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Abstract 
 

Pieces of the integument cut off from the hind tibiae of the freshly moulted adult 

cockroach Blaberus craniifer were cultivated in vitro. The epidermis reacted to 

the application of 2 x 10-5 mol l-1 ecdysterone by an apolysis in vitro. If thereafter 

the hormone concentration stayed above a concentration of 2 x 10-7 mol l-1 only 

epicuticle and exocuticle were deposited. However, when the hormone 

concentration was further reduced, a composite procuticle with exocuticle and 

endocuticle both well formed was deposited beneath the epicuticle, as revealed 

by polarizing microscopy and azan staining. The critical threshold is possibly 

between 2x10-7 and 2x10-8 mol l-1 ecdysterone. Neither application of the 

membrane-soluble derivative of the second messenger of bursicon, dibutyryl-

cAMP, to the culture medium, nor co-cultivation of the ventral nerve cord of a 

freshly moulted adult had distinct effects on the structure of the endocuticle 

deposited. Obviously, bursicon was not necessary for deposition of the 

endocuticle; instead, Riddiford´s sequential cascade model was fulfilled. As 

revealed by azan staining, the cuticle deposited in vitro also developed the 

typical patterns of sclerotization independently of the application of dibutyryl-

cAMP and the co-cultivation of a ventral nerve cord. 

 

Key words: 

cockroach integument, in vitro cultures, hormonally induced apolysis, cuticle 

deposition, sequential cascade model, sclerotization. 



 3

I. Introduction 
 

We studied the conditions under which the proper sequential growth of the 

complete cockroach cuticle is induced after apolysis in vitro. In insects large 

parts of the body are covered by hard cuticle that protects against environmental 

hazards and serves as an exo-skeleton for muscle attachment. Since this hard 

cuticle is relatively inextensible, insects must replace it several times during 

developmental growth. After the undigested hard layers of the old cuticle have 

been shed during ecdysis, the newly deposited cuticle is soft and pliable, 

allowing for the rapid expansion of the body volume. A cuticle-renewal 

(moulting) cycle consists of several physiological and developmental events that 

need to occur in proper sequence. It starts with a preparatory phase of the 

epidermis to synthesize the material of the new cuticle, followed by the 

detachment of the epidermal epithelium from the old cuticle (apolysis), digestion 

and resorption of the unsclerotized parts of the old cuticle, secretion of the new 

epi- and exocuticle, ecdysis, deposition of the new endocuticle and hardening 

(sclerotization) of parts of the new cuticle. Exo- and endocuticle are usually 

grouped together as procuticle (Richards, 1967); both cuticles contain chitin, but 

are composed of different sets of proteins (Lemoine et al. 1990; Jensen et al., 

1997; Andersen, 1998; Baernholt and Andersen, 1998). Note that we call the 

procuticle secreted before ecdysis “exocuticle” and that secreted after ecdysis 

“endocuticle”, regardless of the respective degree of sclerotization. Large parts 

of the exocuticle are sclerotized with or shortly after ecdysis, when the body has 

expanded (Wigglesworth, 1965; Neville, 1975; Andersen et al., 1996; Nijhout, 

1998; Andersen, 2002). The deposition of endocuticle can last several days or 

even weeks after ecdysis (Neville, 1975). In feeding lepidopteran caterpillars, 

the endocuticle deposition continues until the start of the next moulting cycle 

(Wolfgang and Riddiford, 1981; Riddiford, 1985). For a detailed description of 

the cuticle-renewal sequence see reports by Riddiford (1985), Reynolds and 

Samuels (1996) and Nijhout (1998). 

The appropriate succession of the single steps of a renewal cycle is controlled 

by a cascade of different hormones that interact in integrated feedback systems 

(Truman, 1985; Riddiford and Truman, 1993; Horodyski, 1996; Nijhout, 1998; 

Lafont, 2000; Ewer and Reynolds, 2002; Mesce and Fahrbach, 2002; Morton 

and Simpson, 2002; Takaki and Sakurai, 2003). Ecdysterone (20-
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hydroxyecdysone) plays a central role in this cascade. Both increasing and 

decreasing levels of this hormone in the hemolymph trigger distinct steps during 

the renewal cycle, directly as well as indirectly by inducing the release of other 

hormones (Truman, 1981, 1985; Riddiford 1985, 1989; Reynolds and Samuels, 

1996; Nijhout, 1998; Ewer and Reynolds, 2002; Mesce and Fahrbach, 2002). 

However, it is not yet definitive how the sequence of deposition of different 

cuticles is controlled and adapted to the various other events of a cuticle-

renewal cycle (cf. Riddiford 1985, 1989; Apple and Fristrom, 1991). 

We have tried to elucidate this by inducing the deposition of a complete cuticle 

in vitro. We demonstrate in this article that in the integument of adult cockroach 

hind legs amputated shortly after apolysis in vivo and cultivated in vitro (F. 

Weber, 1995) exogenous ecdysterone induced apolysis, which was followed by 

deposition of epicuticle- and exocuticle-like material when the hormone-

containing medium was exchanged once for a hormone-free medium. 

Deposition of endocuticle, however, was not observed under this condition. 

The neurohormone bursicon (Fraenkel and Hsiao, 1962; Dewey et al., 2004; 

Luo et al., 2005), which is thought to trigger sclerotization processes in the 

newly secreted cuticle (Fraenkel and Hsiao, 1965; Fraenkel et al, 1966; Cottrell, 

1962 a, b, 1964; Mills et al., 1965; Mills, 1966; Whitehead, 1969; Bernays, 1972; 

Truman, 1973; Padgham, 1976 a, b; Seligman, 1980; Reynolds, 1983, 1985; 

Abboud et al., 1983; Ewer and Reynolds, 2002), had also been assumed to 

induce or modulate endocuticle deposition after moulting (Locke et al., 1965; 

Fogal and Fraenkel, 1969; Vincent, 1971; Seligman, 1980; Reynolds, 1983). 

However, in our experiments the application of the membrane-soluble derivative 

of the second messenger of bursicon, dibutyryl-cAMP (Von Knorre et al., 1972; 

Seligman and Doy, 1972; Vandenberg and Mills, 1974,1975; Delachambre et 

al., 1979 a, b; Seligman, 1980; Compton and Mills, 1982; Reynolds, 1980, 1983, 

1985; Smith and Combest, 1985; Luo et al., 2005; Mendive et al., 2005), had no 

distinct effect on cuticle deposition after apolysis in vitro. Since in cockroaches 

and other insect groups the abdominal nerve cord has been identified as the 

source of bursicon (Fraenkel and Hsiao, 1963; Mills, 1965; Mills et al, 1965; 

Vincent, 1972; Truman, 1973; Srivastava and Hopkins, 1975; Padgham, 1976 a; 

Reynolds, 1980, 1983; Kostron et al., 1995; Nijhout, 1998; Ewer and Reynolds, 

2002; Honegger et al., 2002, 2004), we also co-cultivated tibia half cylinders 

together with ventral nerve cords taken from freshly ecdysed adult cockroaches. 
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This treatment also had no distinct effect. In our in vitro cultures, only a drastic 

decline of the ecdysterone concentration, below 2 x 10-7 mol l-1, was able to 

trigger endocuticle deposition. We will discuss whether our in vitro results may 

give hints about the controlling processes in vivo that result in the sequential 

development of cuticle layers in cockroaches and how this sequence may be 

properly integrated into the succession of the other events in a cuticle-renewal 

cycle. 
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II. Materials and methods 

 

Animals 

Cockroaches of the species Blaberus craniifer (Burmeister) (syn. B. fuscus) 

were taken from our permanent laboratory rearing facility. The breeding 

conditions were described in Wiedenmann et al. (1986). 

 

In vitro culture conditions 

To study cuticle growth under in vitro conditions, the tibiae of the hind legs were 

amputated from adult females and males during the post-moult cuticle darkening 

period (≤ 6 h after moulting) when endocuticle growth had not yet or just started. 

The more exact time of moulting was estimated by gauging the amount of 

endocuticle deposition in tibia pieces fixed immediately after amputation (Runte 

and Weber, 1982). For some experiments, hind tibiae were amputated several 

days after imaginal moulting. The tibiae were split lengthways into half cylinders 

of 2−3 mm length and cultured in vitro at a constant temperature of 27, 28 or 

29°C, as described by F. Weber (1995). In all experiments, Shields and Sang 

M3 Insect Medium (Sigma-Aldrich, Taufkirchen, Germany) was used, with the 

addition of 10% foetal calf serum myoclone plus (Sigma-Aldrich), 167 units 

penicillin G, 167 µg streptomycin-sulphate and 0.5 µg amphotericin B 

(Boehringer, Ingelheim, Germany) per 1 ml culture medium. To induce apolysis 

in vitro, 20-hydroxyecdysone (ecdysterone) purchased from Sigma-Aldrich was 

applied. In some experiments, dibutyryl-cAMP (Boehringer), the membrane-

soluble derivative of cAMP, was applied after induction of apolysis in vitro (0.5 

mg dibutyryl-cAMP sodium-potassium salt dissolved in 1 ml culture medium). 

Moreover, we co-cultivated tibia half cylinders together with a ventral nerve cord 

taken from freshly moulted adult cockroaches (0.5−6 h after ecdysis). The tibia 

half cylinders were kept in culture for between 9 and 15 days after amputation. If 

during culturing the medium was exchanged, the old medium was sucked off 

and replaced by the new medium, i.e. the half cylinders were not moved. At the 

end of the culture, the half cylinders were fixed and prepared for histology.  
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Staining procedures 

The half cylinders were fixed in 1.5% glutaraldehyde in Sörensen buffer (0.1 mol 

l-1 KH2PO4 and 0.1 mol l-1 Na2HPO4 x 2 H2O were mixed to the pH of 7.4, cf. 

Adam and Czihak, 1964) for 12 h at 4°C, then washed in this Sörensen buffer 

for 8 h at 4°C (the buffer was changed three–four times), dehydrated in an 

ethanol series (at room temperature) and embedded in epon (Serva, Heidelberg, 

Germany) (Böck, 1989). After polymerization at 60°C for 48 h, epon had 

reached a consistency corresponding to that of the fixed cuticle. 

The embedded tibia half cylinders were sectioned using an ultramicrotome 

(Ultracut E, Reichert-Jung, Nussloch, Germany): 1- to 3-µm cross-sections were 

cut from the half cylinders in the region of a spine; 4−6 slices were transferred 

into a drop of distilled water on a gelatin-coated slide (Böck, 1989). The slides 

were dried at 60oC. 

We identified putative exo- and endocuticle depositions in vitro and, 

respectively, characteristic regions inside these cuticles using two histological 

procedures: toluidine-blue stain for polarizing microscopy (Wiedenmann et al., 

1986; F. Weber, 1995) and Heidenhain’s azan stain for light microscopy (Böck, 

1989). For toluidine-blue staining, 1-µm sections of the cultured half cylinders 

were collected on slides. The slides were incubated in a solution of 0.1% 

toluidine-blue O (Merck, Darmstadt, Germany) dissolved in di-sodium 

tetraborate buffer (CertiPur, pH 9.22, Merck) in 60°C for 5 min. The slides were 

then washed in distilled water at room temperature for 3−5 min and air-dried. 

The cover slips were mounted with epon and weighted by a piece of metal 

during polymerization. The sections were analyzed by means of polarizing 

microscopy (Photomicroscope II, Carl Zeiss, Oberkochen, Germany). 

For azan staining, cross-sections of 2−3 µm were used. The slides were put into 

a saturated solution of KOH in absolute methanol at room temperature for 60 

min to remove the epon. After rinsing in absolute and 70% ethanol, the slides 

were air-dried. They were then bathed in an azocarmine G solution at 60°C for 

20 min (azocarmine G solution: a suspension of 0.1 g azocarmine G {Sigma-

Aldrich} in 100 ml distilled water was boiled briefly, then filtrated, and 1 ml of 

100% acetic acid was added), followed by incubation in an aniline solution (0.1 

ml aniline {“ aniline oil”, Merck} in 100 ml 90% ethanol) for 15 min at room 

temperature. The slides were then transferred into 5% phospho-tungsten acid 
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(Sigma-Aldrich) for 3 h (also this and the following steps occurred at room 

temperature). After a short rinse in distilled water, the slides were incubated in a 

solution of aniline blue and orange G for 3 h (aniline blue−orange G solution: 0.5 

g aniline blue {“methyl blue”, Sigma-Aldrich} and 2 g orange G {Sigma-Aldrich} 

were dissolved in 100 ml distilled water; 8 ml 100% acetic acid was added; the 

solution was boiled briefly and cooled at room temperature followed by a 1:1 

dilution with distilled water). The slides were rinsed twice in distilled water, air-

dried, and the cover slips mounted with epon. Azan stained slices were 

analyzed by light microscopy using the Zeiss photomicroscope. 

There is general agreement that azan staining (as well as the similar staining 

method according to Mallory) differentiates between sclerotized (rigid, 

indigestible) and non-sclerotized (flexible, digestible) cuticle (Richards, 1967; H. 

Weber, 1954; Dettner and Peters, 1999, S. O. Andersen, personal 

communication). Unsclerotized cuticle is stained blue, more or less sclerotized 

cuticle stains in various shades of red, whereas extremely heavily sclerotized 

cuticle is refractory to staining. 

 

Evaluation 

The hind tibia is shaped like an elliptical cylinder. The vertices of the ellipse 

carry a longitudinal row of 7 and, respectively, 13 spines (apophyses). Each 

spine articulates in an oblong trough, the bottom of which consists of 

membranous cuticle, the “membrane ring”. The ring is surrounded proximally 

and laterally, but not distally, by a basal wall (F. Weber, 1995). From each leg 

half cylinder that was cultured, two series of sections through the same 

randomly selected spine base were made, one of which was stained by azan 

and the other by toluidine-blue. The thickness of a deposition was measured 

outside the sectioned spine base adjacent to the right and left of the basal wall 

by an ocular micrometer that had been calibrated by an object micrometer (error 

of measurement: ± 1 µm). This means that in a section two positions were 

measured. In a few cases, only one side near the membrane ring was available 

for measurement. Quantitative measurements were carried out in only one 

section of a leg half cylinder − in a toluidine-blue or azan stained section that 

showed the sharper borderline between the exo- and endocuticular deposit. As 

a rule, this was − after adjusting the optimal polarizing effect in the border zone 
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− the toluidine-blue stained section. The tibia pieces fixed immediately after 

amputation also served as controls for cuticle growth in vitro. The colours of the 

azan stained sections were assessed by eye inspection.  

Although the culturing conditions of the experiments were tightly controlled, the 

amount of the cuticle grown in vitro varied considerably, especially between 

different cultures, but also within the same culture and sometimes even between 

the right and left side of the same sectioned spine base. The reasons for this 

variability are unknown. For example, there might have been differences 

concerning the physiological status of the donor animals. Also unrecognized 

differences in the preparation of the leg pieces for culturing may have occurred 

or weak contamination with bacteria or fungi. 

For the quantitative measurements of the experimental and control series, the 

minimum, maximum and median values are given. The U-test after Mann-

Whitney analysis (Sachs, 1997), as programmed by SPSS, was applied to 

check for differences in the amounts of deposits in leg half cylinders cultured 

under different conditions. However, because of the mentioned variability of 

deposits, the results of the statistical tests have to be interpreted with caution. 
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III. Results 

1. The differentiation of the cuticle of cockroach hind tibiae revealed by 
means of light microscopy after azan and polarizing microscopy after 
toluidine-blue staining 

Fig. 1 A shows a nearly complete cuticle deposited in vivo. The azan stained 

cross-section was taken from a tibia half cylinder amputated 19 days after adult 

ecdysis and transferred to a culture medium supplemented with 2 x 10-5 mol l-1 

ecdysterone for 3 days, then the medium was exchanged for a hormone-free 

medium. After a total of 9 days in vitro, the half cylinder was fixed (for the 

induction of apolysis in vitro and cuticle deposition after apolysis in vitro see 

Results III.2.and III.3.). The epicuticle can be recognized clearly on top of the 

membrane ring as a thin red layer. The exocuticle deposited in vivo is shown to 

be stained dark red in its distal part and pale red in its proximal part, with the 

exception of the exocuticle of the membrane ring which was stained completely 

blue.  

The endocuticle of the leg shown in Fig. 1 A was stained blue, with the 

exception of regions left and right of the membrane ring – here called “anchors” 

– that stained pale pink. The polarizing microscopy revealed a circadian 

structure of the endocuticle with about 18 circadian double layers (not shown); if 

undisturbed, the endocuticle growth in the hind tibiae of adult cockroaches is 

complete about 3 weeks after moulting (Wiedenmann et al., 1986).  
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Fig. 1 A, B. Cross-sections through half cylinders of a hind tibia in the region of 

a spine. Light microscopy after azan staining. A. The tibia was amputated 19 

days after adult moult and transferred into a culture medium containing 2x 10-5 

mol l-1 ecdysterone to induce apolysis. After 3 days, the medium was exchanged 

for a hormone-free medium, and fixation occurred after another 6 days of 

culturing. B. The tibia was amputated about 4 h after adult moult and cultivated 

for 13 days without hormonal treatment and medium exchange before fixation. – 

Insert: A section of the endocuticle with an adjacent part of the exocuticle; 

polarizing microscopy after toluidine-blue staining. Note the different lamellar 

structure of exo- and endocuticle. – Abbreviations: S, spine; Mem, membrane 

ring (blue) surrounding S and bounded proximally and laterally by the basal wall 

(BW); Ep, epicuticle; Ex, exocuticle of the tibia (distally dark red; proximally pale 

red); En, endocuticle (blue); An, anchor (pale pink) in the endocuticle beneath 

BW and between Mem and S; A apolysis cleft; Epi, epidermis. Scale: 50 µm; for 

the insert: 25 µm. 
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Exo- and endocuticle of the membrane ring deposited in vivo can be 

distinguished by means of polarizing microscopy after toluidine-blue staining. 

The exocuticle of the membrane ring consists distally of some thin anisotropic 

and isotropic lamellae and proximally of a thick unidirectional layer, whereas the 

endocuticle consists of circadian double layers (F. Weber, 1995). 

The cross-section through the half cylinder shown in Fig. 1 B was taken from a 

hind tibia approximately 4 h after adult ecdysis. It was kept in culture without 

hormonal treatment and medium exchange for 13 days and then fixed. In a 

control piece fixed immediately after amputation, only a thin endocuticle lamella 

(< 2 µm) was detected near a spine base, indicating that more than 95% of the 

endocuticle material shown in Fig. 1 B had been deposited in vitro. The 

continuation of endocuticle growth under in vitro conditions has been shown 

previously (F. Weber, 1985, 1995). The endocuticle grown in vitro showed an 

azan staining pattern similar to that grown in vivo: it stained blue with the 

exception of regions adjacent to the membrane ring, the anchors, that stained 

red. The comparison with cross-sections through the tibia piece fixed 

immediately after amputation showed unequivocally that these regions were 

parts of the endocuticle deposited during culturing (see also below). Obviously, 

in vitro the sclerotization happened as in vivo. This conclusion is confirmed by 

the sclerotization of the exocuticle shown in Fig. 1 B, which has been completed 

in vitro. In cockroach tibia half cylinders that were fixed immediately (~0.5 h) 

after moulting, the epicuticle and distal region of the exocuticle outside the 

membrane ring were stained reddish by azan, whereas the proximal region of 

the exocuticle showed large bluish patches (not shown). In vivo, these patches 

disappeared during the 12 h after ecdysis (only in the proximal region of the 

exocuticle did some pale patches occasionally remain, as is the case in Fig. 1 

A). According to sclerotization in vitro as revealed by azan staining, we observed 

that the white colour of the leg half cylinders amputated from freshly moulted 

adults changed to a brownish colour during culturing (not shown). See Results 

III.2 and III.3 for further examples of sclerotization processes in vitro. 

In the toluidine-blue stained cross-sections through the same spine base, the 

polarizing structure of the endocuticle of the membrane ring revealed four to five 

circadian double layers (not shown). Thus, in this half cylinder, endocuticle 

growth in vitro continued for at least four circadian periods. Outside the spine 

base, multilamellate endocuticle exclusively was deposited (Fig. 1 B, insert), in 
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agreement with observations reported previously (F. Weber 1995). The 

anisotropic and isotropic lamellae of multilamellate endocuticle were as thick as 

the anisotropic and isotropic lamellae of the helicoidal layers of circadian 

structured endocuticle, and the anisotropic lamellae showed the same strong 

polarizing effect. In contrast, the lamellae of the helicoidally structured exocuticle 

were thin, and the anisotropic lamellae showed a weak polarizing effect (Fig. 1 

B, insert). Also, the endocuticular anchor regions that sclerotized during 

culturing differed in this way from the exocuticle deposited above. 

In summary, azan staining revealed distinct patterns of differentiation of the 

cuticular integument of cockroach hind tibiae which were similar to those found 

by polarizing microscopy after toluidine-blue staining. Additionally, azan staining 

showed the development of sclerotized endocuticle regions, the so-called 

anchors, that cannot be recognized by means of polarizing microscopy. 

 

2. Ecdysterone initiates apolysis and new epi- and exocuticle growth in 
vitro 

“According to the classical schema of insect physiology” (Fain and Riddiford, 

1977), the separation of the old cuticle from the epidermis (apolysis) and the 

synthesis and deposition of a new cuticle are induced by a pulse of ecdysone 

(Wigglesworth, 1965; Gilbert, 1989; Nijhout, 1998) (for citations of primary 

literature see Discussion). To test whether these events could also be initiated in 

our in vitro cultures, tibiae half cylinders amputated from freshly moulted adults 

were exposed to 2 x 10-5 mol l-1 ecdysterone for 3 days immediately after 

amputation, followed by an exchange of the hormone-containing medium for 

hormone-free medium. The culture was then continued for 9−11 days before 

fixation. The position right and left of a sectioned spine was inspected to 

determine whether apolysis had occurred (n = 32 positions inspected). In all tibia 

half cylinders exposed to this experimental condition, the epidermis had 

retracted from the cuticle deposited before amputation and, in addition, had 

started to deposit a new cuticle (Fig. 2). If no hormone had been applied and the 

medium was merely exchanged after 3 days, a detachment of the epidermis was 

observed in 2 of 44 positions inspected near the base of a spine and in some 

more cases at the open ends of the sections through the half cylinders. This 

might be due to mechanical stresses involved in preparing the half cylinders. 
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Obviously, the regular separation of the epidermis from the old cuticle in vitro 

depends on a surge in ecdysterone. As a rule, the endocuticle strip deposited 

before the apolysis induced in vitro (cf. Fig. 2) was a little thicker than that in half 

cylinders fixed immediately after amputation. Thus, some endocuticle seemed to 

have been deposited in vitro before apolysis of the epidermis. This phenomenon 

was not studied in detail. 

 

 

Fig. 2. Deposition of epi- and exocuticle-like material after apolysis in vitro, 

induced by 2 x 10-5 mol l-1 ecdysterone applied at the start of the culture 

conditions, maintained for 3 days, and followed by application of hormone-free 

medium for 10 days. Light microscopy after azan staining. Note that no 

endocuticle-like material was deposited after apolysis in vitro. – Insert: A section 

of the exocuticle deposited after apolysis in vitro; polarizing microscopy after 

toluidine-blue staining. − For abbreviations see Fig. 1 legend. Scale: 50 µm; for 

the insert: 25 µm. 

 

Apolysis in vitro was followed in most cases by cuticle deposition. The cuticle of 

the membrane ring stained blue. On the top of the membrane ring a thin red 

cover, the epicuticle, could be observed (Fig. 2). In some cases, such a cover 
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was missing; then, in the apolysis cleft red or yellow stained granules could be 

detected that might be epicuticular material. The main bulk of the cuticle 

deposited in vitro stained red or yellow-red. Obviously, the cuticle deposited in 

vitro sclerotized as the exocuticle in vivo. As a rule, the polarizing structure of 

the cuticle deposited in vitro was similar to that of the exocuticle deposited in 

vivo (Fig. 2, insert). However, the width of the lamellae was more variable, and 

in some cases the lamellar structure was even indistinct (cf. Fig. 3 A, insert). In 

the leg half cylinders amputated from freshly moulted adults, the minimum width 

of the exocuticle deposited in vitro at the positions inspected (n =32) was 7 µm, 

the maximum was 36 µm and the median 24 µm. The maximum value 

corresponded to the width of the exocuticle deposited in vivo beside the basal 

wall (cf. Fig. 2).  

In a preliminary experiment, we amputated leg half cylinders 19 days after adult 

ecdysis. Application of ecdysterone and culturing conditions were the same as in 

the preceding experiment. In all cases inspected (n = 8) apolysis occurred, and 

cuticle was deposited. The sclerotizing pattern of this cuticle was similar to that 

in leg half cylinders amputated shortly after ecdysis (cf. Figs. 1 A, 2). However, 

the amount of exocuticle deposited in vitro was considerably thinner (maximum 

= 9 µm; minimum = 4 µm; median = 7 µm; two-tailed U-test: P < 0.001). In our 

experiments described in the following section only leg half cylinders amputated 

from freshly moulted adults were used. 

Endocuticle-like material, as characterized by polarizing structure and azan 

staining, was never deposited after apolysis in vitro induced by the application of 

2 x 10-5 mol l-1 ecdysterone and a single exchange for the hormone-free 

medium. 
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Fig. 3 A, B. In vitro deposition of a complete cuticle containing epi-, exo- and 

endocuticle after apolysis induced by application of 2 x 10-5 mol l-1 ecdysterone 

for 3 days at the start of the culture, followed by wash-out of ecdysterone by 

three exchanges of the culturing medium for hormone-free medium. Light 

microscopy after azan staining. A. Stepwise decrease of hormone concentration. 

Wash-out of the hormone was performed in the following sequence: the first 

exchange was after the 3rd day, the second after the 6th day and the third after 

the 7th day of the start of culturing; then the culture was continued for a further 6 

days before fixation. B. Steep decrease of hormone concentration. The three 

exchanges for the hormone-free medium followed in immediately succession 

after the 3-day application of 2 x 10-5 mol l-1 ecdysterone. The culture was 

maintained for another 8 days before fixation. – Inserts: Sections of the cuticle 

deposited after apolysis in vitro; polarizing microscopy after toluidine-blue 

staining. Note the different lamellar structure of exo- and endocuticle. – For 

abbreviations see Fig. 1 legend. The arrows in Fig. B point to probable 

epicuticular material. Scale: 50 µm; for the inserts: 25 µm. 
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3. Conditions for the deposition of endocuticle-like material after 
ecdysterone-induced apolysis in vitro 

It has been suggested that bursicon may induce or modulate endocuticle 

deposition after ecdysis (Locke et al., 1965; Fogal and Fraenkel, 1969; Vincent, 

1971; Seligman, 1980; Reynolds, 1983). Therefore, we mimicked the action of 

bursicon by applying membrane-soluble dibutyryl-cAMP. In other experiments, 

we co-cultivated tibia half cylinders with ventral nerve cords taken from freshly 

moulted adult cockroaches (0.5−6 h after ecdysis), assuming that bursicon is 

released from the ventral nervous system at that time (Srivastava and Hopkins, 

1975). 

The experiments were performed in the following sequence (periods A−D). In 

the experimental and control series, after amputation a medium containing 2 x 

10-5 mol l-1 ecdysterone was applied for 3 days (period A), followed by the 

application of an agent-free medium for 3 or 4 days in both series (period B). 

Then, at the beginning of period C in the experimental series, the agent-free 

medium was replaced by a medium containing either dibutyryl-cAMP or a ventral 

nerve cord; in the control series, the medium was replaced again by a new 

agent-free medium. Period C was continued for 4−28 h (cf. Table 1). At the 

beginning of period D, the medium was replaced by an agent-free medium in 

both series. That means, in the control series, the culturing medium was 

exchanged by the agent-free medium three times (at the end of the periods A, B 

and C). Period D ended by fixation after 5−7 days. For concentrations of 

ecdysterone and dibutyryl-cAMP applied, see Materials and methods. 

To our surprise, we found that after apolysis induced in vitro by exogenous 

ecdysterone, endocuticle-like material was deposited below the exocuticle not 

only under the experimental conditions but also in controls where only the agent-

free medium had been exchanged three times after application of ecdysterone in 

period A (Fig. 3 A; Table 1). The endocuticle stained blue with the exception of 

the anchors, which stained yellow indicating that sclerotization occurred in these 

regions, as in vivo. For the most part, the polarizing structure of the endocuticle 

was multilamellate, with anisotropic lamellae showing a strong polarizing effect 

(see insert in Fig. 3 A). In around 60% of the spine bases inspected, even 

circadian-like double layers were detected in the endocuticle of the membrane 

ring (not shown). The maximum number of circadian-like double layers observed 



 18

was six (the term “circadian-like” has to be used as no attempts were made to 

estimate the frequency and temperature dependence of double layer formation 

in the endocuticle deposited after apolysis in vitro). Again, azan staining of the 

exocuticle deposited in vitro revealed a pattern of differentiation similar to that of 

the exocuticle deposited in vivo (Fig. 3 A); as a rule, also the polarizing structure 

was similar (cf. Results III. 2). 

 

Table 1. Attempts to mimic the action of bursicon on endocuticle growth after 

ecdysterone-induced apolysis in vitro. (I) Application of dibutyryl-cAMP during 

period C. (II) Co-cultivation of tibia half cylinders during period C with a ventral 

nerve cord taken from freshly ecdysed adult cockroaches. For the sequence of 

the periods of application see Results III.3. The widths of exo- and endocuticle 

(µm) deposited after apolysis in vitro are presented. − n: number of positions 

inspected; in most leg half cylinders two positions − right and left near the spine 

base sectioned − were evaluated (in a few cases only one position near the 

spine base had been sectioned). min: minimum width, max: maximum width; 0-

values: no endocuticle was deposited (in brackets the number of 0-cases). 

 

 Exocuticle width (µm) Endocuticle width (µm) Period C: duration and 

experimental conditions n min max median min max median 

(I) 4 h 

dibutyryl-cAMP 15 9 34 14 0 (3x) 16 11 

no supplement 16 9 29 15 0 (2x) 22 8 

(I) 17 h 

dibutyryl-cAMP 16 9 23 16 0 (4x) 25 14 

no supplement 8 5 34 17 0 (5x) 16 0 

(I) 28 h 

dibutyryl-cAMP 16 11 25 16 0 (4x) 18 11 

no supplement 15 13 32 18 0 (2x) 29 11 

(II) 24 h 

nerve cord 30 5 25 13 0 (12x) 22 7 

no supplement 16 6 23 14 0 (3x) 18 11 
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Summarizing the experimental and control series, we observed endocuticle 

deposition in 97 of a total of 132 positions inspected (Table 1). In those cases in 

which no endocuticle growth was observed, the entire cuticle growth might have 

been arrested due to uncontrollable variations in the culturing conditions (see 

Materials and methods) before the endocuticle deposition could be started. 

Using the U-test, we tested whether the amount of endocuticle deposited in the 

experimental series listed in Table 1 was larger than that in the respective 

control series. In the 4-h and 28-h dibutyryl-cAMP experiment and in the nerve 

cord experiment, the amount of endocuticle deposits was not different from that 

of the respective control series (in the one-tailed tests each P value was larger 

than 0.1). In contrast, in the 17-h dibutyryl-cAMP experiment, the amount of 

endocuticle deposited was larger than in its control series (P = 0.022 in the one-

tailed test). However, in this control series, the total number of positions 

inspected was rather low, and the relatively high number of 0-values (in 5 of 8 

positions, see Table 1) could be a random effect. Indeed, when the deposits in 

the 17-h dibutyryl-cAMP experiment were tested against those in the 

summarized control series of the dibutyryl-cAMP experiments, the error 

probability was larger 0.05 {= 0.075} in the one-tailed test. Thus, we do not 

interpret the result of the experiment in which dibutyryl-cAMP was applied for 17 

h as a significant indication that the second messenger of bursicon, applied for 

this period, enhanced endocuticle growth after apolysis in vitro. When all series 

with dibutyryl-cAMP application were summarized and tested against the 

summarized respective controls, the error probability in the one-tailed test was P 

= 0.130. 

In addition, the thickness of the exocuticle deposited in the experimental and 

control series (Table. 1) did not differ (in any case, P was larger than 0.1 in the 

two-tailed test). When the measurements of thickness of the exocuticle of all 

exprimental and control tests were summarized (n = 132) and compared with 

that in the experiment where the medium was exchanged only once after the 

application of 2 x 10-5 mol l-1 ecdysterone for 3 days (n = 32; cf. Results III.2), a 

highly significant difference was found (Ptwo-tailed test < 0.001), the exocuticle 

deposited in the experiments with one medium exchange was thicker. 

Also with respect to the intensity of azan staining, we observed no difference 

between the leg half cylinders cultivated under the experimental and control 
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conditions (not shown). However, it has to be considered that this result relies 

on eye inspections of the slides stained by azan. 

When 2 x 20-5 mol l-1 ecdysterone was washed out twice (once after 3 days of 

hormone application, once more after 3 days in the hormone-free medium, 

fixation after 11−14 days in total), endocuticle was also deposited (not shown). 

Fifty positions were inspected: exocuticle values were minimum = 0 µm (3x), 

maximum = 31 µm, median = 14 µm; endocuticle values were minimum = 0 µm 

(16x), maximum = 32 µm, median = 9 µm. Again, the U-test against the results 

of the experiments with one medium exchange revealed a highly significant 

difference concerning the amount of exocuticle deposited (Ptwo-tailed test < 0.001). 

In contrast, the U-tests against the results of the experiments with three medium 

exchanges showed no difference, with regard neither to the amount of 

exocuticle (Ptwo-tailed test = 0.4741) nor to that of endocuticle (Ptwo-tailed test= 0.902). 

We conclude that it was nothing more than the drastic decline in the 

concentration of ecdysterone that triggered the deposition of endocuticle-like 

material. As long as the hormone concentration was not reduced below a critical 

level, only epi- and then exocuticle-like material was deposited. Obviously, this 

critical level was rather low. It was not reached by one medium exchange after 

application of 2 x 10-5 mol l-1 ecdysterone, but by at least two medium 

exchanges. Moreover, we may conclude that the supplement of dibutyryl-cAMP 

or a ventral nerve cord taken from a freshly ecdysed adult to the culturing 

medium did not influence the degree of sclerotization in vitro. 

To test this hypothesis we performed three experimental approaches (A – C). 

(A) After induction of an apolysis by the application of 2 x 10-5 mol l-1 

ecdysterone for 3 days, the hormone was washed out by three medium 

exchanges in immediate succession. In 28 of 47 tibia positions inspected, 

endocuticle was deposited with a diameter between 4 and 31 µm (median = 7 

µm; Fig. 3 B). The number of positions without endocuticle deposition was larger 

than in most experiments with two or three medium exchanges following each 

other over larger time intervals (Table 1). However, the U-test did not reveal a 

significant difference against the results of the experiments with two or three 

medium exchanges over larger time intervals (Ptwo-tailed test = 0.876 and, 

respectively, = 0.873; 0-values considered). − At 46 positions inspected epi- and 

exocuticle-like material were deposited. The maximum width of the exocuticle 



 21

was not appreciably different from that in the experiments with two or three 

medium exchanges following each other over longer time intervals (maximum = 

27 µm; median = 7 µm); the U-test, however, revealed that the amount of 

exocuticle deposited in the experiment with three medium exchanges in 

immediate succession was highly significantly lower (Ptwo-tailed test < 0.001 in both 

comparisons). The question arises whether epi- and exocuticle were deposited 

during the days of hormone application or later after washing out of the 

hormone. We found that in half pieces immediately fixed after application of 2 x 

10-5 mol l-1 ecdysterone for 3 days, apolysis occurred in all cases, but nearly no 

epi- and exocuticle growth after apolysis was detected (only in 1 of 8 positions 

was some rather loose granular material evaluated). Thus, it seems that, as a 

rule, cuticle deposition did not start earlier than 3 days after the application of 2 x 

10-5 mol l-1 ecdysterone. This means that probably also epi- and exocuticle were 

secreted after the hormone level had drastically been reduced by three medium 

exchanges in immediate succession. However, the duration of exocuticle 

secretion seemed to be shortened in most cases relative to the experiments in 

which the hormone concentration was reduced more slowly by medium 

exchanges over longer periods.  

(B) Trying to determine which ecdysterone concentration allows endocuticle 

growth, the 2 x 10-5 mol l-1 ecdysterone-containing incubation medium (again 

applied for 3 days) was replaced twice in immediate succession against 

hormone-free medium; then, the medium was sucked off once more and 

replaced by a 2 x 10-7 or 2 x 10-8 mol l-1 ecdysterone-containing medium. Under 

the final concentration of 2 x 10-7 mol l-1 ecdysterone, epi- and exocuticle-like 

material was deposited, but no unequivocal endocuticular material (30 positions 

of 16 half cylinders cultivated were evaluated; exocuticle deposits: minimum = 9 

µm; maximum = 41 µm; median = 29 µm). There was no difference to the 

exocuticle deposits in the experiment, in which one medium exchange for 

hormone-free medium was carried out after the 3-day application of 2 x10-5 mol 

l-1 ecdysterone (Ptwo-tailed test = 0.200). Corresponding to this result, the differences 

to the experiments in which the apolysis-inducing hormone was washed by two 

or three medium exchanges, following each other over longer time intervals, 

were highly significant (in each comparison Ptwo-tailed test < 0.001). 

In the 2 x 10-8 mol l-1 ecdysterone experiment six half cylinders were cultivated. 

A cuticle with two layers, which could be interpreted as exo- and endocuticle, 



 22

was deposited at 11 of 12 positions inspected (not shown). The parameters of 

the distal zone were: minimum width = 4 µm; maximum = 31 µm, median = 11 

µm; and the parameters of the proximal zone were: minimum width = 0 µm; 

maximum = 23 µm, median = 8 µm. By azan, the distal layer was stained mainly 

yellow to red, and the proximal one mainly blue. However, in several cases the 

difference of the stainability was less distinct than between exo- and endocuticle 

in the experiments described above; moreover, in only two positions did the 

cuticle show the typical polarizing structures of exo- and endocuticle. In the 

other cases, the depositions were loosely fibrous. Moreover, in the sections of 

these experiments, an epicuticular lamella was not visible above the blue 

stained membrane ring; instead, yellow stained granules were observed in the 

apolysis cleft.  

We conclude that the threshold of ecdysterone concentration below which 

endocuticle growth can take place was less than 2 x 10-7 M. Apparently, after 

one medium exchange, a hormone level above this critical concentration 

remained in the culture vessels. However, whether the critical level is between 2 

x 10-7 mol l-1 and 2 x 10-8 mol l-1 ecdysterone is not conclusive, as the number of 

leg pieces cultivated in a medium containing 2 x 10-8 mol l-1 ecdysterone was 

rather small, and the cuticle depositions in this experiment revealed some 

unexpected phenomena. 

 (C) Finally, we tested whether, after the deposition of endocuticle as response 

to the reduction of the hormone concentration below the critical level, a reversal 

to the deposition of exocuticle-like material would be possible without a further 

apolysis. After application of 2 x 10-5 mol l-1 ecdysterone for 3 days, the hormone 

was washed out by three medium exchanges in immediate succession. After 3 

days in the hormone-free medium, a further exchange for a fresh medium 

containing 2 x 10-6 mol l-1 ecdysterone was performed and, after a further 6 days 

of exposure, the tibiae were fixed. At 8 of 14 positions, we observed the 

sequence of exocuticle-, endocuticle-, exocuticle-like material, but no second 

apolysis and no extra epicuticular material (Fig. 4). At the remaining 6 positions, 

a second apolysis was observed, after which no cuticular material or yellow 

stained granules were deposited. − These results indicate that the second 

exposure to a surge of high ecdysterone concentration after some days in the 

hormone-free medium can cause a reversal to exocuticle deposition without a 

further apolysis. 
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Fig. 4. Reversal to the deposition of exocuticle-like material without a second 

apolysis after induction of endocuticle growth in vitro. Light microscopy after 

azan staining. At the beginning of the culture, apolysis was induced by 2 x 10-5 

mol l-1 ecdysterone applied for 3 days. The hormone was washed out by three 

medium exchanges in immediate succession. After 3 days in the hormone-free 

medium, a further exchange for a fresh medium containing 2 x 10-6 mol l-1 

ecdysterone was performed. Fixation after a further 6 days. After the deposition 

of some endocuticle material had been triggered in the hormone-free medium, 

an apposition of exocuticle-like material occurred in response to the second 

hormone application. No further apolysis occurred, and the membrane ring did 

not show any indication of the secretion of extra epicuticular material. − Insert: A 

section of the cuticle deposited after apolysis in vitro; polarizing microscopy after 

toluidine-blue staining. – For abbreviations see Fig. 1 legend. - Scale 50 µm; for 

the insert 25 µm. 
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IV. Discussion 
 
Cuticle deposition in vitro 
The results presented in this study are significant in three aspects. First, in our in 

vitro cultures of hind tibia half cylinders of B. craniifer, considerable amounts of 

cuticle were deposited, making a detailed analysis of its stainability and structure 

possible by means of light and polarizing microscopy. – Second, after the 

imaginal moult, the epidermis reacted to an ecdysterone pulse applied in vitro by 

apolysis. If the hormone concentration was subsequently drastically reduced, a 

complete new cuticle including epi-, exo- and endocuticle was deposited, as 

indicated by azan staining and polarizing structure (Fig. 3 A, B). However, the 

amount deposited in vitro, of endocuticle in particular, was smaller than that in 

vivo. The application of a membrane-soluble derivative of cAMP, the second 

messenger of bursicon, had no effect on the shift from exo- to endocuticle 

deposition, nor did it seem to enhance endocuticle growth. The only structural 

difference between the cuticle deposited in vivo and in vitro was that most of the 

in vitro deposited endocuticle lacked a circadian-like structure. Circadian-like 

double layers were observed only in the region of the spine bases (F. Weber, 

1995). These results are consistent with the hypothesis that in vitro cuticle 

proteins similar to those in vivo were synthesized in the proper sequence. The 

principal regulating factor of the sequence is the decline of ecdysterone below a 

critical level. – Third, under our experimental conditions, the epidermal cells 

maintained their respective specific state of regional differentiation (Figs. 2, 3 A, 

B), i.e. in vitro, both the deposited exo- and endocuticle showed typical regional 

differences concerning their stainability with azan. 

In vitro cuticle deposition had been investigated in previous studies on explanted 

pieces of epidermis after both in vivo and in vitro hormonal induction. The first 

successful in vitro cultures using integument pieces of locust larvae and 

lepidopteran caterpillars were performed by Miciarelli et al. (1967) and Agui et 

al. (1969), respectively. Marks and Leopold (1970) and Marks and Sowa (1976) 

were the first to study cuticle synthesis in vitro in cockroaches (in leg 

regenerates). For reviews on cuticle synthesis in vitro see Riddiford (1985; 

1989) and Porcheron (1991). Several more recent studies investigated cuticle 

deposition and, respectively, the synthesis of chitin in primary cultures of insect 

epidermal tissues (Zimovska et al., 1994; Mikolajczyk et al., 1995; Braquart et 
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al., 1996; Smagghe et al., 1999; Soltani et al., 2002). The in vitro deposition of a 

differentiated procuticle with exo- and endocuticular deposits had been observed 

previously by Mitsui and Riddiford (1976) in epidermis transplants taken from the 

fifth instar larvae of Manduca sexta that had entered the wandering phase. 

These authors had focused, however, on the optimal hormonal conditions for the 

deposition of a sclerotized (tanned) procuticle specific for different regions of the 

integument. Quennedey et al. (1983) cultured the sternal integument of Tenebrio 

molitor pupae and reported the secretion of a structured procuticle with thinner 

outer and thicker inner lamellae after apolysis induced by exogenous 

ecdysterone. However, it is not clear whether the differently lamellate deposits 

represented exo- and endocuticle. 

 

The sequential cascade model of the development of a differentiated 
cuticle 
Cuticles with different structures and/or mechanical properties differ with respect 

to their protein spectrum and chitin content (Kiely and Riddiford, 1985; Wolfgang 

and Riddiford, 1986, Wolfgang et al., 1986; Jensen et al., 1997; Lemoine et al. 

1990; Porcheron, 1991; Andersen, 1998, 2000; Baernholt and Andersen, 1998; 

Hopkins et al., 2000). A model to explain the proper sequential synthesis of 

cuticular proteins during a renewal cycle has been proposed by Riddiford (1985, 

1989). The switch-on of the genes encoding the proteins required for deposition 

of different cuticle types is determined by the relatively high titre of ecdysterone 

that initiates the cuticle-renewal cycle. Thereafter, the decline of the hormone 

concentration triggers the activation of the cuticle genes in a proper temporal 

sequence as shown by Hiruma and Riddiford (1990, 2001), Riddiford et al 

(2003) and Stilwell et al. (2003). 

Riddiford (1989) discussed two possible mechanisms. (1) The activity of each 

gene is under the control of a distinct level of the hormone. The earlier the 

products of a gene set are required for cuticle growth, the higher is the hormone 

level at which these genes are switched on. (2) After the ecdysteroid level has 

declined below a critical threshold, the cascade of gene activation becomes 

independent of external signals. 

Apple and Fristrom (1991) have proposed a different model for the sequential 

control of cuticle deposition. Also in this model, genes encoding proteins 

incorporated into the exocuticle are designed by a pulse of ecdysteroid and are 
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activated only when the hormone titre decreases thereafter. However, they 

proposed that a subsequent hormonal pulse terminates the transcription of 

exocuticle genes and activates the genes encoding endocuticle proteins 

(Fristrom et al., 1982; 1986 a; 1986 b; Yund, 1989; Doctor et al., 1985). 

We conclude from the results of our experiments that in the cockroach B. 

craniifer Riddiford's model is realized. When the hormone level decreased below 

2 x 10-7 mol l-1 ecdysterone, the entire gene cascade seemed to run down as a 

complete cuticle − containing epi-, exo- and endocuticle − was deposited. If, 

however, the hormone concentration did not decline below this critical level, the 

gene cascade seemed to be interrupted: an epicuticle and a well-formed 

exocuticle developed in vitro, but no endocuticle. In vivo, this blockade 

mechanism may guarantee the co-ordination of cuticle deposition and other 

events of a renewal cycle; for example, the block may guarantee that 

endocuticle secretion in vivo does not start too early (before moulting), and thus 

a proper exocuticle is deposited. Even a reversal to the deposition of exocuticle-

like material without a second apolysis after induction of endocuticle growth 

seemed to be possible in vitro when the hormone concentration was increased 

again above the critical level. 

Measurements of the changes in hemolymph hormone titre in vivo correspond to 

the results of this in vitro study. In the cockroach Nauphoeta cinerea, the 

ecdysterone titre increases to about 6 x 10-6 mol l-1 some days before adult 

moult (Lanzrein et al, 1985). Also in other hemimetabolous insects the titre 

culminates before moult at peaks between about 10-5 and 10-6 mol l-1 (Gande et 

al., 1979; Hirn et al., 1979; Malville and de Reggi, 1981; Smith and Nijhout, 

1981; Steel et al., 1982); for corresponding studies in holometabolous insects 

see Riddiford (1985). Such titres may induce epicuticle genes to become 

expressed and cause the various procuticle genes to be activated sequentially 

as the titre of the hormone declines. The ecdysterone titre begins to decline 

some days before ecdysis, but it stays above the critical threshold of endocuticle 

deposition before moult, in the hemipteran Nauphoeta cinerea above 2 x 10-7 

mol l-1 and in the hemipteran Oncopeltus fasciatus even around 10-6 mol l-1 

(Smith and Nijhout, 1981; Steel et al. 1982). Such titres allow the development 

of the exocuticle, but – as we have shown in Blaberus craniifer – prevent a 

precocious start of endocuticle secretion; thus, the deposition of a proper 

exocuticle is guaranteed. 
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In adult females of Periplaneta americana, the average hormone titre of the 

hemolymph is 5.6 x 10-8 mol l-1 ecdysterone equivalents immediately after 

ecdysis and about 2 x 10-8 mol l-1 2 days later (Weaver et al., 1984). Such 

concentrations may be below the threshold above which endocuticle deposition 

is inhibited. In Blaberus craniifer, after adult moult the titre of ecdysterone 

equivalent in the hemolymph is even under 0.01 picomol per mg of hemolymph 

(Bullière et al., 1979). In Rhodnius prolixus the titre is about 4 x 10-8 mol l-1 up to 

3 days after ecdysis (Steel et al., 1982).  

According to the sequential cascade model, gene products expressed at a 

certain step may switch off those genes that are active exclusively at the 

respective preceding step. Although it is unknown what signal may terminate the 

long-lasting post-ecdysial cuticle growth in cockroaches it appears likely to be a 

humoral signal. In adult B. craniifer females Bullière et al. (1979) observed an 

increase of the ecdysteroid titre in the hemolymph starting at day 15 and 

culminating at day 18 after imaginal moult (these ecdysteroids are synthesized 

and stored in the ovaries and leak into the hemolymph). This increase 

corresponds quite well to the termination of endocuticle growth in the hind legs 

of this species (Wiedenmann et al., 1986). In several male adult insects it has 

been shown that the testes are also a source of ecdysteroids (Hagedorn, 1983). 

Unfortunately, it is unknown whether the ecdysteroid level increases about 3 

weeks after adult moult in B. craniifer males as well. Weaver et al. (1984) 

observed an ecdysteroid peak in the hemolymph of fed adult Periplaneta 

americana females at days 8 and 9 after ecdysis. In adult males, such an 

increase was not observed at this time. As there is no difference between 

female and male cockroaches concerning endocuticle growth, it is unlikely that 

the hormonal peak observed in adult female Periplaneta americana is the signal 

that terminates endocuticle growth in this cockroach. − In our in vitro 

experiments, endocuticle growth was terminated much earlier than in vivo. The 

reason for the early termination is unknown. 

 

Sclerotization in vitro 
Our results confirmed that unsclerotized and sclerotized cuticles can be 

distinguished by azan staining. In the tibiae the solid, but passively swingable 

spines insert in the membrane ring that is flexible and stained blue by azan. The 

transmission of the deformation of the membrane ring cuticle to the adjacent 
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cuticle regions is obviously prevented by a strong sclerotization of the cuticle 

around the membrane ring, where the endocuticle is also more or less 

sclerotized, i.e. the so-called anchors did not stain blue, but yellow to red (Fig. 1 

A, B). A valid hypothesis explaining the difference of the azan stainability 

between sclerotized and unsclerotized cuticles has not yet been published. An 

older hypothesis suggests that different pore sizes of unsclerotized and 

sclerotized cuticle are the reason for the differences in the stainability by azan 

(Dennell and Malek, 1955 a, b). However, as the differences between the 

molecular sizes of the staining components are rather small, this hypothesis is 

unlikely (S. O. Andersen, personal communication). 

Our results using azan staining suggest that sclerotization occurred in vitro even 

in the absence of bursicon and the membrane-soluble derivative of its second 

messenger. It might be assumed that bursicon released into the hemolymph in 

vivo triggered sclerotization in vitro. However, this would require a long-lasting 

bond between bursicon and its receptor in the epidermal cells, which is rather 

improbable (H.-W. Honegger, personal communication). Also, the possibility that 

haemocytes activated by cutting through the integument contributed decisively 

to sclerotization in vitro (Cherbas, 1973; Gupta, 1985; Theopold et al., 2004) is 

questionable, as their number might have been rather small in our cultures. In 

our opinion, a more probable explanation is that a phenoloxidase, i.e. Laccase 2 

(Arakane et al., 2005), and/or its products (catecholamines) required for 

sclerotization (Pryor, 1940; Czapla et al., 1988, 1989; Hopkins and Kramer, 

1992; Dettner and Peters, 1999; Andersen et al., 1996) are stored in the 

hypodermis and/or (pre-ecdysial) cuticle for later usage. The storage might be 

activated in vitro as in vivo after a wounding of the integument (Lai-Fook, 1966; 

Mitsui and Riddiford, 1976). Epidermal rearrangements (Theopold et al., 2004) 

in the tibia half cylinders cultured in vitro indicated that, indeed, wound-healing 

processes occurred in our cultures: the epidermis grew around the cuticle 

deposited in vivo more or less completely, and, respectively – after apolysis in 

vitro – closed the opening of the cultured tibia half cylinders (not shown). If our 

assumption is correct, the storage would be rather stable in cockroaches since 

even epi- and exocuticle synthesized in vitro 18 days after moulting showed 

some degree of sclerotization (cf. Fig. 1 A). Moreover, the storage seemed to be 

plentiful given that the in vitro application of the membrane-soluble derivative of 

the second messenger of bursicon or ventral nerve cords of freshly ecdysed 
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cockroach adults did not increase the intensity of sclerotization as revealed by 

azan staining. A further possibility that sclerotization could occur in vitro is that 

the wounded epidermis is capable of producing all of the materials de novo that 

are required for sclerotization (Mitsui and Riddiford, 1976). Riddiford et al. 

(1980) reported that sclerotization of the cuticle deposited by the Manduca sexta 

epidermis in vitro took considerably longer than in vivo. The possibility that 

application of the membrane-soluble derivative of the second messenger of 

bursicon accelerated sclerotization in vitro was not checked by us. 

In summary, our experiments have confirmed that main processes of the 

cockroach cuticle-renewal cycle, e.g. the deposition of a differentiated cuticle 

and sclerotization, can be studied in vitro. The switch from exocuticle to 

endocuticle deposition required nothing more than the decline of ecdysterone 

concentration below 2 x 10-7 M. 
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