptéd observable externally) and 5 the whitest eye
(the most light adapted) (Fig. V-2). This method, as far as
I know, has not been applied to the reflecting pigment of
crustaceans. However, it has been used previously to
estimate the dispersion of the retinular screening pigment
in gammarids in histological sections (Ali and Steele,
1961), and extensively to study pigment migration in
tegumental chromatophores of crustaceans, after the original
method of Hogben and Slome (1931). Each experiment was made
in a blind fashion with 12 gammarids in individual small
Petri dishes bearing a number on a tag stuck on the bottom
and invisible during handling. The dispersion of the white
pigment was generally similar in both eyes, and although
both eyes were observed, only one value was recorded. The 12
gammar ids were observed twice\each, the second rating being
per formed unaware of the first result. The average of the
two #%tings, called eye score, was used. When 6 uninfected
gammarids and 6 infected gammarids were studied, the thorax
and abdomen were cut off and removed before observation.
This method gave coherent results (Chapter V), but had
two limitations. 1) The whole potential range of migration
was not covered at the lowest end. When the eye was scored
1, further proximal migration could have taken place,
inapparent to the observer. 2) Within experiments, scoring
was consisteht; however, scores may not have been consistent‘

between experiments, the whole scale from 1 to 5 may have

varied slightly.
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Several time-course studies were performed on the
migration of the reflecting pigment upon dark and light
adaptation in living gammarids. In the first ;xperiment
(S19,20), performed over two days, 1511nfected and 12
uninfected gammar ids were taken from their common storage
tank, subjected to 2 hours light adaptation 30 cm away from
a 60 W lamp, tested for eye score, subjected to 2 hr
dark-adaptation and tested again. In experiment 523,24, 12 ‘
infected and 12 uninfected gammar ids were taken from the\\\\\\\\
tank, immediately tested, subjected to 2 hours .
light-adaptation and tested again. In experiment N20,21, 11
infected gammarids and 13 uninfected gammar ids were taken
from the tank, tested, subjected to 2 hours light adaptation
and tested one more time. Experihent N27,28 was. a
longitudinal study of Hark-adaptation in 12 uninfected
g%mmérids; taken from their tank, they were tested, placed
in a dark cabinet and tested every hour for 6 hours, left in
the dark ovetrnight and tested again 24 and 25 hours after
the beginning of the experiment. The fifth experiment (S6,7)
involved 6 fnfgcted and 5 uninfected gammarids. The starting
protocdl was exactly as for N27,28, but aftér the test at
t0+24 thé animals were placed under the 60 W 1amp and tested

every hour for 6 hours. . : )
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F. Histological sections

‘ To study the anatomy of the compound eye of G.
lacustris, histblogical sections'were prepared for
examination in light microscopy. Epe heads were processed
using a LKB 2218-500 Embedding Kit (LKB, Bromma). On day 1,
gammar ids were killed in sub-boiling water, antennae cut
off, and the heads dropped in Bouin’s solution. On day 2,
the héads were rinsed in several baths of 90% and then 100%
ethanol, jnfld@?ﬁted overnight with a mixture o% resin and
100% eth@ﬁgngathd‘embedded on day 3 in the synthetic resin.
Three-micrometer seétions were obtained with glass Knives
and the slides were stained with haematoxylin and eosin
following standard procedure.

The heads of eight gammar ids were sectiored transversly
for histological examination of the eyes. Four infected and
four uninfected gammar ids were processed, two of each after
dark-adaptation, the other two light adapted. In order to
make sure that infected animals were photopositive and
uninfected ones photonegative, the gammarids were first
tested in the testing apparatus fbr photic behavior. For the
light adapted group, 6 infected and 6 uninfected animals
were placed in the épparatus for three Hours. The two most
photopositive infected individuals and the two mast
photonegative uninfected ones were then killed*with
sub-boiling water and processed. For the dark adapted group,
the same general procedure was repeated, this time léaVing

the gammarids one hour in the testing apparatus and then one
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hour in the dark cabinet.

G. Data recording and analysis
The data for the clinging behavior and for the photic
behavior tested with a fixed light source were always

"

recorded as matrices of "+" and "-", "+" corresponding to
clinging or to present in the lighted compartment, and "-"
to non clinging or to absent from the lighted compartment.
On the recording sheets, gammarid individuals wefe spread
horizontally and time vertically (Fig. I1-2). The matrices
© were aqglysed in different ways.as demonstrated in Figure

11-2. 1) The average number of "+" per column in the first

hour of observation following treatment yielded the average
perfoqmance per gammarid. 2) The numbef of "+" per row
represented the average performance per checking time. 3) In
some tests, the total number of "+" out of the total number
of observations was considered. 4) The time-course of the
clinging or, photic behavior was often plotted with the
number of "+" per row, expressed as a percentage of maximum,
against time. |

Several statistical tests were performed. The
significance level was 0.05. Calculations were done bybhandf'
with a scientific calculator (Casio fx-4000p), or wfth the
programs Statworks or Statview 512 on a Macintosh

‘microcomputer. Graphs and best fit curves were plotted using

the Cricket Graph program on the Macintosh microcomputer.

1



III. CLINGING BEHAVIOR
A. Characterization of clinging behavior

Infected gammar ids
Clinging is the last and most distinctive component ofb
the altered escape behavior induced by the acanthocephalan
Polymorphus paradoxus in 1{9 1nterméd1ate host Gammarus ;
lacustris (cf. Chapter 1). However an infected gammarid
subjected to a tactile. st1mulus 1n a confined conta1ner will
cling to a suitable object (twssue fiber, wood flber hair,
feather), even though the first steps of ﬁhe altered escape
behavioral sequence have not been peﬁformed This allows the
cl1ng1ég response to be stud1ed 1ndépendent;y of other
aspects of the q}&ered escape reaction. #he cl1ng1ng
behavior 1tse1f 'consisted of the follow1ng sequenee After a
s1ngle tactile stimulus, thevgmnnar1d grasped,the\f1rst
available object with the claws of two or more of it¢ four
//ygndahopods, curled its abdomen tightly (Fig. III-1, ébove)
and remained immobile. At some later time, ‘the gammarid,
still hplding;firmly to the supporting object with\its |
gnathopods, relaxed its abdomen and resumed the bea&ing of
its pleopods (the first three abdominal appeedages), which

circulate water past the ventraﬁ thoracic gills (Fig.‘III-1:

below). Still later, the gammarid relaxed its gnathopods. and

-

moved.

'37‘ . . . : \
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rd

Fig. I1I-1, Clinging behavior in Gam%nusiawsﬂ!s’finfwtad.
Dy the larval acanthocephalan Polymorphus paradoxus. (orange
dot). Above: extreme flexion following tacttle stimulation;
t(:elo\;:: later, abdomen slightly relaxed, pleopods-beating .
x10). : . o C -



Two experiments assessed the duration and pattern of
the clinging behavior in P. paradoxus infected G. lacustris:
L1 (April, 1985, n=18, 12 females. 6 males), and L2 (April,
1985, n=20, 14 females. 6 males). Infected gammarids were
collected the day before the experiment from a siock tank by
vigorously moving a net through the water. Any clinging
gammar id was then swiftly transferred to a finger bowl until
the next day. The next morning each gammarid was induced to
cling to a‘EHrCUIar piece of cheese-cloth, placed in a small
numbered Petri dish filled with pond water, stroked with a
paint brush and t%e time recorded. The gammar ids were
observed continuously. When a gammar id stopped clinging
(i.e., when it opened its claws and moved), the time was
noted. and the gammarid stroked with the paint.brush.
Observations on each gammarid continued until it no longer
Eesponded to stimulation by clinging. Experiment L1 was
terminated at that point. During L2, this refractory period
(RP) was monitored and gammarids were stimulated every 15
minutes until they resumed clinging. During this second
clinging period.'gawmarids were stimulated as soon as they
stopped clinging {the time was not noted), until théy
reached the second refractory period, which was not
moni tored.

The clinging period from the #%i}ia4 tactile
stimulation until the gammarid first released its grasp and
Segan to move, the initial clinging period (ICP), was highly

variable,~from 2 minutes fo 4 hours, with median values of

I3
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approximately 40 and 45 minutes for L1 and L2, respectively
(Fig. 111-2). The clinging period elicited by subsequent
stimulations after the gammarid had stopped clinging for the
first time (i.e., after the ICP) was referred to as the
subsequent clinging period (SCP). This period was also
highly variable, from none at all to. more than 13 hours. The
SCP lasted an average longer than the ICP in the two
experiments (although that relationship was not shown by the
median values in experiment L2). The sum of the initial
clinging beriod and the subsequent clinging period was
called the first total clinging period. It ranged from 21
min to more than 15 hours; half the gammarids clung more
than 1:30 hr in both L1 and L2. The refractory period (BP)
lasted from 5 minutes to 8 hours, with a median value half
that of the TCP. The second total clinging period ranged
from 3 minutes to 110 minutes and was shorter than either
the first total clinging period or the first refractory
period.

The high variability among individuals was accompanied
by a clear pattern within individuals. There was a
significant positive correlation between the leng{h of the
initial clinging period and the length of the subsequent
clinging period (Fig. 111-2), and between the length of the
first total clinging period and the length of the refractory
periodj There was no significant co;felation between the

length of the first TCP and the length of the second TCP.
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| bbb b b
772777777 S S — v —

ICP SCP
1t st TCP

—2nd TCP—

poaep’ ] KserN  [ist 1P ] RP [2nd TCP]

L
n 18 18 18

Xtsd (mn) 53142 231 t 239 283 t 267

median (min) 38 775 975

range (min) 2-108 - 0-79 31 - 855

L2 -

n 20 20 '’ 20 17 * 17+
X t s.d (min) _79 t 77 116 ¢+ 192 195 t 252 85t 115 38 t 35
median (min) 465 40 100 49 25
range (min) 10 - 247 0 - 683 21 -922 5. 482 3.110

Correlations  [2PJand NIQOH] and RP [1st TCP]and [20a TCP]

L1

n 18

f 0.61 - _

p p <0.01

L2 »

n 20 17 * 17

r 0.7 0.64 0.33

p p < 0.01 p < 0.01 0.1 <p<02

* 3 gammarids did not resume clinging during the period of observation

Fig. 1-2. Duration of clinging behavior in gammarids infected with the acanthocephalan
Polymorphus paradoxus.

Arrows represent tactile stimulations; boxes indicate periods of clinging;

ICP: Initial Clinging Period; SCP: Subsequent Clinging Period; TCP: Total Clinging Period;
RP: Refractory Period; n = number of gammarids; X t s.d. = mean t standard deviation.
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Uninfected gammarids and precopulation

Thére is at least one clear cut example of clinging in
uninfected G. lacustris. It is part of the reproductive
behavior, in which the male grasps the female with the claws
of two contralateral gnathopods, one under the first
thoracic segment of the female, the second under the fifth
thoracic segment, iﬁ a position typical for the genus
Gammarus (Le Roux 1933, in Charniaux-Cotton, 1857) (Fig.
111-3). The male rides the female for several days until her
eggs descend into the ventral brood pouch where he
fertilizes them. The "riding" behavior is referred to as
precopulation or mate guarding (Dunham, 1986).

To study the relationships between clinging and
precopulation, gammarids were collected at Polar Pond, on
April 7, 1985. Thirty pairs in precopula were isolated on
April 14, the male and the female were separated by.gently
pulling them apart, and each was then tested for the
clinéing response. Thirty more pairs in precopula were
assessed on April 15. The sahe process was repeated on May
14 and May 21 with animals collected from Polar Pond on May
10. In April, 17 to 43% of the animals did cling, for 1 tO
. 131 minutes (Table III-1); further stimulation did no
'élicit a subsequent clinging response. In May, clinging
responses could be elicitdd in only 2 out of 60 males (fdr 6
and 10 minutes), and 1 out of 60 females (for 33 min).

 To check whether clinging could be elicited in
postcopulating ganmarids, 70 pairs in precopula (never
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Table 1lI-1.  Clinging response in uninfected gammarids,
a) precopulating gammarids separated and tested immediately,

b) postcopulating gammarids (see text for details). )
F = females, M = males.

.

Date Sex Number of Gammarids Duration of response
Responders ( %) Xts.d median range
Tested ~{min) (min) (min)
L)
a) Precopulating
April 14 F 5/30 (17) 75 7 1 -14
M 13/30 (43) 43 + 35 38 5 - 131
April 15 F 11/30 (37) 16 t 15 15 1 - 45
M 11/30 (37) 18 ¢+ 15 13 3 .48 "X
b) Postcopulating
1 day F 6/30 (20) 11+ 17 2 1 - 45
M 13/30 (43) 16 t 20 9 1-75
1week E 0/25 (0) 0] 0 0
M 1/16 (6) 1 1 1
2 weeks F 2/19 (11) 4t+3 4 2-6
: M 0/5 (0) 0 0 0
3 weeks F 0/10 (0) 0 0 0
M 0/3 (0) 0 0 0




Fig. 1I11-3. Gammarids in precopula
{male: left, female: right, x 10).
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tested before) were isolated in finger bowls on April 15.
The next day, animals which had voluntarily parted were
assayed. All postcopulating females had eggs in their brood
pouches. Clinging was elicited in 43% of the males, for 1 to
75 min, and in 20% of the females, for 1 to 45 min (Table
III-1). The sahe animals were tested 1, 2, and 3 weeKs after
separation; clinging was rarely elicited then (Table III-1).

To determine whether or ;ST a seasonali pattern existed,
gammar ids were collected monthly in Cooking Lake. Each month
30 gammarids were assayea the day of collection and 30 more,
5 days later. Precopulating gammarids were found from
danbary until May. During these months both precopulating
.and non precopulating gammarids were tested. Clinging wa%
elicited in only 1 of 720 non-precopulating gammarids (one
collected in May) and in 3 of 252 precopulating individuals
(one each in January, February, and May). Details are showﬁ
in Appendix III-1. (Note that these results are inconsistent
with those from the April experiment‘on precopulating
gammarids. Whether or not this difference is due to the
differeﬁce in protocol is not clear.)

Clinging in uninfected gammarids was also observed in
the £ield during the spring. In May 1986, at Cooking Lake,
the dip net was swept vigorously in a cluster of gammarids
at the bottom very near the shore. A total of 128 of those
collected were clinging to the net. Each was dissected and

sexed; there were 110 males and 18 females, none infected

with the cystacanth of P. paradoxus.
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B. Biogenic amines and clinging behavior

The studies outlined above indicated that the responses
of infected gammarids varied over time. In order to examine
these responses systematically, gammarids injected with
different chemical substances were assayed at regular
intervals. Thus, after .injection, each gammarid was stroked
with a péint brush every 15 minutes, whether still clinging
or not; its immediate response was recorded. The quantities
of chemical substances injected are expressed in micrograms.
Corresponding numbers of moles for a 10 yg dose are
tabulated in Appendix I1-1.

Variation in response among gammar ids was analyzed
using the number of gammarids clinging in the sample, and
the average number of clinging responses per gammarid for
the hour following treatment (maximum = 4). The mean numbers
of clinging responses per gammarid per hour are listed for
alliexperiments in Appendix 111-2 (infected gammarids) and
Appendix I111-3 (uninfected gammarids). This mean number of
clinging responses per gammarid is referred to as the
average individual clinging performance. |

VThe time-course of the response was analysed using the
percentages of gammarids clinging at each assay for 3 to 10
hours post treatment. In these}time-course studies, only

experiments with more than 6 animals were considered.
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Infected gammar ids

A1l untreated infected gammarids (43) tested for the
first time responded by clinging at léast twice (Wable III -
2), while all saline injected gammarids (58) responded by
clinging at least once, during the first hour of
observation.

The number of clinging responses per gammar id per hour
in untreated animals averaged 3.7 (Table III-2; range 3.2 to
4.0 in 5 experiments), and that in saline - injected animals
averaged 3.5 (range 3.1 to 4.0 in 6 experiments). A two
level nested anova with unequal sample sizes indicated that
there was no significant difference inh clinging performance
between untreated and saline injected animals, and that
treatment accounted for only 6 % of the variance (Table
I111-3a). Although variation among individuals accounted for
most of the variance (85 %), there was a significant
variation among experiments, which accounted for 9 % of the
variance. A seasonal factor of variability was isolated,
there was a significant positive regression of the mean
number of clinging responses on the date of the experiment
(n =11, r = 0.75h\ﬁ < 0.01; Fig. I11-4a). From May to /
November, the average number of clinging responses
increased.

Time-course studies indicated‘that in untreated (Fig.
II1-5) or saline injected individuals (Fig. I11-6), the
number of clinging responses in the sample decreased with

time. The slopes of the linear regressions, all negative,
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Table Il - 2. Clinging behavior in uninfected gammarids and those infected with the
acanthocephalan Polymorphus paradoxus during the hour following treatment with
different substances.

The means and standard deviations (s.d.) represent the number of clinging responses per
gammarid per hour (4 observations per hour). Individual data are pooled across
experiments. All experiments are listed in Appendix 11-2 and IlI-3.

PCPA = p-chlorophenflalanine.

Mean number of clinging responses t s.d.

Number of Responders
Experiments / Tested per responder per tested (%)
INFECTED
Untreated 5 43/43 37 t06 37106 (94)
Saline 6 58/58 35109 35t09 (86)
Octopamirie '
5 ug 1 3/8 1.0 £ 0.0 0.4 £ 05 (9)
10 ug 1 . 017 0] .0 (0)
Dopamine 1 8/9 24 + 09 21112 (53)
Noradrenalin 1 3/10 23 +12 0.7 + 1.3 (18)
PCPA 1 717 36 t08 36 £ 08 (89)
Cinanserin .
5 pug 1 10/10 38 t 0.4 38 +04 (95)
10 ug 2 ; 16/19 28 t 1.1 23 t1.4 (58)
20 pg T 4/6 20t 1.4 13115 (33)
UNINFECTED
Untreated 2 0/10 0 o - {0)
Saline 4 0/35 0 0 (0)
Serotonin
1 ug 1 - 2/5 1.0+ 0.0 0.4 + 0.6 (10)
10 ug 5 27/40 25+ 1.0 1.7+1.4 (43)
20 pg 1 3/4 1.3t 0.8 1.0 £ 0.8 {25)
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Table 111-3.  Analysis of variance of the clinging response in gammarids.

a) Gammarids infected with the acanthocephalan Polymorphus paradoxus, untreated

or injected with saline.

Two level nested anova with unequal sample sizes.

df - 8§ MS Fs Variance
Yo
Untreated vs Saline 1 3.30 3.30 260 ns 6
Experiments within groups 9 11.50 1.28 201 ° 9
Individuals within experiments 90 56.91 0.63 85
Total 100 71.71 100
* significant at 0.05 , F0.05 [9,80] = 1.99
y
b) Uninfected gammarids injected with 10 ug serotonin. )
One level nested anova with unequal sample sizes
df SS MS Fs. Variance
-]
Among experiments -4 11.97 2.99 1.53 ns 6
Individuals within experiments 35 68.49 1.96 94
Total 39 80.46
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Fig. lll-4. Seasonal variation in the strength of the clinging behavior in control
gammarids infected with the acanthocephalan Polymorphus paradoxus (untreated or
injected with saline). ' :
a) average clinging performance vs day of year;
b) slope of time-course of the clinging r nse vs day of year.
Linear regression equations are follow: correlation coefficient (R).
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Fig. II-56.  Time-course of clinging behavior in untreated - gammarids infected with the

acanthocephalan Polymorphus paradoxus.

Legends in boxes are date of experiment and, in parenthesis, sample size; linear
regression equations are followed by corrglation coefficient (R).
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and the proportion of the varianée explained by the
regressions, varied considerab ; among experiments, but not
between untreated and saline injected animals (fable [11-4).
The seasonal variability among experiments was again clearly
shown by the regression of slope on the date of the
experiment (n = 10, r = 0.75, p < 0.03: Fig. III-3b). From
May to beember. the slopes were less and less negative;
i.e., the clinging responses persisted longer.

The effects of oct"nine on the clinging behavior of
infected gammar ids were dramatic as well as dose-dependent .
Only 3 out of 8 infected animals injecteq with 5 ug
octopamine responded by clinging in the first hour (and only
once each), while 10 ug octopamine totally suppressed the
clinging‘behavior (Table 111-2). The time-course of th;
clinging response (Fig. 111-7) also differed drastically
from that in controls; the slope of the linear regression of
the time course was positive with both dosages. The slope
for 5 ug (0.28) was twice as steep as the slope for 4§ ug
(0.14). With 5 pg‘octopamine, the return to a normal
clinging behavior began almost 1mmediately while with 10 pg,
all gammarids stopped clinging for 3:30 hr. With 5 ug
octopamine the return to a normal clinging behavior took
about 5 hours, while with 10 pg it took.about 10 hours.

Both dopamine (10 pg) and noradrenalin (10 pg! caused a
significant reduction in the number of clinging Eesponses
gfter injection; 2.11 and 0.70 respectively compared to 3.45
for the salime controls (Table I11-2, t-test, p < 0.05). In



Table 11-4  Time-course of clinging behavior in control gammarnds infected with the
acanthocepbalan Polymorphus paradoxus: average siope of linear regression
s d. = standard deviation

Number of Slope (b) % Variance
£ xperiments Explained (R"2)
1 Mean t s.d. Mean t s.d.
. (Range) (Range)
Untreated 4 -0.209 t 0.201 57 + 36
‘ (-0.024 to -0.485) (8 to 94)
Saline injected 6 _ -0.216 t 0.160 55 t 26

(-0.070 to -0.459) (38 to 91)
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Fig. -7 Time-course of clinging behavior in gammarids infected with the

acanthocephalan Polymorphus paradoxus, injected with 10 pg dopamine (DA), 10 pg

noradrenalin (NA), 5 and 10 ug octopamine (OA), at time 0.

Additional iegends in boxes are dale of experiment and, in parenthesis, sample size; linear

regression equations are followed by correlation coefficient (R).
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both cases, the slope of the regression line of the
time-course was positive (Fig. [1I-7) and about twice as
steep as the slope of the time-course for 5 Hg octopamine.
In both cases, the clinging behavior was back to that n;rmaL
for infected gammarids within about two hours, which was
less time than for gammarids injected with S pg octopamine..
Two attempts were made to inhibit the clinging behavior
of infected gammarids by reducing their serotonin levels,
one with PCPA (p-chlorophenylalanine), the other with
cinanserin (SQ 10,643). PCPA is/gh‘iqpibitor of the
synthesis of serotonin and has its m;ximum depleting effect
in mammalian brain 2-3 days after a single\pigh dose (Vogt,
1982). Just after treatment, the individual clihging
per formance of animals injected with 10 pg PCPA was not
significantly different from the performance of saline
controls (316 vs 3.5) (Table I11-2, t-test, p > 0.05). Over
the first 180 minutes, the clinging respohse persisted
better than in controls run at the same time (Fig. 111-8a)
but the slope was similar to those of other controls (Fig.
I11-4). A follow up of the performance 6:30, 24, 34, 48 and
72 hr post injection indicated that either the treatment
itself (the injection\of ﬁ pl fluid), or the time spent
clinging during the first test, had a stfong negative
influence on subsequent performances, principally ath6:30
and 24:00 hr later (Fig. I1I-8b}. This was true for both
PCPA and saline injected gammarids.!From these results, no

clear difference appeared between the long term clining
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a) time-course of clinging response immediately following treatment;

b): long-term average individual performance post treatment.
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behavior of PCPA and saline injected infected gammarids.
Cinanserin (SQ 10,643) is an antagonist of serotonin
that appears to bind selectively to 5—HT2 sites
(Glennon, 1986). It has been used to block serotonin
receptors on presynaptic terminals of sensory neurons in the
abdominal ganglion of Aplysia (Brunelli et al., 1976). Its
effects on infected gammar ids were dose dependent. Those
injected with 5 pug cinanserin did n9t differ significantly
in average individual performance; 3.8 vs 3.5 for the
controls (t-test, p > 0.05), and only slightly in time
course (Fig. I11-9a). Ten micrograms cinanserin reduced
sigﬁificantly the average .individual performance in the two
experiments performed; 2.3 vs 3.5 for the sa{ine controls
(Table I1I-2, p < 0.05). Howeve~, the time-course of the
clinging response in gammarids injected with 10 ug
cinanserin differed markedly between experiments (see Fig.
I111-9b and c); 20 pg cinanserin significantly reduced the
average individual performance (1.3 vs 3.5, t-test, p <
0.05), and the gammarids failed to resume a normal clinging
behavior even after 4 hours (fig 111-9d). Cinanserin
injected animals exhibited a significant, ddse-dependent.
reduction in the nuﬁber df their clinging responses compared
to controls. However, the absence pf a clear pattern in the
time—course suggests a general pathological effect of the
drog, rather than of a specific inhibition of the clinging

response.

LA
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Uninfected gammar ids

In contrast to control infected gammarids, which were
all clinging nearly all the time in the first hour of the
test, uninfected gammarids, either untreated or injected
with saline, never responded by clinging (Table I11-2). The
lack of response persisted over time except on one occasion,
with one gammarid clinging once.

Serotonin injected into uninfected gammarids
qualitafively elicited the clinging behavior induced by the
larval acanthocephalan'Polymorphqs paradoxus in infected
hosts. It did so in a dose-dependent manner. Only two out of
the 5 gammarids injected with 1 pg 5-HT responded by-
clinging, and only on a single occasion each; that dose was
obviously inadequate. Three out of 4 gammarids injected with
20 pg S:HT exhibited a few typical clinging responses but.v
also many exaggerated responses, in which they cur led and
grasped their antennae with their gnathopods. such responses
were not counted as clinging. Most experiments therefore
were performed with 10 pg serotonin, which ‘elicited at least -
one clinging response in 27 eut of 40 gammarids. The number
of clinging responses peﬁ gammar id tested averaged 1.7
(Mable I11-2; range 0.9 to 2.3 in 5 experiments} Appendi x
111-3). The number of clinging responses in responding

gammar ids was somewhat higher, 2.5, but still considerably
lower than in the infected controls, 3.5_(Tab1e‘III-2, p <
0.05). There were two likeiy»soﬁhces'df variability among

- experiments: the slight difference in molecular weight'
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betw&en serotonin HC1 and serotonin creatinine sulfate and
hence in the number of moles injected (Appendix II-1), and
seasonality. However, a single level nested anova showed
that there was no significant variation‘among experiments in
the number of clinging responses per gammarid tested (Table

I11-3b).
o
The duration of single clinging responses induced by 10

ug serotonin was measured in two experiments (Table III-5);

/
it lasted from a few seconds to 16 minutes, far less than in

~

infected gammar ids which clung from a few minutes to a few

hours (Fig. I11-2). Because of the brevity of the response,
e

it.was impractical to study the details of the different

-

clinging periods (initial, subsequent and refractory).

The time-course of the response induced by 5-HT in
unihfected gammarids was quite variable (Fig. III1-10).
However, the peak of clinging responses 6ccurred in the hour
following treatment and the effects of the biogenic amine
did ndt extend beyond thr;e hours.

"None of the other neurotransmitters tested elicited
clinging responses. Single injections of 1 pg GABA (number
of gammarids = 5), 10 pg GABA (n=5), 5 pg octopamine (n=5),
5 pg dopamine (n=3), 10 pg dopamine (n=4), or 10 ug
noradrenalin (n=10) failed to induce any clinging behavior
in uninfected gahmarids (Appendix II11-3). With 10 pg GABA,
the gammarids were apparently paralyzed for up to one hour.
The failure of the other three neurotransmitters to elicit

.the clinging response is not surprising, because all three
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Table lil-5. Duration of clinging response in uninfected gammarids injected with 10 ug
sarotonin and tested every 15 minutes post-treatment.

Exp June 10 Exp Sept 22
Number of gammarids tested o 9 o 10
Number of gammarids responding . 7 8
Number of clingihg responses 29 20
Mean duration t s.d. (sec) 101 t 209 62 t 80.
Median duration (sec) 27 29

Duration range (sec) . 5 - 960 : 5 - 300
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inhibited clinging in infected gammarids. However, injecting
concurrently 5 pg dopamine and 5 pg 5-HT elicited the same
'qualifative response as 10 pg dosages of 5-HT alone (Fig.
III-10b). ;

Because a chemical action of the parasite on the
nervous system of its host is suspected, it was logical to
inject haemolymph of infected gammarids, as well as
cystacanth extract, into uninfected gammarids to try to
reproduce the clinging behavior. Howevér, injection of
haemolymph was impossible for techn?éal reasons. Only a very
small volume of haemolymph could be sampled from one
individual without squashing it, and it was thus necessary
to collect blood from several animals; even though
heparinized.capillary tubes were used, the haemolymph
clotted immediately when transferred into the Ha@ilton
syringe. Extracts of cystacanths of 20 fresh cystacanths of
P. paradoxus in 70 pul saline, or 40 fresh cystacanths in 40
pl saline ]‘Ee details in .Chapter 11), produced clinqing in
1/10"and 2/10'gammarids;.in each case only once in the hour
foliowjng treatment and for a very.shorf period of time.
These results, although not impressive, do suggest that
cystacanth extracts contain a substance involved in
producing thevclinging behavior.

i?rotonin.inject?d into uninfected gaﬁmarids elicited
qualitatively the clinging behaViof typical of infected |
gammarids. However, serotonin (10 pg) did not reproduce-thé |

.quantitative effects of -the parasife. Not all serotonin

~
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injected gammarids responded by clinging, those which did
responded significantly fewer times than did\infected
gammarids, and the clinging response lasted from a few
seconds to a few minutes, while in infected gammarids it
lasted from a few minutes to a few hours. Also, the time-
course indicated that the effects of serotonin were

-

transitory, and the clinging response could only be elicited

for two to three hours after treatment,



IV. PHOTIC BEHAVIOR
A. Seasonal variation of photic behavior in uninfected
untreated gammar ids ' ﬁ/

Early on, the photic behavior of uninfected gammar ids
appeared very variable. It was therefore teﬂied at least
once a month (from March 1986 to June 1987) to serve as a
control when studying the effects of amines on the photic
behavior. Two uninfected gamméridgk collected in the field
the preceding day, were placed inneach of the twelvg tracks
of the 140 cm plexiglass tray, which was filled with the
water in which the gammarids were collected. The fixed light
source design (see details in Chébter I1) was used, and the
number of gammarids present in the lighted.zone was
determined at five minute intervals for one hour (12 times).
The gammaridigwere left undisturbed for one hour, then the
observations were repeéted for one more hour. The data,
calculated independemtly for the two runs, are shown in
Figure IV-1. A twpfway analysis of variance (TabTe IV-1) ’_#}
indicated that there was a highly significant variance in
photic behavior among dates, no consistent di fference
between runs, and that the 1nteraction between date and run
was s1gn1ﬁ1cant, i.e., the relationship between the photic
beﬁavior in the first run and that in the second run varied
depending on the date (TabTe IV=1). One factor of
, var1ability among dates of experiments was g mmrkad seasonal
pattern w1th a maximum in June-July, about 60% presence in

- ‘ e
» .
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gammands (Data shown in Figure IV-1))

Two way analysis of varlance of seasonal photic behavior in uninfected
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@

The average photic performance represents the average number of garr{marids

present in the“lighted half of-the testing apparatus per checking time; means and

-

standard deviations were converted to percentages for display. The two runs of one

~

i

hour each were separated by one hour.
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the light, and a minimum in February-March, about 10% in the
light (Fig. Iv-1). There was a significant regression of the
average photic performance on lake water temperature (n =

18, r = 0.68. p < 0.05) (Fig. IVv-2a), and a still more

significant regression on daylength (n = 18, r = (.78, p <
0.01) (Fig. IVv-2b), but no significant regression on water
.

temperature in the tray at the end of the experiment (n =

11, r = 0.58, p > 0.05). Daylength and lake water
temperature were_obviously correlated (n = 18, r = 0.68, p <
0.01). However, the regression of photic performance on
daylength was stronger (greater slope over comparable ranges
of the independent variable, see Fig. 1V-2) and more
important (higher r2 values) (terminology that of Welden and
Slauson, 1986), suggesting that the relationship with

daylength is the more relevant one.

B. Biogenic amines and-photic behavior with fixed light
’ source

-The photic performance of control gammarids and those
injected with biogenic amines‘were tested in two types of
experiments, the first with a fixed light source, the second
-with alternating opposite light source (next section). For
the +ixed iight source experiment, the same apparatus as
above was used but with only one gammarid per track.

As for the clinging behavior, the raw data were handled

in two ways. 1) The number of times each gammarid was
\

present in the half of the tray nearest to the light in one

-
< -
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hour (12 observations) was calculated. The mean of this
value for all gammar ids in each experiment, referred to as
average individual phot.ic perfermance, is listed in Appendix
IV-1 (uninfected gammarids) and Appendix IV-2 (infected
gammarids). 2) The time-course of the behavior was studied
by examining changes over'time in the number of gammarids

present in the lighted half of the tray per checking time.

Average individual photic performance
The number of times uninfected gammarids were present
in the lighted half of the tray averaged 4.3 out of twelve
in untreated controls (Table IV-2; range 1.8 to 6.9 in 5
~ experiments), while it averageq\2.7 in saline injected
controls (range 0.6 to 5.8 in 6 experiments), and 6:2 in
uninfected gammarids injected with 10 micrograms 5-HT (HC1)
(range 4.9 to 8.1 in 7 experiments). The number of times
ihfected control gammar ids were present iR the lighted half
of the tray averaged 9.6 out of 12 in untreated controls
(Table IV-2; range 7.7 to 11.2 in 12 experiments), 9.7 in
saline injected gammarids (range 9.3 to 10.0 in 5 |
. experiments), and 9.1 in {nfected animals injected with 0
' ~micrograms octopamine (8.3 and 8.5 in two experiments) .
it Three other substances, dopamine, leu-enkephalin and
f'norphine, were assayed (in one expeqiment each) in an
attempt to decrease the photopositivify of infected

ahmarids. A1l three were suspected of beiyg able to control

photomechanical changes in the compounq/eye of crustaceang?

3
2
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Table IV-2.  Average individual photic performance in uninfected gammarids and in
those infected with the acanthocephalan Polymorphus paradoxus, following . treatment
with different substances.

The means and standard deviations (s.d.) represent the average number of times
gammarids were present in the lighted half of the tray out of 12 obsorvallﬁm in one

hour. Individual data are pooled across experiments. All experiments are listed in
Appendix V-1 and IV-2. .8
#.
UNINFECTED INFECTED

Number of Number of

Experiments - Experimants

/ Number of / Number of

Individuals Mean t sd. Individuals . Mean t s.d.
Pre treatment 5/ 59 43 + 33 12 / 129 96 ¢ 33
Saline . 6/ 65 2.7 + 38 5/52 9.7 + 3.1
5-HT (10 pg) 7177 62 1 42 -
Octopagine (10 ug) - ’ .- 21/ 17 91 +26 ,.
Dopamine (10 ug) ST - 1712 73 142
Morphine (5 pug) - : - ‘ 1712 9.7 + 3.3

Enkephalin (10 ug) . . 112 9.0 t 3.4°
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Following injection of dopamine (10 pg) infected gammarids
were present on average 7.3 times in the lighted half, 9.7
with morphine (5 pg), and 9.0 with leu-enkephalin (10

pg) (Table IV-2).

The condition of homoscedasticity x;s not met for the
data regarding the photic behavior of controls and serotonin
injected animals, precluding the use of a two level nested
anova to compare the performance between groups. However,
multiple t-tegts (with unequal variances) on pooled data
indicated that untreated uninfected controls were
significantly more photopositive than saline treated
uninfected animils (d.f..= 122, t = 2.419, p = 0.017), and
that serotonin injected animals werelmore photdposjtive than

5.136, p <

both saline injected controls (d.f. 140, t

134, t

0.001) and untreated controls (d.f. 2813, p =
0.005), bt less photopositive than saline ipjécted infected
gammar ids (d.f. = 127, t = 5.296, p <’0.001;. The photic '
.'perfor'mance of saline injécte& infected controls did not
differ significantly from that of untreated infected
controls, nor thgt of»octopaminq, dopamine, morphine, or
leu-pnkephalin injected animals. (Note that, had their been
-a‘larger sample size, the average photit performance -
'folloQing treatmen; with dopamine (7.3) ﬁight have been
significantly lower than that following tfeatment with
saline (9.%).)
One level nested anovas .indicated that in uninfected

. Y . P . . L
gamwhar ids- there was a significant variability among
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experiments for both uninjected controls and saline injected
animals (Table IV-3). In contrast to the controls, and
despite the differences in treatment before the injection
(e.g., whether or not the gammarids had been dark adapted,
or wHether or not they had been tested prior to injection,
see Appendix [V-1), there was no significant variance.among
experiments involving uninfected gammarids injected with 10
ug serotonin (Table IV-3). Also, there was no Significant
var iance among experiments ﬁnvolving infected gammarids,
whether in untreated contro\s, in saline injected animals,
oF octopamine injected animals (Table IV-4).

‘ The variability among experiments in the photic
performance of uninfected gammar ids not related to seasonal
variation. There was no significant cgrrelation between

aQerage pﬁotic perfarmance and date of experiment in

uninfected gammarids (uninjected: n = 5, r = -0.154, p >

- 0.05; saline injected: n = 6, r = -0.007, p> 0.05), nor was

there any significant correlation betwqen average photic
performance and daylength on the date of experiment“b
(uninjected: n =5, r = -0.142,\p >-0.05; or saline
injected: n* 6, r =\Q.705: 0.1 é p < 0.2). Howéver,lnote

that 4 out of 5'ekperiments involving yninjécted gammarids ~

and 4*out of 6 experiments involving saline injected animals.

2

were performed in a $ingle month (February). In all
‘experiments, the variability among individuals was high and
f . » v M2 )
accounted for more than 70% of the variance within
. ¥ - . R .

treatments; even in groups in which the variabflity among- =

] .
) ) N . ! . - ., N Q)'

e
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Table IV-3. Variation among experiments in individual photic performance of uninfected
gammarids, untreated, injected with saline, or with serotonin (10 ug).
Each row ie a summary of a one level nested anova.

Treatment df t Fs P % variance
among exps.
Untreated 4, 54 5.259 0.0012 . 26.5
Saline 5,59 3.786 0.0049 - 20.5
Serotonin 6,70 0.862 . 0.5272 0.0 t1
\ @

t d.f. (among experiments) , d.f. (individuals within experiments).
t1 The analysis produces meaningless negative values when MS among is less than MS
within; given here ‘as 0.0.
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Table IV-4. Variatioh among experiments in individual photic performance of ga)wmarids
infected with the larval acanthocephalan Polymorphus paradoxus, untreated, injected with
saline, or with octopamine (10 pg).

Each row is a summary of a one level nested anova.

=

e A
Treatment df 1 ~ Fs P % variance -
among exps.
Untreated , 11, 117 1.518 1 0.1339 4.8
Saline 4 47 0.080 - 0.9882 - 0.0%t
Octopamine 1,15 © 0.890 0.4191 - 0.0ttt

Nz

t d.f. (among experiments) , d.f. (individuals within experimenfs)
tt The analysis produces meaningless negative values when MS among is less than MS
within; glven neré as 0.0.

v -
;
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experiments was significant (Table IV-3 and 1V-4). This
variability in photic behavior among individuals was
accompan{ed by an element of congistency within individuals.
A significant positive correlation was found in the photic
per formance between pre and post treatment with saline in
both infected (n = 52, r = 0.623, p < 0.001) 'and uninfected
controls (n = 24, r = 0.530, p = 0.008). There was no
significant corfelation between the performance pre and post
treatment in the 23 individuals injected with serdtonin (r =
0.003, p = 0.989). These features agreé with those on
‘variaffon among experiments and indicate an override of the
"norma?“ photic bgpavior rather than an additive effect by\
serotonin in uninfected animals. There was a sign‘kicant
A corﬁelaiion between pre and post treatmeit for all the
infected individuals pooled across the four different
treatments (i.e., octopamine, dopamine, enkephalin,
morphine) (n = 53, r = 0.414, p = 0.002), although the |
correlation for octopamine alone was not significant (n = -
17, r = 0.316, p = 0.159).
- , ’ — o
The results concerning;the average individual photic
’performange indicate that 1) the photopositivity of ' '
serotonin ipjected uninfected gammarids waS/signjfiéantly'
higher than that 6f‘uninfected contrbls;but no£ as ﬁigh as
that of infected controls; 2) serotonin jnjectédvu;infecteq

gammar ids also resembled infepted'éontrols in that their

»

photic behavior was more predictable than that of uninfected °

3

controls; 3) there was an element of consistenay in the -



photic behavior pre and post treatment .in uninfected and
.infectéd controls that was absent in serotonin injected
animals: and 4) octopamine, dopamine,'morphine, or
b '_“—enkephalin did not affect.significantly the photic
behavior of infected gammar ids. '
° \ . * . | ) . ' T
Time-course : : R -
fhe patterns of changes in photic behavior over time\in.

. % two representative experiments involving uninfected

gammar ids (th Iv-3) clearly illustrate several points: 1)1.

the unpred1ctable sometimes high, phdtopos1tiv1ty of \

,untreated uninfected controls when first placed in the tray,
2) the unpredictable, but lower, photopositivity of saline, ;-
injected®gammarids; and 3) the predictable pattern in the

photopositivity of seroton1n 1nJected an1mals \with a sharp

rise after injection and a linear decrease thereafter
Experiments F18,193and F20:21 were'performed in February
1986, during the same week, and under the same conditions..
~ but nith éammarids‘of different origin.iln-experiment_
F18,19, gammari's had been cdllected.in danuaryl whereas in
exper1ment F28 21, they had dverwintered in the taboratory. .
In éghtrast the time- courses of photic behavior in 1nfected
gammar1ds whether untreated (Fig. 1v-4a), injected with -
_sal1ne (Fig. IV -4b), or injected w1th octopamine (Fig.
IV-4c) appear very similar; all show an 1n1t1a31y high

photoposit1vity. decreasing slightiy over time.
] . ‘I .

'., ‘. .
| o]
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To assess whether Q# not the patterns shown in these
examples were consistent throughout all experiments,
time-courses of thé photic behavior after treatment were

fitted with linear regressions (slopes, correlation

coefficients and statistical significance are given in

Appendix IV-1 and IV-2) In all experiments involving
gammar ids injected with serotonin (7)), there was a
consistent pattern. In all, there was a sighnificant linear

regression of photic performance on time following
inlection, and the average sloﬁe of the sinear regression
was significantly different from khat,involving either
uninfected or infected controlts injected with saline. (Table
Iv-5). In addition, the contro{‘groups did not show
consistent patterns. Linear regressions were significant in
only three out of six of the control uninéected groups.'and
two out of five of the control infected groups. Furthermore,
as expected, the average c;rrelation coefficient of the
regression line (r) ;;E significantly higher in experiments
involving serotonin than in experiments involving uninfected
or infected controls (Table IV>%). Thus, both between ang
within experiments, the pattern over time .0f the photic
behavior in ssrétonin injected animals was consistent and
differed from that in control gammarids.

However, the linear regression of th%_time-course was
not the best description of the photic behavior over time in

uninfected gammarids injected with serotonin; for six out of

the seven experiments, a third order regression term was

<



lable V-5 Linear

Values for individual experiments are listed in Appendix V-1 (uninfect

82 .

regression of proportion of gammarids in the hghted zone on time

ed gammarids), and
in Appendix IV-2 (gammarids infected with the larval acanthocephalan Pimorghus

paradoxus) <

Uninfected Infected Signmificance

gammarnds gammarids 0.05. ttest t
Column # 1 2 3
Treatment Salihe S-HT Saline
Number of 6 7 5
Expsriments “

¢ _An
Mean slope of 0.005 -0.376 -0.107 221=3
Linear Regression +0.143 +0D.116 +0.164 N
t sd
Mean correlation 0.368 0.729 0.454 2#1=3
Coetfficient of 1+ 0.279 10127 t+ 0.209
Linear Regf&ssion
t sd. .
]

t All possible t-tests per row performed

(3).
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significant, and explained an additional 10-23% of the

N

variance (Fig. IV-5; coFF&lgtion coefficients in Appendix
IVv-1 and 1V-2). Third o;;er ;Egﬁgfsions are characteristic
of curves with two inflection pointg. These six experiments
all showed a peak in photopositivity (51 2 13%) at 50 + 8
minutes after injection. Ihe photopositivity in the sample

3

then decreased to a minimum of 21 * 7% (n = 5 experiments,
A8 excluded because of its early termination) after a'
further 68 t 8 min. In gxperiment F18,19, it is clear that,
had there been some ascending points rgcorded shortly after
injection, the first peak would also be presgnt. |
Because of the consistent pattern characteristic of the
time-courses of the photic responses of serotonin injected
gammarids, the time-courses of control uninfected gammar ids
were arbitrarily fitted with third order regressions (Fig.
IV-6; Appendix IV-1). Two features sﬁould be noted. First,
there was no consistent shape to the curves. Second, a thirJ
order regression was significant for_only threé of six
groups,rand a third order term explained a significant
amount of variation in only one of those (Fig IV-6; F18,19).
Clearly, the photic behavior of uninfected animals was
considerably less predictable than that of sérotonin
injected animals. The time~coursesmof the photic responses
of infected gammarids injected with saline (Fig. IV-7), and
those of infected gammarids injected with amines or peptides
(Fig. IV-8), were also fitted with third order regressions.

As for the uninfected controls, there was no consistent
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shape to the curves. Third order regressions were
significant for 4 out of 6 experiments involving saline, for
the experiments involving morphine or leu-enkephalin, but

not for those invo#ving dopamine or octopamine.

C. Biogenic amines and photic behavior with alternating

1ight source

It was important to test whether or not light was

indeed theé envird;mental factor invblved when gammar ids
chose the lighted half of the experimental tray. It was also
necessary to determine whether gammarids injected with 10 pg
of biogenic amines retained-their motor abi]ity.ﬂlberefore,
the experimental procedures were modified to provide two
lamps, one at each end, that were switched on alternatély
~ever)./ 10 minutes (Fig. 1I-1).. There was one gammarid pér
track, and its position in the track was recorded to the
nearest 10 cm before each light switch. The net distance -
traveled from the position obcupied,10 minutes earlier, as
well as the direction of thé move (away from or towards the
- light sQurce) were determined. A1l distances are minimum
distances; the movefments of the“gammarids within‘the 10
minute periods were not monitored.

f’ Two experiments weré performed, one involving
uninfected gammarids (Mr;7.18), with 12 animals injected
with saline and 12 with 10 pg serotonfn:-the other involving
infected gammarids, with 12 animals injected with saline and

12 with 10 pg octopamine (My19,20). Three of the 12 infected
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gammar ids injected with saline Kept clinging from the first
minute at one end of their track, never moved and therefore
were not taken into account. As expected, the "clinging
problem" did not arise with infected gammarids injected with
octopamine.

Although gammar ids had to travel #rom one end of the
tray to the other, the patterns of average photic
per formance and time-course were the same as those found
using the fixed light‘source. In the hour following
treatment, uninfected gammarids injected with serqtonin wecf
preseﬁt in the half nearest to the light marginally more
than safine injected animals, 3.5 times out of 6 vs 2.1
‘(Appendix Iv-1, t-test, p = 0.07).‘§aline injécted infected
gammarias were present on average 4.0 times out of 6 in the
hg]f of the tray near the light source, while octopamine
injected were present in this same half 4.3 times (Appendix
IV-2); The performances of the two infected groups did not
differ significantly from each other. nor from the serotonin
injected, uninfected grédup, but both were significantly
higher.than that of uninfected controls (multiple t-tests,
0.05 level of significance). For serotonin injected infectied
aﬁimals. the curvilinear regression of the time coursé had
the same characteristic shape as in experiments:w1th a fixed
light source, with a maximum 50 min post theatment, followed

by a decline to-a minimum (Fig. IV-5).

v



Distance’covered

During the first 60 minutes, serotonin injected animals
swamAsignificantly longer distances (5.26 m) than all pther
groups; uninfected ¢ontro[$ (3.56 m), infected controls
(4.46 m), or octopamine injected infected animals (4.30 m)
did not differ from each OQQfﬁ (Iable IV-6). During this
same period, serotonin injected animals also swam
§ignificantly more towards the light (3.32 m) than saline
uninfected controls (1.01 m), but did not differ
significantly from the infected groups | ut 3.8 m) (Table
Iv-6). Also, thevm6vehent towards the light source was a
significantly highér proportion of the total distance
covered in serotonin injected gammarids (65%), than in
saline injected uninfected animals (31%), but again did not
differ significantly from that of the infected groups (about
-85%) (Table 1V-6). ' A

Testing the photicqgéhavioc with alternating Hight
source showed that gammarids iﬁjected with 10 pg serotonin
or octopamine retained their ability $6 swim. Although
gammarids had to travel every 10 minutes to maintain
themselves in the same photic environment, the patterns
observed in experiments with a f;xed light'sourcé'and with
alternating light source were similar. Thus, 1ight was‘
" indeed the major\factor involvea when gammarids adopted a
specific position during the'experiments with a fixed light

source.
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!

Tabie 1V-6. Photic behavior with alternate opposite light source, in uninfected gammarids
injected with saline or' 10 pg ‘'serotonin (5-HT), and in gammarids infected with the larval
acanthocephalan Polymorphus paradoxus$, injected with saline or with 10 ug octopamine
(OA) (see details in text). VN

Average distances traveled per gammarid in one hour, and standard devaatlons (t s.d.);
(a) represents the total distance traveled (in cm), (b) the distance traveled towards the
light source (in cm), and (c) the proportion of the total distance traveled towards the light
source (b / a)., expressed as a percentage.

R

UNINFECTED INFECTED Significance
0.05; t-test 1
Column # L . 2 3 4
Treatment «  Saline 5-HT Saline OA ‘
;
(n) (12) (12) (9) (12)
a) Average Distance 356 526 © 446 430 . 122,
Swam Per Gammarid t 116 +176 - +203 1186 1=3 =4
. 2=3a4; —
~ N
b) Average Distance 101 332 357 393 122=3=4
Swam Per Gammarid + 114 1+ 278 t 193 t+ 189
Towards Light Source ' :
c) Proportion of §.1 65 83 90 12223 =4 tt
Distance Swam t 35 + 45 + 22 +12- e
Towards Ligh - ~ ’ S

Source (%)

t  All possible t-tests per row (8) performed. .
1t T-te§ts performed on arcsin transformed data. * -
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D. $k1hming behavior ’ > \

It had becéme clear when studying photic behavior that
infected and serctonin injected uw1nfected gammar1ds
frequently sK1mmed along the water surface This componen it
of the altered escape behavior induced by P. papadoxus was
studied further using finger bowls filled with pond4Water tb,
a depth of 5 cm, under ovenheéd lights. The water-was '
agitated for 10 seconds, the number of gammarids skimming
the surface of the water was counted and the skimming':
gammar ids were re-imménsed. Ths procedure was repeatéd
every 5 miﬁutes, for one hour. Individual gammarids were not
maEKéd,'therefore observations could not be ascribed to
- individuals. The number of skimming responses obserVed in
one hour was thus presented as -a proportion of the total
number of potential skimming responses for this hour [number
of gammarids tegted x fumber of tests (12)].

Uninfected untreated gammarids never skimmed the -
-surface and saline injected gammariﬂs skimmed the surface
only once in the f&fst hour and rarely thereafter, while
serotqnin injected animals skimmed'thé surface 41 f}mes out
of 144 (Table 1V-7), 319n1f1cant1y more than infected
gammar ids (61 times dut of 420 in two different exper1ments)
(X2 = 14,083, p - 0.0002) .

In un1nfected gammar ids 1nJected w1th serotonin, the N
time-course of :the behavior showed a rise, a maxinum-about
one hour post-treatment, and a subsequent decline (Fig.

IV-9). In infected gammarids the skimming behavior



Table IV-7. Sklmmmg behawor in umnfacted gammands (ntreated, injected wn!‘i saline,
or with setotonin), and ih gammands mlected with the larval acanthocephalan Pg]y_morghu
paradoxus (untreated). The-skimming behavior is expressedl as thg number of gximming
responses observed. during 12 assays in one hour dtwded by thehgotem«al number of P
skimming responses in that hour (12 ¢ n) o

-

»e 2 *
Experiment Treatment 7 ’n - # Skimming © . %’
. kS .
./ Potential
" # Skimmig
UNINFECTED' -
v 4 \“
Jul22 _Untreated Y | 0/28 .o
Sep10 Untreated 12 ©01/144 P
Jul25  # Saline : 12 I /;144. T 0.5
'/ Jul2s Serotonin, 10 pug 12 Co 417144 - '2.8‘
I3 ) r . D :
e. - : . . AR
. Jul22 Untreated )24 48 / 288 R
7 septo Untreated 11 : 13 /7 132 10
. . ' | {,.
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Fig. IV-9  Time-course of skimming behavior in gammands infected with the

larval acanthocephalan Polymorphus paradoxus (untreated), and in uninfected
gammarids (untreated, ingcted with saline, or injected with 10 pﬁ,serotonm)
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habituated very rapidly.

E. Summary of results

The vast majority of the parameters studied in this
chapter on photic behavior showed a significant difference
between the performance of uninfected and infected gammarids
and betwee.~ that of uninfected controls and serotonin
injected animals. Depending on the parameter 3tudied, the
photic behavior of.serotonin injected animals either did not
differ sigﬁ1ficantly from that of infected controls (e.g..
variability in average photic performance among experiments.
distance cove;ed towards light source., proportion of the
total distance covered'iowérds light source), or showed a
similar trend to a lesser extent {average photic
performance), or to a greater extent (skimming behavior).
Serotonin injected animals differed from all other groups in
the time-courses of photic and skimming behaviors,
apparent ly due to the transitory nature of the actioﬁ of the
biogenic amig%.

Octopsmine, which antagonized the clingingy behavior of
infected gammarids, did not affect their photic behzvior.

. . -

For all the parameters studied the performance of octopamine

injected infected animals was similar to the performanée of

infected contrpls.



V. COMPOUND EYE AND SCREENING PIGMENTS

A. The compound eye of gammarids - A qualitative study

There were no detectable qualitative differences
between the eyes of infected and uninfected gammarids in
htstological sections (Fig. V-1; compare d and e with f and
g). Thus. the following description abplies to both kinds of
animals. In adult G. lacustris each lateral compound eye
consisted of some 50 ommatidia. Each ommatidium was composed
of five retinular cells, one thinner than the others (Fig.
V-1b), a crystalline cone, and accessory pigment cells
surrounding the retinudar cells. The intricate junction of
the five retinular cells formed the rhabdom - the
photosensitive structure. The nuclei of the retinulqr cells
were located under the basement membrane. The axons of the
retinular cells forméd a bundle proximally.

Several strdcturgs showed marked differences in shape
depending on whether the eyes had been light or dark
adapted. In light adapted gannmridgth; crystalline cones
assumed a more elongated shape than in dark adapted
gammarids (Fig. V-1; compare d and f with e and g). The
rhabdoms., extended and straight after exposure to light,
became twisted after exposure to dark, and the base of the
. crystalline cones seemed nearer to the basement membrane.
However , the most striking changes occurred in the
distribut'ion of the two sets of screening pigments, the

retinular pigment in the retinular cells, and the white

96 .
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Fig. V-1. Dark (DD;a,d,1) and light (LL; c,e,9) adaptations in the eye of Gammarus lacustris
\uninfoctod (d,e) or infected with the larval acanthocephalan Polymorphus paradoxus (f,9).
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reflecting pigment in the accessory screening pigment cells.

"Retinular pigment
In light adapted eyes (Fig. V—1qqy),.the black pigment

ES

granules located in the retinular cells were distributed .
along th? rhabdom, presumably to protegt it from excess
light. After dark -adaptation, (Fig.”vfaa.d.f). the black

‘pigment had moved both distally, between the crystalline \
cones, and proximally, where it concentrated at the 6ase of
the rhabdom and under the basement membrane near the nuclei
of the retinular cells. .

Light and dark adapted eyes also differed in gross
appearance, in apical view. When the black pigment was light
adapted, the crystalline cones appeared as black circles
(Fig. V-1c, and V-2). When dark adapted, and observed in the

~axis of the gone cell, the center of'the circle appeared
white, due to the exposed reflecting pigment (Fig. V-ta).

’bnly a few cone cells could be,spen in their axis, due to
the slight curvature of the eye. They formed~a white area,
similar to that found in the dark adapted eyes of decapods,
referred to as area of glow (Aréchiga, 1977). The retinular

. pigment extended along the rhabdom at very low light
intensities and the circle of the crystalline cones always
appeared black (Fig. V-1c and V-2), exqept when the
gammar ids were retrieved from an environment of total

<

darkness (Fig. V-la).
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Accessory screening pigment

The accessory pigment cells extended from the basement
membrane to the cornea, and were filled with a pigment that %
was very photolabile (Debaisieux, 1944); After a few hours,
the wﬁite color observed in reflected l{ght disqpbeared. The
cell membranes of the accessory pigment cells were not
clearly visible, but their nuclei were apparent, distal to
fhe basement membrane. During light adaptation, the white
pigment moved distally (Fig. V-1e and g), and the cone cells
appeared to be pushed apart by the subcuticular posit{on of
the white pigment. Presumably, this reflected light back to
the environment. During dark adaptation, the white pigment
moved proximally, receding from between the crystaliline
cones. Light was then probably reflected towards the exposed
rhabdoms (Fig. V-1d and f). |

The state of the white pigment could also be assessed )
by external examination of the intact eye under the
dissecting microscope (Fig. V-ta,c and V-2). The more light
ad?pted, the whiter the eye, because the white pigment came
to extend between the crystalline cones, in a gréded |
fashion, during light adaptation. Qualitatively, the
compound eye of infected and uninfected gammarids could not
be differentiated by histological methods. However,
preliminary observations under- the dissecting micrgscope ;
showed that the eyes of infected gammarids appeared
generally whiter than the eyes of uninfected animals. This

leq{to a quantitative assessment of the distribution of the



101

Fig. V- 2. Position.of the white accessory screenmg pigment
in the compound eye of Gammarus lacustris

- quantitative assessment (eye score).
o rom left to right, the white p1%nent is more and more
superficial; i.e., more and more Jlight adapted. The whole
scale ranges from 1 to 5.
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‘white pigment in the eyes of infected versus uninfected

amphipods.
-y

)

B. Distribution and movementS{of accessory screenihg:pigment

- A quantitative study

Eye score in infected and uninfected gammaﬁids

The distribution of the white pigment was éssessed by
grading the appearance of the eyes of living or freshly
Killed gammarids on a scale of ! to 5 (with 0.5 unit steps);:
1 represented the darkest eye (the most dark adapted
distinguishablie extehnally) and 5 the whitest eye (the most
light adapted) (Fig. V-2). The average of two measurements,
called eye score, was used (see details in ChapterAIIU.

The eye scores of infected and uninfected gammarids
were compared in twenty five samples spread-from September
1986 to September 1987: with 6 infected gammarids and 6 _
uninfected gammarids in each sample. For the 25 samples, the
average score of uninfected gammarids was 2.44 (n = 147) and
that of in;ected gammar ids was 2.58 (n = 148) which was
significantly higher (p = 0.047, two way anova, Table V-ta).
Although the anovavshowed no significant variance amony
experiments, a simple regression of the average difference
in eye score between ihfe&ted and uninfected animals for the
25 samples on the sampling dafév(AppenHix V-1) uas positiQe
(r = 0.360) and-marginally significant fp = 0.077),

suggesting that a seasonal factor was involved, as in the
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Table V-1. Two way analysis of variance of the average eye score of uninfected
gammarids, and oithose infected with the larval acanthocephalan Polymorphus paradoxus.
throughout the opdn-water seasons from September 1986 through September 1987.

a) All samples (25)

Source . df Sum of Squares Mean Square  F-test P value
Inf vs Uninf (A) 1 1.506 1.506 3.980 0.047
Samples (B) 24 10.304 D.429 1.134 0.307
AB s 24 10.252 0.427 1.128 0.313
Error 245 92.74 0.379

J

b) April through July samples (14)

Source df Sum of Squares Mean Square F-test P value
Inf vs Uninf (2) 1 0.0004 0.0004 0.001 0.972

Samples (B) 13 7.216 0.555 1.558 0.105

AB 13 3.720 0.286 0.803 0.656

Error 136 48.455 0.356

c) August through November samples (11)

Source : df - Sum of Squares Mean Square F-test P value
Inf vs Uninf (A) 1 3375 3.375 8.308 0.005
Samples (B) 10 3.078 0.308 0.757 \0.669
AB : 10, . 4703 0.47 1.158 0.327

Error — . 109 44.285 '0.408




104

clinging and photic behaviors. A subseguent analysis ofpthe
rqsults from April through July (14 samples).vshowed no
significant difference in eye score betWeen infected (n =
82) ‘and uninfected (n = 82) gammarids, with an overall mean
of about 2.5 (p = 0.972, two way anova, Table V-1ib). In
contrast, the results for August through Novehber (11
experiments), showed a ;ignificant difference (p= 0.005, two
way énova, Table V-1ic), with a mean score of 2.34 for
uninfected gammarids (n = 66) and _a mean score of 2.67 for
infected g;mmarids (n = 65).

~"Thus, the white pigment was on average more superficial
in infected gammarid§ than in uninfected ones, but only iﬁ
the latter part of the year.
Compar ison of accessory pigment movement§ inﬂinfected and
uninfected gammar ids N

The migration of the white pigment after dark and light

adaptation was compared in infected and uninfected dgmharids
in seeraf experiments, with slightly different protocols
(sée Chapter 11, and Table V-2). The amplitude of pigment
migration was obtained, for each individual, by substracting
the eye score post adaptation from the eye score pre -
adaptation. Distal movements of the white pigment (light
adapting) amd proximal movements (dark adapting) from
experiments S19,20, N20,21 and 56,7 were examined in a two
way éndva testing the difference in amplitude of pigmént
migration between infected and uninfected gammarids. The;e

4
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Table V-2. Migré(ion of accessory (white) pigment in uninfected gammarids (U), and those
infected with Polymorphus paradoxus (), following light (LL) or dark (DD) adaptation, as
measured by changes in eye score (Es).

The correlation coefficient (R) and its probability value for a regression of individual
gammarid' s Es at t1 on its Es at t0 are also presented.

Sample

Conditions

" Exp. Canditfons Amplitude R
size before 10 between of pigment Es 10
10 ‘and t1 migration ~— ~ vs Es
' p
Es t0 Es t1 Esti -Es 10
Mean Mean Mean )
t s.d. + s.d. t s.d. ;
$19,20 24 2 hriL 2 hr DD -
121, 12 U 2.7 1.98 -0.73 0.884
+ 0.79 + 0.77 + 0.38 p < 0.001 .
§23,24 24 Tank 2 hr LL
121,12 U 2.50 2.60 0.10 0.899
+ 0.70 + 0.80 + 0.35 p < 0.001
- ]
N20,21 24 Tank 2 hr DD
111,183U 2.44 2.02 -0.42 0.875
+ 0.69 t 0.57 + 0.34 p < 0.001
2 hrDD 2hr LL
2.02 2.53 . 0.51 0.851
+ 0.57 t 0.56 1 0.31 p < 0.001
N27,28 12U Tank . 24 hr DD : .
2.85 1.75 -1.10 P 0.9586
+ 0.76 t+ 0.68 + 023 -~ p < 0.001
’ v
Se,7 11 Tank 24 hr DD :
61,5U 2.48 2.09 L0.39 0.614
+ 0.43 , % 0.39 t 0.360 p < 0.05
24 hr DD 7 hre LL .
i ( 2.09 . 2.68 0.59 0.819
\ + 0.39 + 0.39

+ 0.34 p <0.05 -
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was no significant variation befween infected and uninfecfed
gamharids,-but a highly significant variation among
exper{ments (Table V-3). The djrféﬁence in amplitude was
positive (indicating distal movements) for all light
adapting tests (mean = 0.36, n = 59) and negative
(indicating proximal éovements) for all dark adapting tests
(mean = -0.54, n = 53). That the signifséant variability
between experiments, was indeed due tg the results of light
adaptation versus dark adabtation was shown by partitioning
the variance among experigenté; comparing the results for
thpse involving dark adapted versus those involving Tight
adapted gammarids. There was a highly significant difference
between the two groub§ of experiments, bu{ no sfgnificant
variétion'among experimehts within groups (Table V-3).

Rate and range of accessory pigment migration -

Results obtained with infected and uninfected gammarids
were pooled to study the characteristics of white pigment
migration. When festéd every hour, the eye score of animals
subjected to dark adabtatibn decreased slowly over time
(Fig. V-3 a and b). The average amplitude of the migration
after 24 hrs dark adaptation differed markedly between
experiments (-1.10 in experiment N27,28, and -0.32 in
experiment S6,7; Table V-2). For eyes éubjected to light
adaptation after 24 hours in the dark, the maximum amp1itude
(+ 0.59 units) was reached after 3 hours, with a plateau

vl

:tﬁeneafter (S6,7; Figi V-3c). The time-courses suggest that

N,
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Table V-3. Analysis of variance of the amplitude of migration of the accessory pigment '

in uninfected gammarids, and in those infected with the larval acanthocephalan
with partitioning of the variance between experiments

involving light (LL) and dark (DD) adaptation. Data from Table V-2.

.

Source df  :Sum of Squares Mean Square  F-test P value
Inf vs Uninf (A) 1 0.118 0.118 0.978 ns
Exps (B) 5 27.901 5.580 46.155 0.0001
LLvs DD (1) 23.810 23.810 196.780 0.0001
within groups (4) 4.091 1.023 0.040 ns
AB 5 0.253 0.051 0.418 ns
Error 106 1 12.815 0.121 -
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109

the proximal migration is slower than the distal migration.
However, the two pulses of light every hour thatl were
necessary to obtain an eye score were likely to modify the

course of the white pigment migration under dark adaptation.

As a matter of fact, in another experiment (N20,21; Table
V-2), there was no significant difference between the
amplitude of the migration proximally (- 0.417) and distally

. (0.510) after 2 hours conditioning without interrhptions
(t-test, p < 0.05).

As for the clinging and photic behavior, high
interindividual and interexperimental variations were
accompanied by a strong element of consistency within
individuals. For each experiment, there was a significant
correlation between individual gammarid’'s eye scores pre and
post adaptation (Table V-2). In other words, an individual
with a high light adapted eye score has a high dark adapted
eye score, and ?n individual with a low light adapted eye
score has a low darkladapted eye score. This is illustrated
in Figure V-4 where thé individual time-courses stay
approxihately parallel to each other throughout the
exp;bimentf Quite remarkable is the fact that thé
correlation is still present when light or dark adaptation
in the shmple has reached-a plateau. This implies that
individual eyé scores vary within a given narrow range,
about 1/5 or 1/10 of the poieétial range, and that this

range is about the same in infected and uninfected gammarids

but at different set points.
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Serotonin, accessory pigment migration and photic behavior
Serotonin is known to act as a releasing factor for
various chromatophorotropic hormones controlling migration
of pigments in tegumental chromatophores of crustaceans (see
review fn Fingerman, 1985). I£ is therefore plausible that
the increased photopositivity induced by serotonin injected
into uninfected gammar ids would be mediated through distal
movements of the white pigment. To test that hypothesis, 24
gammar fNs, 12 on each of two corsecutive déys, were tested
for eye s?ore. then immediately injecfed, half with saline,
and half with 10 pg 5-HT HCI1. Gammarids were then placed in
individual tracks of the testing apparatus for photic
behavior with a fixed light source (see Chapter II) and
their position assessed every 5 minutes. Forty minutes posf
injection, eye scores were tested again. Serotonin injected
animals were indeed more photopositive; they were presentvin
the lighted compartment 47 times out of 66 observations
(72%). while gammar ids injected with saline were present in
the same compartment only 8 times out of 66 observations
(12%) (Table V-4). However, there was no significant
difference in the amplitude of migration of the white
pigment between serotonin and saline injected animals; th&-—/’
difference in eye score pre injection and 40 minutes post
injection was 0.08 in saline injected animals, and -0.02 in
serotonin injected ones (Table V-4; t-test, p > 0.055 There
was once again a highly significant correlat;on between pre
and post treatment individual eye sco;es in both control and

r
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Table V-4. Effects of serotonin on photic behavior and pigment migration in
uninfected gammarids. Pigment migration indicated by difference in Eye sccre (Es)
before and after injection with saline or 10 ug serotonin: photic behavior
Indicatéd by number of times present in the lighted half of the testing apparatus.

Saline

Serotonin

Sample size

Es before
injection
Es t0
% s.d.

Es 40 min after
injection

Es 10440 min
ts.d.

I

Es t0+40 - Es tO
t sd.

Regression (R)
Es t0 vs Es t0+40
p

Presence in light

between t0 and 10+40

# presences / # observations
%

12

221 t 0.74

2.29 t 087

0.08 t 0.27

0.956
p < 0.001

23

8/ 66
12

12

262 t 0.90

260 t 110

- 0.02 t 0.46

0.915
p < 0.001

47 / 66
71
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serotonin treated gammarids. The increase in photopositivity
induced by serotonin injected into uninfected gammarids was

not mediated through distal migration of the white pigment.

-



VI. DISCUSSION [ 4

A. Patterns of behavior

Holmes and Bethel (1972) and Bethelnand Holmes (1973)
investigated the altered behavior induced by different
species of larval acanthocephalans on the behavior of
amphipods. The authors discovered that several‘aspects of
the altered behavior resulted from modified responses to
environmental stimuli. Polymorphus paradoxus had the most
dramatic effect on the behavior of its intermediage host.
wWhen mechanically disturbed, infected gammarids escaped
towards a light source, towards fhe surface in natural
conditions: skimmed the surface, somg#imes as if they were
caught by the surface tension; clung firmly to lany. suitable
material; and remainéd immobile in a flexed posture.
Uninfecfed animals, when disturbea; escaped away from a
l1ight source, towards the bottom, did not skim and did not
cling. In additipn, the habitat of infected gammar ids was
shifted towards zones of higher illumination. |

The present study has provided some additional details
about the behavior of infected and uninfected amphipods.
Three recurrent trends were present in the‘results: 1)
1nfected animals d1d not invariably show altered behav1or,
1nstead, there was a pred1ctable decrease over time in the
number responding; 2) a high interindividual variability was

LS

accompanied by elements of consistency within individuals;
LY

and 3) seasonal patterns could be 11 ked to biotic or

114 : .
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abiotic factors.

1) The decrease in number of infected individuals
exhibiting altered responses is well illustrated by changes
in clinging behavior. After ah initial mechanical stimulus,
all infected gammarids clung for a few minutes to a few
hours, with a high interindividual variability. If no
further stimuli were delivered, they then resumed their
activities. Given the appropr<iate repeated tactile
stimulations, most infected gammarids continued to cling for
up to several hours, but the prpportion clinging gradually \\
decreased. This clinging period was followed by a refractory
period, during which no clinging could be elicited, twen by
a second elinging period, shorter than thé first. These
elongated periods of clinging following repeated
stimulations could have an ecological significance. In a
field situation, an infected gammarid ¢linging to some
vegetation after an initial disturbance would return to
normal activities relatively rapidly; however, if it was
clinging to the fur of'é muskrat or to the feathers of a
duck, the movements of the vertgbrate would probably
stimulate further bouts of clinging in the infected
‘amphipod. Eventually, the potentia1 definitive host may
groom or preén itself and ingest the infected gammarid.

The pﬁotic béhavior of infected gammarids showed a
slight decrease over time in photopositivity. It can be
interpreted as the directional response to 1light subsiding
and being gradually replaced by the graded response to



116

light. The skimming behavior was the quickest to habituate
in infected gammarids. The skimming behavior is definitely
paff of the altered escape behavioral sequence, but appears
to be best interpreted as the end product of the directional
‘response to light, rather than as a distinct behavioral
pattern. Infected gammarids escape towards the source of
light and get trapped in the surface tension, while
uninfected gammar ids escape away from the source Sf 1ightA
and end up digging in the mud. ~ .

2) A high interindividual variability was found in the
length of the clinging response in infected gammarids. There
was, however, a significant positive correlation between the
length of fhe total clinging period and that of the
refractory period, and between the length of the initial
clinging period and that of the subsequent clinging period
(Chapter 111). The high interindividual variability in
photic performance of infected and uninfected controls was
accompanied by a significant positive correlation between
perforﬁance before and after treatment with saline (Chapter
IV). The high variability between individual position of the
reflectiﬁg pigment, goes along with a significant positive
correlation within individ(als between eye ‘score before and
after light or dark adaptation (Chapter V). )

If a method of study can reveal a coherent pattern '
(such as a significant correlation), it indicates that a
-lack of pattern (such as a high vériability) revealed by

that same method is genuine. Thus, the high variability
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observed in the three variables cited above was an intrinsic
characteristic of the population studied, and not an
artefact.

The interindividual variability {n the length of the
clinging behavior is difficult to interpret. Differences in
individual e*perjence prior to the tests, and, theréfore, in
degrees of habituation, constitute one possible cause.
However, the interindividual variability in photic
performance (and in eye score) could participate in the
dispersion of the gammarids in the water column (see section
“Photobehavior and screening pigments”; present chapter).

3)'Therg was a common seasonal pattern in the clinging
perforﬁénce and the position of the reflecting pigment in
infected gammarids. The strength of the clinging behavior
increased during the year, and was especially strong in late
summer and fali. Also, the reflecting pigment was slightly
more superfigjal in infected gammarids than in uniﬁfected
ones, but only during late summer and fall. These facts may
be related to the l1ife history of the host and papgsite
populations. The lesser action of the parasite on 1£s host
-was associated with overw1ntered gammarids . infected by .
overwintered acanthocephalans (found from April until dune)
The activity of theﬂhe]minth was greater -in pverwintered<
1 gammar ids infected by the spring generation of P. paradoxus,
maturing in July, and still higher in the spring gene}ation
of gammar id¢ infected by the ép}ing generation of P. 7
paradoxus, maturing in August. (Part of the 1life history of
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host and pafasite described above is speculative, and pased
on monthly observations rather than on a systematic study:
see Table [I1-1). This explanation would require that a young
cystacanth be more effective than an overwintered one (which
could be due to long term habituation in the overwintered.
gammarid), and }hat a cystacanth have more effect on a
sﬁaller, juveniié gammar id than on a larger, older one. }
The clinging response of infected gammarids was related
to a "normal” segéonal behavfor; the precopulatory or
mate-guarding behavior. The way male gammarids grasp the
females for extended period of fimes during precopu]asjon is
indeed a clingi;g beh%xigr, i.e., a firm grasp with the
dactylopods of the gnathopods. Therefore, clinging is part
of the normal behavioral repertoire of gammarids. Gammar ids
in precopula were only found from January until May. During
that period, the decis{on to cling or not to cling to the
female depends on subtle cues; for example, the presence of
fertilized eggs or juveniles in the brood pouch of the AN
female inhibits precopulation (Dunham, 1986). Thus, in
uninfected gammarids, the clinging behavior is normally
elicited by a specificset of stimuli, under precise
circumstances. However, the field observations, and the
c"nding tests in the }aboratory, suggested that at the
right tfme of year, very strong stimuli may sometimes elicit~
the clinging behavior. In infected gammarfds, at any time of
year, a wide range of mechanical stimuli elicits Fhis sa&e-

behavior, under the wrong circumstances.

Gy,. -
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The third seasonal factor demonstrated in the results
concerned the strength of the photopositivity in uninfected
gammarids. The average photic performance changed by a
- factor of 6 over the year and was correlated with daylength
and temperature (Chapter IV), as are many biological
factors. This pattern corresponds with field observations.
In spring and early summer, uninfected gammarids were very
conspicuous near the sﬁare at Cooking Lake, while in late
summer and fall the gmnﬁarjds seemed to migrate to deeper
waters. When ice formed, the gammarids were hardly
noticeable near the shore, although, on the basis of
seasonal population size, they should have been more
numerous than in the spring. )

It has been shown in this section that the clingi#
behavi;r and the high photopositivity exhibited by infected
gammar ids may also be exhibited by uninfected gammarid S but
' only as responses fo very specific stimuli and/or only
during certain parts df the year. Therefohe. the effects
induqed by the parasite are part of the ndrmal behaviPral
repertoibe of gammarids and are produced &nQer inapp;dpriate
circumstances in infected hosts. |

-y
B. Altered escape behavior and amines

Three components of the altered behavior 1nduced by P
bparadoxus in infected gammar1ds higher photopositivity,
skimming and cl1nging behav1ors were reproduced in L

uninfected gammar ids byJinj?cting serotonin, The time-course

¢
«



120

of the response to 10 pg serotonin was approximately the
same for the three behavioral components, last{ng no more
than three hours and with a peak about one hour after
injection (Fig. VI-1). It will be shown in the following
section of this discussion (VI-C) that serotonin appears Ao
participafe in the directional resporse to light, which
orients the escape behavior, rather than in the graded
response to light, which is responsible for the light
preferendum. Skimming and clinging behaviors are also parts
of the altered escape behavior exhibited by infected hosts.
_Therefore serotonin injection mimicked all three compoﬁents

of the altered escape behavior.

Effects of 10 pg serotonin in a 50 mg gammarid: specific
. action or artefact . - ‘
The previous sections have assumed that the responses
noted were specific actions of serotonin and other
neuroregulatots. Howe;er, ten micrograms of biogenic amine
in an animal wéighing less than 100 mg is a very high doge.
The cohcentration df(serotonin in the haemolymph immediafely
after injection was in the low 10-3 M range (see.calculation

in Chapter 11-B). Cooke and Sullivan (1982), in an article

on hormones and neurosecretion in crustaceans, declare that
“Current experience suggests that any effect requiring more

n

than nanomolar concentration is §hspéct. However.tibr the
‘.following reasons, the responses obtained with 10 pg

biogenic amine in gammarids are not likely to be just

“
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artefacts emanating from a nervous system ovérwhelmed by a
neurotransmitter.

1) While serotonin elicited clinéing responses in
uninfected gammar{ds. GABA, noradrgnalin, dopamine, and
octopamineg (5 or 10 pg) did not. In infected gammarids,
three biogenic amines, dopamine, noradrenalin and octopamine
(10 pg), suppressed transiently the clinging behavior.
However , octopamine'was more potent than noﬁadrenaline or
dopamine and had a differentg consistent time-course.

2) ‘The clinging response was not a continuous response
after injection of serotonin: but a response to a t%ptile
stimulation. The effects of serotonin require another event
(the tactile stimulus) to be expressed, which is certainly.
an element of specificity. | ’

3) 'Neither octopamiﬁe nor serotonin prevented the
gammarids from swimming (experiments with alternating 1ight
source), and a directional response to light is not likely
to be a pharmacological artefact. ‘

4) Serotonin iﬁjected into uninfected gammarids
consistently produced:three differenf4behaviora1 components
similar to those produced by the larval acanthocephalan P

panadoxus in infected hosts“ "Thus, serotonin el1cited

characterist1c behav1ora) patterns rqther than'atypical

d1sorgan1zedLresponses

5) Large quant1t1es of serotonin and octopamine may be

hecessary to induce any effect if the two amines are

metabol1zed quickly in.the haemolymph of GamManus after o
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Fig VI-1. Time-courses of photic, skimming, and clinging behaviors in gammarids
infected with the larval acanthocephalan Polymorphus paradoxus, in uninfected controls,
and in uninfected gammarids injected with 10 ug serotonin at time O (see details in
Chapters Ill and V).
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injection. Octopamine disappears rapidly }rom the haemolymph
of insects. After a natural increase, I;Ke that produced by
flight in the cockroach (Bailey et al., 1984) or after
injection of high quantities in the locust (Goosey and
Candy, 1982, in Bailey et al.. 1984), levels of octopamine
declined to near initial levels after only 5 minutes. If
serotonin and octopamine act centrally in Gammarus, the
conjunctive envelope surrounding brain and nerve cord might
act as a "blood-brain” barrier, ahd most of the molecules of
the amines_could be metabolized before reaching the site of
action..Possibly for these reasons, Berlind (1977) found
that a pulse dose of serotonin needed to be 10 times more
concentrated than a perfusion to induce a reversal of
scaphognathite beating in the crab Carc/nus maenas.

6) Furthermore, in the examples discussed in the next
section, effects of serotonin on the central nervous system
of decapods required concentrations in the range of 10 -3 to
10 -6 M (Glanzman and Krasne, 1983; Livingstone et al.,
1980). The authors speculated that the physiological effects
were normally achieved thro&gh the release of amines at
central synapses rather than into the blood.

)
Mode of act19n

Serotonin and octopamine had opposite effects on the
clinging behavibr of gammarids, but not on their photic
behavior, and one can infer that at least two distinct

circuits are involved. Because of the more complete data
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sét, and more pertinent literature, the discussion in this

section will focus on the clinging behavior.

Antagonistic serotonin - octopamine systems in crustaceans

The reéults obtained on the clinging behavior of
gammar ids (Chapter I1I) showed that 1) injected serotonin
elicited clinging in uninfected gammarids, 2) injected
octopamine, and to a lesser extent dopamine. noradrenalin,
and the antagonist cinanserin, reduced or eliminated
clinging in infected gammarids, and 3) injected extracts
from cystacanths sometimes produced clinging in uninfected
gammar ids (although they fréquently did not). These results
strongly Suggest that P. paradoxus produces a soluble
chemical that elicits clinging through activating a
serotonergic or serotonin sehsitive pathway that acts in

. \
antagonism to an octopaminergic or octopamine sensitive

pathway. *

No information could be found regarding amines 1in
amphipods. However, there are two other more
extensively-studied crustécean systems in which high
concentrations of octopamine and serotonin have opposite
behavioral effects. Comparing and contrasting }he three
systems will give some indication as to the possible
@échanism of action of the biogenic amines in the ciinging
behavior of infected gammarids. In one system, already
mentioned (Chapter 1), serotonin injected into crayfishes

and lobsters inducés a sustained flexion of the whole body

while octopamine produces an opposite extended posture
I

L
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(Livingstone et al., 1980: Livingstone et al., 1981; Kravitz
et al., 1980; Kravitz et al., 1983; Beltz and Kravitz, 1983;
Kravitz et al., 1984; Harris-Warrick and Kravitz, 1984,
Beltz and Kravitz, 1986) (see details in Table VI-t). (This
system will be referred to as the PO, POsture, system.) A
long lasting postural action is achieved with 10 mg
serotonin per 0.5 kg of lobster (Livingstone et al., 1980).
The authors do not mention the plood concentration of
serotonin after injection. If the haemolymph volume of the
lobster is, like in Gammarus, approximately 25 % of its wet
weight, the haemoiymph volume of a 500 g animal is
approximately 125 ml, and the concentration of serotonin in
the lobster’s haemolymph after injection of 10 mg is in the
low 10-4 M range [4.7 x 10°5 x (103 / 125)]; see Chapter
I1-B).

In the other model, involving the crayfish, serotonin
decreases the responsiveness of a pair of large neurons, the
lateral giants (LGs), command neurons for one type of
tailflip escape response; octopamine enhances the
responsiveness of }he LGs (Glanzman and Krasne, 1983) (see
details in Table VI-2). Concentrations of 10-3 to 10-¢ M are
u;pd-to obtain differences in firing in the LGs. (This will
be referred to as the LG system).

There'are a number of similarities and differences
between the three crustacean systems involving the
antagonistic effects of serotonin an& octopamine on

‘behavior. In the HP system (Host-Parasite, the effects on
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Table VI-1. Action of octopamine and serotonin on the lobster's postures.

In vitro, NEUROMUSCULAR JUNCTION

Both octopamine and serotonin (10 8, 109 M) prime peripheral muscles {extensors and
flexors) to respond more vigorously to normal stimuli;

both facilitate transmitter release in excitatory and inhibitory nerve endings;

both produce a contracture in muscle fibers and induce the appearance of Cat* action

potentials

in vitro, CENTRAL GANGLIA

Octopamine and serotonin (10° 5, 106 M) trigger the readout of oppo~ite motor programs
# Opposite actions
# octopaming ’
increased firing in excitatory neurons to slow extensors,
decreased firing in inhibitory neurons to slow extensors,
increased firing in inhibitory neurons to slow fllexors,
decreased firing in excitatory neurons to slow flexors,
# serotonin -
increased firing in excitatory neurons to slow flexors,
decreased firing in inhibitory neurons io slow flexors,
increased firing in inhibitory neurons to slow extensors,
decreased firing in excitatory neurons to slow extensors,

In *vivo
L)

Octopamine and serotonin induce opposite postures
(blood concentration after injection: 10’4, 103 M) *

# octopamine -- extended posture
# serotonin ---- flexed posture

Livingstone et al, 1980
Kravitz et al., 1980

* calculated from the authors' data.
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Table VI-2. Activn of octopamine and serotonin on the escape reaction of the crayfish.

A 1tactile stimulation on the abdomen: of the crayfish elicits an abdominal flexion
propelling the animal upward and forward within 0.1 second. This response is mediated
by the lateral giants interneurons (LGs). The lateral giants are segmentally arranged
and connect to giant motor neurons innervating fast flexor muscles. .

(Wine and Krasne, 1982).

, -3 -6 : .
# Octopamine (10 Mto 10 M) enhances the iateral giants responsiveness.

-3 .
# Serotonin (10 Mto 10 6M) deppresses the lateral giants responsiveness.
>

(Glanzman and Krasne, 1983)

Serotonih mediates, at least in part, the crayfish’' s restraint induced inhibition of the
escape response: in crayfish with lowered levels of central 5-HT (obtained with the
neurotoxin 5,7, DHT), the threshold for firing the LGs was lowered.

(GIaﬁzman and Krasne, 1986)

=
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clinging behavior), serotonin produces a modulatory
behavioral action. It elicits an effect, the clinging
behavior, not by itself, but as a response to a tactile
stimulus. The behavioral action of serotonin in the HP
system possesses the characteristics of a modulato;y
synaptic action as defined by Kupfermann, 1979: “The most
common features of modulatory synaptic effects are
long-duration of action and contingent action. Contingent
action refers to the property that modulatory transmitter§
often have little or no effects in themselves, but instegd
they alter the effects of other events."” Octopamine injected
gammarids did not cling, but there is no proof of a
modulatory action; in addition, octopamine injected
gammar ids appeared more stretched than the controls. Thus, .
while there is evidence for a modulatory action of serotonin
in the HP system, a command role of octopamine cannot be
ruled out. In the LG system, both serotonin and octopamine
produce modulatory actions. However, in the PO system, both
subserve command roles; they elicit postures without any
additional environmental stimulus. P

In the PO and the HP systems, the end result of the
action of octopamine and serotonin are simi]ar: activity OE‘
extensors is obtained with octopamine, while activity of—
flexors is obtained with serotonin. In the LG system, the
decrease in responsiveness of the Lateral Giants induced by
serotoni® reduces the chances of rapid abdomina] flexion,

“\
leading to escape (Glanzman and Krasne, 1983). However, fast

£~
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(phasic) flexors are involved in this escape reaction, which
lasts less than a second, while slow (tonic) flexors are
involved in the posturél action of serotonin in the lobster
'(and presumably in the gammarid), which lasts minutes to
hours. The comments of Glanzman and Krasne (1983) on the
differences between the LG and the PO systems might also
apply to the difference between the LG and the HP systems:
“The tonic and phasic motor systems do not necessarily
fﬁnction in parallel; in fact; tonic flexion is®inhibited by
LG-evoked phasic flexion of the abdomen (Kuwada and Wine,
1979) . Hence, the centrapuntal effects of octopamine and
5-HT on the crayfish’'s LG escape response and on its posture,
may be viewed as synergistic, and may ihply khat these
monoamines have widespread effects on the neural circuitry
mediating escape behavior." In addition, there are
similarities between the stereotactic aspects of the
“‘restraint-induced inhibition of the crayfish escape
behavior, ﬁediated by serotonin (Glanzman and Krasne, 1986),
and the stereotactic element in the gamﬁarids“ clinging

behavior.

Level of action of serotonin and octopamine

In infected gammarids, or in gammarids injected with
serotonin, reflex pathways may be altered at the peripheral
sensory level, at the central léve1 or at the peripheral
effector level. 1 have no direct evidence,. such as
elg;trophysiological recordingé, and there are no sfudies in.

the litefature on the influence of serotonin and octopamine
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on any reflex pathways in amphipods. However, an analogy
with the PO system gives a strong argument against an action
of serotonin and octopamine at the peripheral effector level
in the clinging behavior. Concentrations of octopamine and |
serotonin in the range of 10-% to 10-* M have a common
action at the neuromuscular junctibn in lobsters (Kravitz et
al., 1980)(Table VI-1). Both amines prime peripheral muscles
(extensors and flexors) to respond more vigorously to normal -
stimuli. However, the opposite postural action obtained at
concentrations of amines 10,000 times superior is not
peripheral. Flexion and extension, induced by serotonin and
octopamine, respectively, are accompanied by increased and.
decreased firing in the expected motorneurons (Table VI-1).

In other invertebrate examples, serotonin influences
the neural output at virtuahly all levels of reflex pathways-
involving mechanosensory receptors and muscular effectors
(Fig. VI-2).

In thé LG system, serotonin (10-3 to 10-¢ M) may act to
dépress transmission to the Lateral Giant command neurons
“at the synapse between sensory interneurons and the LGs or-
at the synapse between afferents and sensory interneurons
other than A" (Glanzman and Krasne, 1983).

In the marine snail Aplysia, serotonin (10-* M) acts at
presynaptic terminals of mechanoreceptors in the
sensitization off the gill-withdrawal reflex. When the
tegument of Aplysia is stimulated at low frequency, the
gill-withdrawal reflex decrements or habituates, while a

s

L]
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- Lobster (5-HT: thresHold 10 1o M)
Action on sensory endings of stretch receptors
Sensory D.epression of receptor potential and impulse
Neurons = dlschargg
Primary Octopamine same effect
(Pasztor and Bush, 1987).
Afferent
Neurons
) -4
- Aplysia (5-HT: 10~ M)
Mechanosensory terminals,
Presynaptic facilitation of transmitter release
: (Kandel and Schwartz, 1982):
Sensory
Interneurons
. -3 -6
- Crayfish (5-HT: 10 "to 10 M)
Synapse between afferent' and sensory
interneurons or synapse between sensory
interneurons and premotor interneurons (LGs)
(Glanzman and Krasne, 1983)
-5, -6
- Lobster (5-HT: 10 , 10 M)
Premotor Premotor interneurons (at least in part)
Interneurons Generation ot coordinated motor patterns
(Harris-Warrick and Kravitz, 1984)
Motor - Lobster, Crayfish (5-HT: 81079
\ yfish (5-HT: 10 ,10 M)
Neurons Neuromuscular junctions
Enhancement of contraction in flexor and
extensor muscles’
Extensor Flexor Octopamine same effect
muscles *  muscles . (Kravitz et al., 1980)
Fig. VI-2. Arbitrary reflex pathway between mechanoreceptors and muscular
effectors illustrating different levels of action of serotonin (5-HT) in different
iﬁvertgbrate

systems. . :

1
v/
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head shock causes the response to increase or sensitize.

™~

Either application of serotonin to, or dire stimulation

of, a group of facilitatory interngurons (ithe L29 cluster in
‘the abdominal ganglion) can simulafte ;the £ffect of the head
shock. It has been established that sénsitizatiOn results
from/presynaptic facilitation of transmitter release by
mechanoreceptor neurons in the abdominal ganglion (Brunelli
et al.,.1976; Klein et al., 1980; Klein, 1981; Klein et al.,
1982; Kandeljapgﬁ§?5wartz, 1982; éghdel et al.”, 1983;
Kistler et 'sf'mféss').

Finally, in the 1obster..Pasztor and Bush (1987},
looked at “non-synaptic modulation of membrane potentials in
peripheral sensory endings". The authors used a stretch
receptor, the oval organ, "which provides feedback from the
ventilatbry appendage to the nervous system”. Serotonin,

-10

with a threshold of 10 M depresses receptor potential and

impulse discharges in the dendrites of the senggry cells.
Octopamine has the same effect.

The preceding studies §udgest that peripheral effects
of serotonin and oqtopamine are similar, and are induced by
Tow céncentraﬁions of the amines. Because of the high
concentrations of serotonin in the haemolyhph required to
obtain a significant effect (10-4 M), and becausé of the
opposite effects of serotoﬁin and octopamine in the
host-parasite system, a non pefipheral action of the amines

is likely to be involved. However, by analogy with the

regulation of the feeding behavior in the leech (Lent and
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Dickinson, 1984; Lent, 1985), serotonin might also
integrate, at different levels, the whole altered escape
behavior of infected hosts. "The serotonergic neurons within
the leech nervous system integrate feeding behavior by their

. *
selective modulation of certain central neurons and by their

direct, powerful activation of several peripheral -
effectors." (Lent, 1985). In that system, serotonin
functions as a neurotrahsmitfer in some roles and as a
neuromodulator in others. The modulétory role, already
parallels that in the host-parasite system. In a hungry
leech, and in a hungry leech only, a v1brat1ona1 stimulus
evokes the swimming phase of the feeding behav1or, and a
thermal stimulus induces biting. Thus, an animal in a
definite physiological state associated with higher levels
of serbtonin exhibits distinct behavioral patterns evoked by
traésient stimuli. As Lent and Dickinson (1984) put it: "The
organization of a specific recognizable behavior by
serotonin is reminiscent of some of the varied mechanisms by
which hormones .are able to establish thé physiélogical
conditions required for more general béhaviorallstates"
Indeed, the control of the feeding behavior of the leech and
that of the altered escape behavior of infected gammarid§
seems related to the modifier effects of hormones described

by Truman and Riddiford (1977) (see Chapter 1I).
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Actual involvement of serotonin in the host-parasite system
Sertonin doés reproduce qualitatively several
components of the altered behav{or induced by the
acanthocephalan P. paradoxus in its host. Thus, the
acanthocephalan probably.affects serotonergic or serotonin
sensitive pathways in its host. However, there is as yelt no
proof of the actual involvement of serotonin or serotonergic

N,

\ h
pathways. Injected serotonin could in. fact mimic another
. v \

‘vsubstance. It is known for examﬁ\g that\S-HT sometimes
reproduces the action of ngurohoraqnes in insects (Raabe,
1982). Also, in the gi]]-withdrawalxreflex of Aplysié?‘
serofonin reproduces the effects of tﬁg stﬁmukation of the
L29 cluster of interneurons; however, ikyhas béen shown by
immunocytochemistry that these interneur$n§ ar; not
serotonergic (Kistler et atl., 1985). Furthé>moré,kthe
parasite may influence some inhibitory patﬁﬁays aci\ng in
parallel with serotonin sensitive'pathﬁays; Fdh exalee.
dopamine did not elicit clinging in uninfected gammarids,
but did suppress .this response in_infected animals (Chapteﬁ
I11). \There wa;‘some indication that dopamine might leo
reduce the photopositivity in infected gaﬁmarids (Chébter
1V). In uninfected animals, with normal levels of dopémipe,
the clinging rgsponse.and the escape towards tﬁe light
source would be inhibiged, whereas, in infected gammarids,
with Towéru1evels of dépamine, the tnhibition would be
removed. All in all thodgh, the daté presented in this -/

thesis and the literature suggeét a genuine participation of
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serotonin, but'as an infermediate biochemical step, and not
as a substance likely to be released in sufficient quantity
at the host-parasite interface.

Al though seroto:in was not mentioned in a study
concerning the biogenic amines of another adult
acanthocephalan Monilifprmis dubius (BudziakowsKki et al.,
1983f, serotonin has been.found in acanthocephalans. The
Falck Hillarp histochemical fluorescence technique revealed
11 neurons with serotonergic properties out of 86 neurons in
the cerebral ganglion of aduli Macracanthé%hynchus |
hirudinaceus (Wang, 1976). ' It is therefore conceivable
that cerebral neurons of P. paradoxUs cystacanths are |
capable of synthesizing serotonin and releasing it through
the tegument\\However it is unllkely that the high )
concentrations required to induce the c11ng1ng behavior and
the increased photopositivity in uninfected gammar ids would
be reached The smallest qudantity of serotonin injected was
1 pg, wh1ch induced only a feeble clinging response One’
microgram of serotonin gives a concenttation of,T@'5 - 10-4.

«M in the haemolymph, whereas circulating;serdtonin‘levels

determined in the lobster aré in~the 10-° M range

- mmEmew e e - - - ---

1t The cerebral dganglion of acanthocephelans is located in-
, v . . ' .

the proboscis sac,Athe muscular gnvelop into which the -

proboscis can be retracted (and is in larval

acanthocephalans). This éerebral &%nglion-éonSisted of'78
) / : : .

cells in both adults and cystacanths of P. panadbxus

->

-(unpub1ished data). e /
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(Livingstone et al.., 1980). If serotonin blood levels are
similar in gammarids to those in lobsters., then, the
parasite would have to increase serotonin blood

concentration by a factor of 10,000. which seems highly

‘unlikely. If serotonin is indeed involved, it is more

probably released at central synapses rather than in the
haemolymph by the parasite. In the two other crustacean
systems wng which large quantities of serotonin and
octopamine have opposite behavioral effects. the authors do
;bt raise doubts as to the actual involvement of the two
amines: they do suggest that, in physiological conditions.
octopamine and $eroton1n are released at central synaptic
sites (Beltz and Kraviiz 1983: Glanzman and Krasne. 1983).
A number of 5imp1é exper iments can be performed to test
whether or not serotonin is actually involved in the system
G. lacustris / P. paradoxus and in other host-parasite
pairs. High pressure liquid‘éhromatography (HPLC) should be
used to ‘compare serotoninn levels in the haemolymph cf
uninfected gammarids and in that of P. paradoxus infected
gammar ids. More promising, according to the previous .
assumptjons. serotonin-1ike immunoreactivity should be
studied comparatively in the nervous system of uninfected
gammar ids and those infected by P. paradoxus. This
experiment could lead to even more er*&fUﬂ results in
another syStem. The metacercariae of the trematode

Microphal lus papil lorobustus are located mostly in the

forebrain in Gammarus insensibilis and Gammarus aequicauda

»
©
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(Helluy. 19821, and modify the gammarids’ responses to
disturbance, eliciting a "startle” response (but no
clinging! (see Chapter ). Looking for serotonin-1like
immunoreactivity in vibratome sections of the brain of
gammar ids with and without the parasite in situ, could
reveal differences in the\intensity of staining (as in
Glanzman and Krasne. 19861, and/or in the shape or number of
processes stained. Also, one could attempt to suppress
serotonin activity in infected hosts to "cure” them.
5,7-dihydroxytryptamine 1s a neurotoxin causing the
degeneration of serotonergic neurons (see references in
Glanzman and Krasne, 1986). Injecting 5,7 DHT into infected
G. lacustris was tried duriﬁg Yhe course of my studies in ah
ill-prepared and inconclusive experiment that deserves to be
repeated. Two experiments I did perform, also deserve to be
repeated. Single injection of 10 pg PCPA
(p-chlorophenylalanine), an inhibitor of the synthesis of
serotonin, did not influence the long term clinging

per formance of infected gammarids. These negative results
cﬁuld be due to low sample sizes, or to dosage related
reasons. The results obtained with cinanserin (SQ 10,643),
an antagonist of serotonin, are more promising. Cinanserin
(5 to 20 pg) decreased significantly and in a dose-dependent
manney the clinging performance in infected gammarids.
Howéver, the absence of a clear pattern in the time-courses
is more suggestive of a general pathological effect of the

drug than of a specific action on the clinging behavior.
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Serotonin is a well documented neurotransmitter of
cestodes (Gustafsson, 1985), which are able to synthesize
this biogenic amine from tryptophan and 5-hydroxytryptophan
(Ribeiro and Webb, 1983), as well as absorbing it in large
quantities from the host intestine (Cyr et al., 1983). There
is another report of parasitism being associated with
elevated levels of serotonin. Serotonin contents were higher
in the intestine of rats infected by Hymenolepis diminuta
than in the intestine of uninfected controls (Cho and
Mettrick, 1982). In addition, € circadian periodicity in
5-HT levels in intestinal mucosa and lumen, in blood, and in
H. diminuta tissues was demonstrated. Cho and Mettrick
(1982) suggested that the increased levels of 5-HT in the
intestinal lumen was due to an increased release of the
amine from the enterochromaffin cells of the intestinal
mucosa. Another explanation involves the intestinal
bacterial flora in parasitized guts. Luminal bacteria
relgase monoamine oxidases, which decrease luminal 5-HT
lggéls through catabolism (Mettrick, 1982). Thus, the
increased serotonin level could result from decreased
degradation rather than from increased production. The
conclusions to draw from the comparison of a system
involving an adult cestode in the intestine of a vertebrate,
and a system involving a larval acanthocephalan in the body
cavity of an invertebrate, are necessarily limited.
Nevertheless, in both cases, an helminth is associated with

elevated levels of serotonin in its environment. Also, the
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example of the cestode suggests that the larval
acanthocephélan could act on the nervous system of its host
by breventing the degradation of serotonin rather than
activating its release.

It has been argued that, if serotonin.is indeed
involved in the system P. paradoxus / G. lacustris, it is
more likely to be released at central synapses in the host
than in the haemolymph by the parasite. The question of how
P. paradoxus may alter the serotonergic activity in the CNS
of gammarids is left open. A priori, any Kind of molecule
could be released by the parasite. "The evolution of
allelochemic agents must depend on a balance between
metabolic cost and natural selection” (Whittaker and Feeny,
1971). The ecological advantage of the a{tered host behavior
for the larval P. paradoxus seems striKEng, and natural
selection could have favored the production of an
"expensive” molecule like a protein. A cestode larva
(sparganum of Spirometra) found in vertebrates is known to
release, at the host-parasite interface, a protein of a
molecular weight circa 50,000 that has the properties of

mammalian growth hormone (Mueller, 1974).

C. Photobehavior and screening pigments

The results obtained on the photic behavior of
gammar ids and on their photomechanical characteristics
(Chapter IV and V respectively) showed that 1) injected
serotonin increased the photopositivity of uninfected



' 140

gammar ids, 2) injected octopamine had no effect on the
photopositivigy of infected gammarids, 3) the reflecting
pigment was, on average, in a slightly more superficial
position in infected than in uninfected gammarids; 4) in
individual gammarids, the migration of the white pigment
coQ;red only a fraction of the potential range of migration,
and that fraction had app;oximately the same amplitude but a
different set point in different individuals, and 5) the
photopositivity induced in uninfected éammarids by injecfed
serotonin was not accompanied by a migration of the
reflecting pigment.

These seemingly contradictory results can be integrated
by the following set of assumptions. There are two distinct
components in the photic behavior of G. Jacustris: a
directional response to the position of the light source,
and a graded response to light intensity. The directional
reshonse. modulatory in nature, is part of (and orients) the
escape behavior; the graded response, non modulatory, is
equivalent tq the light preferendum and contributes to the
positioning of the gammarids in the water column. The light
preferendum is mediated at least in part through the
position of the reflecting pigment. The results indicate
that injected serotonin affected the directional response to
light; however, at least in the 'short term, serotonin did
not affect the position of the reflecting pigment, therefore
probably had no effect on the light preferendum of the

gammarid. The plausibility of these assumptions is examined

IS
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in the following discussion.

Dual nature of responses to light

The distinction between responses of animals to
direction or gradient of a stimulus is included in the
definition of a "Taxis" by Burr (1984). "Taxis. Migration
oriented with respect to the stimulus direction or gradient.
(Note 8) which is established and maintained by direct
turns..."” In note 8, Burr points out that g\aded and
directional responses are indeed distinct:/z;t that the
distinction has not always been acknowledged. However, the
difference is clear in a field study on the larvae of the
crab Rhithropanopeus harrisii (Forward, 1985). The n
distinction is between- long term positioning along a
gradient of light intensity, and rapid orientation upon a
sudden stimulus. Duriég the day, the larvae are associated
with an isolume. At night, a slow decrease in light
intensity initiates an upward migration. However, a rapid
decrease in light intensity triggers a shadow response - a
reflex to avoid predators - and the larvae descend in the
water column. |

Bethel and Holmes (1973) explored two types of
responses to light in Gammarus lacustris infected by
different larval acanthocephalans: 1) upon disturbance, the
orientation of the escape with respect to light; and 2) the
choice of zone in an aquarium offering a darkened and a

lighted zone. Uninfected gammarids swam away from the 1ight
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source upon disturbance and most of the time were present in
the darkened zone. Polymorphus paradoxus infected gammarids
swam towards the Tight source upon disturbance and were
present mostly in the lighted zone. Polymorphus marilis
infected gammar ids swam away from the light source when
disturbed, but were present mostly in the lighted zone. The
response to disturbance can be interpreted as a response to
the direction of light, and the choice of zone of
illumination as a response to a gradient of light intensity.
1t is remarkable that P. paradoxus altered both directional
and graded responses to light in gammarids, whereas P.
marilis altered the graded résponse without affecting the
directional response.

wWhich type of phototaxis was measured in this study”?
Pardi and Papi (1961) mention that, in laboratory
situations, light fie)ds often have both directionality and
gradient and that it is difficult to assess whether
experimental animals are respondiné to one or to the other.
The setting used to study the photic behavior of gammarids
(Chapter 1V) did have both directionality and gradient. (In
experiments with a fixed light source, the tray offered a
gradient of light intensity covering 3 log units from
approximately 10-2 foot-candles (10-' lux) to 10
foot-candles (102 lux).) It did not‘clearly distinguish
between directional and graded responses.

Polymorphus paradoxus infected Gammarus lacustris

appear to be more sensitive to disturbance than their
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uninfected counterparts (Bethel and Holmes, 1973). In

exper iments with a fixed light source (Chapter IV), a
pléxiglass partition was fitted down in the middle of the
tray, for a brief moment every 10 minutes, to count the
gammar ids in the lighted part of their track. This slight
disturbance could have triggered the escape reaction of
infected gammarids and thus their directional response to
light, leaving the uninfected gammarids undisturbed. The
latter thus would have selected their light preferendum in
the tray. Also, because the clinging behavior can last up to
four hours after an initial disturbance, it is reasonable to
suspect that the response of swimming towards the origin of
light after disturbance may also last for extended periods
of time. Thus, it is likely that, in the testing apparatys,
the responSes to light of infected gammarids were largely
directional, habituating over time, and those of uninfected

gammar ids essentially graded.

Light preferendum and screening pigments

The idea that light responses in crustaceans are
determined at least in part by the movements of screening
pigments is not new, as attested by the title of a 1905
article by Smith: "The effect of pigment migration on the
phototropism of Gammarus annulatus S.1. Smith". Although
Smith studied the photobehavior of gammar ids in relation to
the position of the retinal pigment in histological

prepafafion, it is the position of the accessory screening
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pigment that is more likely to be associated with the light
preferendum in gammarids.

There are only two sets of screening pigments¥in
amphipods but three sets in the better known decapods
(Autrum, 1981: Shaw and Stowe, 1982). The screening pigment
present in the visual retinular cells is called the
proximal, retinal, retinular, or dark pigment. The white
pigment in the accessory cells is referred to as the
"tapetum”, white, or reflecting pigment (Henkes, 1952).
Amphipods apparently lack the second accessory pigment found
in decapods, the distal, dark, also called "iris", pigment.
In this discussion, I will use "refinu!ar" ("retinal”),
"reflecting” and "distal” respectively, with "accessory
screening pigments" used as a generic term for the last two.

The dark and light adapted positions of the retinular
pigment in G. lacustrjs are very similar to thoée found in
Gammarus ornatus (Parker, 1905; Smith, 1905), Gammarus
locusta, Talorchestia longicornis (Bennitt, 1924) and
Gammarus oceanicus (Ali and Steele, 1961), 2 but slightly
differ from the situation in Gammarus pulex and
‘Echinogammarus berilfoni (Debaisieux, 1944). In the last two
species, the black pigment granules were less dense around
the rhabdom in the dark adapted eye than in the light

adapted eye, but the median part of the rhabdom was never

2 According to Ali and Steele (1961), the_GammaruS ornatus

of Parker (1899) and Smith (1905) is the Gammarus oceanicus

of their own study, due to synonymy.
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totally exposed. The bidirectional, divisive migration of
the black retinular pigment granules, found in G. Jlacustris,
is generally not present in decapods except in the crab
Libinia (Eguchi and Waterman, 1967). Neither Parker (1899),
Smith (1905), Bennitt (1924), nor Ali and Steele (1961)
mentioned changes in the position of the reflecting pigment
or in the shape of the crystalline cones in gammarids. In
that respect, however, the situation in G. lacustris closely
resembles the one described in E. berilloni by Debaisieux
(1944) . The subcuticular position of the light adapted
reflecting pigment is unusual in crustaceans but was found
in the horseshoe crab Limulus (Fahrenbach, 1875). Generally,
in decapods, the reflecting pigment migrates under the |
basement membrane during light adaptation.

The physiologies of the retinular and the accessory
screening pigments are very different in the time-course of
migration, the light intensity that triggers migration, and
the controlling mecﬁanisms. The difference with respect to
time coursé and light intensity triggering migration in the
crayfish are perfectly summarized by Aréchiga (1977:394).
"The proximal [retinular] pigment operates with a“low
threshold and short time-course, enabling the visﬁa1 system
to work at low levels of intenéity. The distal pigment
migration in turn shows a high threshold and a sliow
time-course as though its normal function is that of
permitting the visual system to be desatdrated at high

- {
intensities of illumination by bringing the amount of light

S
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admitted in the rhabdom within the operation range of the
retinal photoreceptors". (The reflecting pigment does not
move significantly in the crayfish, but does undergd
migrations in other decapods.) Similarly, in gammarids, the
retinular pigment is the fast acting pigment, migrating from
its divided dark adapted position towards the light adapted
position in a matter of minutes and at very low light
intensities, 0.0012 meter-candles (about 10-31ux) in G.
locusta (Bennitt, 1924), and 10-? to 10-* foot-candles (10°?2
to 10-3) lux in G. oceanicus (Ali and Steele, 1961). The
reflecting pigment appéars to function as the slow acting\
pigment. Although, to my knowledge, the factors affecting
the migration of the reflecting pigment in gammarids have
n6bt been documented in the literature, the results in
Chapter V show that the migration of the accessory screening
pigment from a dark to a light adapted positian took a ,
matter of hours. .

Mechanisms controlling the movements of screening
pigments belong to three categories: the cells containing
screening pigments may be 15 independent effectors

‘responding directly to changes in ambient light intensity,
2) under neurgl control, or 3) under hormonal control with
either an endogenous, or an exogenous, Heterminism.
Mechanisms controlling the movements of the retinular

pigment are of type 1) or 2), those controlling thé

movements of accessory screening pigments of type 3).
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In the crayfish "retinal photoreceptors are
“intrinsically independent pigmentary effectors wiizre the
migrations can occur as a direct response to the presence or
absence of light" (Frixione et al., 1979). However, neural
control of the migration of the retinal pigment has also
been reportéd in some species (Autrum, 1981).

~Turning to the accessdry screening pigments, the
migration of the distal pigment in decapods is under control 
of at least one hormone, an octodecapeptide, thé Light
Adapting Hormone {(LAH), also called light adapting Distal
Retiﬁa] Pigment Hormone (DRPH)]. This hormone also disperses
black, red and thte pigments in the tegumental
chromatobhores of crustaceans. The sinus gland appears to be
the major source of LAH (see reviews in Cooke and Sullivan,
1982: Keller, 1983; Rao, 1985). More than one hormone may be
involved. A dark adapting DRPH has been separated from the
]ight adapting DRPH in Palaemon;tes sp. (Fingerman et al.,
j971). Movements of the reflecting pigment, although less
studied, are ale under hormonal control (Kleinholz, 1985).
_Ih-isopods, extracfs of sinus glands and supraesophageal
 5qgé£;ng1ia produce dark adaptation of the reflectfng pigment
(Fingerman.and Ogﬁro. 1963) .

Furthermore, a range of‘céncentration of eyestalk
extracts containing LAH, when injected into Palaemon spp}:
proddces a graded response in the distal pighent, similar to
that produced by a range of light intensities (Kleinholz,
1938; Kleinholz and Knowles, 1938). Rodriguez-Sosa’ and
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Aréchiga (1982) showed that the distal pigment in the
crayfish modulates light responsiveness over 18og unit of
light intensity, at levels at which the proximal retinal

/ pigment is fully light adapted. In Cooking Lake for example,
light intensity drops by approximately 1 log unit at 2
meters depth according to the formula of Riley (1957)3.

Based on the above, it is reasonable to conclude that,

Nin G. lacustris, the retinular pigment is responsible for
short term, rapid responses to sudden changes in light

- intensity. The reflecting pigment is responsible for longer
term, slower adjustments to general leve'ls of ambient light,
and may fespond in a graded fashion to the length of dark
adéptation, the light intensity (over about 1 log unit), or
the concentration of eyestalk extract and Light Adapting
tHlormone (Fig. VI-3).

"Although the influence of different factors in the
migratioT of screening pigments has been studied
extensively, there are, to my knowledge, ﬁo studies that
rélate the light preferendum of‘an animal with the position
of its scrgening pigment. It seems logical that the

relationship between accessory screening pigment position

31, = 15 (1 - e %Z) / (kz) with K = attenuation
lcoefficieht, z = depth (in meters), I, = Tight intensity
reaching the surface, Iz =light intensity reaching depthwi;WAl
In Cooking Lake the avérage attenuétion coefficient is 42j
(Dave Trew, personal communication) andol2 is ‘about |

100 / (4.7 x 2) = 10.64.
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and light intensity (Fig. VI 3) sHould be true regardless of
whether the former or the latter is the dependent variable.

Thus. in an environment 9ffering a light gradient f(as g

natural aquatic environment does!. an animal should dwell at
the optimal light intensity defined by the position of 1ts
accessory screening pigment. *

Llet s .then assume that indeed there is a correlation
between accessory pigment position and light preferendum.
Tr;e next question i1s a que.or\ of causality.‘ Is the
position of the screening pigment a consequence of the light
preferendum, or is the light preferendum a .consequence of
the position of the pigment? If the déterminism of the
position of jthe pigment can be shown to be endogenous< at
least in part, then one can reasonably assume that the light
>preferendum is a consequence of the position of the pigment.
at least in part. Both endogenous and exogenous hormona )
mediated control of pigment migration have been found in
crustaceans. In‘some species, migration of pigment depeiﬁs
entirely on endogenous rhYthms, which persist in constant
illumination or constant darknes$s; in other spec?es.
migrations of pigment are responsive to ambient 1{ght
intensity (see review in Autrum, 1981). In the former, the
light preferendum is likely to be a function of the
endogenous rhythm, in the latter, pigment position is likely
to be a function of the light preferendum. |

* In G. Jacustris, migration of the reflecting pigment

towards a dark adapted position can be triggered during



151

’
daytime (Chapter V). This implies that the reflecting

pigment can migrate as a result of variations in ambient
light intensity. However, the range of migration in an
individual covers only a fraction of the total range seen in
different individuals. The data are consistent with the
hypothesis that migration triggered by exogenous factors is
super imposed on an endogenous set point, with both exogenous
and endogenous determinisms under hormonal control.
Circulating levels of light and/or dark adapfing hormone
would determine a given position of the accessory screening
pigment. This circulating level would vary from individual
to individual and thus be responsible for individual
variations in light preferendum. Seasonal rhythms of
circulating levels of light and dark adapting hormones cou ld
also control seasonal variations in pigment position and
thus mediate seasonal variations in light preferendum.
However, some light and dark adapting hormone -
approximately the same amount in each individual - is
apparently stored in a readily available form, the release
of which is apparently controlled by exogenous factors.

In such a system, the parasite could alter the set
point, th basic level of circulating hormone, but not the
amount or release of stored hormone. This hypothesis is
consiStent with the observations that infected gammarids
have, on average, whiter eyes, and that the responses of
their white pigment to variations in ambient light

intensities are normal.
u
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A certain number of predictions should be verified if
these conclusions are valid. In a long apparatus offering a
precise gradient of light intensities, a correlation should
be found between eye score and light preferendum in G.
Jacustris. Gammarids represent the perfect material to
perform this Kind of experiment. They are probably the only
animals known to present concurrently two convenient
characteristics. The position of their accessory screening
pigment can be assessed quantitatively by simple external
examinal;on of the eye, and their photobehavior can be
tested easily becalUse of their small size.

Uninfected G. lacustris in summer are ‘quite photophilic
(Chapter IV), and infected and uninfected animals do not
dwell in widely separated habitats. Thus, a large difference
in average eye score between uninfected and infected G.
lacustris cannot be expected. In another system, a larger
dirference should be found. In brackish water in the south
of France, Gammarus insensibilis has a bimodal distribution
with a peak in the upper 10 cm of the water column, and
another one below 110 cm (Janssen et al., 1979). Helluy
(1983b) suggested that the superficial position of the
gammar ids was prpbably,due to the extremely prevalent
cerebral metacercaria of the trematode Microphal lus
papillorobustus, which alters the photic behavior of its
host. In this system, a large difference in average eye
score between infected and uninfected animals would be

anticipated.
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Light sensitivity in the eyes of invertebrates is
controlled for a large part by photdmechanical changes
(Autrum, 1981). The graded position adopted by the'acgessory
screening pigment may be the explanation in yet another
host-parasite system. The chaetognaths belonging to the
species Sagitta friderici infected by a larval hemiurid
(Trematoda) were foynd. on average, about 5 meters above
uninfected animals, whether these uninfected animals were
present at average depths of 17 or 25 meters (Pearre, 1979) .
Light is known to be an importantféﬁe 35 chaetognaths’
behavior.

The responses induced by injected serotanin in
uninfected gammarids did not include a migration of the
accessory screening pigment (Chapter V). However, serotonin
did increase photopositivity in uninfected gammarids, by
overriding Tndividual pretreatment photic patterns. This
overriding, Q\ther than additive, action of serotonin on the
photic performande is consistent with the interpretation
that serotonin dogs not influence the light preferendum, but
does influence the directional response to light.

Nevertheless, the potential long term 1nfluénce of
serotonin on the position of the accessory screening pigment
qannot be completely discarded, becguse serotonin has been
linked in many circumstances to the contral of pigment
movements. Serotonin is involved in pnoducing exocytosis in
the sinus gland of a créyfish (Strolenberg and Van Herp,

| 3
1977) and of an isopod (Martin, 1978). The sinus gland is
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known to store hormones controlling pigment movements
(Keller, 1983). Serotonin elicits erythrophore pigment
dispersion by stimulating the release of RPDH (red pigment
dispersing hormone) in the crab. fhe amine induced color
changes are probably mediated by the neuroendocrine system
since serotonin induces the pigmentary changes in vivo and
in vitro but not in isolated legs in vitro (see review in
Rao, 1985). In addition, there is evidence that
norepinephrine stimulates the release of light adapting DRPH
in the crab Uca pugilator, while dopamine stimulates the
release of dark adapting DRPH (Kulkarni and Fingerman,
1986). In some isopod / helminth systems, the pigmentation
of the host is altered (see resiew in Oetinger and Nickol,
1981), andbit would be interesting to test serotonin in an
isopod / helminth system. (Unlike isopods G. Jacustris does

not possess chromatophores.)



VII. CONCLUSION

More than a dozen cases are reported where a larval
helminth alters the behavior of its invertebrate ]
intermediate host. In many of these cases, the altered
behavior consists of modified responses to environmental
stimuli (Holmes and Bethel, 1972). Experimentally, the ~
altered behavior of«the intermediate host makes it more
vulnerable to predation by the definitive host of;the
parasite, and thus, probably, représents an adaptation to
enhance. the transmission of the worm. Case studies and
ecological aspects of the "altered behavior” have been
covered in a number of papers (see reviews in Holmes, 1976;
Helluy, 1983; Moore, 1984). However, one quéstion is not, to
my knowledge, documented ®n the literature: what are the
mechanis%s by which the parasites modify the behavior of
their intermediate hosts? This question underlies the whole
thesis, and was addressed using a host-parasite system
common in Alberta, the acanthocephalan Polymorphus paradoxus
Connell and Corner, 1957 in its crustacean intermediate host
Gammarus Iacustris~$arsl 1864. In infected gammarids the
entire escabe behavioral sequence is modified. When
disturbed, infected gammarids swim towards a light source
(in natural conditions towards the surface), skim the
surface, cling to any suitable material, and remain immobile
in a flexed posture. Uninfeéted gammarids escape away from

the surface and hide in the mud. In addition, the habitat of

infected gammarids is shifted toward zones of higher

155
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i llumination (Bethel and Holmes, 1973).

Two principal lines of research were followed. The
first one emerged from an analogy: the flexed posture
induced in lobsters after injection of the biogenic amine
serotonin (5-hydroxytryptamine, 5<HT) was similar to the
flexed posture of clinging infected gammarids. In lobsters
also, octopamine produced an opposite extended posture
(Livingstone et al., 1980). Thus, the effects of different
amines on the behavior of gammarids was tested. The second
line of research was based on the assumption that, if the
responses to light in infected hosts are so deéply modified,
their photoreceptors might be altered in some perceptible
way.

To study the clinging behavior, the gammarids were
placed in petri dishes lined with cloth, and subjected to a
tactile stimulation. Whether or not the gammarids grasped
the tissue fibers with the claws of the two first pairs of
tﬁéracic legs in a typical clinging response was noted. For
the photic behavior, the gammarids were allowed to swim in
individual tracks of a long plexiglass tray provided with
one lamp (fixed light source), or two lamps (a]ternating
light source). In experiments with fixed light source, the
presence or absence of the gammarids in the .l1ighted half of
the tray was recorded every 5 minutes. The average number of
times the gammar j were present in the lighted half in one

hour was calculpted. Also, the regression of the time-course

of the response in gammarid samples was analysed. In
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experiments with alternate light source, the lamps were
switched on alternately at each end of the tray every 10
minutes; the distance covered by the gammarids away from or
towards>the light source was determined.
With these methods, some additional details were

obtained on the behavior of infected and uninfected
gammar ids. Given the appropriate repeated stimulations,
infected gammarids clung from a few minutes to several hours
with a high interindividual variability. The clinging period
was Fo]lowed by a refractory period, the length of which was
positively correlatcd with the length of the clinging
period. Also, the similarities between the clinging response
of infected gammarids and the way male gammarids grasp ;he
females for extended period of times during precopulation
were documented. This suggested that clinging is part of the
normal behavioral repertoire of gammarids, but that it is
elicited in the wrong circumstances and as a response to the
wrong stimuli in infected gammacids. The photic behavior of
uninfected gammarids, studied as controls, showed a seasonal
pattern that was positively correlated with duration of day
light and lake water tempecature. |

¥ Serotonin (1, 10, 20 pg) injected into uninfected
gammarids elicited qualitatively the clinging behavior
typical of infected gammarids. However, serotonin did not
reproduce the quantifative effects of the parasite. Not all
serotonin injected gammarids responded by clinging, and

those that did, responded significantﬁy fewer times than did
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infected gammarids. The clinging response of serotonin
injected gammarids lasted only from a few seconds to a few
minutes. Control uninfected gammarids hardly ever clung to
the cheese cloth. Infected gammarids, and uninfected ones
injected with 10 pg serotonin, showed a.significantly higher
photopositivity and a more predictable photic behavior than
uninfected controls. Injected serotonin (10 pg) also
elicited the skimming behavior in uninfected animals. The
time-course of the effect of 10 ug serotonin was similar for
the three behavioral patterns, extending over two to three
hours with a peak about one hour post treatment. Octopamine
{5, lO pg) ., antagbnized transiently (several hours) in a
dose dependent manner the clinging behavior in infected
gammarids, but did not affect their photic behavior.
Dopamine and noradrenalin had lesser antagonistic effects on
clinging. |

Histological examination of the compound eyes of
infected“and uninfected gammarids, after light and dark
adaptation, did not reveal any qualitative difference linked
to the presence of the parasite. The position of the
accessory white screening pigment was studied quantitatively
by external examination of .the eyes of living or freshly
Killed gammarids under a dissecting microscope. Arbitrary
units were used with a scale from 1 to 5, 1 representing the
darkest eye,‘the most dark adapted, anu 5 the whitest eye,
the most light adapted. The position of the accessory

screening pigment was highly variable in both infected and

:
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uninfected animals, but on average, this pigment was
significantly more light adapted in the eyes of infected
gammar ids than in those of uninfected gammarids. The
migration of the accessory screening pigment was studied
during light and dark adaptation. In each individual, the
range of migration of the pigment covered only a fraction of
the poteﬁtial range; the amplitude of the migration was
similar in different individuals, but the set point was
different. This was true for both infected and uninfected
gammar ids. However, the incfeasgd in photopositivity induced
by serotonin in uninfected gammarids was not accompanied by
a migration of the accessory screening pigment to@ards a
*more light adapted position.

The apparently contradictory results of the experiments
on photic behavior and the screening pigment studies suggest
that there are two distinct components in the photic
Eehavior of gammarids, a directional response to the ’
position of the light source, and a graded response to light
intensity. The directional response is part of the escape
behavior; the graded response is equivalent to fhe light
preferendum and contributes tc‘the positioning of the
gammarids in the'wat.er‘ column. The light preferendum is
mediated at least in pért through the position &F tge
accessory screenin, pigment. Injected serotonin 1nf}uences
the directional response to l‘igpt, but, at least in the

short term, dées not /affecbthe light preferendum.

.,
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As in other crustacean systems (Livingstone et al.,
1980: Glanzmar and Krasne, 1983), large quantities of amine
were necessary to obtain a behavioral effe§t in gammarids.
{The concentration of serétonin in the haemolymph of the
ganmarids after injection of 10 pg was in the low 10°3
range .) It is concluded that serotonin is unlikely to be
released by the parasite into the hbst’s haemolymph in
sufficient quantity to affect the behavior of the gammarid.
It is, however, reasonatle to suppose that an increased
serotonergic activity in the central nervous system of G.
lacustris is induced, by an unkndﬁn mechanism, as a
consequence of the presénce of the lar?gl acanthocephalan.

In the introduction, a number of quesiions were faised
concerning the mechanisms whereby larval helminths alter the
responses to environmental stimuli of their invertebrate
intermediate hosts. These questions were used as a framework
to the present study, and some partial answers emerged
throughout the discgssion. The behavio;é} patterns induced
by P{ paradoxus occur, in uninfected gammarids, only under
specific circumstances qﬂF as a }esponse to specific
stimuli. The mechanism of action of the parasite appears to
depend on whether responses to transieni or persistent
stimuli are involved. The acanthocephalan P. paradoxus
probably acts on serotonergic or serotonin sensitive
pathways in its gammarid host, and modulates the different

. —

components of the altered escape behavior (a response to a

transient stimulus). In this case, the parasite is involved

L 4
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in a neural action ét the central level. The parasite is
also suspected of altering the level of light adapting
hormone, thus changing the position of the accessory
screening pigment, and hence the response to light intensity
(persistent stimulus), in infected gammarids. There, the
action of the parasite woﬁld be hormonal, and at the sensory
receptor level.

This thesis represents a first attempt at understanding

the mode of action of parasites altering the responses to
environmental stimuli in their invertebrate intermediate
hosts. Pathology has often.lead fQ significant discoveries
about the normal state of a biological system. The simplé
behavioral pathology induced by P. paradoxus, or several
other species of larval helminths, in invertebnales may
provide a wealth of readily accessible information for the

neurcethologist.
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Appendix II-1.  Molecular weight, and number of moles for 10 pg substance.

All chemicals are from Sigma Cie except cinanserin (Squibb).

) Weight moles

N . . L8 - 8
¥ - Amino - n_- butyric acid 103.1 9.7t x 1o ~ *
(GABA, piperidic acid)’ >
(+ ) Arterenol Hydrochioride q 205.6 486 x 1078
(Norepinephrine, Noradrepalin)™*

w 8‘6

bL - p - Chlorophenylalanine ] 199.6 I, 5.01 x 10
5 7 - Dihydroxytryptamine ’ 403.4 247 x 108
Creatinine Sulfate Salt | '
(5. 7 - DHT)
5 - Hydroxytryp"tamilne '_ 7387.4 2.58 x 10"'8_
Creatinine Sulfate Complex ) . /

(5 - HT, Serotonin) v

5 - Hydroxyiryptamine - 212.7 4.70
Hydrochloride ' . b

(5 - HT, Seroto™ . - T

3 - ‘Hyéroxytyra_mine Hydrochloride * .  189.6 | 5.2"7/4 10" 8
(Dopamine) . B R o A
DL - p - Hydroxyphenylethanolamine . 189.6 527 x 10”8
Hydrochloride o . ‘
(Octopamine) T s .

. . ‘ i —_ . " ‘8
SQ. 10,643 Hydrochloride - mean: 2.79x 10
(Cinanserin) o ‘ ) 358.7

e
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Appendix llI-1.  Monthly assessment of clinging behavior in uninfected gammarids.
Values are number of gammarids clinging / number tested, gammarids were single

individuals (S), and those separated during precopulation ‘(P, sex ratio 1/1).

Tested .

Tested on
Date of collection Day of collection 5 Days after collection
s P S P .
Sept 11, 1985 0/30 0/30
Oct 12 0/30. -“0/30
>
Nov 14 0/30 0/30
Dec 12 0/30 ’ 0/30
Jan 18, 1986 0730 B 0/86 0/30 1730
Feb15 0/30 0/ 0/30 1/30
Mar 15 0/30 0/30 0/30 0/30
Apr 12 0/30 0/30 0/30 0/30
“May 17 1/30 0/30 0/30 1/30
Jun 14 0/30 . 0/30 .
Jui 19 0/30 - 0/30 -
Aug 11 0/30 L 0/30 .
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Appendix V-1.

the larval acanthocephalan

Y hus
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Average eye score in uninfected gatnmands and in those infected with
radoxus, “for 25 samples spread from
September 1986 to September 1987 (listed in chronological order.). The range of
possible values for eye score exténds from 1, darkest eye (= most dark adapted

position of white pigment), to S, whltest ‘eye (= most light adapted posmon of white

sé

.485

pigmem)
Infected Uninfected Eye Day
score of
n Eye score n . Eye score Inf. - year
Date | . Mean s.d. Mean - s.d. Uninf.
S19 6 3.417 . .516 6 2.208 .813 1.209 262
S20 8 2.625 .848 6 2.583 518 0.042 263
s23 6 2.583 .957 6 2.5 .871 0.083 266
S24 8 2625 .666 Ps 2.202 .6 0.333 267
N20 6 2.867 .917 6 2.417 ”5{2\ 0.250 324
N21 5 2.55 1542 7 2.179 .82 0.371 325
~ Ap20 6 25  .447 6 2.292 579 0.208 110
- Ap21 8 2.208 .246 8 2.458 .781 -0.250 111
Ap27 6 2.875 d§7 6 2.75 612 0.125 < 117
Ap28 6 2.458 .4%9 6 2.292  .431 0.166 118
My6 6 2.458 .368 6 2.083° .516 0.375 126
My7 8 2.167 .606° 4 2.188 .315 -0.021 127
My14 8 2.333  .492 6 2208 .292 - 0.125 134
My15 5 2.65 .783 6 ' 3.042 .534 .0.392 135
My18am 6 2.333  .438 6 2.667 .492 -0.334 138
Myi8pm 5 2.75 .5 6 2.875 .737 -0.125 138 o
Junts °~ 8 2.79§‘ .66 6 2.5683 .378 0.209° 166
Julta - 8 2.37 308 6 2.625 1.068 -0.250 195
Jul20 8 2875 .862 6° 225  .524 “0.625 201
Jul2s 6 2.458 .813 6 2.875 .862 -0.417 209
A18 6 3.125 .827 6 2.25 .387 0.875 230
A20 6 2.208, .292 6 2.333 .303 -0.125 232
A24 6 2.825 .647 © 8 2,202 .9 0.333 236
A28 6 2.417 .378 8 2.208 .557 0.209 240
6 2.458 5 2.5 395 -0.042 249
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