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Fortschritte der Zoologie 22(2-3), 55-74, 1974

The role of ecdysones in the crustacean molting cycle

by
Alex Willig

From the Institut fuer Tierphysiologie und Angewandte Zoologie1
[Institute of Animal Physiology end Applied Zoology],

Preie Universitaet Berlin,

Berlin, (West-) Germany

Summary

Tne discovery of insect wolting hormones (ecdysones) in crustaceans indicates
that molting in crustaceans and, probably, in all arthropods is controlled by
ecdysones, a group of non-polar sterols. In crustaceans, the predominant substan-
ce appears to be crustecdysone (20-hydroxy-ecdysone). This hormone is biosynthe-
sized from cholesterol or from phytosterols.similar to cholesterol. Sterols are
essential constituents of the diet of crustaceans, since these animals have been
found to be incavpable of synthesizing sterols. Except for the conversion of «-
ecdysone to crustecdysone, the intermediate steps in crustecdysone biosynthesis
are as yet unknown. The site of ecdysone formation appears to be the Y-organs,

a pair of glands located in the second antennal or second maxillary seguent.

1 _
Present address: Abteilung fuer Biologie I [First Department of Biology],
University, Ulm, Federal Republic of Germany.
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Extirpation of the Y-glands during .the intermolt stage or an early premolt
stage prevents molting; after re-implantation, the animals undergo mélt. The
activity of the Y-organs is controlled by neurohormones released by the X-organ
ginus gland complex in the crustacean eyestalk. During proecdysis, the wolting
hormone titer rises and reaches a maximum before ecdysis. During ecdysis, the
titer is already decreasing. During proecdysis, a series of biochemical and
morphological changes take place, which are prgﬁfﬁﬂ?;ffgﬁﬁge?ngﬂcﬁf elevated
hormone level. Some of these events have been 3 - ment by administra-
tion of exogenous ecdysones, e.g., stimulation of protein synthesis in the epi-
dermis and hepatopancreas, formation of a new cuticle, formation of gastroliths
in freshwategwegiﬁgéfh, yolk formation, and leg regeneration. In these experi—
ments, successful,has gnly occasionally been observed. This may be explained by
the fact that injection of ecdysones mimics to an inadequate degree the endo~
genous hormonal environment during the premolt stages. It may be assumed that a
characteristic change of the hormone titer as a function of time is necessary
to induce the various biochemical and morphogenetic events in an ordered sequence,
and that an integrated progression is a prerequisite for successful ecdysis.
Crustecdysone acts not only as hormone but also as pheromone by influencing the

sexual behavior of certain male crabs, when it is released by molting females.

1. Crustacean ecdysones

In order to be able to grow, crustaceans, like insects, must molt at periodic
intervals, i.e. shed or cast off their exoskeleton and produce a new, larger
one., Experimental work carried out by Kopeec in 1922 had already demonstrated
that the molting process in insects is under hormonal control. Subsequently,
bpth Gabe (1Y53) and Echalier (1954; 1955) demonstrated that the molt of crus-
taceans also is induced by a hormone produced in the Y-organs.

The first attempts to isolate the molting hormone of insects were undertaken
by Butenandt and Karlson (1954). The latter workers were able to isolate 25 mg

of crystalline hormone from 500kg of dried pupme of the silk moth (Bombyx mord ).
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This molting hormone was called ecdysone. The process of gradual conqentration
of the hormone was observed with the aid of a biological test, i.e. the
Calliphora test (Fraenkel, 1935; Becker and Plagge, 1939), in which prepupate
dipterous larvae are subjected to ligation behind the first third of the body,

so that the larvae are able to undergo pupation in the first third of the body.
The posterior part of the body, which does not undergo pupation, responds to
injection of molting hormone-containing solutions with either complete or par-
tial pupation. The rate of pupation can be related to the quantity of hormone
injected. The structure of the molting hormone has been elucidated in its most
important aspects by Karlson and his coworkers (for a review, cf. Karlson, 1966).
The final structure was determined with the aid of X-ray structural analysis
(Huber and Hoppe, 1965) to be 25;33,l4a,22R,25~penta~hydroxy-55~cholest—7en-60ne.
During the processing of their extracts from Bombyx mori, Karlson et al. isola=-

ted small quantities of a substance very similar to ecdysone, but somewhat more

polar in character, which substance was also active in the Calliphora test. That

substance was described as B-ecdysone, and the original substance, as &-ecdysone.
Subsequently, B-ecdysone has been isolated by various groups oi workers, and
has been identified as 20-hydroxy-ecdysone (Hoffmeister, 1966 Hoffmeister and
Gruetzwacher, 1966; Hocks and Wiechert, 1966; Hoffmeister et al., 1967; Hocks
et al., 1967).

Following isolation of ecdysone from ihsects, Karlson and his coworkers
(Karlson, 1956a; Karlson and Skinner, 1960) found substances in extracts from
crustaceans that were active in the Calliphora test. An attempt to isolate the

active principle from three tons of the common Furopean shrimp (Grangon vulgaris)

was initially without success (Karlson and Schmialek, 1959). Following develop-

nent of a new extraction and concentration procedure, it became possible to
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isolate a small quantity (2 mg) of the pure hormone from one ton of lobster

offal (thorax of Jasus lalandei), which hormone was named crustecdysone (Hamp-

shire and Horn, 1966). It turned out that crustecdysone and P-ecdysone repre-

sent the same substance (Hoffmeister et al., 1967; Horn et al., 1968). 20-Hydroxy-
ecdysone has been detected furthermore in a series of plants and-——independent-
ly~vas given two additional names, so that six different names are used for

this steroid: 20-Hydroxy-ecdysone, fi-ecdysone, ecdysterone, crustecdysone, iso-
inokosterone, and pol&podin A. Plants contain additional ecdysone~like substan-
cesj no unequivocal experimental results are as yet available regarding thedir
function (for a review, cf. Rees, 1971). The group designation "ecdysones" is

used for all ecdysone-like steroids from arthropods and from plants. Apart from

crustecdysone, Horn et al., (1966) isolated from Jasus lalandei a somewhat less

polar steroid, which initially was regarded as being «~-ecdysone. However, iso-

lation of that substance on a greater scale showed that the substance in question

was 2-deoxy-crustecdysone (Galbraith et al., 1968). Occurrence of w-ecdysone in

crustaceans has hitherto not yet been demonstrated. Faux et al. (1969) found

two additional ecdysones in extracts from Callinectes sapidus, viz. callinecdysone A

«-Ecdysong Ry == Ry = Ry == H, R == R, == OH
Crusteedysong Ry~ Ry« I Ry =R, =R, - Ol
2-Deoxycrusteedysone Ry Rya-Ry==11L Ry == R =: 01
Callineedy soneA Ry == Ry H, R -2 R, == R = Ol
Callincedy<onet Ry M, Ry e Ry = Ry == OH, Ry == Cl
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and callinecdysone B, which are probably identical with the plant ecdysones
inokosterone and makisterone A,

Very little is known at the present time regarding the biosynthesis of the
crustacean ecdysones. The crustaceans probably are unable to synthesize the
sterol skeleton, and are forced to ingest sterols with their diet. In Astacus,

Homarus, Cancer and Iepasg, synthesis of sterols from radioactive acetate or from

mevalonic acid could not be demonstrated (Zandee, 1962; 1966; 1967; Van den Oord,
1964; Teshima and Kanazawa, 1971). Synthesis of the ecdysones, thus, probably
starts with sterols ingested by these animals with their diet, as in the case of
insects, where conversion of radiolabelled cholesterol %o «~-ecdysone and crust-
ecdysone has been demonstrated (karlson and Hoffmeister, 1963; Galbraith et al.,
1970; Willig et al., 1971). Intermediate steps of ecdysone biosynthesis have

been demonstrated in unequivocal fashion neither in crustaceans nor in insects.

King and Siddal (1969) found in both Crangon and Uca conversion of labelled
a-ecdysone to crustecdysone, i.e. pprobably the terminal step in crustecdysone
biosynthesis. Interestingly, that conversion was more pronounced during molt

than during the intermolt period.

2. Y-organs

The Y-organs are regarded as the site of éynthesis of the molting hormone
of crustaceans. These organs are paired groups of epithelial cells located either
in the second antennal segment or in the second waxillary segment (Gabe, 1953
1954). In general, they are regarded as brgans corresponding to the prothoracic
(or molt) glands of the insects (Passano, 1960; Herman, 1967). Extirpation or
destruction of the Y~organs prevents subsequent molting; re~implantation of these

glands leads to rencwed molting (%chalier, 1954; 1955; 1959; Passano and Jyssum,

57

é
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19633 liaissiat, 1970a). During proecdysis, the Y-organs exhibit histological
changes speaking for increased secretory activity (Gabe, 1956; Matsumoto, 1962).
These organs responded with histological changes also to injections of crust-
ecdysone or of other steroids (Miyawaki and Taketomi, 1970; 1971; liiyawaki et
al., 1971). However, assessment of the different results on the Y-orgens is dif-
ficult, since, in part, structures have been described as Y-organs, which, with-
out any doubt, have nothing in common with the molt gland, and, in part, the
locations of the organsg investigated have not been properly described (Sochasky
et al., 1972). As yet, there exists no direct evidence indicating that the Y-
organs produce ecdysones., Ags indirect evideﬁce, however, we have the findings
reported by Carlisle and Conmick (1973)1, who have been able to extract ecdyso-
nes from the Orconectes Y-organs located in the antenmal segment; the quantities
of these ecdysones varied in dependence on the molt cycle stages.

The secretory activity of the Y-organs is controlled by neurohormones. Re-~
moval of the eyestalks, which contain the neurosecretory X-organ-sinus-gland
complex, leads in many crustaceans to-precocious molting, as does the removal
of the sinus gland alone. Re-~implantation of the sinus glands delays ecdysis.

On the basis of the latter findings, workers have postulated the existence of

a molt~inhibiting hormone (HIH) (Brown and Cunningham, 1939; Stephens, 1951;
Pagsano, 1953), representing a peptide hormone, which has already been concen-
trated and partly characterized (Rao, 1965). The MIH is produced by the neuro-
secretory cells of the X-organ located in the eyestalk; its release takes place

by way of a neurohemal organ, viz. the sinus gland (for review articles, cf.

1
Translatorfs note: See also D.B. Carlisle and F. Knowles, undocrinc Control
in Crustnconng, Cambridge University Press, New York, 1959.
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Bern, 1962; Scharrer and Weitzman, 1970). Since the removal of the eyestalks

occasionally also delays or prevents molting, several authors have postulated

the existence of a molt-accelerating neurchormone (MAH) (Carlisle, 1953; Car-
lisle and Dohrn, 1953; Scheer and Scheer, 1954; McWhinnie and Kirchenberg, 1962;
Aiken, 1969; LicWhinnie et al., 1969; McWhinnie and Mohrherr, 1970). However,
hitherto it has not yet been possible to obtain definite evidence regarding the
actual existence of such a hormone, An effect of MAH on the production of ecdy-
sones in the Y-organs also has as yet not been established. According to recent s
findings reported by McWhinnie et al. (1969; 1972), it appears that MAH controls !
directly, at ieast, partial events in the preparation for proecdysis, such as

the decalcification of the old exoskeleton.

3, The molt cycle

In the past, the term 'molt' has been used in two different senses in crus-
taceans and insects, respectively. In part, that term covered only the shedding
of the exuvia; in part, already the separation of the epidermis from the old
cuticle, i.e. an event taking place considerably earlier than shedding. Already
Drach (1939) regarded thét separation as the actual wolting event. Subsequently,
Jenkin (1966) and Jenkin and Hinton (1966) have introduced for all arthropods
the concept of apolysis, which covers the seéaration of the epidermal cells from
the old cuticle.

The molt cycle of the crustaceans can be divided into distinct stages. Drach
(1939) has developed certain criteria for the differentiation of the individual
stages of the molt cycle of brachyura, which will be outlined only briefly in

the present paper:
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Stage A: The period following immediately after casting~off of the 0ld skele-

ton (ecdysis, exuviation); the new exoskeleton is still entirely soft.

Stage B: Solidification of the new exoskeleton, due to hardening of the cuti-

cle and incorporation of calcite particles, sets in.

Stage C: Intermolt period. The cuticle hardens further until, finally, the

innermost, so-called membranous layer has been produced.

Stage D: Proecdysis starts with apolysis and ends with exuviation (casting-off).

Five substages, Do to Dg, are distinguished.
Stage B: llolt (ecdysis, exuviation). Casting~off of the old exoskeleton.

For differentiation of the individual stages; we use morphological charac-
teristics like.the state of development of new bristles, the thiclkness of thé
newly formed cuticle, opening of the dorsal rupturing line in the exoskeleton,
the different hardening stages of the new exoskeleton, etc. This division into
stages, originally applied only to the crabs, has subsequently been modified
and extended to include other crustacean groups. All stages have been divided
further into substages (Drach and Tchernigovizeff, 1967; McWhinnie, 19623 Skinner,
1962; Stevenson, 1961; 1968; Stevenson et al., 1968; Travis, 1965a; 1965b; early
literature, in Passeno, 1960). Adelung (1967; 1969; 1970) has employed a some-

what different division of the molt cycle for juvenile European shore crabs

(Carcinus maenas), which takes into consideration, in particular, the state of
developnent of the walking legs. |

The subdivision of Stage D is of particular interest with regard to inves-
tigations of the hormonal control of the molt cyecle. Since we will discuss furth-
er below the morphogenetic Qnd physiological events taking place during the pre~
paratory phase of ecdysis in connection with the molting hormone titer of a cray-

fish (Orconectes limosus, Willig and Keller, 1973),.we wish (in agreement with

Stevenson, 1972) to define at this point the substages of Stage D, with parti-

cular congideration given to the situation existing in the astacurans.
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Dot Apolysis in parts of the integument; appearance of gastroliths; regene-
rate growth.

Dy:  Apolysis in the entire integument; formwation of new bristles at the uro-
pods; the new bristles are fully differentiated at the conclusion of
this substage; sub-substages D' to Di'™ may be distinguished on the basis
of the state of bristle development (Drach, 19443 Drach and Tchernigov-
tzeff, 1967; Stevenson et al., 1968).

Dz: Secretion of the new cuticle on the branchiostegites; at the end of this
substage, the new cuticle has attained one half of the thickness exhibited
at ecdysis.

Da: TFurther growth of both the cuticle and the gastroliths.

Dyt The lower seam of the branchiostegites is distinctly set off from the

carapace due to complete decalcification and advanced cuticular reabsorp-

tion (molting line).

4, Liolting hormone titer and events of the preparatory phase (Pigures 1 and 2)

Do: This stage characterizes the onset of preparation for ecdysis. The
sole definite characteristic for the onset of the premolt period is found in the
appearance of small gastroliths, which are formed apparently under the influence
of a slightly elevated ecdysone level (Willig and Keller, 1973; McVhinnie et al.,
1972) (in the following discussions, the term ecdysone will be used as group
name or, otherwise, be characterized as @-ecdysone). The Stage o is frequently
described as a period of activation, in particular, of the integumentery tissue.
That activation, however, has hitherto been defined only to an inadequate extent,
since, apart from a certain enlargement of the epidermal cells (Travis, 1955;
Dennel, 1960; Skinner, 19623 Stevenson et al., 1968), neither light-microscopical
nor electron~microscopical changes have been detected in the integumentary tissue

(Keller and Adelung, 1970; Kuemmel et al., 1970); the exoskeleton also appears
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1o exhibit no changes (Travis, 1965a), The DNA content of the epidermis, re-
lated to the fresh weight of the tissue, decreases greatly during this stage;
however, it is probable that tggtgiA quantity remains constant, i.e. the des
creases is only an apparent one due to the enlargement of the cells (Humphreys’
and Stevenson, 1973). It then is still unclear whether DA synthesis takes place
during Do,.although Tchernigovtzeff (1959) has reported seeing mitoses. The
ribosomal RWA is as stable as during the C Stages. The protein synthesis of the
epidermal cells is clearly reduced during Do compared to the intermolt stages,
during which that synthesis remains about constant, if we regard the rate of
incorporation of labelled leucine into protein (related to the DNA content) as
reliable measure for protein synthesis independent of the water content of the
cells (Humphreys and Stevenson, 1973). The oxygen consumption of the integumen-'
tary tissue also is reduced compared to the intermolt period (Skinner, 1962).
In view of these findings, equalization of Stage Do with a period of activation
of the epidermal cells appears to be a questionable suggestion. It may be more
readily imagined that that stage represents a kind of transition period, during
which the growth processes in the iﬁtegument are arrested, and the biosynthe~

tic apparatus of the cells is redirected soward the approaching morphogenetic

FURREE Y
i 2

events.
We must, however, remember that the afore-mentioned findings have been ob-
tained chiefly in the integumentary tissue of the branchiostegites, i.e. the
lateral flanks of the carapace. The epidermal activation processes may already
be advenced further in the limbs. In the uropods, for instance, we may already
see apolysis (Stevenson, 1972); furthermore, regeneration of néw limbs starts
during Do; loss of limbs, on the one hand, accelerates the entire'preparation

for ecdysis (Slinner and Graham, 1970; 1971), while, on the other one, the

5L AT AR, sk ot 43 AV N
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subsequent development of the regenerates is stimulated by the molting hormone
(Rao et al., 1971). In-vitro experiments have demonstrated somewhat increased
protein synthesis in the midgut gland (Gorell and Gilbert, 1971).

The events taking place during Dy apparently are induced by an ecdysone
titer only slightly elevated; further development requires an increase of the
hormone, bgcause development of events is arrested, if either the Y-organs are
removed (EBchalier, 1954) ar the environmental conditions become unfavorable (cf.
Passano, 1960).

Dy + The course of molting cen still be inhibited during Stage Dy by re-
moval of the Y-organs. This particular stage is characterized by apolysis in
wide parts of the integument, in particular, in the branchiostegites. In the
uropods, there appear the new bristles; at the conclusion of this stage, they
are fully developed. Subsequently, only the cuticle of the bristles and that of
the integument become thicker. During Dy, activation processes in the epidermis
are reflected in a somewhat more pronounced development of the rough endoplasmic
reticulum; in addition, a pronounced increase of the Golgl fields is in eviden-
ce (Kuemmel et al., 1970). The Qu, Of the integumentary tissue increases (Skin-
ner, 1962), as does the turnover of ribosomal RWA (Skinner, 1962). Despite fur-
ther enlargement of the epidermal cells (corresponding to a weight increase),
the DiA content, related to the fresh weight of the integument, increases again.
The synthesis qf protein, related to the DVA content, increases at the onset of
Dy ; then decreases againj; and finally rises to values, that are greater than
those measured during the C Stages (ifumphreys and Stevenson, 1973). We are
permitied to assume that synthesis oi enzymes for brealking dovn the old cuticle
is taking place. In some parts of the intesument—in particular, in the liubs,
secretion of the new cuticle is already starting. This increase of metabolie

activity is preceded by a trivlication of the ecdvsone titer.

61
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According to findings recently obtained by Stevenson and Tardif (Stevenson,
1972), the increase of protein synthesis is perhaps based on regulatory pro-
cesses at the translation level. Actinomycin did not inhibit, but stimulate the
incorporation of leucine into protein, with that stimulation being greater dur-
ing Do thean during D; ; during Dz, however, actinouwycin had an inhibitory effect.
Possibly, we are dealing here with a RNA-dependent, labile translation repressor
for certain proteins, the synthesis of which is inhibited by actinomyein. Appar-
ently, synthesis of this repressor decreases during the natural course of the
molt cyele.,

Do Dufing this stage, during which the new cuticle attains about half
the thiclmess norwally exhibited, we are able to discern, already in morpholo-
gical terms, maximal activation of the integumentary tissue (Keller end Adelung,
1970). That finding corresponds to the peaks reached by the Qo, (smmer, 1962)
and protein synthesis (Humphreys and Stevenson, 1973), respectively. The turn-
over of ribosomal RNA increases further (Skinmer, 1966). The appearance of the
new cuticle is accompanied by a very distinct increase of the incorporation of
acetyl glucosamine-}40 and glucose-}40 into chitin (Hornung and Stevenson, 1971;
Iang, 1971; Speck et ai., 1972; Stevenson, 1972). Interestingly, the increase
in the incorporation of acetyl glucosamine takes place both earlier and more
intensively than the incorporation of glucoée, which becomes more pronounced
only following ecdysis. Speck et al. (1972) have suggested the existence of an
intracellular regulatory mechanism, which interferes with the fructose 6-phosphate
= glucosanine 6-phosphate reaction and, prior to ecdysis, blocks the formation
of chitin frou glucose. Gwinn and Stevenson (Stevenson, 1972) have been able to
demonatrate an acetyl glucosamine kinase in the epidermis of Orconectes, which

returns the acetyl glucosamine liberated from the cuticle, without detour by
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way of glucosamine, directly into the newly formed chitin. Synthesis of chitin

R

Glm <«  AcGlm

{ 1
— F-6-P = Ghn-6-P —» AcGhn-6-P — AcGlm-1-P > UDPAcGlm - Ching

is inhibited by actinomycin D, indiceating an activation of transcription for 62
new enzyres (Stevenson, 1972). Apart from the enzymes required for the formation

of the new cuticle, the cuticular proteins themselves have to be synthesized.

These highly distinct synthetic activities are associated with the peak of the
molting hormoné titer, which, compared to the.preceding stages, has increased
thirty-fold (Willig and Xeller, 1973). During Doy i.e. following maximal release
of ecdysones, removal of the Y-organs no longer prevents ecdysis.

D; and Da: During these stages, during which the pre-exuvial cuticle is
produced, we see, at the morphological level, increasing inactivation in the
integumentary tissue. The epidermal cells are transformed, due to shrinking,
from a cylindrical type into a stilt tyée (Keller and Adelung, 1970). The QO2
(Sidnner, 1962) and the protein synthesis (Humphreys and Stevenson, 1973) de~
crease again. In the midéut gland, protein synthesis, which was increased during
the early premolt stages, also decreases again (Gorell and Gilbert, 1971). On
the other hand, the incorporation of acetyl glucosamine intzhihitin of the new
exoskeleton does not increase compared to Do. A certain autoradiographic find-
ing (Keller and Adelung, 1970)~—according to which the incorporation of uridine
into the evidermal nuclei reaches a peak during D; and Dg—cannot directly re-
conciled wita the general inactivation being in evidence (apart from the syme-
thesis of chitin). Liowever, it appears possiblq that this increased incorpora-

tion of uridine represents a sign for decreased turnover and accumulation of
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stable KA for the subsequent morphogenetic events and, in particular, for the
formation of the endocuticle and the synthesis of chitin following ecdysis. The
ecdysone titer decreases strongly in the course of these two stages. The gastro-~
1liths have attained their waximal size.

A and B: The stages following ecdysis are distinguished by further inacti-
vation in evidence at the morphological level; the stili-type character of the
epidermai epithelium becomes more pronounced; the incorporation of uridine into
the epidermal nuclei decreases (Keller and Adelung, 1970). On the other hand,
the incorporation of glucose-;*c into chitin increases considerably (Hornmung
and Stevenson, 1971; lang, 1971); that incorporation attains its peak during
these stages, and decreases only at tﬁe end éf Stage B, with the final product-
ion of the endocuticle. Hohnke (1971) found maximal chitin synthetase activity:
during Stage A; during Stage B, already a decrease of that activity. In contrast
to the premolt stages, the synthesis of chitin is no longer inhibited by acti-
nomycin (stevenson and Tung, 1971); apparently, no additional RNA is required
for that synthesis. On the basis of these findings, we would be permitted to
conclude that either the RHA or the enzymes involved in chitin synthesis are
extraordinarily stable, because synthesis of chitin continues for two weeks af-
ter ecdysis. The titer of the molting hormone decreases steeply during Stage A,
and during Stage B reaches the very low values of the intermolt period. The
considerable synthetic performances occurring during these two stages, thus,
must be independent of the synthesis of both RNA and protein induced by hormonal
means.

Comparison of the hormone titer with the metabolic events taking place at
the same *ime permits the conclusion that these e&ents-—during the premolt per-

iod and Stage Dp~-depend on a continuous hormonal action. fach one of these
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stages can be shortened by administering exogenous ecdysone (Stevenson and
Tschantz, 1973). The possibility that these processes are elicited during an
early stage by means of a release of hormone and then continue on independent
of the hormone is excluded. Artificial induction by means of injected ecdysone
(ef. further below) requires guantities, exceeding by far the waximal endogen-
ous levels measured (Adelung, 1969; Willig and Keller, 197%); this, probably,
to ensure more prolonged action. The course of the hormone titer, furthermore,
suggests that the ordefed sequence of the molt-preparing events depends on an
integrated change of the ecdysone titer. For the normal development of the
events, it is apparently necessary that a relatively low, only gradually rising
ecdysone level be maintained over a relatively long period of time (Do to Dy )e
The very marked activation procesées occurring during De require a very high
hormonal level, as is indicated by the thirty-fold increase of the molting hor-
mone titer compared 4o D .

The molting hormone titer curves of Orconectes (Willig and Keller, 1973)
and those of Carcinus (Adelung, 1969) exhibit agreement in several important
aspects. In both cases, we £ind the peak values between D; and Dy, with the
Carcinus curve, however, exhibiting two maxima in that range--a feature not in

evidence in the case of Orconectes. In Carcinus as well as in Orconectes, the

hormone titer decreases sharply already prior to ecdysis, i.e. during Ds. In
Orconectes, a very low value (0.3 ng/g) is reached during Stage B, while, in
Carcinus, the average value is higher (16 ng/g) during the postmolt stages.
Apart frou specics~specific differences, that particular difference might be

due to the fact that the intermolt period was much shorter in the juvenile shore
crabs ewmployed by Adelung than in Crconectes, since that author had removed

seven ol the eight walking legs of his animils for the purpose of stimulating
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and synchronizing the molting evénts..Reﬁoval of the walking legs can induce
precocious molting (Skinner and Graham, 1970; 1972); it is probable that that
intervention stimulates the release of ecdysones. It is possible that the nor-
mal intermolt stage, with its low hormone titer, is omitted in the case of leg-
amputated Carcinus. In correspondence, the rise to the hormone peak is only sixe-
fold in the latter case, while Orconectes exhibited a thirty-fold rise.

Both titer curves exhibit a steep drop shortly before ecdysis, which drop
appears to be very eésential as an event, since normal ecdysis and normal cut-
icle formation do not occur without that drop; that has been demonstrated in
experimental work, in which the hormone level was artificially increased shortly
before ecdysis by administration of exogenous ecdysone (ef. further below). Re-

cently, Carlisle and Connick (1973) have published a hormone titer curve for

Orconectes, which deviates significantly from the results reported by Adelung

(1969) and by Willig and Keller (1973) to the extent that it shows strongly

~ elevated hormone values also after ecdysis. Comparison of the respective find-

ings, however, is difficult, since several wethodical details—~for instance,
the reference basis for the hormone values—have not been reported [by Carlisle
and Comnick, 1973]. Faux et al. (1969) have also found high hormone levels in

Callinectes sapidus after ecdysis. During the early premolt stage, these blue

crabs contain small quantities of callinecdysone Aj; shortly before ecdysis, grea-
ter quantities of that hormone, and, at tﬁe same time, a little crustecdysone;
and after ecdysis, high concentrations of crustecdysone, in addition to a little
callinecdysone B. The high crustecdysone titer after ecdysis has been associated
with the hardening of the new cuticle, as is the case in insects, where karlson
ana Sekeris (1962) have been able to demonsirate an induction of the synthesis

of tanning quinones by ecdysone. However, hardening of the cuticle apparently
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does not depend on the presence of this hormone in both Orconectes and Carcinus.

It is probable that the latter event is controlled by neurohormones produced in

the eyestalks (Fingerman and Yamamoto, 1964).

5. Action of exogenous ecdysones

Soon after the isolation of the insect molting hormone, vig. ecdysone,
ecdysones were isolated also from crustaceans., The suggestion that ecdysones

controlled the molting events also in that arthropod group arose. As soon as

synthetic ecdysones or natural ecdysones of adequate purity had become available,

vorkers went ahead and attempted to induce ecdysis in crayfish Land related ani-
mals] with the aid of these substances, Furthermore, it had become possible by
that time to investigate the action of the ecdysones on individual metabolic

processes involved in the ecdysial event.

5e 1. ol til’lgs

The most important question, of course, was whether ecdysones actually
would induce molting in crustaceans, i.e. whether administration of exogenous
ecdysone would lead to a reduction of the duration of the intermolt period.
The first evidence in that direction was provided by Caflisle (1957), vho re-

ported that ecdysis was induced in Carcinus maenas by means of injecting Y-

organ extracts. Once methods for extraction and concentration of ecdysones had
been developed, Carlisle (1965) was able to induce ecdysis in juvenile shore

crabs by means of repeated injections of extracts from a series of crustaceans
(copepods, euphausiaceans, uysidaccans, Carcinus) and from the migratory desert

locust (Schistocerca). The hromone content of these extracts is not lmown. The

Y-orpans ol the shore crabs employed had been destroyed prior to injection, in
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order to prevent molting hormone production by the expefimental animalg, However,
in shore crabs still possessing their Y-organs, Adelung (1967) was able to de-
termine no reduction of the molt cycle following administration of about 0.2 kg
ecdysone; Skinner and Graham (1970) obtained a similar negative result in Ge-~

carcinus lateralis. Lowe et al, (1968) also Were unable to induce ecdysis in

intact Procambarus simulans using crustecdysone doses of 0.025 to 0.250 Re/g.
Following injection of similar doses into animals whose eyestalks—i.e. the sour-
ce of the molt-inhibiting hormone-—~had been removed, the animals underwent molt
more rapidly than did control animals whose eyestalks had also been removed. It
would then appear that the hormone dose administered was inadequate in the case
of the animals still possessing their eyestalks, although that dose—as we know
today~~was very high compared to the natural hormone level prevailing prior to
ecdysis. Using still higher crustecdysone doses of 3 to 25 ug/g, Krishnakumaran
and Schneiderman (1968; 1969; 1970) were able to induce ecdysis or preparation

for ecdysis, respectively, in intact Armadillidium, Procambarus and Uca. Similar

findings have been obtained by Balesdent (1971) in Asellus agquaticus; kalssiat

(1970v) end Naissiat and Legrand (1970) in Iigia oceanica; Reidenbach (1971) in

Idotea balthica; Blanchet and Charmiaux-Cotton (1971) in Orchestia gamarella;

Graf (1972) in Orchestia cavimana; Kurata (1968) in Penaeus japonicus; Fulkutake

1
et al. (1969) , Hubschman and Armstrong (1972) in Palacmonetes kndiakensis; Rao

et ale (1973) in Homarus americenus; Warner et al, (1969) and Warner and Steven-

son (1972) in Orconectes obscurus; Licvhinnie et al. (1972) in Crconectes viri-

lis; and Smiley (1971) in both Procambarug clarkii and Cambarus sciotensis. Ve

nmay mention in this comnection that ecdysis by means of exogenous ecdysones has

1
Quoted aiter liyavald and Taketowmil (1971).
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been induced also in chelicerata (Iimulus, Araneus, Dugesiella) (Krishnakuma-

ran and Schneiderman, 1970; Jegla and Costlow, 1970; Jegla et al., 1972; Her-
men, 1972). |

In the majority of all these investigations, complete, normally proceeding
moltings have been observed only occasionally, while molit-preparing events—
like apolysis, production of a new cuticle, formation of new bristles, regene-
rete growth, and gastrolith formation-~have been induced in reliable fashion.
The early premolt stages up t0 Stage Dy can be shortened by administering exo-
genous ecdysones (Stevenson and Tschantz, 1973). The finding showing that com-
plete molting can be induced only with difficulty, no doubt, may be explained
by the fact that the hormonal environment characteristie for the nabtural premolt
period can be recreated only to an inadequate degree by administering this hor-
mone. We must assume that gradually increasing release of the hormone as a func-
tion of time is necegsary to induce the various biochemical and morphogenetic
events in the different tisues in an ordered sequence, and that such an integrated
progression is a prerequisite for successful molting, Injection of exogenous ec-
dysone, in fact, will induce molt-preparing processes, but these processes do
not take place in ordered sequence in time. The integrated progression of the
molt-preparing events depends on the hormone titer changing in a highly defined
fashion. It is important not only that the titer rises at the prover point in
time, but also that it again drops shortly before acdysis. Blanchet (1972) has
been able to demonstrate in Orchestia that injection of crustecdysone toward the
end of Stage Dz impedes and delays ecdysis due to supernormal thickening of the
new cuticle, ietardation of ecdysis following erustecdysone injection has been
observed also by Graf (1972). Tollowing administration of high crustecdysone

doses, Irishnakumaran and Scheiderman (1970) found in Trocambarus, Uca and various

65
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chelirata that abnormal cuticles and deformed bristles had been produced. These
findings demonstrate that hyperstimulation is possible--a phenomenon observed
also in insects, and described by Williams (1968) as hyperecdysonism. In the
natural course of the molting events, that state is avoided by the hormone titer

drop occurring at the proper time. Following ecdysis, i.e. during Stages A and B,

the tissues appear net to respond to ecdysones, since findings obtained by laiss-

iat and Legrand (1970) in Porcellio and by Rao et al. (197%) in Homarus ameri-

canus have shown that administration of exogenous ecdysone during these stages
does not result in stimulation of cuticle growth. The tissues respond again to

this hormone only during Stage C.

524 Different actions of ¢-ecdysone and crustecdysone

In both Uca pugilator and Homarus americanug, high doses of crustecdysone,

in fact, have led to induction of preparation for ecdysis, but the animals died
in most cases before completion of ecdysis (Rao et al., 1972; 1973). The per-
centage of successful moltings was greater following treatment of the animals
with @-ecdysone. An explanation for the lower mortality following administration
of w-ecdysone may be found in the conversion of &-ecdysone to crustecdysone,
which has been demonstrated by King and Siddall (1969). Gradual conversion could
bring about that a relatively low crustecdysone level is maintained over a re-
latévely long period of time, which level imitates the natural situation better
than?iié single high crustecdysone dose. That explanation requires that crust-
ecdysone is the actual, active hormone, and that «@-ecdysone is merely an inac-
tive bilosynthetic precursor, whose presence even in_high concentrations is inno-

cuous. However, in insects, it has been found that both ecdysones exert their

specific actions, with an additional metabolite (3-dehvdro-ecdysone) playing a
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certain role (Karlson; cf. pages 23 to 33 of the present Volume). A further
explanation for the higher percentage of successful moltings following admins-
tration of @w-ecdysone is found in a result reported by Adelung (1967) in Car-

cinus maenas. Injected radioactive o~ecdysone was almost completely broken down

within two hours. Extracts from animals having received injections of x-ec-
dysone, in correspondence, contain only very little molting hormone activity
after a féw hours; however, the hormone titer of the animals rises again to a
considerable extent several hours after the hormone injection, and then dropg
only slowly. It would then appear that administration of exogenous hormone sti-
mulates the production of endogenous hormone in the Y-organs. Due to the exis-
tence of this positive feedback mechanism, a greater quantity of hormone reaches
the target organs than has actually been injected, and an elevated hormone level
is maintained for a longer period of time. However, it is not knovn vhether o~
ecdysone alone exerts this effect; it is possible that crustecdysone, too, sti-
mulates the hormone production in the Y-organs, since that hormone brings about
histological chenges in these orgens, vhich point toward increased activity in

the tissues (Miyawaki and Taketomi, 1970).

5¢3. Regenerate growth

Humerous crustaceans are able to regenerate lost limbs. The lost limb (1eg)
is initially replaced by a soft regenerate, which requires several molts for
developing into the complete limb. Bliss (1956) distinguished two phases of re~
generate growth, viz. basal growth, which takes place during the intermolt per-
iod, and a second pgrowth step, which is observed only during the premolt stare.
It had to be asswied that the second growth vhase of regencerating linmbs is sti-

alated by the elevated ecdysone level prevailing during that stage. 1'ollowing
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injection of ecdysone, Rao et al. (1971; 1972) observed accelerated regenerate
growth in Uca. It was found that not only the first growth phase, but also the
second one can be accelerated by administration of exogenous ecdysone, In both
phases, the rate of growth of the regenerates was higher following administra-
tion of high ecdysone doses than following administration of low doses.
Amputation of several wallking legs results in both Carcinus (Adelung, 1969)
and Gecaréiggg (Skinner and Graham, 1970; 1972) in a shortening of the molt cycle.
On the basis of that finding, we are permitted to conclude that the loss of
limbs stirmlates both the production and the release of ecdysones elther directly
in the Y-organs or indirectly by way of a lowering of the MIH level. Hormone re-
lease accelerates regenerate growth, and leads to precocious ecdysis, after which
event the animal again possesses a complete set of limbs., It appears probable
that the high ecdysone titer and the bimodal character of the titer curve found
in leg-amputated shore crabs (Adelung, 1969) may be explained by this stimula-

tion of hormone release.

5.4+ Calcium metabolism

During the preparatory phase, or proecdysis, numerous crustaceans produce
gastroliths in the anterior division of the stowmach, which concretions consist
of calcium carbonate. A part of the calcium released from the old exoskeleton
is stored in the gastroliths. During the concluding phaée of ecdysis (postecdysis),
the gastrolithé are again dissolved, and the calcium liberated is incorporated
into the new exoskecleton. In the case of crayfish dwelling in freshwater con-
taining little calcium, the advantage or that mechanism is found in a saving of
calciwn (gthinnie, 1962). Marine crustaceans also retain and store a part of

the calcilum liberated from the old exoskeleton; this, however, not in the form
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of gastroliths, but in dissolved form in the hemolymph, The calcium content of
the hemolymph of Carcinus inereases during proecdysis by about 80 per cent,
and decreases again during postecdysis (Adelung, 1970). However, the absolute
quantity of calecium stored in the hemolymph is very small; supply of calcium
for the new exoskelelton represents no problem for warine shore crabs.

The close connection existing between calecium metabolism and the molting
events suggests that that metabolism may be controlled by the molting hormone.
However, due to the low degree of similarity existing between the titer curves
of molting hormone and of hemolymph calcium during the molt cycle, Adelung (1970)
believed that regulation of the calcium level by crustecdysone is improbable.
On the other hand, injection of Y-organ extract reportedly results in Carcinus
in a three-~fold rise of the bloodAcalcium level (Carlisle, 1957). By means of
injecting crustecdysone, Krishnakumaran and Schneiderman (1970) were able to

induce gastrolith formation in Procambarus species; Smiley (1971), in both Pro=-

cambarus clarlii and Cambarus sciontensis; and LicWhinnie et al. (1972), in Or-

conectes virilis. In Orchestia, crustecdysone promotes calcium storage in the

caecum (Graf, 1972). Various reports agree that the gastroliths are better de-
veloped following administration of low crustecdysone doses than following ad-
ministration of high doses. Using X-ray photography in intact animals, McWhinnie
et al. (1972) have been able to determine exactly the time of appearance ol gas-
troliths following hormone administration. Following repeated injections of

1 ue/g, tuese gastric concretions appeared considerably wmore rapidly than fol-
lowing injections of 8 ug/g. It would then appear that a low hormone lavel is
required for the coordinated Tormation of pastroliths. A relatively low ecdysone
titer actually does exist during the early premolt stages, i.e. at the time of

gastrolith formation.
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During preparation for ecdysis, the caleium metabolism, however, is not
controlled solely by ecdysone. It appearsgs that neurchormones are also involved,
since injection of eyestalk extract produced in Orconectes a decrease of the
calcium content of the branchiostegites, while crustecdysone brought about no
changes (licWhinnie et al., 1972). In correspondence, it has been found that the
calciunm level in the hemolymph is increased by eyestalk hormones (Charmantier
Daures and Vernet, 1970). Eyestalk hormones control the calcium liberation from

the old exoskeleton, while ecdysone promotes the formation of gastroliths.

5.5, Protein metabolisn.

The quantity of organic substances is lower in many crustaceans during the
prepavatory phase (proecdysis) than during the € Stages (cf. Passano, 1960),

The increased contents of free amino acids (FAA) of the hepatopanoreés, the

hypodermis, the muscles and the hemolymph point toward a breakdown of the organic

_Treserves (HcWhinnie et als., 1972). Since it was possible to induce that increase

by means of removing the eyestalks, there was evidence for hormonal control of
amino acid mobilization, which takes place either by way of the eyestalk neuro-
hormones or, indirectly, by way oi ecdysone production in the Y-organs. That
question was resolved by injecting crustecdysone, vhich caused the content of
FAA to increase (McWhinnie et al., 1972).

Either simultaneously with this amino.acid mobilization or a little later,
there occurs a marked increase of the de-novo synthesis of proteins in the epi-
dermis (Sldnner, 1965; mcWhimmie and ilohrherr, 1970; Stevenson, 1972), which

reaches its peak during Dz at the same time as the maximal release of the molt-~

ing hormone. That increase is controlled by the wolting hormone. Gorell and Gil-

vert (1969) observed increased incorporation of leucine into proteins of the
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hepatopancreas following treatment with crustecdysone in vitro; following ad- o8¢
ministration of crustecdysone, HcWhimnie et al. (1972) found algo in vivo in-
creased leucine incorporation into both the hepatopancreas and the epidermis.

In that particular experiment, the epidermis responded more rapidly to the hor-
none with a significant increase of protein synthesis, viz. within 24 to 36 hurs,
while the midgut gland responded only after 48 hours. These particular resultis
were obtained following one or two injections of the hormone; it is probable

that these effects would be even more marked under continuous influence of the
hormone.

The finding showing that protein synthesis in the midgut gland is stimulated
by crustecdysone treatment characterizes that organ as a site of attack of the
hormone (Gorell and Gilbert, 1969>. Following treatment of the ﬁidgut gland with
tritiated o~ecdysone both in vivo and in vitro, respectively, Gorell et al. (1972)

found that certain proteins were labeled, viz. a 6.35 S protein and a 11.5 §

sis oi the radicactive, bound material surprisingly revealed that it was neither
a~ecdysone noxr crustecdysone, but a metabolite still not identified, which is

somewhat less polar than ¢-ecdysone. The view that this metabolite actually re-

presents the active form of the hormone (Gorell et al.,‘1972) is supported by
the fact that there exists a specifically binding protein; that would be unusual
in the case of an inactive product of degradation. :
Tne findings presently available underline the influence exerted by ecdy- |
sones on the mechanism of protein sysnthesis; however, adequate investigations

regarding the induction of formation of specific RVA individuals under the in-

fluence of ecdysone(s) are still wisgsing in crustaceans. Following removal of
the eyestalks, Fingerman et al. (1967) observed a decrease of the RiA content ofF

the midgut gland, while Skinner (1966) found a prolonged rise ol the content or
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ribosomal RiA in both the midgut gland and the hypodermis. However, following
eyestalk removal, we might also be dealing with elimination of neurohormones
(Kurup and Scheer, 1966), vhich elimination cannot be distinguished from specific

ecdysone effects, if the Y-organs have not also been removed.

5.6. Vitellogenesis

Removal of the eyestalks led in Leander to precocious yolk formation in the
ovaries; implantation of eyestalks prevented vitellogenesis (Panouse, 1943). It
would appear that vitellogenesis is.controlled by neurchormones produced in the
eyestalks. However, that control possibly takes place only by indirect means, i.e.
it could take place by way of the ecdysone production in the Y-organs controlled

by the eyestalk hormone (IIH). In fact, it has been found that yolk formation in

Porcellio is inhibited following éxtirpation of the Y-organs (Besse and Maissiat,

1971). Injection of a~ecdysone induces precocious yolk formation in Asellus (Rei-
denbach, 1971); in Tdotea, @-ecdysone gtimulates growth of the endocrine follicu-

lar tissue, vitellogenesis, and growth of the oostegites (Balesdent, 1971). In

Orchestia, however, crustecdysone did not affect the gonads, and vitellogenesis

was not stimulated (Blanchet, 1972). These findings may be due to either species-—

specfic differences or different modes of action of the two ecdysones.

6. Pherorional action of crustecdysone

Already one hundred years ago, Louis Agassiz described the characteristic
sexual behavior of the males of certain brachyuran species. They search for fe-—
males about to undergo molting, and grasp and hold them then for several days
until molt occurs. Copulation.takes place right after the old exoskeleton has

been cast off. Before the males grasp the females, they run about on the tips

of the first three pairs of walking legs, with the cephalothorax raised high.
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That behavior is exhibited by Portunas sanguinolentus males kept in isolation,

is water is led into their aquarium, in which water premolt females has been

kept first. The female then must excrete a pheromone (Ryan, 1966). That phero-

mone is excreted with the uwrine, and the wales do not respond, if the excretory
pores of the females have been sealed with paraffin. A pheromone has also been

demonstrated in the case of Homarus americanus, which is discharged by the fe-~

male and elicites sexual behavior in the male. However, in the case of that spe-
cies, the pheromone is excreted by freshly molted females (Atema and Engstrom, 1971}:

The pheromone excreted by portunid fémales has been concentrated by Kitt-
redge and Takahashi (1972), with the sexual behavior of the males being used as

biological test [for the degree of concentration attained]. It was found that

this pheromone was & highly polar steroid. The suggestion that the pheromone re-
presented excreted wolting hormone arose, since it is excreted by premolt females.

Actually, it has been possible to elicit typical sexual behavior in males with

the aid of crustecdysone, with concentrations as low as 10722 M being effective.

Cancer anthonyl and Cancer antennarius also responded to crustecdysone. Since ﬁ
(no
the males exhibited:sexual behavior in the presence of other premolt wales,

juvenile females of their own species or adult females of closely related species
(Ryan, 1966), they must have available additional information regarding species
relationship, sex and physiological state, which, without doubt, cannot be trans-
ferred by way of crustecdysone. However, it has as yet not been investigated

whether that information way be transferred also by chemical means.
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l. Action of ecdysone in Carcinus maenas L. and the.crustecdysone titer during
the molt cycle.

2. Release and function of the molting hormone during one intermolt stage of
the Furopean shore crab, Carcinus maenas.

3. Changes in the caleium content of the cuticle and of the hemolymph of the
Buropean shore crab, Carcinus maenas, during one molt

4. The hormone causing puparium formation in flies.,

5. Isolation of the metamorphosis hormone of insects in crystalline form.
5a, 20-Hydroxy-ecdysone isolated from insects.

6. Structure of P-ecdysone.

7. Ecdysterone, a new molting hormone of insects.
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