
Nematocysts FS07040

Kass-Simon, G. & Scappaticci, A.A. Jr (2002).

The behavioral and developmental physiology of nematocysts.

Can. J. Zool. 80: 1772–1794.

Reproduced with permission of G. Kass-Simon and Paul McClymont, Business Manager, NRC

Research Press, March 2004.



Can. J. Zool. 80: 1772–1794 (2002) DOI: 10.1139/Z02-135 © 2002 NRC Canada

1772

REVIEW/SYNTHÈSE

The behavioral and developmental physiology of
nematocysts1

G. Kass-Simon and A.A. Scappaticci, Jr.

Abstract: Nematocysts are the nonliving secretions of specialized cells, the nematocytes, which develop from
multipotent stem cells. Nematocysts are the means by which coelenterates capture prey and defend against predation.
The 25 or more known types of nematocysts can be divided into to four functional categories: those that pierce, en-
snare, or adhere to prey, and those that adhere to the substrate. During development a collagenous cyst, which may
contain toxins, forms; a hollow thread, which becomes coiled as it invaginates, develops. Maturing nematocyte–
nematocyst complexes migrate to their discharge sites and are deployed in specific patterns. The mechanisms of pattern
determination are not clear. Discharge of nematocysts appears to involve increases in intracapsular osmotic pressure
consequent upon release of bound calcium within the capsule; the eversion of the filament may depend upon release of
structural tension consequent upon a loss of zinc from the thread. Evidence exists that discharge is initiated as a
calcium-dependent exocytosis, triggered by an electrical signal resulting from the transduction of mechanical stimuli re-
ceived at the nematocyte’s cnidocil. Chemical signals transduced in adjacent sensory cells alter the frequency response
of the nematocyte. In opposition to the nematocyte–nematocyst independent effector hypothesis, excitatory and inhibi-
tory neuronal input appears to regulate discharge.

Résumé : Les nématocystes sont des sécrétions non vivantes produites par des cellules spécialisées, les nématocytes,
qui proviennent de cellules souches multipotentes. Chez les coelentérés, les nématocystes servent à la capture des proies
et sont des armes de défense contre les prédateurs. Les quelque 25 types connus de nématocystes peuvent se diviser en
quatre catégories fonctionnelles : ceux qui percent, ceux qui servent de pièges, ceux qui adhèrent aux proies et ceux
qui adhèrent au substrat. Au cours du développement, il se forme un kyste de collagène qui peut contenir des toxines;
un fil creux se déploie en spirale en s’invaginant. Les complexes nématocytes–nématocystes migrent vers leur site de
vidange et ils sont disposés selon un arrangement particulier. Les mécanismes qui régissent cet arrangement sont mal
connus. L’expulsion des nématocystes semble se faire par augmentation de la pression osmotique intra-capsulaire
consécutive à la libération du calcium lié dans la capsule; l’évagination du filament peut dépendre du relâchement de la
tension structurale qui se produit lors de la perte du zinc du filament. Il semble, d’après certains indices, que
l’expulsion des nématocystes soit d’abord une exocytose dépendant du calcium, un processus déclenché par un signal
électrique résultant de la transduction de stimulus mécaniques perçus au niveau du cnidocil du nématocyte. Les stimulus
chimiques modifiés par transduction dans des cellules sensorielles adjacentes modifient la fréquence de la réponse du
nématocyte. En contrepartie de l’hypothèse d’un effecteur indépendant nématocyte–nématocyste, il faut envisager celle
d’un contrôle nerveux à la fois excitatoire et inhibiteur de la vidange du nématocyte.

[Traduit par la Rédaction] Kass-Simon and Scappaticci 1794

Introduction

Nematocysts have long been a source of fascination for
the professional biologist and the ordinary layman. To the
biologist they are a source of unending intellectual and exper-
imental stimulation; for the rest of the world, the stimulation
may only be the physically unpleasant sensation of being

stung by a jellyfish. Nematocysts, which are the secretions
of specialized cells that reside mainly in the tentacles of jel-
lyfish, sea anemones, corals, and the polyps of hydroids, are
the chief instruments by which these animals obtain food,
defend against predation, and in the case of polyps, adhere
to solid substrates during locomotion.

In response to appropriate stimuli, nematocysts are ejected
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from the polyp or jellyfish onto their target, where, depending
upon the type of cnidocyst, they either entwine, pierce, or
stick to the target. Strictly speaking, nematocysts are a subcat-
egory of secreted organelles, known as cnidae, which distin-
guish the cnidarians from their non-cnida-bearing ctenophore
cousins. There are 28 known types of morphologically distinct
cnidae, which are divided into three subcategories, nematocysts
(25 different types), spirocysts (2 types), and ptychocysts
(Mariscal 1974; Mariscal and Bigger 1976; for a review see
especially Mariscal et al. 1977) (Fig. 1).

One reason for their fascination is the idea, voiced from
time to time, that perhaps nematocysts are independent effectors,
acting entirely without recourse to central control systems
or neuronal intervention. This notion has placed nematocysts
squarely at the center of fundamental biological questions
about the nature of tissue and organism and the extent to
which an individual may or may not exercise control over its
own body parts. (For a thought-provoking discussion of
coelenterate organs see also Mackie 1999.)

Coelenterates are, for all intents and purposes, little more
than guts with tentacles. The predominant location of nema-
tocysts in the tentacles confers on the tentacles their role as
primary sensor and effector, and effectively raises them to
the rank of an organ specialized for feeding and predation.
In the freshwater polyp Hydra, most nematocysts are found
in highly modified ectodermal epithelial cells (Slautterback
and Fawcett 1959), referred to as the battery-cell complex
(Hufnagel et al. 1985), which reside only in the tentacle. In
siphonophores, mature nematocysts are found concentrated in
knobbed structures on the tentacles called cnidosacs (Skaer
1988). The tentacles of Stephanophytes superba (Chun 1891)
and Nanomia cara (Mackie and Marx 1988; Mackie 1999)
bear highly organized nematocyst batteries on numerous side
branches (tentilla), which erupt when prey comes into contact
with them. A large N. cara can have as many as 80 tentacles
with some 1500 nematocyst batteries, six million nemato-
cysts, and an effective circumferential spread of 3–4 m (Mackie
1999).

That the cnidarians have persisted in marine and fresh-
water niches since the Cambrian is due not least to the effec-
tiveness with which their nematocyst-bearing tentacles act as
lethal weapons of defense and predation.

Morphological distinctions

Although at least 25 or more distinct morphological types
of nematocysts have been identified among the coelente-
rates, functionally there are in fact no more than three or
four differentiated categories. Thus, two types of nematocyst
are involved in feeding: those that pierce and simultaneously
inject toxins into prey or predator, and those that ensnare
prey. A third group of nematocysts consists of those used to
adhere to substrates, especially during locomotion, and a
fourth group consists of those that are specifically used in
defense.

© 2002 NRC Canada
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Fig. 1. Nematocysts and spirocysts. Slight variations in the dis-
tribution of spines on the basitrichous isorhizas, as well as the
presence of spines on atrichous isorhizas, have been reported
(Westfall 1966b). (From Mariscal 1974, reproduced with permis-
sion of Academic Press Inc. © 1974.)
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Light- and electron-microscopy studies of whole and dis-
charged nematocysts reveal the architectures upon which their
functioning depends. The representative nematocyst consists
of a double-walled, capped capsule, which harbors an in-
verted hollow thread that everts explosively when appropri-
ately stimulated (Mariscal 1974). Numerous studies of the
capsule wall and thread in several genera, including Metri-
dium, Aiptasia, Physalia, and Hydra, indicate that the cap-
sules are composed of a collagen-like protein, containing
proline, hydroxyproline, glycine, and cystein, linked by
disulfide bonds. However, the cyst is impervious to digestion
by collagenase, elastase, and other proteolytic enzymes (for
a summary and discussion see Blanquet 1988).

Of the 25 known types of nematocysts, 22 are found in
the class Hydrozoa, 17 of which are exclusive to the class.
Four types are found in the class Scyphozoa and six types in
the class Anthozoa, of which two are exclusive to the class;
the Anthozoa also possess other cnidae that are classified as
spirocysts (Mariscal 1974) (Fig. 1).

Nematocysts are classified not according to the phylo-
genetic group to which they belong but according to the
structure and appearance of their discharged threads (Carlgren
1940; Cutress 1955; Hand 1961; Mackie and Mackie 1963;
Werner 1965; Deroux 1966; Lacassagne 1968a, 1968b;
Mariscal 1972; see the classic review by Mariscal 1974 sum-
marizing the work of Weill 1934, 1964). The group is first
divided according to whether the cyst possesses a thread that
is open or closed at the tip. Threads that are open at the tip
are called stomocnidae; those that are closed are called
astomocnidae. Stomocnidae, with open threads, such as the
stenotele or penetrant, are thought to deliver toxins to prey;
astomocnidae, with closed tips, such as the desmoneme, are
likely to be used to adhere to substrates and entangle prey.
Nematocysts are further subcategorized according to differ-
ences in the morphology of the shaft and thread; their classi-
fication depends on whether or not spines are present on the
thread or whether the shaft is well defined or present at all.
Since differences in architecture are not correlated with
phylogenetic classification, the question arises as to whether
the subtle differences in the architecture of the thread and
shaft reflect differences in function. This question has not
yet been experimentally addressed.

Classified separately from the nematocyst is a type of cnida
called a spirocyst (Mariscal 1974), which is found in the
zoantharian anthozoans. Spirocysts are designed to adhere to
prey and non-prey and are distinguished by a thin capsular
wall with a long spirally coiled thread that has no apparent
shaft or spine; upon discharge, the capsule and thread become
transparent. Nematocysts are thick-walled and basophilic;
spirocysts are thin-walled and acidophilic. Whether or not the
distinction between nematocysts and spirocysts reflects differ-
ences in basic function or merely differences in evolutionary
development is not known.

Other differences in capsule architecture among nemato-
cysts have also been noted, but have not been considered from
the perspective of functional anatomy. Thus, the operculum
that covers the inverted thread has been found to differ in
various coelenterate classes (Westfall 1966a, 1966b; Mariscal
1974). Within the Hydrozoa and Scyphozoa the operculum is
a sealed convex window. In the Anthozoa the operculum com-

prises a series of apical flaps (Westfall and Hand 1962;
Westfall 1965; Westfall 1966a, 1966b).

Functional distinctions

Feeding and locomotion
In the most widely studied hydrozoan, the freshwater polyp

Hydra, four types of nematocysts exist: two for feeding, one
for locomotion, and one for defense. All four types are found
in Hydra’s tentacles, which are the primary instruments of
its feeding and peripatetic behavior. In the tentacle, all nemato-
cysts are arranged in battery-cell complexes that contain the
entire complement of Hydra’s nematocysts plus sensory
cells and ganglion cells, along with the myonemes, the cell’s
muscular contractile elements (Westfall et al. 1971a; Hufnagel
et al. 1985; Hufnagel and Kass-Simon 1988; Westfall 1988). In
a typical battery-cell complex, the large toxin-containing
stenotele is positioned in the center of the complex with the
smaller, ensnaring desmonemes and adherent isorhizas sur-
rounding it concentrically (Fig. 2).

Prey capture is accomplished by the desmonemes. The
thread of the desmoneme is tightly coiled and appears spring-
like when discharged (Fig. 1). Once the prey is ensnared, as
it struggles to free itself, its vibrations cause the cnidocil of
the stenotele, which has a higher threshold of discharge, to
be deflected (personal observation). The stenotele, a stomo-
cnidum (thread open at the tip) is discharged into the prey,
allowing its toxins to enter the prey’s body (cf. Ewer 1947).
Stenoteles have an elaborate design that makes them effec-
tive instruments of penetration and toxin delivery. Their tu-
bule, typically with three stylets and prominent spines, arises
from a salient shaft that becomes thinner as it tapers from its
base, thereby classifying stenoteles as heteronemes. Their
morphology has been compared to that of an arrowhead,
which, once having entered its target, is difficult to dislodge
(Mariscal 1974).

In contrast to the penetrant, the desmoneme (the ensnaring
nematocyst) is an astomocnida, whose thread is closed at the
tip and which does not release toxins. The threads of desmo-
nemes are tightly coiled (placing desmonemes in the category
spironemes) and do not arise from well-defined shafts (thus
classifying the desmonemes as haplonemes) (Mariscal 1974).
In addition to desmonemes and stenoteles, holotrichous isorhizas
(spine-bearing astomocnidae) are apparently used primarily
for defense; discharged holotrichous isorhizas were found in
paramecia, considered to be irritants or parasitic predators, al-
though other commensal ciliates that live among Hydras and
are similar in size did not evoke a defensive response (Ewer
1947).

Hydras can be made to perform somersaults over a sur-
face when presented with a distant source of light. When the
animal’s tentacles come into contact with the substrate, atri-
chous isorhizas (astomocnidae, without spines), which allow
the tentacles to adhere to the substrate, are discharged. By
directing Hydras to walk up a glass wall and subsequently
staining the discharged nematocysts with methylene blue,
Ewer (1947) was able to determine that only atrichous iso-
rhizas were discharged. Interestingly, Ewer (1947) also
showed that discharge of atrichous isorhizas was completely
inhibited by prey extracts.

© 2002 NRC Canada
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Aggressive and defensive behavior
This is best understood in the Anthozoa. Sea anemones and

corals have developed several specialized structures used to
defend against territorial invasion by conspecifics or coelen-
terates of other species. Three of these structures, acrorhagi,
catch tentacles, and sweeper tentacles, are modified tentacles;
the other structure is a modified element of the mesentery, the
mesenteric filament (for a review see Bigger 1988).

Thus, some sea anemones possess, in addition to their
usual tentacles, hollow structures known as acrorhagi, which
are located at the margin of the body column (Rapp 1829;
Sebens and Paine 1978; Sebens 1982, 1984; for a review see
Bigger 1988) (Fig. 3). When such anemones make physical
contact with one another, usually with their tentacles, after
initial tentacle withdrawal, if the anemones do not perceive

each other as inert objects and if they are unable to avoid
further contact with one another (e.g., by bending or releas-
ing their pedal discs from the substrate and passively float-
ing away), an acrorhagial attack takes place (Abel 1954;
Bonnin 1964; Brace and Pavey 1978; Francis 1973a, 1973b;
Bigger 1980, 1988; Brace 1981). After making contact, the
acrorhagi expand and are repeatedly applied to the target or-
ganism. During application, the ectodermal tissue of the acro-
rhagus lifts away from its underlying mesoglea (the acellular
collagenous secretion that separates the ectodermal and
endodermal cell layers), nematocysts are discharged, and the
acrorhagial ectoderm adheres to the target organism. This
process is called peeling. As a result of continued nema-
tocyst discharge into the victim, the tissue beneath the acro-
rhagial peel becomes necrotic and dies. Contact with the

© 2002 NRC Canada
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Fig. 3. (A) An agonistic encounter by Anthopleura xanthogrammica. The individual at the top has its acrorhagi (a) inflated on the side
facing its neighbor. Scale bar = 5 cm. (B) Acrorhagi (a) of a subject anemone prior to contact with an experimentally transplanted
anemone. Scale bar = 1 cm. (C) Ectoderm from the tips of acrorhagi (a) (light patches (p)) adhering to the column of a transplanted
anemone (peeling). Scale bar = 1 cm. (From Sebens 1984, reproduced with permission of Biol. Bull. (Woods Hole, Mass.),
Vol. 166, © 1984 Marine Biological Laboratory, Woods Hole, Mass.)

Fig. 2. Schematic representation of a battery-cell complex. The three types of nematocysts, a sensory cell, and a ganglion cell (with its
cilium) are imbedded in the battery cell. Attenuated regions of adjacent battery cells are coupled by gap junctions and connected by
septate junctions. (From Kass-Simon 1988, reproduced with permission of Academic Press Inc. © 1988.)
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target animal causes simultaneous massive discharge of the
acrorhagial nematocysts, which are primarily holotrichous
isorhizas (Bigger 1988). Specific molecules, which have not
yet been identified, on the ectoderm and endoderm of the
target animal are the apparent initiators of the behavior.
However, the same substances have not been found to elicit
nematocyst discharge in experiments, which suggests that
they may be qualitatively or quantitatively different from
substances which cause nematocyst discharge (Bigger 1976,
1982).

Catch tentacles, which have been described for some sea
anemones, are also specialized tentacles that are distinguished
from the more slender feeding tentacles by their opacity and
their blunt, wide form (Williams 1975; Purcell 1977; for a

review see Bigger 1988). Catch tentacles develop from feed-
ing tentacles that undergo a morphological change when an
anemone, such as Metridium sp. or Haliplanella sp., comes
into contact with appropriate conspecifics or other sea anemone
species. Over the course of several weeks, feeding tentacles
alter their morphology and their complement of cnidae, which
now become different from those of its other tentacles (Hand
1955; den Hartog 1977; Purcell 1977). Feeding tentacles
contain mainly spirocysts and mastigophores (penetrants with
well-defined shafts, classified as stomocnidae) (Fig. 1), while
catch tentacles, at least those of Haliplanella sp., contain
small holotrichous isorhizas (Richardson et al. 1979; Sheppard
1981; Chornesky 1983; Watson and Mariscal 1983a, 1983b;
Hidaka and Miyazaki 1984; Logan 1984; Hidaka et al. 1987).
Catch tentacles do not adhere to potential food objects such
as living brine shrimp, and when touched with a prey ani-
mal, actually retract (Purcell 1977).

Another modified tentacle used in defense is the sweeper
tentacle of scleractinian corals, whose tips, referred to as acro-
spheres, contain a large number of holotrichous isorhizas (den
Hartog 1977; Richardson et al. 1979; Wellington 1980; Bigger
1988; Sebens and Miles 1988) (Fig. 4). The tentacle tips of
Montastrea cavenorsa contain approximately 63% holotrichous
isorhizas and those of Galaxea fascicularis contain almost 50%
microbasic b-mastigophores and 40% spirocysts (Hidaka and
Miyazki 1984; Hidaka and Yamazato 1984). Like catch tenta-
cles, sweeper tentacles differentiate in response to weeks of
contact with corals of another species (Chornesky 1983; Hidaka
1985; Hidaka et al. 1987; Sebens and Miles 1988). Sweeper
tentacles extend at night and, as their name implies, flail or un-
dulate (Bigger 1988; from Richardson et al. 1979). They can
reach 5–10 times the length of feeding tentacles.

Another structure, which is used as a weapon of aggression
and defense in corals, is the digestive mesenterial filament.
Mesenterial filaments can be extruded through the body wall
or oral cavity onto adjacent corals (Lang 1973). Although
digestion by the filaments appears to be the major source of
injury to the target organism, the great numbers of nema-
tocysts (of unknown type) they possess no doubt contribute
to the filaments’ effectiveness as a weapon (cf. Bigger 1988)
(Fig. 5).

Nematocyst development

Nematocysts are the secretions of developing nemato-
cytes, the specialized progeny of a group of interstitial cells
that, at least in Hydra, exist throughout the ectoderm and
endoderm of the body column (David and Challoner 1974;
David and Gierer 1974), although Bosch and David (1991)
seem to suggest that interstitial cells grow and differentiate
mainly in the interstices of ectodermal cells.

Interstitial (i-cells) cells destined to differentiate into
nematocyst-bearing nematocytes develop from multipotent
stem cells. These i-cells occur as clusters of 2n cells and
arise from smaller clusters of two to four larger interstitial
cells (David 1973). Clusters of 4, 8, and 16 interstitial cells
elaborate nematocysts, with all cells in a cluster synchro-
nously forming the same type of nematocyst capsule (Lehn
1951; Rich and Tardent 1969; David and Challoner 1974).
Differentiation occurs only in the gastric region (David and
Challoner 1974). How nematocysts and nematocytes develop

© 2002 NRC Canada
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Fig. 4. (A) Scanning electron micrographs of sweeper tentacles
of Erythropodium sp. (a gorgonian octocoral). Note the knobbed
tip (acrosphere) of the sweeper tentacle. Scale bar = 100 µm.
(B) Enlarged view of the acrosphere from a sweeper tentacle
with a central cluster of large nematocysts most of which are
holotrichous isorhizas. Scale bar = 10 µm. (From Sebens and
Miles 1988, reproduced with permission of Biol. Bull. (Woods
Hole, Mass.), Vol. 175, © 1988 Marine Biological Laboratory,
Woods Hole, Mass.)
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and differentiate, how they find their way to their ultimate
location in the cells of the organism, and how their popula-
tion is maintained continue to be subjects of intense inquiry.
Not all the evidence is consistent and not all workers agree
on its interpretation. The questions have been skillfully and
extensively reviewed in papers by H.R. Bode, R.D. Camp-
bell, E.A. Robson, and R.J. Skaer in the 1988 symposium
volume The Biology of Nematocysts, edited by D.A.
Hessinger and H.M. Lenhoff, and the present article relies
heavily on these reviews. But it should be made clear that
the questions raised in 1988 have not been completely an-
swered in 2002 and continue to be a source of debate and
discussion.

Where does the nematocyte–nematocyst complex come
from?

It is generally agreed, at least for the forms which have
been studied, that nematocysts and their encapsulating nema-
tocytes arise from precursor cells that differentiate into the
mature nematocyte–nematocyst complex in a series of steps,
and that either the differentiating nematocyte or the complex
of its precursor cells migrates from its birth site to its usage
site in a series of more or less similar steps (cf. Bode 1988;
Campbell 1988; Shimizu and Bode 1995).

In Hydra, multipotent interstitial stem cells give rise to the
four types of nematocyst-containing nematocytes, to three
types of secretory cells, and to several types of neurons (Da-
vid and Murphy 1977; Bode et al. 1987; Bosch and David
1987; Shimizu and Bode 1995). The type of nematocyst
elaborated by the nematoblast appears to depend upon the
axial position at which the differentiation occurs (Bode and

Smith 1977; for a review see Fujisawa et al. 1986). Thus,
stenoteles are found mainly in the proximal regions of the
body column and decreasingly along the column towards the
distal regions, whereas desmonemes are produced mainly in
the distal and middle regions; the hypostome and the base of
peduncle are not involved with nematocyte differentiation.

In Hydra, the differentiation sequence, as illustrated by
desmoneme differentiation (Shimizu and Bode 1995), begins
when a multipotent stem cell undergoes three to five cell
divisions that yield 8–32 cells which are connected to each
other by cytoplasmic bridges to form a syncytial nest or
cluster (Slautterback and Fawcett 1959). The progeny from
each successive cell division decrease in size and alter in
shape (David 1973; Shimizu and Bode 1995). When cell
division is complete, the cells of the nest synchronously
undergo differentiation, i.e., the nematocyst begins to form
and develop (Slautterback and Fawcett 1959). In Hydra,
nematocyte differentiation occurs exclusively in the body
column (Bode and David 1978). When differentiation is com-
plete, the bridges between the cells disappear. After this, the
mature nematocytes migrate up the body column among the
epithelial cells into the tentacles (Tardent and Morgenthaler
1966; Campbell 1967a, 1967b, 1988; Herlands and Bode
1974).

Shimizu and Bode (1995) suggest that commitment by the
pluripotent i cell to become a nematocyte, and to become a
specific type of nematocyte, occurs early in the differentia-
tion pathway. Their arguments rely on the finding that the
cells of a cluster differentiate into nematocytes bearing the
same type of nematocyst, and that the G2 phase is signifi-
cantly different for stenoteles and desmonemes. However,

© 2002 NRC Canada
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Fig. 5. A mesenterial filament “squash” of the coral Fungia scutaria. Note the numerous nematocysts. (From Bigger 1988, reproduced
with permission of Academic Press Inc. © 1988.)
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other workers have suggested that for nematocytes, commit-
ment to type is similar to commitment in the neuronal path-
way, where it occurs later, during the last cell division
(Fujisawa and David 1981, 1982).

In normally growing Hydra, the origin of the multipotent
interstitial cells that ultimately differentiate into nematocytes
and nerve cells is other interstitial cells. However, studies of
regenerating Hydra have shown that already differentiated
cells can dedifferentiate and redifferentiate into other types
of cells. Thus, if the endoderm of Hydra is isolated by strip-
ping away the ectoderm, the endodermal gland cells that, as
part of the lining of the gut, would have been involved in the
secretion of digestive enzymes, dedifferentiate and then re-
differentiate into ectodermal epithelial cells and interstitial
cells. These interstitial cells subsequently differentiate into
nerves, sperm, and nematoblasts (Davis et al. 1966). Cell di-
vision by nematoblasts that already bear nematocysts (i.e.,
that were presumably mature and postmitotic) has also been
documented (Davis 1970).

Secretion and differentiation of nematocyst structures
Although nematocysts, like horns and feathers, are merely

the inanimate secretions of living cells, the complexity and
ingenuity of their design, upon which their functioning de-
pends, astonish. The best and most detailed analysis of the
how their architecture develops has been given in a series of
penetrating studies on siphonophores by Picken and Skaer
(Picken 1953; Skaer and Picken 1965, 1966; Skaer 1973;
Picken and Skaer 1966; Robson 1988; Skaer 1988). The de-
scription that follows is drawn from various workers and is a
derived outline of their work. The analysis has been essen-
tially confirmed, albeit with variations of detail, in later ultra-
structural and kinematographic studies on Hydra (Holstein
1980).

Using phase-contrast microscopy, Skaer (1973) tracked and
continuously photographed the development of individual
cnidoblasts of all four types of nematocysts in the living
gastroid of the siphonophore Rosacea cymbiformis. There
are four types of nematocysts in this species, all of which
follow essentially the same sequence as that given for the
large microbasic mastigophores (Fig. 1). The first sign of
differentiation is the appearance of an ovoid vesicle that
eventually forms the capsule of the nematocyst within the
secretory cell, the nematoblast. The nematocyst material is
synthesized in the rough endoplasmic reticulum and Golgi
complexes to form the ovoid secretion product (Gupta and
Hall 1984). The nematoblast secretes the molecular compo-
nents of the nematocyst as a mass of macromolecules into
the membrane-bound secretion vesicle. Gupta and Hall (1984)
point out that this material must contain at least the glutamic
and aspartic acid-rich peptides and the toxins of the capsule
fluid, the collagenous material of the capsule, the sulfur-
containing metalloproteins for the hollow filament, proteins
to form barbs and spines, and material to form the oper-
culum. In the leptomedusa Eirene viridula, Germer and
Hundigen (1980) describe the formation of a large vesicle
containing electron-dense material, whose membrane bears
an outer coat; the vesicle is the primordium of the nema-
tocyst. As the vesicle grows by fusion with other Golgi vesi-
cles, the outer coat of the vesicle membrane is lost. A tube,
external to the capsule, grows out of the vesicle by accretion

of secretory droplets, apparently produced by the Golgi ap-
paratus of the cell’s cytoplasm (Skaer 1973). The droplets
fuse onto the tip of the tube. In microbasic mastigophores,
the length of the fully developed tube, which narrows to-
wards its tip, may be as much as 7–10 times that of the cap-
sule. In E. viridula, the walls of the capsule, which consists
of two layers, become thinner. The capsule wall does not ex-
tend over the growing external thread, which is bounded by
two unit membranes and surrounded by microtubules
(Germer and Hundigen 1980).

The tip of the external tube then inverts and passes back
down itself into the capsule. As the tube becomes internal-
ized, the invaginated tube coils to form a helix about the
long axis of the capsule. How such an inversion begins is not
known, and while it is plausible to attribute the helical coil-
ing of the tube to the inherent properties of its collagenous
molecules, it is more difficult to attribute the initial invagination
to such a property. A number of authors have interpreted the
disappearance of the external tube as a regression and the
differentiating structures appearing within the capsule as the
primordium of a differentiating internal tube (e.g., Weill
1934; Westfall 1966b; Günzl 1971; Germer and Hundigen
1980; Campbell 1988). At first, approximately three coils are
added every 4.5 min, but later they are added more slowly.
Coiling is apparently an inherent property of the tube, as it lies
suspended within the capsule without touching the capsule
wall (Skaer 1973; see also Gupta and Hall 1984) (Fig. 6). As
the internal tube forms, the volume of the capsule increases;
finally, when about 15 coils have been formed within the
capsule, the tube is completely invaginated within the cap-
sule. As the nematocyst matures, the coils near the tip gradu-
ally become more lax and are repositioned to lie along the
longitudinal axis of the capsule at the same time as the coils
near the point of attachment to the capsule straighten out.
The capsule continues to elongate as the thread begins to dif-
ferentiate into two regions. At this stage, in those nematocysts
that have one, a small operculum forms at the point of at-
tachment of the thread to the capsule.

Using measurements made on electron micrographs of holo-
trichous isorhizas (in various stages of discharge) of the sea
anemone Corynactis viridis to construct paper, velvet, and
cellophane models, Picken and Skaer reconstructed the de-
velopment of the thread’s functional morphology and pre-
sented a vivid portrayal of its changing configuration as it is
discharged (Picken 1953; Skaer and Picken 1965, 1966;
Picken and Skaer 1966; for a comprehensive summary see
Skaer 1988). The thread of the undischarged nematocyst
becomes pleated during inversion, as it twists in upon itself,
creating “a torsion which gives it the shape of a deeply cut
infinite screw thread” (Bretschneider 1949). When the nemato-
cyst is discharged, the pleats are smoothed out. In C. viridis,
three pleats run around the thread in left-handed helices
(Fig. 7). The core of the inverted thread in holotrichous iso-
rhizas is comprised of barbed spines whose bases are inserted
into pockets of the thread. The rows of barbed spines form he-
lices around the thread. In the undischarged thread the tips of
the barbed spines overlap each other and are evenly spaced
around the circumference of the tube (Fig. 8).

After the operculum forms, the capsules migrate to their
final site in the batteries of the tentacles, where they undergo
final maturation. The whole process of development of
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R. cymbiformis cnidoblasts from the completion of the exter-
nal tube to migration takes about 4 h (Skaer 1988).

How are nematocyst-containing nematocytes deployed?
Nematocysts do not simply migrate randomly to their sites

of discharge; indeed, in those forms in which the question
has been studied, it appears that specific nematocyst-bearing
nematocytes are deployed to form unique and precise pat-
terns at their destinations. Thus, in Hydra, the cnidocytes in
the battery-cell complex (Westfall et al. 1971a; Hufnagel et
al. 1985; Hufnagel and Kass-Simon 1988; Westfall 1988) are
organized so that a single stenotele is positioned at the cen-
ter of the complex and is surrounded by an outer ring of
desmonemes and isorhizas (Fig. 2). In siphonophores, a very
complex pattern arises as a result of migration and as a con-
sequence of a series of cell sortings that takes place after the
cyst-bearing nematoblasts have developed (Skaer 1988) (see
below).

In mature, growing Hydra there appear to be at least two
complementary ways in which the nematocyte–nematocyst

complex arrives in the battery-cell complexes of the tentacle.
According to the summary given by Campbell (1988), there
is convincing evidence from many sources, including filmed
microscopy studies of various forms, that the nematocyst-
containing nematocyte actively migrates as an amoeboid cell
between the cells of ectoderm to its final location (Schneider
1894; Had�i 1911; Lipin 1911; Weiler-Stolt 1960; Tardent
and Morgenthaler 1966; Günzl 1971; Carré 1974; Rahat and
Campbell 1974; Campbell and Marcum 1980; Campbell 1988
and references therein; Skaer 1988) (Fig. 9). In Hydra, studies
indicate that the developing nematoblasts migrate to preor-
dained places within the battery cell and make a desmosomal
connection with this specialized region. This region, in turn,
makes a hemidesmosomal connection with the mesoglea
(Wood and Novak 1982; Novak and Wood 1983; Hufnagel
et al. 1985; Wood 1988); however, such complexes have
also been found in the absence of nematocysts (Hufnagel
and Kass-Simon 1988).

In experiments in which the axial distribution of differen-
tiating nematocysts was studied, stenoteles, in nematoblasts,
were distributed in a distal–proximal capsule-size gradient;
when Hydra heads (hypostome and tentacles) and basal discs
were transplanted to their opposite poles, the gradient be-
came reversed. The stenotele size gradient was abolished
when the head was repeatedly removed from regenerating
Hydra but not when the basal disc was repeatedly ablated
(Rich and Tardent 1969; Tardent et al. 1971). Tardent et al.
(1971) suggest that the gradient is due to some factor or fac-
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Fig. 7. Air-dried discharged threads from two holotrichous
isorhizas, flattened to different extents, showing barbed whorls
and the staggering of the whorls, so as to form three rows of
barbs. (From Skaer and Picken 1965, reproduced with permission
of Philos. Trans. R. Soc. Lond. B Biol. Sci., Vol. 250, © 1965
The Royal Society.)

Fig. 6. Diagram of the development of a microbasic-mastigophore
nematocyst, based on phase-contrast microscopy of living speci-
mens. None of the formative cell is shown and much of the exter-
nal thread has been omitted. The internal thread is shown in
optical section. (A) Formation of the cylindrical thread in the cy-
toplasm. (B) Entry of the thread into the capsule. (C) Coiling of
the thread in the capsule. (D–F) Remodeling of the thread in the
capsule. (G) Stage at which migration occurs. (H) Mature
nematocyst. (From Skaer 1973, reproduced with the permission of
J. Cell Sci., Vol. 13, © 1973 The Company of Biologists Ltd.)
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tors produced by the head. Bode and Smith (1977) also
found that the nematoblasts of the different types of nema-
tocysts in Hydra are differentially distributed along the ani-
mal’s axis. Nematoblast-bearing stenoteles were distributed
in a distal–proximal gradient; desmonemal and isorhizal nema-
toblasts were found mainly in the upper half of the body col-
umn. The authors suggested that the determination of the
type of nematocyte that would be differentiated was position-
dependent. By grafting column sections of Hydras devoid of
dividing nematoblasts and interstitial cells onto sections of
normal, vitally stained Hydras and sampling the interstitial
cells that had migrated at various periods, Heimfeld and
Bode (1984) reported that migration does not appear to be
random, but rather, because of the presence of the head,
there is considerable movement of migrating interstitial cells
towards the head (Herlands and Bode 1974); in budding ani-
mals there is migration in the direction of the bud as well.

In colonial hydroids, nematocytes have been found to de-
velop in stolons and then migrate into the hydranths. In
Polypodium hydriforme, nematocytes migrate distally into
the tentacle from their origin at the tentacle base (Lipin
1911), and in siphonophores they arise in a thickening near
the tentacle base and migrate out along the tentacle (Schnei-
der 1894; Carré 1974; Skaer 1988).

Many workers have suggested that the pathway of migra-
tion is unidirectional and distal, away from the body into the
tentacles. Thus, in Hydra grafts, larger numbers of radioac-
tively labeled nematocytes migrated from basal donor to api-
cal host than from apical donor to basal host (Campbell
1967a, 1967b; Herlands and Bode 1974). However, time-
lapse movies made by Günzl (1971), Rahat and Campbell
(1974), and Campbell and Marcum (1980) indicate that mi-
gration is bidirectional but not, or only rarely, circum-
ferential, at least in the tentacles of Hydra (Campbell and
Marcum 1980).

The second way in which the nematocyte–nematocyst com-
plex may get to its ultimate destination in the base and tip of
Hydra’s tentacles is by the simple growth and sloughing-off
processes that have often been described, and have been the
focus of a number of studies (e.g., Campbell 1967a, 1967b;
David and Plotnick 1980).

In Hydra the nematocyte–nematocyst complex arises in
the column from a population of interstitial stem cells, of
which 60% divide to make further stem cells, 10% ulti-
mately become nerves, and 30% become nematocytes in
each stem-cell generation (David and Gierer 1974). Differen-
tiating stem cells, which are embedded in the ectodermal ep-
ithelium, are moved distally to tentacle and peduncle regions
as the Hydra grows and older cells are sloughed off (Bode et
al. 1973; David and Plotnick 1980; Campbell 1988). The
nematocyst-containing nematocytes can migrate from their
site of origin in the ectoderm of the gastric region to their
final destination in the developing battery cells of the
constantly self-renewing tentacles, which are elaborated at
the base of the hypostome (Kanaev 1952; Campbell 1967a,
1967b). By tracing the movements of differentially labeled
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Fig. 9. Stenotele nematocyst migrating along the tentacle of
Pennaria cavolinii, a hydrozoan, observed and drawn by Murbach
(1895). Frames c–e show relative positions of the single anterior
pseudopod, nucleus, and backward-directed capsule; frames e and
f show the mesoglea. (From Campbell 1988, reproduced with per-
mission of Academic Press Inc. © 1988.)

Fig. 8. Median section of the thread of a holotrichous isorhiza
arrested in discharge. This region is within a few micrometres
of the dart. pl., pleats; p., barb pocket; d.t., discharged thread;
d.b., barb detached from the discharged thread. Scale = 1 µm.
(From Picken and Skaer 1966 with permission of Academic
Press Inc. © 1966.)

J:\cjz\cjz8010\Z02-135.vp
Thursday, November 14, 2002 12:02:36 PM

Color profile: Disabled
Composite  Default screen



ectoderm and endoderm cells into the hypostome and tenta-
cles of Hydra, Dubel (1989) determined that the battery cells
of the tentacle, containing nerves and nematocytes, were de-
rived from ectodermal stem cells of the gastric region. The
developing stem cells move into the stationary area at the
outer periphery of the hypostome near the bases of the tenta-
cles. From the stationary zone, the cells move towards either
the mouth or the tentacles. If they are migrating towards the
tentacles, they differentiate into nematocyte-containing bat-
tery cells.

The development and deployment of nematocysts during
larval development and metamorphosis appear to follow an
analogous, albeit not yet fully described itinerary (Martin
and Archer 1997). In the early free-swimming planula larva
of the hydroid Pennaria tiarella, interstitial cells that arise
during gastrulation are distributed throughout the endoderm.
The cells begin to divide and find their way into the base of
the ectoderm. They increase in number in both ectoderm and
the endoderm. At the onset of metamorphosis, the interstitial
cells located in the mid and basal regions of the larva move
down into the ectoderm and endoderm of the region that will
attach to the substrate. Later, by the time the metamorphos-
ing polyp begins to develop its presumptive head and tenta-
cle region, the distribution of interstitial cells takes on its
final adult pattern, with the majority of interstitial cells con-
centrated in the head region. The mechanisms guiding these
migrations are not known, nor have individual interstitial
cells been followed to their final destination and ultimate
state of differentiation. Nonetheless, Martin and Archer (1997)
have characterized the distribution of nematoblasts in the
various developmental stages. Nematoblasts are found in both
the endoderm and the ectoderm in all stages, appearing in
the ectoderm 14 h after fertilization. In the free-swimming
planula larva, they migrate from apical endoderm to ectoderm
as single cells, which apparently do not divide to form clus-
ters or syncytial nests. In the mature larva, fully differenti-
ated nematocytes are present, mainly at the apical surface.
As the planula attaches, nematoblasts move into the surface
ectoderm and endoderm of the apical attachment region, where
they remain, leaving the growing stalk of the polyp without
either nematoblasts or nematocysts. Later, by the time the
incipient head and tentacles form, the complete adult comple-
ment of nematocytes (stenoteles, desmonemes, microbasic
heterotrichous b-mastigophores, and later, microbasic hetero-
trichous b-mastigophores with inclusions) can be found in
the head region. Thus, during metamorphosis, nematoblasts
migrate apically in large numbers, whereas in the still undif-
ferentiated planula migration occurs primarily transversely
from endoderm to ectoderm. Martin and Archer (1986) point
out that since the planula larva is oriented “upside down”
when it metamorphoses into the adult polyp-bearing stage,
the embryonic distribution of cells is completely reorganized,
which suggests that since nematoblasts are found in the
endoderm as well as the ectoderm of the adult polyp, migra-
tion of the adult in multiple directions is probable.

In siphonophores, nematocysts are born in closely asso-
ciated but not attached nematoblasts, in a cuff situated at the
top of the gastrozoid (Carré 1972; Skaer 1973; Skaer 1988).
But unlike Hydra (Rich and Tardent 1969), where groups of
nematoblasts elaborate the same type of nematocysts, in si-
phonophores, closely adjacent nematoblasts may elaborate

any type of nematocyst (Skaer 1988). However, as the indi-
vidual nematocyst-bearing nematocytes travel out of the gastro-
zoid to their ultimate destinations, the types are sorted into
distinct and precise patterns. The patterns are formed during
migration, when clumps of specific cell types are formed
(Figs. 10, 11). Migration itself appears to provide the mech-
anism by which the cell clusters, of the correct cell number
and type, are constructed (although other workers have
suggested that the destiny of each nematocyte is regulated and
determined in the cnidogenic band in the gastrozooid (Carré
1974, cited by Mackie 1999). After migration, when the
cells are adherent and in contact with one another, and are
dye-coupled, they form an invariant and exact geometric
pattern, which might require the sort of positional information
postulated for the placement and docking of nematocytes in
Hydra (Wood and Novak 1982; Novak and Wood 1983), or
which might arise by means of the self-assembly of inter-
locking surface molecules on the nematocyte (for a compre-
hensive description and discussion see Skaer 1988).

Physiology of nematocyst discharge

Explosion dynamics
An unparalleled analysis of the events that constitute steno-

tele discharge in Hydra has been made by means of ultra-
high-speed cinematography and experimentally slowed dis-
charge by Pierre Tardent and co-workers (Holstein and
Tardent 1984). The description that follows is taken largely
from Tardent’s (1988) summary. To capture the morphologi-
cal changes that occur in the less than 3 ms of discharge,
Tardent’s group discharged stenoteles from intact Hydras or
from isolated tentacles into gels of various densities. In this
way the discharge could be blocked at various stages of
eversion and the behavior of the stylets and lamellae studied
with light and scanning electron microscopy (Tardent and Hol-
stein 1982) (Fig. 12).

Stenotele discharge can be broken down into a series of
events. The first visible response to an electrical stimulus
(after about 30 µs) is the opening of the nematocyst’s trian-
gular operculum, which is immediately followed by the ex-
trusion of the basal part of the tubule, including the short,
broad shaft and the three stylets, which form the pointed ar-
rowhead that penetrates the prey. Just prior to opening (after
about 60 µs), the cyst increases in volume, presumably as a
result of water rushing into it (Holstein and Tardent 1984).
Opening of the operculum can take place in isolated cysts
and must therefore be a property of the capsule itself
(Tardent 1988). These events take about 10 µs and since the
tip of the stylets travels a distance of about 20 µm, the aver-
age velocity of 2 m/s suggests an acceleration of 40 000 × g
at the moment when the stenotele hits its target and pierces
it. This phase of discharge is accompanied by a 25% de-
crease in the total volume of the cyst. In the next phase there
is an apparent backward movement of the stylets as they are
withdrawn to clear the way for evagination of the rest of the
tubule. The backward motion of the stylets is presumed to
result from the eversion of the shaft’s conical section.
Finally, the long, slender tubule is completely everted. As
the tightly twisted tubule everts, its coils are relaxed, so that
the tubule approximately doubles its resting length (e.g., in
anemones; Godknecht 1985). The energy stored in the twisted
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tubule, which is considered to represent a major part of the
driving force that carries out the eversion, is thus released
(see also Dujardin 1845; Jones 1947; Carré 1980) (Fig. 12).
Based on X-ray microanalytical data, Gupta and Hall (1984)
point out that during eversion, the filament (which has high
concentrations of zinc, copper, and sodium and low concen-
trations of potassium and chloride, different from the con-
centrations of these ions in the capsule wall and fluid) loses
most of its zinc but not its copper component. They suggest
that this removal of zinc results in the removal of allosteric
restraints in the filament’s structure, causing a release of ki-
netic energy, which permits the explosive untwisting and un-
coiling of the filament during eversion. Thus, as Gupta and
Hall (1984) point out, referring to the thought first iterated
by D.W. Fawcett (see Discussion by D.L. Slautterback in
Lenhoff and Loomis 1961), eversion appears to be the rapid
behavioral converse of the slow developmental act of
invagination. The final phases of eversion are accompanied
by another 25% drop in capsule volume. Experiments with
naked cysts indicate that the fluid in the capsule is under
positive pressure relative to the external milieu and that its
volume increases once the firing of the cyst is triggered.
Passive uptake of fluids with molecular masses up to
7000 Da has been observed by Tardent and his group. In the
sea anemone, the onset of discharge appears to be accompa-
nied by the release of previously bound calcium within the
capsule and the influx of water (Lubbock and Amos 1981;
Lubbock et al. 1981; Gupta and Hall 1984). The role of cal-
cium in effecting discharge remains problematic. In the un-
discharged capsule, calcium forms salt links with negatively
charged polypeptides rich in glutamic and aspartic acids
(Blanquet 1970, 1988; Mariscal 1974). High concentrations
of intracapsular calcium and magnesium (above 1 M) that do
not wash out support the idea that these ions may be bound
to capsule proteins, peptides, or glycoproteins (Tardent 1988).
Gitter and Thurm (1993) provide evidence that calcium chan-
nel blockers inhibit nematocyst discharge and that electri-
cally induced discharge requires the presence of ionic
calcium (Gitter and Thurm 1993; Gitter et al. 1994). In
agreement with Lubbock et al. (1981), who proposed that
cell-surface receptors induce electrical activity in the apical
membrane of the nematocyte that causes exocytotic fusion of
the apical cell membrane with the vacuole surrounding the
nematocyst, they suggest that discharge, like neurotransmit-
ter release in nerves, is a calcium-dependent exocytosis
(Skaer 1973) mediated by voltage-gated calcium channels at
the apical surface of the nematocyte (see below). However,
the calcium required for exocytosis would presumably be
used in the process of exocytosis at the nematocyte membrane,
which might be responsible for the extrusion of the nemato-
cyst from the nematocyte, whereas increases in intracapsular
free calcium (and magnesium) would be responsible for in-
creases in intracapsular osmotic pressure and the concomitant
inrush of water, which, perhaps by opening the operculum,
would release the tensile energy stored in the coiled and
twisted tubule (for discussion see especially Gupta and Hall
1984 and Tardent 1988). Interestingly, it appears that uptake
of water by the capsule depends upon the presence of a sur-
rounding nematocyte. By immersing cyst-bearing nematocytes
and cleaned nematocysts in methylene blue solution, Tardent
and co-workers have shown that when electrically stimulated,
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Fig. 10. (a) A typical arrangement of gastrozoids in a siphonophore,
each gastrozoid having one tentacle. Tentacles grow near their site
of insertion on the gastrozoid and cnidosacs form from outpushings
of the tentacle. Cnidosacs are filled with cnidoblasts that originated
in the thick cuff around the top of the gastrozoid and then migrated
into those cnidosacs that are at an appropriate stage of differentia-
tion. The single tentacle represents a “frozen” time sequence in the
development of cnidosacs and their nematocyst patterns (the youn-
gest cnidosac is proximal; the oldest is distal). (b) A typical calyco-
phoran cnidosac, showing the dorsal cnidoband (1); terminal
filament (2); sinker (3); dorsal array of desmonemes (4); and large
lateral microbasic mastigophores (5). (From Skaer 1988, reproduced
with the permission of Academic Press Inc. © 1988.)

J:\cjz\cjz8010\Z02-135.vp
Thursday, November 14, 2002 12:02:47 PM

Color profile: Disabled
Composite  Default screen



© 2002 NRC Canada

Kass-Simon and Scappaticci 1783

naked cysts do not take up the solution, whereas nematocysts
enveloped by their nematocytes do (Tardent 1988). The
mechanisms by which the nematocyte controls the cyst’s up-
take of water remain unknown.

Control of discharge
What orchestrates the discharge of nematocysts in response

to prey and predator? Nematocysts are made to discharge by
the combined effects of chemical and mechanical stimuli.
This statement, which continues to be supported by current
work, arises from early studies of feeding in Hydra and sea
anemones (Parker and Van Alstyne 1932; Pantin 1942; Ewer
1947) and more recent studies of aggression (Hand 1955;
Williams 1975; Purcell 1977). In his classic monograph The
Elementary Nervous System, Parker (1919) argued compel-
lingly that nematocysts were independent effectors whose
discharge was controlled only by external stimuli. This view of
nematocyst functioning has prevailed among many biologists
over the years. However, there is a growing body of evidence
that indicates that nematocytes are innervated and responsive to
signals received and transduced elsewhere, in other parts of the
animal (Ewer 1947; Ross and Sutton 1964; Hufnagel and
Kass-Simon 1988; Kass-Simon 1988; Westfall 1988; Westfall
et al. 1998, 1999), which argues against the hypothesis and
suggests that nematocyst behavior is at least modulated, if not
completely controlled, by the nervous system.

In Hydra, when a small animal such as a nauplius larva of
Artemia sp. or a Daphnia swims against a tentacle, the ani-
mal responds by discharging its nematocysts, some of which
pierce the prey, causing it to exude its metabolites around
the Hydra. Certain of the released substances cause addi-
tional nematocysts to be discharged and these or other
metabolites simultaneously induce the tentacles to bend to-
wards the mouth, which opens to receive the prey. The entire
response is coordinated by the interaction of chemical and
mechanical stimuli. Food extract (Ewer 1947), or more spe-
cifically, reduced glutathione (GSH) alone, is sufficient to
cause mouth opening (Loomis 1955; Lenhoff 1961, 1981) or

“tentacle-ball” formation (in Hydra japonica; Hanai 1981).
However, while mechanical stimulation of the tentacle by it-
self is sufficient to elicit nematocyst discharge, many more
nematocysts are discharged when the mechanical stimulus is
coupled with a chemical one (Ewer 1947; Watson and Hes-
singer 1989a; Thurm and Lawonn 1990). Although Tardent
and Holstein (1982) have shown that naked nematocysts
(without nematocytes) can be discharged in vitro by direct
electrical stimulation, in vivo, mechanical and chemical stim-
ulation act synergistically to elicit discharge. This is also
true in the sea anemone Anemonia sp. (Conklin and Mariscal
1976). In Haliplanella sp., the chemical stimulus, acting through
chemoreceptors, apparently sets the frequency response of
the mechanoreceptors (Watson and Hessinger 1991), while
in the sea anemone Anthopleura sp., GSH alters the direc-
tion of ciliary currents in the oral region and asparagine con-
trols the contraction and bending of tentacles that bring food
to the mouth (Lindstedt 1971). Our own current work indi-
cates that in Hydra, the vibrations of the prey first cause the
tentacles to move in the direction of the vibrations. Subse-
quently, nematocysts are discharged when the tentacles are
sufficiently close to the prey to allow the force (or pressure)
produced by the prey’s movements to be transmitted to the
cnidocil of the nematocyte; a single impact of adequate
force is sufficient to cause discharge (Scappaticci and Kass-
Simon 2001) (Fig. 13).

When feeding has proceeded to satiation, the ability to
elicit nematocyst discharge is markedly reduced (Burnett et
al. 1960; Sandberg et al. 1971; Smith et al. 1974). Inhibition
of the discharge in Hydra (Smith et al. 1974; Ruch and Cook
1984; Grosvenor and Kass-Simon 1989) and the sea anemo-
nes Calliactis sp. and Epiactis sp. (Mariscal 1973) is chemi-
cally mediated by food substances. In Hydra, nematocyst
discharge can be inhibited by a non-GSH-containing molec-
ular fraction of food extract that is also a competitive inhibi-
tor of GSH binding at the membrane receptor (Grosvenor
and Kass-Simon 1989; Grosvenor et al. 1992).

Although neither the chemoreceptors, nor the mechano-

Fig. 11. (A) High-power photomicrograph of a terminal filament of Abylopsis sp., showing the paired rhopalonemes on each side of
the (larger) desmoneme. Note the pattern of two rhopalonemes, one desmoneme, and two rhopalonemes. Phase contrast. Scale bar =
10 µm. (B) The same as A but extended in vivo. Scale bar = 100 µm. (C) Terminal filament of Forskalia sp., showing the repeat unit
of two rhopalonemes, two desmonemes, and two rhopalonemes. Phase contrast. Scale bar = 10 µm. (From Skaer 1988, reproduced with
permission of Academic Press Inc. © 1988.)
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receptors, nor the neuronal connections controlling nemato-
cytes have been definitively described, a number of studies
have begun to reveal the mechanisms and receptor sites that
are responsible for the chemical and mechanical coordina-
tion of nematocyst discharge (for a review see Kass-Simon
and Hufnagel 1992).

Structurally distinct receptor complexes are associated with
the cnidocytes of each of the three classes of coelenterates.
The receptor complexes may be formed entirely by the cilia
and microvilli of the nematocyte housing the nematocyst or
may include the projections of the cells surrounding the
nematocyte (Fig. 14). A kinocilium, with a typical 9 + 2n
microtubule cytoskeleton (the cnidocil) surrounded by
stereocilia, is usual, but variations may include the absence

of a kinocilium and the presence of more than one type of
stereocilium. In the hydrozoans (Hydra and marine rela-
tives), the receptor complex associated with the nematocyst
is called the cnidocil apparatus or complex; in scyphozoan
jellyfish (e.g., the genus Cassiopeia) it is also called the
cnidocil complex, or flagellum–stereocilium complex
(Mariscal and Bigger 1976); in the anthozoans (sea anemo-
nes and corals) these receptor complexes are called ciliary
cones and are conspicuous by the absence of a cnidocil. Al-
though the cnidocil apparatus is distinguished by name from
the scyphozoan cnidocil complex and the anthozoan ciliary
cone, the three structures are clearly similar and have ho-
mologous parts. Some efforts have been made to distinguish
among the complexes on the basis of presumed differences
in the motility of the kinocilium, but as Mariscal (1974) has
pointed out, there is no convincing evidence for such dis-
tinctions.
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Fig. 13. (A) A piezoelectrically driven glass probe placed 1 µm
from the cnidocil of a desmoneme nematocyte on a tentacle of
Hydra attenuata is made to vibrate at 15 Hz. (B) A desmoneme
nematocyst discharges and winds around the glass probe immedi-
ately after a single strike of the cnidocil. The images are from
original videotapes. Scale bars = 10 µm.

Fig. 12. (A) Four stages of the discharge of a Hydra stenotele
hitting and perforating the cuticle of a prey and everting its tu-
bule into the target. (From Tardent and Holstein 1982, repro-
duced with the permission of Cell Tissues Res., Vol. 224, ©
1982 Springer-Verlag.) (B) Average values (n = 5) of volumetric
changes (expressed as a percentage of the initial value) of the
stenotele cyst after triggering and during the subsequent phases
of the process of discharge. The calculations are based on high-
speed film sequences. Note that the time sequence a–d in B cor-
responds to the stage of discharge a–d in A. (From Tardent
1988, reproduced with the permission of Academic Press Inc. ©
1988.)
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Although recent studies support the idea that the cnidocil
apparatus forms the mechanoreceptor, initiating nematocyst
discharge, there is growing evidence in the literature that the
chemoreceptors, modulating the discharge, do not, at least
in some cases, reside on the nematocyte itself, but rather on
associated sensory or epithelial cells (Thorington and Hessinger
1988; Marcum 1989; Watson and Hessinger 1989a).

Apart from recent studies on H. japonica, using mono-
clonal antibodies, which suggest that some of the receptors in-
volved in tentacle-ball formation in response to GSH may be
localized on cnidocils of certain nematocytes, while others
may be on the associated battery-cell surface (Sakaguchi et al.
1991), there is no other histological evidence that the modulatory
chemoreceptors are localized on the nematocyte itself. Studies
in Hydra that indicate that the probability of discharge is in-
creased in a dose-dependent manner when the cnidocils of
desmonemal nematocytes are directly stimulated with a vibrat-
ing probe in the presence of bath-applied mucin (Scappaticci
and Kass-Simon 2001) do not differentiate between the
nematocyte and the sensory cell as possible chemoreceptive
sites. However, Thurm and Lawonn (1990) have demon-
strated that the probability of causing nematocyst discharge
is increased when Artemia extract is used to coat a probe
that mechanically stimulates stenoteles in Hydra by direct
contact of the cnidocil.

Recently, the work of Watson, Hessinger, and colleagues
has revealed two distinct receptor sites that alter the threshold
of the discharge of microbasic p-mastigophore nematocysts in
Haliplanella luciae. Bath-applied N-acetylneuraminic acid
(NANA) increases the length of the hair bundles (which
were thought at first to be those of the nematocyte-supporting

cell complex, but have more recently been considered to
belong to nearby sensory-supporting cells; see below) by
polymerizing the actin of the hairs. The actin polymerization
causes the hairs to elongate, thereby tuning them to vibrations
at lower frequencies and smaller amplitudes. The response
to NANA is antagonized by proline, which causes the hair
bundle to shorten, thereby increasing the discharge threshold
of the hairs (Watson and Roberts 1995). The frequency re-
sponse of discharge is abolished by cytochalasin B (Watson
and Hessinger 1991). The chemoreceptors for N-acetylated
sugars were initially thought to occur at the apical surface of
the supporting cells surrounding the nematocytes. The recep-
tors have been found to cycle by means of receptor-mediated
endocytosis, so that the number of bound receptors changes as
nematocysts are discharged (Watson and Hessinger 1989b).
Colloidal gold antibody tagging of the proline receptor indi-
cated that it was located on the supporting cells adjacent to
the nematocyte, which suggested that at least some inhibi-
tory control must come from cells other than the nematocyte
(Watson and Hessinger 1994; Watson and Roberts 1994).
More recently, Mire-Thibodeaux and Watson (1994a) and
Watson and Roberts (1995) provided evidence that the
frequency-responsive hair bundles belong to a group of
cells, referred to as sensory-supporting cell complexes, that
communicate by means of interneurons of the nerve net
(Peteya 1975) with the supporting cells of the nematocyte,
termed the nematocyte-supporting cell complexes (Watson
and Roberts 1995) (Fig. 14).

Further analysis of chemoreceptor-mediated nematocyst
discharge in H. luciae reveals that if the anemone is bathed
in NANA prior to mechanical stimulation with agar-coated
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Fig. 14. Drawing of a sensory cell / supporting cell complex (SNSC). At the left, the entire SNSC is stippled. Numerous small-
diameter sterocilia originate from supporting cells and converge onto surface structures of the sensory cell. At the right, only the sen-
sory cell is stippled. Large-diameter sterocilia and a centrally located kinocilium project from the surface of the sensory cell. (From
Watson and Roberts 1995, Cell Motil. Cytoskeleton, Vol. 30, copyright © 1995, Wiley–Liss Inc., reproduced with permission of John
Wiley & Sons, Inc.)
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vibrating probes, there is a high discharge rate of the micro-
basic b-mastigophore type at lower frequencies and smaller
amplitudes (Watson and Hessinger 1989a; Watson and Hud-
son 1994). The shift in response frequency is correlated with
the polymerization of actin located in the stereocilia of hair
bundles, which results in a 1- to 2-µm elongation of the hair
bundle. In phalloidin-stained specimens, the polymerization is
manifested as an increase in the intensity of fluorescence cor-
related with an increase in f-actin density (Mire-Thibodeaux
and Watson 1994a; Watson and Roberts 1995). Upon addition
of proline, the same rate of discharge could only be elicited
by vibrations with larger amplitudes and higher frequencies
(Watson and Hessinger 1994; Watson and Hudson 1994).
Watson and Hessinger (1988) suggest that vibrations of this
type may correspond to similar vibrations caused by small
prey struggling to escape. Proline apparently counteracts the
effects of NANA by depolymerizing the actin, which in turn
results in the shortening of the hair bundles and accounts for
the raising of their response frequency (Watson and Roberts
1994, 1995). Whether or not proline will turn out to be a
metabolite responsible for modulating nematocyst discharge
and GSH binding to the receptor in Hydra is a question that
still needs to be addressed.

The intracellular events mediating the frequency response
are also becoming clear. Watson and co-workers have shown
that signal transduction, via receptors that bind NANA, use
cAMP as a second messenger. By stimulating tentacles with
nonvibrating probes coated with agar and bathing the sea
anemones with specific activators of the various segments of
the cAMP-production pathway (forskolin, dybutyryl cAMP,
chlolera toxin), as well as an inhibitor of cAMP breakdown
(caffeine), Watson and Hessinger (1992) were able to pro-
duce elongation of the hair bundles, which in turn resulted in
the shift of discharge threshold to lower frequencies. Mire-
Thibodeaux and Watson (1994b) have subsequently shown
that NANA-induced hair-bundle elongation can be prevented
by inhibiting protein kinase A, thereby by interfering with
cAMP production.

With respect to mechanoreception, Thurm and colleagues
have begun to analyze how the cnidocil apparatus of steno-
teles in the hydrozoan polyp Coryne tubulosa initiates discharge
as a response to mechanical stimulation. In C. tubulosa the
nematocytes and sensory cells are located in clusters at the
tips of the capitate tentacles. Thurm and co-workers have
shown that receptor potentials are generated in the nearby
nematocytes when the long cilium of a sensory cell or the
cnidocil of another nematocyte is mechanically stimulated
(Brinkmann 1994; Brinkmann et al. 1995; Oliver and Thurm
1996; Thurm et al. 1998; Holtmann and Thurm 2001b). In
the hydrozoan polyp Stauridiosarsia sp., depolarizing mem-

brane voltages could be recorded from the nematocyte when
the cnidocil was deflected (Brinkman et al. 1996). The depo-
larization of the nematocyte is considered to control the
exocytotic behavior of discharge in two ways: by causing
the discharge of a proximate capsule by a high-threshold ac-
tion potential in its nematocyte, and by the output of synaptic
signals at the basolateral side of the nematocyte, which leads
to slow excitatory postsynaptic potentials in other nematocytes
of the same tentacle, suggesting that the nematocyte itself
functions as a sensory cell (Brinkman et al. 1995). To date,
no synaptic vesicles have been found within the nematocytes
themselves (Holtmann and Thurm 2001a), and the situation
may be similar to that suggested by Mackie et al. (1987) for
the defensive nematocytes in the siphonophores Apolemia
uvaria and Cordagalma cordiformis; these lack innervation
and might therefore be responding to documented epithial
impulses rather than behaving as independent effectors (Carré
and Carré 1980). However, in Staurosarsia sp., Brinkman et
al. (1995) argue that because there is no fixed ratio between
the strength of the mechanical stimulus and the probability
of nematocyst discharge or the size of the synaptic response,
intermediate elements might participate in the generation of
the excitatory postsynaptic potential (Brinkmann et al. 1995)
(Figs. 15, 16).

Oliver and Thurm (1996) also investigated the electrical
properties of the nematocytes of Coryne sp. and Stauridio-
sarsia sp. Using a piezoelectrically driven glass probe they
deflected cilia of the nearby sensory nerve cell and recorded
transient depolarizations of the impaled nematocyte some
distance from the sensory cell. When the sensory cell was
stimulated in the range of 0.5–1 Hz, the first 1–13 stimuli
triggered excitatory postsynaptic potentials, after which the
cell habituated. When the sensory cell was allowed to rest
between stimuli for periods of 50–200 s, a deflection could
again produce an excitatory postsynaptic potential in the
nematocyte. The habituation is considered to be presynaptic,
since stimulating another sensory cell also generates an ex-
citatory postsynaptic potential. However, with stepwise de-
flections of the cilium of the sensory cell, lasting between 50
and 100 ms, no correlation between the angle of deflection
and the amplitude of the response could be established, leav-
ing open the question whether intermediate cells or mecha-
nisms might not also be involved (Brinkmann et al. 1996).
Thus, in spite of the early convincing arguments by Parker
and others (Parker 1919; Parker and Van Alstyne 1932; Pantin
1942) that nematocysts were independent effectors, there is
here a strong argument to indicate that neuronal or other
electrical inputs to the nematocyte modulate nematocyst dis-
charge.

In this regard, Westfall et al. (1971b), Carré and Carré

Fig. 15. Electron micrographs of tentacles and nematocytes of the capitate hydropolyp Coryne tubulosa. (A) Scanning electron micrograph of
a polyp. Around the peristome (p) the body column of the polyp bears two whorls of four capitate tentacles (c) each. Cnidocil complexes of
nematocytes are marked by arrowheads and cilia of concentric hair cells by an arrow. (B) Scanning electron micrograph of a capitate tentacle.
The ciliary complexes of nematocytes are marked by arrowheads and concentric hair cells by arrows. (C) Nomarski interference-contrast im-
age of a living capitate tentacle. The arrowhead points to the cnidocil complex of a nematocyte, the arrows indicate long cilia of concentric
hair cells at the base of the tentacular head, and the curved arrow indicates the tubular thread of a discharged nematocyst; m, mesoglia.
(D) Electron micrograph of a cross-sectioned tentacular sphere. The arrowhead points to the cnidocil complex of a nematocyte and the arrow
indicates the stereovilli enclosing the cilium of a concentric hair cell. en, endoderm; m, mesoderm; n, nematocysts; v, vacuole within the sup-
porting cell. Scale bars: 50 µm in A; 10 µm in B, C, and F. (From Holtmann and Thurm 2001b, J. Comp. Neurol., Vol. 432, copyright ©
2001, Wiley–Liss Inc., reproduced with permission of John Wiley & Sons, Inc.)
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(1980), Hufnagel and Kass-Simon (1988), and Westfall (1988,
1998) have presented ultrastructural evidence of nerves
synapsing onto nematocytes. In Apiptasia pallida, Westfall
and colleagues (1998, 1999) present striking and detailed
electron micrographs showing synapses on mastigophore
and basitrich nematocytes, nematoblasts, and spiroctyes. The
synapses contain either dense-core or clear synaptic vesicles,
suggesting the presence of at least two types of neurotrans-
mitter (Fig. 17). The authors call attention to the fact that
different types of nematocytes are innervated by neurons
containing different types of synaptic vesicles and suggest
that because sequential as well as reciprocal neuro-neuronal
synapses exist in the neurons that ultimately synapse onto
the nematocytes and spirocytes, neuronal modulation of nema-
tocyst discharge may be complex and involve both sensory
and ganglion cells. In the siphonophores A. uvaria and
C. cordiformis, nematocytes used for feeding and predation
possess synaptic innervation (Carré and Carré 1980).

On the basis of behavioral data (Ewer 1947; Ross and
Sutton 1964; Slautterback 1967; Kass-Simon 1988), argu-
ments have been made (Kass-Simon 1988) that at least in-

hibitory innervation is necessary to selectively prevent
nematocyst discharge, say, for example, during locomotion
or tentacle bending in Hydra.

Recent pharmacological and immunohistochemical evidence
supports the contention that nerves modulate discharge in many
if not all cases. Thus, Lawonn and Thurm (1994) have shown
that the dopamine D2 antagonist spiperone removes post-
feeding inhibition of stenoteles in Hydra, and its agonist, quin-
pirole, prevents recovery from inhibition, even after 8 days of
starvation. Several studies indicate that nerves and receptors
specific for acetylcholine, serotonin, epinephrine (Welsh 1960;
Lentz and Barnett 1961, l962; Wood and Lentz 1964), and glu-
tamate (Hufnagel et al. 1993, 1997; Hufnagel and Kass-Simon
1995) are associated with nematocytes and spirocytes (Westfall
et al. 2000), and give strong support for excitatory and inhibi-
tory neuronal control or modulation of nematocyst discharge
(Fig. 18).

Summary and conclusion

The unique ability of nematocysts to function as specific,
energy-efficient weapons of feeding and defense can be at-
tributed to the development of intricate internal structures
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Fig. 17. Synapses on two types of nematocytes of the sea anem-
one Aiptasia pallida. (a) Clear vesicles in a nerve synapsing
onto a p-mastigophore. (b) Dense-core vesicles in two nerves,
one of which synapses onto the basitrichous isorhiza and makes
a reciprocal synapse with the other. (From Westfall et al. 1998,
J. Morphol., Vol. 238, copyright © 1998, Wiley–Liss Inc., repro-
duced with permission of John Wiley & Sons, Inc.)

Fig. 16. (A) Isolated tentacular sphere of Stauridiosarsia producta,
indicating placement of recording micropipettes and capillary pi-
pette used to hold the specimen. ca, cnidocil apparatus; cn,
cnidocyst; cy, stalk of nematocyte, including synapses; mc, capil-
lary microelectrode; pe, pellicle; sp, stimulating glass probe.
(B) Receptor potentials of a nematocyte generated by mechanical
stimulation of the cnidocil. (C) An excitatory postsynaptic poten-
tial induced by mechanical stimulation of a distant nematocyte on
the same tentacle. (From Brinkmann et al. 1996, reproduced with
permission of J. Comp. Physiol. A, Vol. 178, © 1996 Springer-
Verlag.)
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that store the latent forces responsible for the ensnarement
of prey and the delivery of packaged toxins. Although the
processes by which the nematocyte–nematocyst complex
finds its final, and perhaps predetermined, location in the an-
imal have been extensively described, the nature of the cel-
lular and molecular mechanisms governing its migration and
patterned docking have hardly been formulated, let alone de-
finitively analyzed. Conjectures that patterned docking is de-
pendent upon an external informational signal, as has been
suggested for some hydrozoans, or is entirely a result of
self-assembly, as may exist in siphonophores, are equally
credible, but far from conclusively demonstrated.

In contrast, the chemical and physical mechanisms control-
ling nematocyst behavior have begun to be identified. Explo-
sive forces appear to result from the release of intrinsic
energy stored in the coiled thread during development, as well
as from osmotically induced changes in intracapsular hydro-
static pressure (resultant upon an increase of intracapsular
free calcium), which apparently require the presence of the
surrounding nematocyte. In those cases that have been stud-
ied, specific molecules binding to adjacent cells appear to be

able to alter the frequency response to mechanical stimulation
of the nematocyte to coincide with the swimming frequencies
of prey animals; the shift in response frequency depends upon
a change in the length of the sensory hairs in adjacent cells.
However, more cases will have to be studied before the ques-
tion of whether or not chemical receptor sites are present also
on the cnidocil of the nematocyte can be definitively decided.
Similarly, the receptors and mechanisms that govern the inhi-
bition of discharge by other food-derived molecules have yet
to be identified and described. Electrophysiological studies
support the hypothesis that mechanical, chemical, and electrical
stimuli, ultimately causing calcium influx into the nematocyte,
mediate the exocytotic event of discharge. Detailed hypothe-
ses of how that might happen have yet to be formulated.
Nonetheless, accumulating anatomical, behavioral, and electro-
physiological evidence indicates that nematocyst discharge is
modulated, in many if not all cases, by excitatory and inhibi-
tory nerves impinging upon the nematocyte.

Thus, although it cannot yet be said that a comprehensive
picture of the molecular physiology of nematocyst behavior
and development exists, and despite the many questions that
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Fig. 18. (A and B) Anti-glutamate antibody fluorescence in the varicosities and cell body of a sensory cell dissociated from the battery-cell
complexes of tentacles in H. attenuata. Similar sensory cells have been observed in intimate association with nematocytes. (A) Phase-contrast
image. (B) Cells stained with polyclonal anti-glutamate antibody. 1600×. (C and D) Localization of glutamate kainate / α-amino-3-hydroxy-5-
methyl-isoxazole-4-propionic acid (AMPA) receptors (GR2/3) on numerous nematocytes of several dissociated battery-cell complexes.
(C) Phase-contrast image. (D) Cell stained with anti-GluR2/3 antibody. 540×. (Photographs courtesy of L.A. Hufnagel and G. Kass-Simon.)
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remain, the outline that has so far been drawn has yielded
significant insights; its concepts and approaches impart to
future studies their context and direction.

Acknowledgements

We thank Sherrell Hooper for assiduous library research
and D.A. Nash for critically reading the manuscript.

References

Abel, E.F. 1954. Ein Beitrag zur Giftwirkung der Aktinien und
Funktion der Rundsäckchen. Zool. Anz. 153: 259–268.

Bigger, C.H. 1976. The acrorhagial response in Anthopleura krebsi:
intraspecific and interspecific recognition. In Coelenterate ecol-
ogy and behavior. Edited by G.O. Mackie. Plenum Press, New
York. pp. 127–136.

Bigger, C.H. 1980. Interspecific and intraspecific acrorhagial ag-
gressive behavior among sea anemones: a recognition of self
and not-self. Biol. Bull. (Woods Hole, Mass.), 159: 117–134.

Bigger, C.H. 1982. The cellular basis of the aggressive acrorhagial
response of sea anemones. J. Morphol. 173: 259–278.

Bigger, C.H. 1988. The role of nematocysts in anthozoan aggression.
In The biology of nematocysts. Edited by D.A. Hessinger and
H.M. Lenhoff. Academic Press, Inc., San Diego. pp. 295–308.

Blanquet, R. 1970. Ionic effects on discharge of the isolated and in
situ nematocysts of the sea nemone Aiptasia pallida: a possible
role of calcium. Comp. Biochem. Physiol. 35: 451–461.

Blanquet, R.S. 1988. The chemistry of cnidae. In The biology of
nematocysts. Edited by D.A. Hessinger and H.M. Lenhoff. Aca-
demic Press, Inc., San Diego. pp. 407–425.

Bode, H., and Smith, G.S. 1977. Regulation of interstitial cell differ-
entiation in Hydra attenuata. II. Correlation of the axial position of
the interstitial cell with nematocyte differentiation. Roux’s Arch.
Dev. Biol. 181: 203–213.

Bode, H., Berking, S., David, C.N., Gierer, A., Schaller, H., and
Trenkner, E. 1973. Quantative analysis of cell types during growth
and morphogenesis in hydra. Wilhelm Roux’s Arch. Dev. Biol.
171: 269–285.

Bode, H.R. 1988. Control of nematocyte differentiation in hydra.
In The biology of nematocysts. Edited by D.A. Hessinger and
H.M. Lenhoff. Academic Press, Inc., San Diego. pp. 209–232.

Bode, H.R., and David, C.N. 1978. Regulation of a multipotent
stem cell, the interstitial cell of hydra. Prog. Biophys. Mol. Biol.
33: 189–206.

Bode, H.R., Heimfeld, S., Chow, M.A., and Huang, L.W. 1987.
Gland cells arise by differentiation from interstitial cells in Hy-
dra attenuata. Dev. Biol. 122: 577–585.

Bonnin, J.P. 1964. Recherches sur la “reaction d’aggression” et sur
le functionnement der acrorrhages d’Actinia equina L. Biol. Bull.
(Woods Hole, Mass.), 98: 225–250.

Bosch, T.C.G., and David, C.N. 1987. Stem cells of Hydra magni-
papillata can differentiate into somatic cells and germ line cells.
Dev. Biol. 121: 182–191.

Bosch, T.G., and David, C.N. 1991. Decision making in interstitial
stem cells of hydra. In Vivo (Athens), 5: 515–520.

Brace, R.C. 1981. Intraspecific aggression in the color morphs of
the anemone Phymactis clematis from Chile. Mar. Biol. (Berl.),
64: 85–93.

Brace, R.C., and Pavey, J. 1978. Size-dependent dominance hierarchy
in the anemone Actinia equina. Nature (Lond.), 273: 752–753.

Bretschneider, L.H. 1949. A simple technique for the electron-
microscopy of cell and tissue sections. Proc. K. Ned. Akad. Wet.
52: 654.

Brinkmann, M. 1994. Das Rezeptor–Effektor–System der Nesselzellen
eines Hydropolypen (Corynidae). Ph.D. dissertation, Universität
Münster, Münster, Germany.

Brinkmann, M., Oliver, D., and Thurm, U. 1995. Interaction of
mechano- and chemosensory signals within the same sensory
cell. Pfluegers Arch. Eur. J. Physiol. 429: R153.

Brinkmann, M., Oliver, D., and Thurm, U. 1996. Mechanoelectric
transduction in nematocytes of a hydropolyp (Corynidae). J. Comp.
Physiol. A, 178: 125–138.

Burnett, A.L., Lentz, T., and Warren, M. 1960. The nematocysts of
hydra: I. The question of control of the nematocyst discharge re-
action by fully fed hydra. Ann. Soc. R. Zool. Belg. 90: 247–267.

Campbell, R.D. 1967a. Tissue dynamics of steady state growth in
Hydra littoralis. I. Patterns of tissue movement. J. Morphol.
121: 19–28.

Campbell, R.D. 1967b. Tissue dynamics of steady state growth in
Hydra littoralis. II. Behavior of specific cell types during tissue
movements. J. Exp. Zool. 164: 379–391.

Campbell, R.D. 1988. The nematocyte: developmental processes.
In The biology of nematocysts. Edited by D.A. Hessinger and
H.M. Lenhoff. Academic Press, Inc., San Diego. pp. 115–121.

Campbell, R.D., and Marcum, B.A. 1980. Nematocyte migration in
hydra: evidence for contact guidance in vivo. J. Cell Sci. 41:
33–51.

Carlgren, O. 1940. A contribution to the knowledge and structure
and distribution of cnidae in the Anthozoa. Lunds Univ. Arksskr.
Avd. 2 (N.S.), 36:1–62.

Carré, D. 1972. Etude du developpement des cnidocystes dans le
gastrozoïde de Muggiaea kochi (Will, 1844) (Siphonophore calyco-
phore). C. R. Heb. Seanc. Acad. Sci. Paris, 275: 1263–1266.

Carré, D. 1974. Formation, migration et maturation des nemato-
blastes et des nematocystes chez les siphonophores I—Mise en
evidence et formation des clones de nematocystes. Ann. Embryol.
Morphog. 7: 205–218.

Carré, D. 1980. Hypothesis on the mechanism of cnidocyst dis-
charge. Eur. J. Cell. Biol. 20: 265–271.

Carré, D., and Carré, C. 1980. On the triggering and control of
cnidocist discharge. Mar. Behav. Physiol. 7: 109–117.

Chornesky, E.A. 1983. Induced development of sweeper tentacles
on the reef coral Agaricia agaricites: a response to direct com-
petition. Biol. Bull. (Woods Hole, Mass.), 165: 569–581.

Chun, C. 1891. Die canarischen Siphonophoren. I. Stephanophyes
superba und die Familie der Stephanophyiden. Abh. Senkb.
Naturforsch. Ges. 26: 1–75.

Conklin, M.H., and Mariscal, R.N. 1976. Increase in nematocyst and
spirocyst discharge in a sea anemone in response to mechanical
stimulation. In Coelenterate ecology and behavior. Edited by G.O.
Mackie. Plenum Press, New York, pp. 549–558.

Cutress, C. 1955. An interpretation of the structure and distribution
of cnidae in the Anthozoa. Syst. Zool. 4: 120–137.

David, C.N. 1973. A quantitative method for maceration of hydra tis-
sue. Wilhelm Roux’ Arch. Entwicklungsmech. Org. 171: 259–268.

David, C.N., and Challoner, D. 1974. Distribution of interstitial
cells and differentiating nematocytes in Hydra attenuata. Am.
Zool. 14: 537–542.

David, C.N., and Gierer, A. 1974. Cell cycle kinetics and develop-
ment of Hydra attenuata. III. Nerve and nematocyte differentia-
tion. J. Cell Sci. 16: 359–375.

David, C.N., and Murphy, S. 1977. Characterization of interstitial
stem cells in hydra by cloning. Dev. Biol. 58: 372–383.

© 2002 NRC Canada

1790 Can. J. Zool. Vol. 80, 2002

J:\cjz\cjz8010\Z02-135.vp
Thursday, November 14, 2002 12:04:13 PM

Color profile: Disabled
Composite  Default screen



David, C.N., and Plotnick, I. 1980. Distribution of interstitial stem
cells in Hydra. Dev. Biol. 76: 175–184.

Davis, L.E. 1970. Cell division during dedifferentiation and
redifferentiation in the regenerating isolated gastrodermis of Hy-
dra. Exp. Cell Res. 60: 127–132.

Davis, L.E., Burnett, A.L., Haynes, J.F., and Mumaw, V.R. 1966 A
histological and ultrastructural study of dedifferentiation and re-
differentiation of digestive and gland cells in Hydra viridis. Dev.
Biol. 14: 307–329.

den Hartog, J.C. 1977. The marginal tentacles of Rhodactis
sanctithomae (Corallimorphia) and the sweeper tentacles of
Monrastrea cavernosa (Scleractinia): their cnidom and possi-
ble function. In Proceedings of the 3rd International Coral
Reef Symposium, Miami, Fla. pp. 463–469.

Deroux, G. 1966. Un nouveau type de nematocystes rhopaloides
(R. Weill, 1934) : les euryteles microbasiques (heterotriches)
semiophores. C. R. Acad. Sci. 263: 760–763.

Dubel, S. 1989. Cell differentiation in the head of Hydra. Differen-
tiation, 41: 99–109.

Dujardin, F. 1845. Memoire sur le development des Polypes hydraires
et Meduses. Ann. Sci. Nat. 4: 257–281.

Ewer, R.F. 1947. On the functions and mode of action of the
nematocysts of hydra. Proc. Zool. Soc. Lond. 117: 365–376.

Francis, L. 1973a. Clone specific segregation in the sea anemone
Anthopleura elegantissima. Biol. Bull. (Woods Hole, Mass.),
144: 64–72.

Francis, L. 1973b. Intraspecific aggression and its effect on the dis-
tribution of Anthopleura elegantissima and some related sea
anemones. Biol. Bull. (Woods Hole, Mass.), 144: 73–92.

Fujisawa, T., and David, C.N. 1981. Commitment during nematocyte
differentiation in hydra. J. Cell Sci. 48: 207–222.

Fujisawa, T., and David, C.N. 1982. Commitment during stenotele
differentiation in Hydra is localized near the S/G2 boundary in
the terminal cell cycle. Dev. Biol. 93: 226–230.

Fugisawa, T., Nishimiya, C.H., and Sugiyama, T. 1986. Nematocyte
differentiation in hydra. In Current topics in developmental biol-
ogy. Academic Press, Tokyo. 20: 281–290.

Germer, T., and Hundigen, M. 1980. The fine structure of develop-
ing and mature cnidoblasts of Eirene viridula. In Developmental
and Cellular Biology of Coelenterates: Proceedings of the 4th
International Coelenterate Conference, Interlaken, Switzerland,
4–8 September 1979. Edited by P. Tardent and R. Tardent. Elsevier
North-Holland Biomedical Press, Amsterdam. pp. 325–330.

Gitter, A.H., and Thurm, U. 1993. Inorganic, but not organic cal-
cium channel blockers inhibit nematocyte discharge in Hydra
vulgaris. Eur. J. Cell. Biol. 60(Suppl. 37): 101.

Gitter, A.H., Oliver, D., and Thurm, U. 1994. Calcium and voltage-
dependence of nematocyst discharge in Hydra vulgaris. J. Comp.
Physiol. A, 175: 115–122.

Godknecht, A. 1985. Die Entladung der B-Rhabdoiden der Tentakel
von Anemonia sulcata Pennant (Cnidaria, Anthozoa). Diploma
thesis, University of Zurich, Zurich, Switzerland.

Grosvenor, W., and Kass-Simon, G. 1989. Feeding response in Hy-
dra: I. Inhibition of nematocyst discharge by fractions of Artemia
homogenate. Biol. Bull. (Woods Hole, Mass.), 173: 527–538.

Grosvenor, W., Bellis, S.L., Kass-Simon, G., and Rhodes, D.E. 1992.
Chemoreception in Hydra: specific binding of glutathione to a
membrane fraction. Biochem. Biophysiol. Acta, 1117: 120–125.

Günzl, H. 1971. Dipurena reesi (Hydrozoa) : Wanderung der Cnido-
blasten in den Rhizostolonen. In Encyclopedia Cinematographica.
Edited by G. Wolf. Institut für den Wissenschaftlichen Film,
Göttingen, Germany (text accompanying film No. 1106/1966).

Gupta, B.L., and Hall, T.A. 1984. Role of high concentrations of
Ca++, Cu++, and Zn++ in the maturation and discharge in situ of
sea anemone nematocysts as shown by X-ray microanalysis of
cryosections. In Toxins, drugs, and pollutants in marine animals.
Edited by L. Bolis, J. Zadunaisky, and R. Gilles. Springer-Verlag,
Berlin. pp. 71–95.

Had�i, J. 1911. Über die Nesselzellverhältnisse bei den Hydro-
medusan. Zool. Anz. 37: 471–478.

Hanai, K. 1981. A new quantitative analysis of the feeding response
in Hydra japonica: stimulatory effects of amino acids in addition
to reduced glutathione. J. Comp. Physiol. 133: 503–508.

Hand, C. 1955. The sea anemones of central California. Part III.
The acontiarian anemones. Wasmann J. Biol. 13: 189–251.

Hand, C. 1961. Present state of nematocyst research: types, struc-
ture and function. In The biology of hydra. Edited by H.M.
Lenhoff and W.F. Loomis. University of Miami Press, Coral Ga-
bles, Fla. pp. 187–202.

Heimfeld, S., and Bode, H. 1984. Interstitial cell migration in Hy-
dra attenuata. I. Quantitative description of cell movements.
Dev. Biol. 105: 1–9.

Herlands, R.L., and Bode, H.R. 1974. Oriented migration of inter-
stitial cells and nematocytes in Hydra attenuata. Wilhelm Roux’s
Arch. Dev. Biol. 176: 67–88.

Hidaka, M. 1985. Nematocyst discharge, histoincompatibility and the
formation of sweeper tentacles in the coral Galaxea fascicularis.
Biol. Bull. (Woods Hole, Mass.), 168: 350–358.

Hidaka, M., and Miyazaki, I. 1984. Nematocyst discharge and surface
structure of the ordinary and sweeper tentacles of a scleractinian
coral, Galaxea fascicularis. Galaxea, 3: 119–130.

Hidaka, M., and Yamazato, K. 1984. Intraspecific interactions in a
scleractinian coral, Galaxea fascicularis: induced formation of
sweeper tentacles. Coral Reefs, 3: 77–85.

Hidaka, M. Miyazaki, I., and Yamazoto, K. 1987. Nematocysts
characteristic of the sweeper tentacles of a scleractinian coral,
Galaxea fascicularis (Linnaeus). Galaxea, 6: 195–207.

Holstein, T. 1980. An ultrastructural and kinematographic study of
the nematocyst morphogenesis in selected coelenterate species. In
Development and cellular biology of coelenterates. Edited by
P. Tardent and R. Tardent. Elsevier, North-Holland Biomedical
Press, Amsterdam. p. 499.

Holstein, T., and Tardent, P. 1984. An ultra-high speed analysis of
exocytosis: nematocyst discharge. Science (Washington, D.C.),
223: 830–833.

Holtman, M., and Thurm, U. 2001a. Mono- and oligo-vesicular
synapses and their connectivity in a cnidarian sensory epithe-
lium (Coryne tubulosa). J. Comp. Neurol. 432: 537–549.

Holtman, M., and Thurm, U. 2001b. Variations of concentric hair
cells in a cnidarian sensory epithelium (Coryne tubulosa). J. Comp.
Neurol. 432: 550–563.

Hufnagel, L.A., and Kass-Simon, G. 1988. Functional anatomy of
nematocyte innervation in battery cell complexes of the hydra ten-
tacle. In The biology of nematocysts. Edited by D.A. Hessinger
and H.M. Lenhoff. Academic Press, Inc., San Diego. pp. 519–529.

Hufnagel, L.A., and Kass-Simon, G. 1995. Immunocytochemistry
of nerve cells in tentacle/hypostome macerates of Hydra. In Pro-
ceedings of the 6th International Workshop on Hydroid Devel-
opment, Tutzing, Germany, 25–28 September 1995. p. 93.

Hufnagel, L.A., Kass-Simon, G., and Lyon, M.K. 1985. Functional
organization of battery cell complexes in tentacles of Hydra
attenuata. J. Morphol. 184: 323–341.

Hufnagel, L.A., Ramocki, M., Williams, D., and Kass-Simon, G. 1993.
Immunocytochemical localization of glutamate in macerates of
Hydra. In Proceedings of the 5th International Workshop on

© 2002 NRC Canada

Kass-Simon and Scappaticci 1791

J:\cjz\cjz8010\Z02-135.vp
Thursday, November 14, 2002 12:04:14 PM

Color profile: Disabled
Composite  Default screen



Hydroid Development, Schloss Reisensburg, Reisensburg, Ger-
many, 22–26 September 1993. p. 43.

Hufnagel, L.A., Studer, L., and Kass-Simon, G. 1997. Localization
of binding sites for gluR 5,6,7 in macerates and tissue pieces of
Hydra. In Proceedings of the 7th International Workshop on
Hydroid Development, Tutzing, Germany, 22–25 September
1997. p. 93.

Jones, C.F. 1947. The control and discharge of nematocysts in Hy-
dra. J. Exp. Zool. 105: 25–60.

Kanaev, I. 1952. Hydra. Essays on the biology of freshwater polyps.
Soviet Academy of Sciences, Moscow.

Kass-Simon, G. 1988. Towards a neuroethology of nematocyst dis-
charge in the tentacles of Hydra. In The biology of nematocysts.
Edited by D.A. Hessinger and H.M. Lenhoff. Academic Press,
Inc., San Diego. pp. 531–541.

Kass-Simon, G., and Hufnagel, L.H. 1992. Coelenterate and cteno-
phore chemoreceptors. Microsc. Res. Tech. 22: 265–284.

Lacassagne, M. 1968a. Deux nouveaux types de nematocystes asto-
mocnidaes chez les actinulides (Hydrozoaires) : les euryteloides
spiroteles et aspiroteles. C. R. Acad. Sci. 266: 892–894.

Lacassagne, M. 1968b. Les anisorhizes atriches, nouveau type de
nematocystes stomocnides presents chez deux formes d’Halam-
mohydra (Hydrozoaires, Actinulides). C. R. Acad. Sci. 266:
2090–2092.

Lang, J. 1973. Interspecific aggression by scleractinian corals. 2. Why
the race is not only to the swift. Bull. Mar. Sci. 23: 260–279.

Lawonn, P., and Thurm, U. 1994. Kontrolle der Nematocyten-
Entladungsbereitschaft bei Hydra : Hinweise auf die Beteiligung
monoaminerger Systeme bei der endogenen Regulierung. Verh.
Dtsch. Zool. Ges. 87: 136.

Lehn, H. 1951. Teilungsfolgen und Determination von I-Zellen für
die Cnidenbiodung bei Hydra. Z. Naturforsch. Teil B Anorg.
Chem. Org. Chem Biochem. Biophys. Biol. 6: 388–391.

Lenhoff, H.M. 1961. Activation of the feeding reflex in Hydra
littoralis: I. Role played by reduced glutathione and quantitative
assay of the feeding reflex. J. Gen. Physiol. 45: 331–334.

Lenhoff, H.M. 1981. Biology and physical chemistry of the feeding
response of hydra. In Biochemistry of taste and olfaction. Edited
by R.H. Cagan and M.R. Kare. Academic Press, New York.
pp. 475–497.

Lenhoff, H.M., and Loomis, W.F. 1961. The biology of hydra and
some other coelenterates. Rose Printing Co., Miami, Fla.

Lentz, T.L., and Barnett, R.J. 1961. Enzyme histochemistry of hy-
dra. J. Exp. Zool. 147: 125–149.

Lentz, T.L., and Barnett, R.J. 1962. The effect of enzyme substrate
and pharmacological agents on nematocyst discharge. J. Exp.
Zool. 149: 33–38.

Lindstedt, K.J. 1971. Biphasic feeding response in a sea anemone:
control by asparagine and glutathione. Science (Washington, D.C.),
173: 333–334.

Lipin, A. 1911. Die Morphologie und Biologie von Polypodium
hydriforme Uss. Zool. Jahrb. Abt. Anat. 31: 317–426.

Logan, A. 1984. Interspecific aggression in hermatypic corals from
Bermuda. Coral Reefs, 3: 131–138.

Loomis, W.F. 1955. Glutathione control of the specific feeding re-
actions of hydra. Ann. N.Y. Acad. Sci. 62: 209–228.

Lubbock, R., and Amos, W.B. 1981. Removal of bound calcium from
nematocysts causes discharge. Nature (Lond.), 290: 500–501.

Lubbock, R., Gupta, B.L., and Hall, T.A. 1981. Novel role of calcium
in exocytosis: mechanism of nematocyst discharge as shown by X-
ray microanalysis. Proc. Natl. Acad. Sci. U.S.A. 78: 3624–3628.

Mackie, G.O. 1999. Coelenterate organs. Mar. Freshw. Behav. Physiol.
32: 113–127.

Mackie, G.O., and Mackie, G.V. 1963. Systematic and biological
note on living hydromedusae from Puget Sound. Nat. Mus. Can.
Bull. No. 199. pp. 63–84.

Mackie, G.O., and Marx, R.M. 1988. Phosphatic spicules in the
nematocyst batteries of Nanomia cara (Hydrozoa, Siphonophora).
Zoomorphologie, 108: 85–91.

Mackie, G.O., Pugh, P.R., and Purcell, J.E. 1987. Siphonophore bi-
ology. Adv. Mar. Biol. 24: 98–262.

Marcum, B. 1989. Structural and functional organization of the ner-
vous system in hydra. In Proceedings of the 5th International Con-
ference on Coelenterate Biology, Southampton, England. p. 60.

Mariscal, R.N. 1972. The nature of the adhesion to shells of the
symbiotic sea anemone Calliactis tricolor Lesueur. J. Exp. Mar.
Biol. Ecol. 8: 217–224.

Mariscal, R.N. 1973. The control of nematocyst discharge during
feeding by sea anemones. Publ. Seto Mar. Biol. Lab. 20: 695–702.

Mariscal, R.N. 1974. Nematocysts. In Coelenterate biology: re-
views and perspectives. Edited by H. Lenhoff and L. Muscatine.
Academic Press, San Diego. pp. 129–178.

Mariscal, R.N., and Bigger, C.H. 1976. A comparison of putative
sensory receptors associated with nematocysts in the anthozoan
and scyphozoan. In Coelenterate ecology and behavior. Edited
by G.O. Mackie. Plenum Press, New York. pp. 559–568.

Mariscal, R.N., Conklin, E.J., and Bigger, C.H. 1977. The ptychocyst,
a major new category of cnidae used in tube construction by a
cerianthid anemone. Biol. Bull. (Woods Hole, Mass.), 152: 392–405.

Martin, V., and Archer, W. 1986. Migration of interstitial cells and
their derivatives in a hydrozoan planula. Dev. Biol. 116: 486–496.

Martin, V. and Archer, W. 1997. Stages of larval development and stem
cell population changes during metamorphosis of a hydrozoan
planula. Biol. Bull. (Woods Hole, Mass.), 192: 41–52.

Mire-Thibodeaux, P., and Watson, G.M. 1994a. Morphodynamic
hair bundles arising from sensory cell/supporting cell complexes
frequency tune nematocyst discharge in sea anemones. J. Exp.
Zool. 268: 282–292.

Mire-Thibodeaux, P., and Watson, G.M. 1994b. Cyclical morpho-
dynamics of hair bundles in sea anemones: second messenger
pathways. J. Exp. Zool. 270: 517–526.

Murbach, L. 1895. Beitrage zur Kenntnis der Anatomie und
Entwicklung der Nesselorgane der Hydroiden. Arch. Naturgesch.
Berlin, 60: 217–254.

Novak, P.L., and Wood, R.L. 1983. Development of the nematocyte
junctional complex in hydra tentacles in relation to cellular rec-
ognition and positioning. J. Ultrastruct. Res. 83: 111–121.

Oliver, D., and Thurm, U. 1996. Mechanoreception by concentric
hair cells of hydropolyps. Göttingen Neurobiology Rep., 1996.
Thieme Verlag, Stuttgart, Germany. p. 92.

Pantin, C.A.F. 1942. The excitation of nematocysts. J. Exp. Biol.
19: 294–310.

Parker, G.H. 1919. The elementary nervous system. In Monographs of
Experimental Biology. Edited by Jacques Loeb, T.H. Morgan, and
W.J.V. Osterhout. J.B. Lippincott Co., Philadelphia and London.

Parker, G.H., and Van Alstyne, M.A. 1932. The control and dis-
charge of nematocysts especially in Metridium and Physalia.
J. Exp. Zool. 16: 329–344.

Peteya, D.J. 1975. The ciliary-cone sensory cell of anemones and
cerianthids. Tissue Cell, 7: 243–252.

Picken, L.E.R. 1953. A note on the nematocysts of Corynactis
viridis. Q. J. Microsc. Sci. (N.S.), 94: 203–227.

Picken, L.E.R., and Skaer, R.J. 1966. A review of researches on
nematocysts. Symp. Zool. Soc. Lond. No. 16. pp. 19–50.

Purcell, J.E. 1977. Aggressive function and induced development of
catch tentacles in the sea anemone Metridium senile (Coelenterata,
Actiniaria). Biol. Bull. (Woods Hole, Mass.), 153: 356–368.

© 2002 NRC Canada

1792 Can. J. Zool. Vol. 80, 2002

J:\cjz\cjz8010\Z02-135.vp
Thursday, November 14, 2002 12:04:14 PM

Color profile: Disabled
Composite  Default screen



© 2002 NRC Canada

Kass-Simon and Scappaticci 1793

Rahat, M., and Campbell, R.D. 1974. Nematocyte migration in the
polyp and one-celled tentacles of the minute fresh-water coelenterate
Calpasoma dactyloptera. Trans. Am. Microsc. Soc. 93: 379–385.

Rapp, W. 1829. Ueber die Polypen in allgmeinen and die Aktinien
im besonderen. Verlag des Grossherzogl. Sachs. Privileg. Lande-
Industrie-Comptoirs, Weimar, Germany. pp 62.

Rich, F., and Tardent, P. 1969. Untersuchungen zur Nematocyten-
Differenzierung bei Hydra attenuata Pall. Rev. Suisse Zool. 76:
779–787.

Richardson, C.A., Dustan, P., and Lang, J. 1979. Maintenance of
living space by sweeper tentacles of Montastrea cavernosa, a
Caribbean reef coral. Mar. Biol. (Berl.), 55: 181–186.

Robson, E.A. 1988. Problems of supply and demand for cnidae in
Anthozoa. In The biology of nematocysts. Edited by D.A. Hessinger
and H.M. Lenhoff. Academic Press, Inc., San Diego. pp. 179–207.

Ross, D.M., and Sutton, L. 1964. Inhibition of the swimming re-
sponse by food and of nematocyst discharge during swimming in
the sea anemone Stomphia coccinea. J. Exp. Biol. 41: 751–757.

Ruch, R.J., and Cook, C.B. 1984. Nematocyst inactivation during
feeding in Hydra littoralis. J. Exp. Biol. 140: 502–519.

Sakaguchi, M., Hanai, K., Ohta, K., Kitajima, M., Matsuhashi, S.,
Hori, K., and Morita, H. 1991. Monoclonal antibodies that de-
press a specific subset of multiple components of the glutathione-
induced response of hydra. J. Comp. Physiol. A, 168: 409–416.

Sandberg, D.M., Kanciruk, P., and Mariscal, R.N. 1971. Inhibition
of nematocyst discharge correlated with feeding in a sea anem-
one, Calliactis tricolor (Lesueur). Nature (Lond.), 232: 263–264.

Scappaticci, A.A., and Kass-Simon, G. 2001. Nematocyst discharge:
the response of prey capturing desmonemes to chemical and me-
chanical stimulation. In Proceedings of the Society for Integrative
and Comparative Biology Annual Meeting, 3–7 January 2001,
Chicago. p. 369.

Schneider, K.C. 1894. Mitteilungen über Siphonophoren. I. Nessel-
zellen. Zool. Anz. 17: 461–471.

Sebens, K.P. 1982. Intertidal distribution of zoanthids on the Carib-
bean coast of Panama: effects of predation desiccation. Bull.
Mar. Sci. 32: 316–335.

Sebens, K.P. 1984. Agonistic behavior in the intertidal sea anem-
one Arthropleura xanthogrammica. Biol. Bull. (Woods Hole,
Mass.), 166: 457–472.

Sebens, K.P., and Miles, J.S. 1988. Sweeper tentacles in a Gorgonia
octocoral: morphological modifications for interference competi-
tion. Biol. Bull. (Woods Hole, Mass.), 175: 378–387.

Sebens, K.P., and Paine, R.T. 1978. Biogeography of anthozoans
along the west coast of South America: habitat, disturbance, and
prey availability. In Proceedings of the International Symposium
on Marine Biogeography and Ecology in the Southern Hemi-
sphere. Vol. I. New Zealand Department of Scientific and Indus-
trial Research (D.S.I.R.) Inf. Ser. No. 137. pp. 219–237.

Sheppard, C.R.C. 1981. “Reach” of aggressively interacting corals,
and relative importance of interactions at different depths. In
Proceedings of the 4th International Coral Reef Symposium,
Manila, The Philippines. Vol. 2. pp. 363–368.

Shimizu, H., and Bode, H.R. 1995. Nematocyte differentiation in
hydra commitment to a nematocyte type occurs at the beginning
of the pathway. Dev. Biol. 169: 136–150.

Skaer, R.J. 1973. The secretion and development of nematocysts in
a siphonophore. J. Cell Sci. 13: 371–393

Skaer, R.J. 1988. The formation of cnidocyte patterns in siphono-
phores. In The biology of nematocysts. Edited by D.A. Hessinger
and H.M. Lenhoff. Academic Press, Inc., San Diego. pp. 165–178.

Skaer, R.J., and Picken, L.E.R. 1965. The structure of the nematocyst
thread and the geometry of discharge in Corynactis viridis Allman.
Philos. Trans. R. Soc. Lond. 250: 131–164.

Skaer, R.J., and Picken, L.E.R. 1966. The pleated surface of the
undischarged thread of a nematocyst and its stimulation by mod-
els. J. Exp. Biol. 45: 173–176.

Slautterback, D.B. 1967. The cnidoblast–musculoepithelial cell com-
plex in the tentacles of hydra. Z. Zellforsch. Mikrosk. Anat. 79:
296–318.

Slautterback, D.L., and Fawcett, D.W. 1959. The development of
cnidoblasts in hydra: an electron microscope study of cell differ-
entiation. J. Biophys. Biochem. Cytol. 5: 441–452.

Smith, S., Oshida, J., and Bode, H. 1974. Inhibition of nematocyst
discharge in hydra fed to repletion. Biol. Bull. (Woods Hole,
Mass.), 147: 186–202.

Tardent, P. 1988. History and current state of knowledge concern-
ing discharge of cnidae. In The biology of nematocysts. Edited
by D.A. Hessinger and H.M. Lenhoff. Academic Press, Inc., San
Diego. pp. 309–333.

Tardent, P., and Holstein, T. 1982. Morphology and morphodynamics
of the stenotele nematocyst of Hydra attenuata Pall. (Hydrozoa,
Cnidaria). Cell Tissue Res. 224: 269–290.

Tardent, P., and Morgenthaler, V. 1966. Autoradiographische Unter-
suchungen zum Problem der Zellwanderungen bei Hydra attenuata
Pall. Rev. Suisse Zool. 73: 468–480.

Tardent, P., Rich, F., and Schneider, V. 1971. The polarity of stenotele
differentiation in Hydra attenuata Pall. Dev. Biol. 24: 596–608.

Thorington, G., and Hessinger, D.A. 1988. Control of cnidae dis-
charge: I. Evidence for the two classes of chemoreceptor. Biol.
Bull. (Woods Hole, Mass.), 174: 163–171.

Thurm, U., and Lawonn, P. 1990. The sensory properties of the
cnidocil-apparatus as a basis for prey capture in Hydra attenuata.
Verh. Dtsch. Zool. Ges. 83: 431.

Thurm, U., Brinkmann, M., Holtmann, M., Lawonn, P., Oliver,
D., and Sieger, T. 1998. Modulation of the output of a mechanosen-
sory cell by chemosensory and synaptic inputs. In From structure
to information in sensory systems. Edited by C. Taddei-Ferretti and
C. Musio. World Scientific Publishing Co., Singapore, River Edge,
N.J., and London. pp. 237–253.

Watson, G.M., and Hessinger, D.A. 1988. Localization of purported
chemoreceptor involved in triggering cnida discharge in sea anem-
ones. In The biology of nematocysts. Edited by D.A. Hessinger
and H.M. Lenhoff. Academic Press, San Diego. pp. 255–272.

Watson, G.M., and Hessinger, D.A. 1989a. Cnidocyte mechano-
receptors are tuned to the movements of swimming prey by
chemoreceptors. Science (Washington, D.C.), 243: 1589–1591.

Watson, G.M., and Hessinger, D.A. 1989b. Cnidocytes and adja-
cent supporting cells form receptor–effector complexes in anem-
one tentacles. Tissue Cell, 21: 17–24.

Watson, G.M., and Hessinger, D.A. 1991. Chemoreceptor-mediated
elongation of stereocilium bundles tunes vibration-sensitive
mechanoreceptors on cnidocyte/supporting cell complexes to
lower frequencies. J. Cell Sci. 99: 307–316.

Watson, G.M., and Hessinger, D.A. 1992. Receptors for N-acetylated
sugars may stimulate adenylate cyclase to sensitize and tune
mechanoreceptors involved in triggering nematocyst discharge.
Exp. Cell. Res. 198: 8–16.

Watson, G.M., and Hessinger, D.A. 1994. Antagonistic frequency
tuning of hair bundles by different chemoreceptors regulates
nematocyst discharge. J. Exp. Biol. 187: 57–73.

Watson, G.M., and Hudson, R.R. 1994. Frequency and amplitude
tuning of nematocyst discharge by proline. J. Exp. Zool. 268:
177–185.

Watson, G.M., and Mariscal, R.N. 1983a. Comparative ultrastructure
of catch tentacles and feeding tentacles in the sea anemone Hali-
planella. Tissue Cell, 15: 939–959.

Watson, G.M., and Mariscal, R.N. 1983b. The development of a sea

J:\cjz\cjz8010\Z02-135.vp
Thursday, November 14, 2002 12:04:15 PM

Color profile: Disabled
Composite  Default screen



© 2002 NRC Canada

1794 Can. J. Zool. Vol. 80, 2002

anemone tentacle specialized for aggression: morphogenesis and
regression of the catch tentacle of Haliplanella luciae (Cnidaria,
Anthozoa). Biol. Bull. (Woods Hole, Mass.), 164: 506–517.

Watson, G.M., and Roberts, J. 1994. Localization of proline recep-
tors involved in regulating nematocyst discharge. J. Exp. Zool.
270: 527–537.

Watson, G.M., and Roberts, J. 1995. Chemoreceptor-mediated poly-
merization and depolymerization of actin in hair bundles of sea
anemones. Cell Motil. Cytoskeleton, 30: 208–220.

Weiler-Stolt, B. 1960. Über die Bedeutung der interstitiellen Zellen
für die Entwicklung und Fortpflanzung mariner Hydroiden. Wil-
helm Roux’ Arch. Dev. Biol. 152: 398–454.

Weill, R. 1934. Contribution à l’etude des cnidaires et de leurs
nematocystes. Trav. Stn. Zool. Wimereux, 10/11: 1–701.

Weill, R. 1964. Une nouvelle categorie de nematocystes : existence,
chez Apolemia uvaria Eschh., de nematocystes birhopaloides.
C. R. Acad. Sci. 258: 4343–4344.

Wellington, G.M. 1980. Reversal of digestive interactions between
Pacific reef corals: mediation by sweeper tentacles. Oecologia,
47: 340–343.

Welsh, J.H. 1960. 5-Hydroxytryptamine in coelenterates. Nature
(Lond.), 186: 811–812.

Werner, B. 1965. Die Nesselkapseln der Cnidaria, mit besonderer
Berucksichtigung der Hydroida. I. Klassification und Bedeutung
für die Systematik und Evolution. Helgol. Wiss. Meeresunters.
12: 1–39.

Westfall, J., Landers, D., and McCallum, J. 1998. Different nemato-
cysts have different synapses in the sea anemone Aiptasia
pallida (Cnidaria, Anthozoa.) J. Morphol. 238: 53–62.

Westfall, J., Landers, D., and McCallum, J. 1999. Ultrastructure of
neuro-spirocyte synapses in the sea anemone Aiptasia pallida
(Cnidaria, Anthozoa). J. Morphol. 241: 155–173.

Westfall, J.A. 1965. Nematocysts of the sea anemone Metridium.
Am. Zool. 5: 377–393.

Westfall, J.A. 1966a. Fine structure and evolution of nematocysts.
In Proceedings of the Sixth International Congress for Electron

Microscopy, Kyoto, Japan. Maruzen Co. Ltd., Nihonbashi, To-
kyo. pp. 235–236.

Westfall, J.A. 1966b. The differentiation of nematocysts and asso-
ciated structures in the Cnidaria. Z. Zellforsch. 75: 381–403.

Westfall, J.A. 1988. Presumed neuronematocyte synapses and pos-
sible pathways

controlling discharge of a battery of nematocysts in hydra. In The
biology of nematocysts. Edited by D.A. Hessinger and H.M.
Lenhoff. Academic Press, San Diego. pp. 41–52.

Westfall, J.A., and Hand, C. 1962. Fine structure of nematocysts in
a sea anemone. In Proceedings of the 5th International Congress
on Electron Microscopy, 1962. Article M-13.

Westfall, J.A., Yamataka, S., and Enos, P.D. 1971a. Scanning and trans-
mission microscopy of nematocyst batteries in epithelialmuscular
cells of Hydra. In Proceedings of the 29th Annual Meeting of the
Electron Microscopy Society of America, Boston, Mass., 1971.
Edited by C.J. Arceneaux. pp. 410–411.

Westfall, J.A., Yamataka, S., and Enos, P.D. 1971b. Ultrastructural
evidence of polarized synapses in the nerve net of hydra. J. Cell
Biol. 51: 318–323.

Westfall, J.A., Elliott, S.R., MohanKumar, P.S., and Carlin, R.W.
2000. Immunocytochemical evidence for biogenic amines and
immunogold labeling of serotonergic synapses in tentacles of
Aiptasia pallida (Cnidaria, Anthozoa). Invertebr. Biol. 119: 370–
378.

Williams, R.B. 1975. Catch tentacles in sea anemones: occurrence
in Haliplanella luciae (Verill) and a review of current knowl-
edge. J. Nat. Hist. 9: 241–248.

Wood, J.G., and Lentz, T.L. 1964. Histochemical localization of
amines in hydra and in the sea anemone. Nature (Lond.), 201:
88–90.

Wood, R.L. 1988. Survey of the ultrastructure of cnidocytes. In
The biology of nematocysts. Edited by D.A. Hessinger and H.M.
Lenhoff. Academic Press, San Diego. pp. 25–40.

Wood, R.L., and Novak, P.L. 1982. The anchoring of nematocysts
and nematocytes in the tentacles of hydra. J. Ultrastruct. Res.
81: 104–116.

J:\cjz\cjz8010\Z02-135.vp
Thursday, November 14, 2002 12:04:15 PM

Color profile: Disabled
Composite  Default screen


