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Abstract. The localisation and distribution of the choli- 
nergic and serotoninergic components of the nervous 
system in the plerocercoid, adult and free proglottis 
stages of the tetraphyllidean tapeworm Trilocular& acan- 
thiaevulgaris were determined by enzyme histochemical 
and immunocytochemical techniques. The central nerve 
ring (CNR) in the scolex contains two lateral ganglia 
and gives rise to five pairs of longitudinal nerve cords 
(LNC's; three lateral, two median). The nerve cords run 
posteriorly throughout the bodies of the plerocercoid 
and adult worms and the free proglottis. Nerves from 
the CNR and accessory lateral LNC's pass to the bothri- 
dia, where they give rise to extensive nerve plexuses. 
As the individual proglottides develop along the strobila, 
a small nerve ring forms at the anterior end of each 
proglottis; within the nerve ring, distinct bilateral gan- 
glia develop prior to the release of the proglottis. All 
ten LNC's are present in the free proglottis. The genital 
atrium and cirrus sac are innervated by cholinergic and 
serotoninergic elements. The cholinergic nervous system 
predominates in the CNS within the scolex, whereas 
there is a larger population of 5-HT-immunoreactive 
nerve cells associated with the LNC's and segmental 
ganglia along the strobila and within the free proglottis. 

The Tetraphyllidea are widely recognized as the oldest 
and most primitive group of the true tetrafossate tape- 
worms (Wardle et al. 1974). It is typical of many species 
that they undergo hyperapolysis - that is, the individual 
(or"  free") proglottides are released in an immature con- 
dition and develop independently of the strobila and 
of each other. Trilocularia acanthiaevulgaris, a parasite 
of the spiny dogfish, Squalus acanthias, is one such hy- 
perapolytic species, and previous studies have shown 
that its developmental sequence in the fish involves three 
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forms. Thus, a plerocercoid-like juvenile form occurs 
in the stomach, migrating in the early summer months 
(May-July) to the spiral valve, where it develops into 
the strobilated adult form. Free proglottides are released 
from the strobila in June and July and undergo their 
cycle of reproductive development, shedding their eggs 
when gravid (McCullough and Fairweather 1984; 
McCullough et al. 1986). The rest of the life cycle is 
unknown (McCullough et al. 1986). Despite this, the 
presence of three distinct life cycle stages in the one 
host makes T. acanthiaevulgaris an ideal model for stu- 
dies on the development of the nervous system. 

Despite their strategic position in the evolution of 
cestodes, the Tetraphyllidea remain a neglected group, 
and this is also true for their nervous system. Histologi- 
cal studies have established the gross neuroanatomy of 
a number of species (Rees 1943, 1946, 1966; Rees and 
Williams 1965; Williams 1959). A number of electron 
microscopic studies have described certain aspects of the 
ultrastructural features of the nervous tissue (Fair- 
weather et al. 1987a; Golubev and Kashapova 1975). 
However, the identity of transmitter substances in these 
species is not known. The present paper is the first of 
a two-part investigation into the range of potential trans- 
mitter substances in T. acanthiaevulgaris. It provides in- 
formation on the localization and distribution of acetyl- 
choline and 5-hydroxytryptamine (serotonin, or 5-HT) 
in the three developmental stages from the dogfish gut. 
A subsequent paper will deal with putative peptidergic 
transmitters (Fairweather et al. 1990). 

Materials and methods 

Specimens of T. acanthiaevulgaris were recovered from the gastro- 
intestinal tract of the spiny dogfish, Squalus acanthias, caught in 
the Irish Sea and landed at Ardglass, County Down. Three life 
cycle stages of T. acathiaevulgaris were examined in the present 
study: the juvenile (plerocercoid-like) form that inhabits the stom- 
ach, and the adult and free proglottis that occur in the spiral valve. 
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Demonstration o f  the cholinergic nervous system 

Two techniques were used: the indoxyl acetate method for non- 
specific esterases, and the acetylthiocholine iodide method for cho- 
linesterases. For the indoxyl acetate technique (after Holt 1954, 
as described by Bancroft 1967), worms belonging to the three devel- 
opmental stages were washed in elasmobranch saline (McCullough 
1984, after Carvajal et al. 1982; Read et al. 1960), fixed for 2 h 
at 4~  in 4% (w/v) paraformaldehyde in 0.2 M TRIS-maleate 
buffer (pH 7.2), and then washed in several changes of 0.2 M TRIS- 
maleate buffer (pH 7.2) at 4 ~ C over a 2-h period. Specimens were 
incubated in the indoxyl acetate substrate medium (pH 7.2) at 
37 ~ C for 15-60 min, followed by dehydration, clearing and mount- 
ing as whole-mount preparations. Controls included (1) incubation 
in the substrate medium lacking the indoxyl acetate substrate and 
(2) inclusion of the cholinesterase inhibitor eserine (physostigmine, 
1 x 10 -5 M) in the substrate medium. 

The acetylthiocholine iodide technique used was essentially 
that of Wilson and Schiller (1969), a modification of the Bueding 
et al. (1967) method, which in turn is based on the original methods 
of Koelle and Friedenwald (1949) and Gomori (1952). Specimens 
of the three developmental stages were washed as described above, 
fixed for 30 min at 4 ~ C in 10% (v/v) phosphate-buffered neutral 
formalin (pH 7.2), and washed in several changes of 0.2 M TRIS- 
maleate buffer (pH 7.2) at 4 ~ C over a 45-min period. The worms 
were preincubated for 2 h at 37~ in Gomori's stock solution 
(pH 6.8), followed by incubation in the acetylthiocholine iodide 
substrate medium (pH 6.8) at 37~ for 15-60 rain. The worms 
were then washed for 15 min at 37 ~ C in a saturated solution of 
sodium sulphate and incubated in 70% (v/v) ethanol saturated 
with hydrogen sulphide for 30 min at room temperature, prior to 
hydration, clearing and mounting as whole-mount preparations. 
Controls included (1) incubation in the substrate medium lacking 
the substrate and (2) inclusion of the cholinesterase inhibitor eser- 
ine (1 x 10-5 M) in the substrate medium. 5-Bromo-4-chloroindox- 
yl acetate, aeetylthiocholine iodide and eserine were obtained from 
Sigma Chemical Company Ltd (Poole, Dorset, England, UK). 
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Fig. l .  Diagram of the nervous system in the scolex of T. acanthiae- 
vulgaris, viewed from the ventral surface, b, bothridium; bni, bn2, 
bn3, bothridial nerves 1, 2 and 3; bnp, bothridial nerve plexus; 
cnr, central nerve ring; dllnc, dorso-lateral longitudinal nerve cord; 
dmlnc, dorsal median longitudinal nerve cord; lg, lateral ganglion; 
mIlnc, main lateral longitudinal nerve cord; tc, transverse connec- 
tive in central nerve ring; vc, vertical connective in central nerve 
ring; vllnc, ventro-lateral longitudinal nerve cord; vmlnc, ventral 
median longitudinal nerve cord 

Fig. 2. Plerocercoid. Whole-mount preparation, showing the distri- 
bution of the CNS in the scolex. Indoxyl acetate method. B, bothri- 
dium; BNI, BN2, BN3, bothridial nerves 1, 2 and 3; LG, lateral 
ganglion; LNC, lateral longitudinal nerve cords; MNC, median 
longitudinal nerve cords; arrows, nerve plexus innervating the mus- 
culature of the bothridium. Bar, 50 p~m 

Demonstration o f  the serotoninergic nervous system 

For the visualization of 5-HT nerve elements in T. acanthiaevulga- 
ris, the indirect immunofluorescence technique of Coons et al. 
(1955) was used. Whole-mount preparations of the three develop- 
mental stages were fixed for 4 h at 4 ~ C in 4% (w/v) paraformalde- 
hyde (PFA) in 0.1 M phosphate-buffered saline (PBS, pH 7.4), and 
then washed for 24 h at 4~  in PBS (pH 7.4) containing 0.3% 
(v/v) Triton X-100 and 0.2% (w/v) sodium azide. Incubation in 
primary antiserum was carried out for 2~4 days at 4 ~ C, using 
either antiserum 43H2T (at a working dilution of 1:100) (Immuno 
Nuclear Corporation, Stillwater, Minn., USA) or antiserum 448(1) 
(at a working dilution of 1 : 500) (kindly donated by Dr. S.H. Mit- 
chell, Department of Medicine, The Queen's University of Belfast; 
for details of immunogen, see Fairweather et al. 1987 b). Specimens 
were subsequently washed for 24 h at 4 ~ C in PBS, incubated for 
24 h at 4~  in swine anti-rabbit IgG conjugated to fluorescein 
isothiocyanate (FITC) (Dako Ltd., High Wycombe, Buckingham- 
shire, England, UK), and washed again prior to mounting and 
examination with an Olympus BH-2 incident fluorescence micro- 
scope fitted with a supplementary EY 455 excitatory filter. Speci- 
mens were also imaged using an MRC-500 Confocal Scanning 
Laser Microscope (Bio-Rad Lasersharp Ltd., Abingdon, Oxford- 
shire, England, UK). 

Controls included (1) omission of primary antiserum, (2) sub- 
stitution of primary antiserum with non-immune rabbit serum 
(Dako Ltd., High Wycombe, Buckinghamshire, England, UK) and 
(3) liquid-phase preabsorption of primary antiserum with 5-HT- 
HC1 (Sigma Chemical Company Ltd., Poole, Dorset, England, 
UK) at 500 gg/ml diluted antiserum. 

Fig. 3. Plerocercoid. Whole-mount preparation, showing the origin 
of bothridial nerve 1 (BN1) from the lateral ganglion (LG) and 
bothridial nerve 3 (BN3) from the accessory lateral longitudinal 
nerve cord (ALNC). Indoxyl acetate method. Bar, 25 gm 

Fig. 4. Plerocercoid. Whole-mount preparation, showing the nerve 
cell bodies (arrows) associated with the lateral ganglia and other 
elements of the central nerve ring in the scolex. Indoxyl acetate 
method. Bar, 25 gm 

Fig. 5. Plerocercoid. Whole-mount preparation, showing two large 
nerve cell bodies (arrows) lying alongside the main lateral longitudi- 
nal nerve cord (MLNC) near its origin from the lateral ganglion 
(LG). Indoxyl acetate method. ALNC, accessory lateral longitudi- 
nal nerve cord. Bar, 25 p.m 

Fig. 6. Adult worm. Whole-mount preparation, showing the forma- 
tion of nerve rings (arrows) in the developing proglottides in the 
strobila. Acetylthiocholine iodide method. Bar, 100 gm 

Fig. 7. Free proglottis, showing the level of cholinesterase activity 
in the main lateral longitudinal nerve cord (MLNC) decreasing 
posteriorly along the proglottis. Acetylthiocholine iodide method. 
Bar, 25 girl 

Fig. 8. Free proglottis. An intense reaction for esterase activity 
is present in the spiny anterior region (SA) of the proglottis, in 
the genital atrium (GA) and in the cirrus sac (CS). Esterase activity 
is also present in the lateral (LNC) and median (MNC) longitudinal 
nerve cords and their cross-connectives (arrows). Indoxyl acetate 
method. E, eggs in uterus. Bar, 50 gm 
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Figs. 2-8 
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Results 

Chol inergic  nervous  s y s t e m  

There was no difference in the distribution of  staining 
with the two esterase techniques used; therefore, the re- 
sults are described together. No staining was evident 
in any of  the control material. 

The CNS in the scolex of  the juvenile and adult 
worms is well developed and is represented diagrammati- 
cally in Fig. 1. It consists of  a relatively small, squared 
central nerve ring (CNR), which is crossed by a promi- 
nent transverse connective and a more delicate vertical 
connective (Fig. 2). From the lateral margins of  the 
CNR arise three pairs of  nerve cords, which are fused 
at their origin to form paired lateral ganglia (Fig. 2). 
The nerve cords extend laterally for a short distance 
before curving backwards to pass down into the neck 
region (Fig. 2); they become the lateral longitudinal 
nerve cords (lateral LNC's)  that run posteriorly through- 
out the bodies of  the juvenile and adult worms and the 
free proglottis. Of  the three nerve cords, the central one 
is the most well developed and is hereafter referred to 
as the main lateral LNC. The other two are more delicate 
and form the latero-dorsal and latero-ventral LNC's  
(also referred to collectively as the accessory lateral 
LNC's) (Fig. 2). The three lateral LNC's  are joined by 
cross-connectives. 

A nerve tract from each corner of  the CNR joins 
with a similar nerve tract arising from the origin of  one 
of  the accessory lateral LNC's  to form a triangular struc- 
ture (Fig. 3). From the apex of  the triangle, a nerve ex- 
tends to the centre of  one of  the posterior loculi of a 
bothridium: this is bothridial nerve 1 (Fig. 3). A separate 
nerve passes to the centre of  the anterior loculus: this 
is bothridial nerve 2 (Fig. 2). The other posterior loculus 
is innervated by a nerve arising further along the acces- 
sory lateral LNC:  this is bothridial nerve 3, which is 
joined to bothridial nerve 1 by a cross-connective 
(Fig. 3). The three bothridial nerves give rise to a well- 
developed nerve plexus innervating the musculature of  
each bothridium (Fig. 2). The plexus appears to ramify 
throughout  the bothridium and is joined to a nerve ring 
running around the margin of  the bothridium; it is not  
sub-divided into plexi within the individual loculi 
(Fig. 2). A number of  nerve cell bodies are evident within 
the plexus (Fig. 2). The two bothridial nerves 1 on either 
side of  the CNR are joined by a transverse connective, 
and from the junctions so formed arises one of  the two 
pairs of  median LNC's  that run down the centre of  the 
worm in all three life cycle stages (Figs. 2, 3). 

Numerous small nerve cell bodies are associated with 
the C NR  and main nerve tracts in the scolex. More than 
50 cells could be distinguished on each of  the dorsal 
and ventral faces of  the CNR:  they were clustered main- 
ly over the common root  of  the lateral LNC's,  whereas 
others were situated at the bases of  the bothridial nerves 
(Fig. 4). Typically, two or three larger cell bodies lay 
along the shoulder of  each main lateral LNC before 
it curved backwards down the neck region (Fig. 5). 
Nerve cells were associated with the lateral LNC's  in 

the neck region but became less frequent with increasing 
distance from the CNR. 

The ten LNC's  evident in the neck region continue 
backwards throughout  the body of  the juvenile worm 
and the strobila of  the adult. As the individual proglot- 
tides develop along the strobila, so a small nerve ring 
develops at the anterior end of  each proglottis (Fig. 6). 
Thickenings of  nervous tissue develop at the junction 
between the nerve ring and the lateral LNC's;  these 
thickenings develop into distinct ganglia by the time the 
proglottides detach, although individual cell bodies 
could not be distinguished with the esterase techniques 
(Fig. 6). 

All ten LNC's  were present in the free proglottis, 
with the main lateral LNC being the most prominent 
(Fig. 7). There appears to be a swelling of  the nerve 
cords at the anterior end of  the proglottis, and the inten- 
sity o f  cholinesterase activity is greatest within the spiny 
anterior end; it declines as the nerve cord passes further 
backwards along the main body of  the proglottis 
(Fig. 7). Transverse connectives ramify between the 
LNC's  (Fig. 8). An intense reaction was evident with 
the indoxyl acetate technique in the region of  the genital 
atrium and in the muscular lining of  the cirrus sac 
(Fig. 8). 

5 - H T  

5-HT-immunoreactive nerve fibres were seen to contrib- 
ute to the CNR in the scolex of  juvenile and adult worms 
(Fig. 9). Up to six nerve cell bodies were associated with 
the CNR:  they were multipolar in type and approxi- 
mately 17 x 10.5 gm in size (Fig. 9). Typically, a single, 
large, stellate multipolar nerve cell (size, approximately 
19 x 12 gm) lies either side of  the CNR (Fig. 10). Also, 
three multipolar cell bodies (size, approximately 17 x 
11 gm) lie along the shoulder of  the main lateral LNC's  
near their origin from the CNR and before they curve 
backwards down the neck region of  the worm (Figs. 9, 
10). Immunoreactive nerve fibres extend from the CNR 
to the bothridia, where they give rise to a delicate nerve 
net (Fig. 11). 

In the neck region of  both stomach and spiral valve 
worms, immunoreactive nerve fibres were present in all 
the LNC's  (Fig. 12). The LNC's  appeared to be fairly 
delicate structures, consisting of  only a few nerve fibres, 
and no one nerve cord was more prominent than any 
other; they were joined by several transverse connectives 
(Fig. 12). A series of  regularly spaced nerve cell bodies 
were associated with the main lateral LNC's,  although 
their nerve processes extended to the accessory lateral 
LNC's  as well (Fig. 12). The cells were predominantly 
multipolar in type (size, approximately 16 x 11 gm), al- 
though smaller bipolar cells were also evident. 

The LNC's  and their associated cell bodies extended 
posteriorly along the strobila of  the adult worms. As 
individual proglottides began to develop, a regular pat- 
tern of  one or two immunoreactive nerve cell bodies 
was evident along the anterior margin of  each proglottis 
(Fig. 13). With the growth of  the proglottides (due large- 
ly to their elongation), the numbers of  cells increased 
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Figs. 9-20. Whole-mount preparations showing immunoreactivity 
to 5-HT 

Fig. 9. Plerocercoid. Confocal scanning laser micrograph (CSLM), 
showing 5-HT-immunoreactive nerve fibres and nerve cell bodies 
(large arrows) in the central nerve ring (CNR) in the scolex. Three 
immunoreactive nerve cell bodies (small arrows) are associated with 
the main lateral longitudinal nerve cord (MLNC) near its origin 
from the central nerve ring. Bar, 25 gm 

Fig. 10. Adult worm, showing one of the large, stellate multipoiar 
nerve cell bodies (large arrow), immunoreactive to 5-HT, that lie 
on either side of the central nerve ring (CNR). Three immunoreac- 
rive nerve cell bodies (small arrows) are associated with the main 

lateral longitudinal nerve cord near its origin from the central nerve 
ring. B, bothridium. Bar, 25 gm 

Fig. 11. Adult worm, showing the extensive plexus of 5-HT-immu- 
noreactive nerve fibres innervating the musculature of a bothridium 
(B). LNC, lateral longitudinal nerve cords; MNC, median longitu- 
dinal nerve cords. Bar, 50/am 

Fig. 12. Plerocercoid. CSLM. 5-HT-immunoreactive nerve fibres 
are present in the main (MLNC) and accessory (ALNC) lateral 
longitudinal nerve cords and their cross-connectives in the neck 
region. A number of immunoreactive nerve cell bodies (arrows) 
are associated with the nerve cords, their processes extending to 
more than one nerve cord. Bar, 10 gm 

to four  or five, and  they formed a series of  cells arching 
towards  the centre of  the proglot t is  (Figs. 14, 15). This  
process con t inued  such that  by the t ime the te rmina l  
proglot t is  was reached, there were two dist inct  aggrega- 
t ions of  nerve cells on  either side and  in the anter ior  
ha l f  of  the proglot t is  (Fig. 16). These aggregat ions  of  
nerve cells form the presumpt ive  gangl ia  of  the free pro-  

glottides, and  each gangl ion  con ta ined  approx imate ly  
eight or n ine  cells. 

In  the ma tu re  free proglott is ,  the ganglia  lie at the 
j u n c t i o n  between the spiny an te r ior  end and  the m a i n  
body  of  the proglot t is  and  are jo ined  by three or four  
t ransverse connect ives  (Fig. 17). F r o m  the ganglia,  im- 
munoreac t ive  nerve fibres pass forwards  to innerva te  
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Figs. 13-16. Adult worm, showing stages in the formation of gan- 
glia in the developing proglottides in the strobila. 

Fig. 13. Early stage, with one or two nerve cell bodies (arrows') 
coming together. Bar, 25 gm 

Fig. 14. Later stage, showing aggregations of 3 or 4 nerve cell 
bodies (arrows) on either side at the anterior margin of each pro- 
glottis. Bar, 25 gm 

Fig. 15. Developing ganglia at higher magnifications, showing the 
nerve cell bodies (arrows) arching towards the centre of the proglot- 
tis. Bar, 10 gm 

Fig. 16. Terminal proglottis, showing the paired ganglia comprising 
several nerve cell bodies (large arrows); the ganglia are united by 
transverse connectives (small arrows). Bar, 10 gm 

the anter ior  a t t achment  organ,  in which they ramify to 
fo rm a nerve plexus, which contains  a number  o f  small 
mul t ipolar  cell bodies. Nerve  cords extend poster ior ly 
f rom the ganglia;  essentially, they are cont inuat ions  o f  
the ten L N C ' s  evident in the strobila o f  the w o r m  
(Fig. 18). A regular series o f  mul t ipolar  nerve cell bodies 
(size, approximate ly  9 x 6 gm) were associated with the 
lateral L N C ' s ,  their nerve processes extending to more  
than one nerve cord  (Fig. 18). A few 5 -HT- immunoreac -  
tive nerve cells were associated with the genital a t r ium 
(Figs. 19, 20), and immunoreac t ive  nerve fibres were evi- 
dent  in the muscular  lining o f  the cirrus sac (Fig. 20). 

N o  immunos ta in ing  was evident in any o f  the 5-HT con- 
trol material.  

Discussion 

With  the exception o f  a s tudy on a possible and unidenti-  
fied ca techolamine /amino  acid t ransmit ter  in the primi- 
tive cestodarian,  Gyrocotylef imbriata (Keenan and Koo-  
powitz  1982), the present investigation is the first at- 
tempt  to identify neurot ransmi t te r  substances in ces- 
todes other  than  the Cyclophyl l idea and Pseudophyll i-  



I. Fairweather et al. : T. acanthiaevulgaris : ontogeny of cholinergic and serotoninergic nervous systems 493 

Fig. 17. Free proglottis. 5-HT-immunoreactive nerve cell bodies 
(large arrows) are present in the anterior ganglia (AG). An anterior 
nerve (AN) extends forwards from each ganglion into the anterior 
attachment organ. Immunoreactive nerve fibres are also present 
in the lateral longitudinal nerve cords (LNC) that extend posterior- 
ly from the ganglia. A number ofimmunoreactive nerve cell bodies 
(small arrows) are associated with the netwe cords. Bar, 25 gm 

Fig. 18. Free proglottis. 5-HT-immunoreactive nerve fibres are 
present in the main (MLNC) and accessory (ALNC) lateral longitu- 
dinal nerve cords in the main body of the proglottis. Multipolar 

immunoreactive nerve cell bodies (arrows) are associated with the 
nerve cords. Bar, 10 I~m 

Fig. 19. Free proglottis. 5-HT-immunoreactive nerve cell bodies 
and nerve fibres form a plexus (arrows) surrounding the genital 
atrium (GA). Bar, 25 ~tm 

Fig. 20. Free proglottis. 5-HT-immunoreactive nerve fibres (large 
arrows) are present in the nerve plexus innervating the muscular 
lining of the cirrus sac (CS). A number of immunoreactive nerve 
cell bodies (small arrows) lie around the genital atrium. Bar, 25 btm 

dea. Certainly, it is the first description o f  t ransmit ters  
in a te t raphyl l idean species. Previous studies on cholines- 
terase activity in cestodes have concent ra ted  on cyclo- 
phyll ideans:  descriptions o f  gross n e u r o a n a t o m y  based 
on the dis tr ibut ion o f  cholinesterase activity in adult  
worms  are available for  a variety o f  species (Kralj 1967; 
Lui et al. 1964; Ramisz  ~ 967; Shield ~ 969). Several larval 
forms have also been studied (Er/ink6 1968; Har t  1967; 
Leflore and Smith 1976; Rees 1973). In Hymenolepis 
diminuta, cholinesterase activity has been demons t ra ted  

in the oncosphere  (Rybicka  1967), cysticercoid (Bogitsh 
1967) and adult  (Douglas  1966; Fairweather  1978; Wil- 
son and Schiller 1969). Fewer studies have been carried 
ou t  on the Pseudophyl l idea  (Kot ikova  and K u p e r m a n  
1977, 1978). In Triaenophorus nodulosus, cholinesterase 
activity has been localized in the oncosphere ,  procercoid,  
plerocercoid and adul t  (Kot ikova  and K u p e r m a n  1977). 

Inhibi tor  studies have shown that  the cholinesterase 
activity in cestode nervous  tissue is p redominan t ly  due 
to an acetylcholinesterase enzyme (Bogitsh 1967; Er/in- 
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k6 et al. 1968; Fairweather 1978; Hart 1967; Schardein 
and Waitz 1965; Shield 1969). Cholinesterase and acetyl- 
cholinesterase activity have also been demonstrated bio- 
chemically in a number of adult and larval cestodes (e.g. 
Er/ink6 et al. 1968; Graft and Read 1967; Pylkk5 1956). 
The association between acetylcholinesterase and the 
nervous system of cestodes, and its established role in 
cholinergic neurotransmission, suggests that acetylcho- 
line functions as a neurotransmitter in these organisms. 
This idea is supported by pharmacological evidence (see 
below). Acetylcholine or acetylcholine-like substances 
have been demonstrated in a number of species (Arte- 
mov and Lur'e 1941 ; Hariri 1974; Pylkk6 1956). 

5-HT has been demonstrated by formaldehyde-in- 
duced fluorescence in a number of cestode species (Gus- 
tafsson and Wikgren 1981; Lee et al. 1978; Shield 1971). 
More specific immunocytochemical techniques have 
been applied to H. diminuta (Fairweather et al. 1988; 
Webb and Mizukawa 1985) and to Diphyllobothrium 
dendriticum; in the latter species, 5-HT has been demon- 
strated in three life cycle stages, namely, procercoid, 
plerocercoid and adult (Gustafsson et al. 1985, 1986; 
Wikgren 1986). The presence of 5-HT throughout the 
CNS of Trilocularia acanthiaevulgaris suggests a role in  
neurotransmission and/or neuromodulation; in the pe- 
ripheral plexuses associated with muscular organs such 
as the bothridia and cirrus sac, 5-HT may also be in- 
volved in neuromuscular transmission. Amongst ces- 
todes, it is only in H. diminuta that there is sufficient 
evidence to consider 5-HT for transmitter status. Thus, 
there is evidence for neuronal localization (see above); 
for synthetic pathways (including intermediates) and in- 
activation mechanisms (reuptake and metabolism) (Ri- 
beiro and Webb 1983, 1984; Webb 1985), pharmacologi- 
cal evidence in the form of motility responses to 5-HT 
agonists and antagonists (see below), and evidence for 
the existence of 5-HT receptors and their operation via 
an adenylate cyclase, cAMP system (Ribeiro and Webb 
1986, 1987). Quite distinct from its transmitter role are 
the hormone-like effects that 5-HT has on various as- 
pects of carbohydrate metabolism in the worm (Rahman 
et al. 1983 ; Sangster and Mettrick 1987). 

The parallel distribution of cholinesterase activity 
and 5-HT immunoreactivity in T. acanthiaevulgaris sug- 
gests that acetylcholine and 5-HT may act as antagonis- 
tic transmitters in the control of locomotor activity in 
this species. The application of exogenous acetylcholine, 
5-HT and their agonists and antagonists to neuromuscu- 
lar preparations of H. diminuta and the trypanorhynch, 
Grillotia erinaceus, has indicated an inhibitory role for 
acetylcholine and an excitatory role for 5-HT (Sukhdeo 
et al. 1984; Thompson and Mettrick 1984; Thompson 
et al. 1986; Ward et al. i986). These roles are true for 
platyhelminths in general; amongst the trematodes, they 
have been demonstrated for Schistosoma mansoni (Hill- 
man 1983; Pax etal. 1984) and for Fasciola hepatica 
(Hohnes and Fairweather 1984). Such a dual mechanism 
for the control of motility in T. acanthiaevulgaris (and, 
indeed, other platyhelminths) may be simplistic because 
other neurotransmitters (particularly peptides) may be 
involved (see Fairweather et al. 1990). 

Previous histological studies on tetraphyllideans 
have described four "cerebral" ganglia, connected by 
a broad median commissure and more delicate dorsal 
and ventral commissures, and from which arise a vari- 
able number (2-10) of LNC's that extend posteriorly 
along the strobila (Rees 1943, 1946; Rees and Williams 
1965; Williams 1959). The complexity of the nervous 
system in the scolex, as in other cestode groups, reflects 
the complexity of the adhesive apparatus (Fairweather 
and Threadgold 1983); T. acanthiaevulgaris is no excep- 
tion to this rule. The present study provides evidence, 
based on cholinesterase histochemistry and 5-HT immu- 
nostaining, for a well-developed nerve ring in the scolex, 
which was confirmed by the three-dimensional imaging 
available with the confocal scanning laser microscope. 
In Acanthobothrium coronatum, nerve cells were said to 
be concentrated in the median commissure and absent 
from the "cerebral" ganglia (Rees 1966). Indeed, Rees 
(1946) describes the median commissure in PhylIoboth- 
rium dohrnii as being "most probably the true nerve 
centre". However, such statements on the presence of 
nerve cells and other details of the neuroanatomy need 
carry little weight in view of the non-selective nature 
of the staining techniques used and the problems of dif- 
ferentiating nervous tissue from the surrounding paren- 
chyma. The histochemical and immunocytochemical 
methods used in the present study provide more reliable 
information and have shown that a substantial popula- 
tion of nerve cells is associated with the CNR and 
LNC's. This has been confirmed by a separate study 
on peptidergic nerve cells (Fairweather et al. 1990). 

The present study has also provided unequivocal evi- 
dence for the formation of ganglia in the developing 
proglottides in the strobila, supplying each free proglot- 
tis with its own independent nerve centre. The existence 
of ring commissures Connecting the LNC's in the strobi- 
lar region of the body has been described in Anthoboth- 
rium auriculatum and A. coronaturn, but none of these 
develops into distinct accumulations of nervous tissue 
(Rees 1943; Rees and Williams 1965). Indeed, Rees and 
Williams (1965) clearly state that "there is no evidence 
of the formation of a new nerve centre" (in the detached 
proglottis). The difference between these two species a n d  
T. acanthiaevulgaris is probably due to the fact that they 
are euapolytic, whereas T. acanthiaevutgaris is hyperapo- 
lyric. This means that in A. auriculatum and A. corona- 
turn the proglottides are shed when they are mature and 
eggs are beginning to pass into the uterus; consequently, 
they have only a short independent existence. In con- 
trast, the free proglottis of T. acanthiaevulgaris detaches 
from the strobila when it is immature and lives a much 
longer (up to 2-3 months) free existence in the gut 
(McCullough et al. 1986). An independent nerve centre 
is essential for its survival and to control its reproductive 
development. The presence of a true nerve centre in the 
free proglottis suggests that the latter should be regarded 
as the sexual form of this worm species. 

In conclusion, then, the present study extends cur- 
rent knowledge of the neurochemistry of cestodes 
beyond the Cyclophyllidea and Pseudophyllidea, and 
this theme is continued in a separate paper dealing with 
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peptidergic neurotransmitters (Fairweather et al. 1990). 
The work concentrated on a tetraphyllidean species and, 
more importantly, on a hyperapolytic species. Conse- 
quently, it was possible to obtain information on the 
development of the strobilar and proglottidal nervous 
systems in one of the most primitive of tapeworms, at 
a stage before delayed autotomy led to the segmented 
condition evident in advanced tapeworms such as the 
Cyclophyllidea and, perhaps, to a reduction in the com- 
plexity of the nervous "centres" in individual proglot- 
tides. 
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