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Abstract 
This review describes the complexity of events involved with repair to integumentary wounds and 

their regulation using the crayfish as a model system. Injuries to integument precipitate a cascade of 
cellular events that lead to rapid healing of the wound, regeneration of damaged tissues and repair of 
the integument. The first step in this cascade is hemolymph clotting and subsequent melanization, 
events documented thoroughly elsewhere and not discussed here. Wound healing and repair in 
crayfish involves the action of two physiological systems, the immune system and the neuroendocrine 
system regulating synthesis of the steroid molting hormones, ecdysteroids. Injury promotes a swift rise 
in hemolymph ecdysteroids to a low, sustained plateau, followed by a premolt peak and molting. The 
plateau is essential for wound healing since its principal targets are the circulating cells of the immune 
system, the hemocytes, and healthy epidermal cells and fibrocytes. Massive migration of these cells 
occurs under the wound and their concerted efforts under ecdysteroid control are paramount to wound 
healing and repair. These cells are likely engaged in physiological and biochemical activities that 
promote cell communication and cell to cell adhesion, removal of dead and harmful material and 
production of molecules essential to tissue regeneration. 
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Introduction 
 

Structural integrity in crustaceans is maintained 
by a rigid exoskeleton. The exoskeleton is also the 
main defense barrier against invasions by microbes 
and parasites. When this barrier is breached by 
mechanical injuries or erosion due to chemicals or 
bacteria, the animal becomes vulnerable to systemic 
infections. It is therefore vital for survival that injuries 
to integument are healed promptly and the damaged 
integument is repaired quickly. This review 
addresses events and mechanisms by which these 
responses are brought about. Injury triggers a 
dramatic awakening of the machinery that directs 
restoration and repair of damaged tissues the 
details of which are discussed in the following 
section. Wound healing is a complex and orderly 
process involving the coordinated behavior of 
different cell types. It relies heavily on rapid immune 
responses by the hemocytes which seal and protect 
the wound site and massive movements of cells 
which regenerate the damaged tissues. The initial 
event is coagulation of hemolymph components that 
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seal off wounds temporarily and thus contain 
hemolymph loss and trap microbes (see for review 
Lee and Söderhäll, 2002; Cerenius and Söderhäll, 
2004). Ruptured hemocytes release clotting 
enzymes that coagulate hemolymph and enzymes 
that activate the pro-phenoloxidase (proPO) 
cascade which leads to melanisation and ensures 
trapping of foreign and damaged cell material. 
Additional immune responses are also triggered that 
include phagocytosis, cytotoxicity, nodule formation 
and encapsulation which kill invading microbes and 
remove cellular and matrix debris. Concurrently with 
hemocyte recruitment, epidermis regeneration is 
triggered and when this process is completed the 
newly formed epidermal layer deposits a new cuticle 
that seals the wound permanently and restores the 
damaged integument to its original condition. 

The phenomena of wound healing and repair 
raise fundamental biological issues concerning the 
origin of cues that initiate the cascade of this 
process. Cues may originate locally to act from one 
cell population to another or may be humoral in 
nature. For example the cues that trigger 
hemolymph coagulation are usually local. In the 
case of bacterial infection, local signals present on 
the surface of microbes initiate hemolymph clotting 
(see for review Sritunyalucksana and Söderhäll, 
2000; Theopold et al., 2002, 2004). By contrast, in 
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the case of physical wounding the cues are largely 
unknown. It is hypothesized that, as in vertebrates 
(e.g., Gallucci and Matzinger, 2001), unidentified 
“danger signals” are released from the damaged 
cells that trigger the clotting reaction. Danger signals 
may include cellular components of damaged cells 
such as nucleotides, reactive oxygen intermediates 
or other intracellular proteins, which activate the 
hemolymph clotting cascade (review by Theopold et 
al., 2002). Another example of local signals derives 
from the study of limb regeneration in crabs 
following limb autotomy; regenerating limb buds 
release and respond to growth factor(s) that 
promote local growth (Hopkins et al., 1979, 1999; 
Hopkins, 2001).  

Cues for the cascade of wound healing and 
repair may also be provided distantly, specifically 
from the central neuroendocrine system. The 
primary candidate for promoting tissue regeneration 
is the steroid molting hormones of crustaceans, 
ecdysteroids. For example, wound healing and 
repair depends on the presence of low levels of 
ecdysteroids following carapace injury in crabs 
(Halcrow and Steel, 1992) and crayfish (Vafopoulou 
et al., 2007) or limb autotomy in crabs (McCarthy 
and Skinner, 1977). 

Freshwater crayfish provide an excellent model 
system to advance knowledge on the mechanisms 
of wound healing and repair. Crayfish are of 
commercial and ecological importance. They are 
easy and inexpensive to rear in large numbers 
under laboratory conditions for experimentation in a 
simple aquatic environment. Key components of the 
innate immunity system have been established in 
the crayfish (e.g., Söderhäll et al., 1994; Söderhäll 
and Cerenius, 1998; Wang et al., 2001a; Lee and 
Söderhäll, 2001, 2002) and much is known about 
the morphology and development of the animal 
(references in Vogt, 2008). In the present review, we 
will discuss the current state of understanding of 
wound healing and tissue regeneration in the 
freshwater crayfish Procambarus clarkii and the 
underlying mechanism of hormonal control that 
brings about these changes. 
 
Wound healing and repair in crayfish 

 
We have found a direct physiological link 

between the immune system and the system that 
controls molting during wound healing and repair in 
the crayfish. Specifically, we found in wounded 
animals immune responses affect the molting 
system and molting responses affect the immune 
system. Interaction of these two systems is crucial in 
the ability and speed by which a crayfish heal 
wounds to the integument. The two physiological 
systems and their involvement in wound healing are 
described in details below. 

The first system to respond to injuries is the 
immune system. Many aspects of the crustacean 
immune system have been elucidated in crayfish, 
making it a valuable animal to study the involvement 
of the immune system in wound healing. The 
immune system is centered on the circulating 
hemocytes and involves mechanisms to recognize 
and destroy non-self material and heal wounds. 
There are two components in innate immunity in 

crustaceans, the humoral and cellular components, 
both of which are activated upon immune 
challenges resulting from wounds to integument. 
Cellular defenses include hemocyte-mediated 
responses such as phagocytosis, nodulation and 
encapsulation. Humoral defences include 
antimicrobial peptides, coagulation and melanization 
of the hemolymph and production of reactive 
intermediates of oxygen and nitrite (see Lee and 
Söderhäll, 2002; Lee et al., 2004). Most of the 
bioactive peptides are produced by the hemocytes. 
Among these bioactive compounds, the proPO-
activating system is the best studied and plays a 
pivotal role in innate immunity. In crayfish, proPO 
and the enzymes responsible for its conversion to its 
active form phenoloxidase (PO) reside as zymogens 
in the granules of granular and semigranular 
hemocytes, the contents of which are released by 
exocytosis into the hemolymph under challenges by 
pathogens or cell damage because of wounding 
(Smith and Söderhäll, 1991; Wang et al., 2001a). 
This conversion ultimately results in the formation of 
melanin and the generation of a number of potent 
bioactive products, which assist phagocytosis, cell 
to cell adhesion and melanization (see Söderhäll et 
al., 1994; Söderhäll and Cerenius, 1998; see for 
review Lee and Söderhäll, 2002; Cerenius and 
Söderhäll, 2004). ProPO has been cloned in 
crayfish (Aspán et al., 1995). Other important 
components of immune responses have also been 
extensively studied in crayfish. For example, 
components of the clotting and melanization system 
have been characterized such as a 
transglutaminase essential for hemolymph clotting 
(Hall et al., 1999; Wang et al., 2001b) and an 
inhibitory protein that halts melanization (Söderhäll 
et al., 2009); antimicrobial peptides such as 
astacidin and crustin (Jiravanichpaisal et al., 2007); 
hemocyanin which acts as a phenoloxidase in 
crayfish and a precursor to an antibacterial peptide 
(Lee et al., 2004); peroxinectin, a multifunctional 
peptide critical for cell to cell adhesion (Johansson 
and Söderhäll, 1988), encapsulation (Kobayashi et 
al., 1990) and degranulation (Johansson and 
Söderhäll, 1989); a pattern recognition peptide (Lee 
and Söderhäll, 2001; see for review 
Sritunyalucksana and Söderhäll, 2000; Lee and 
Söderhäll, 2002; Cerenius and Söderhäll, 2004). 

Study of the cascade of events in wound 
healing depends on recognition of the morphological 
and functional characteristics of hemocytes. 
Hemocytes are classified according to their 
morphology, cytochemistry and function (Smith and 
Söderhäll, 1983a; see for review Johansson et al., 
2000) and are recognized as hyaline, semigranular 
and granular hemocytes based on a classification 
system established by Smith and Söderhäll (1983a). 
Based on this system, hemocytes have been 
characterized in several crayfish such as Astacus 
astacus (Smith and Söderhäll, 1983a), Procambarus 
zonangulus (Cárdenas et al., 2000), Pacifastacus 
leniusculus (Wang et al., 2001a), Procambarus 
clarkii (Vafopoulou et al., 2007) and Astacus 
leptodactylus (Giulianini et al., 2007). In general, all 
three classes and subclasses of hemocytes, are 
recognized in all crustacean species (e.g., Vázquez 
et al., 1997; Johansson et al., 2000; Sung and Sun, 
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2002; Battison et al., 2003; Martin et al., 2003; Liu et 
al., 2007; Zhan et al., 2008). Hemocytes have a 
defined division of labor in innate immunity. Hyaline 
hemocytes are critical for hemolymph clotting (Hall 
and Söderhäll, 1994; Wang et al., 2001a; reviews by 
Theopold et al., 2002, 2004) and phagocytosis 
(Smith and Söderhäll, 1983b). The principal role of 
semigranular hemocytes is encapsulation 
(Kobayashi et al., 1990) and cytotoxicity (Söderhäll 
et al., 1985), whereas granular hemocytes are the 
primary source of the proPO-activating system 
(Johansson and Söderhäll, 1985; see for review 
Sritunyalucksana and Söderhäll, 2000). 

 

The second system in crayfish that responds to 
injury is the neuroendocrine system that controls 
molting (Vafopoulou et al., 2007). Molting is the 
cyclical formation of a new exoskeleton and the 
shedding of the old one. Growth and molting in 
crustaceans is regulated by ecdysteroids (such 
ecdysone and 20-hydroxyecdysone) the concentration 
of which displays a characteristic sequence of 
increases and decreases over a molt cycle (Steel 
and Vafopoulou, 1989). Ecdysteroids are synthesized 
and secreted by the Y-organs under the negative 
control of the neuropeptide molt-inhibiting hormone 
(MIH). MIH is synthesized by the X-organ in the 
brain and released from the sinus gland in the 
eyestalk (see for review Webster, 1998). When 
present, it prevents the secretion of ecdysteroids 
from the Y organ and holds crustaceans in intermolt 
(e.g., Snyder and Chang, 1986; see for review Chang 
et al., 2001). New cuticle is secreted by the epidermis 
under the action of ecdysteroids; this period in the 
molt cycle is called ‘premolt’ and it culminates in 
shedding of the old exoskeleton (ecdysis) and 
hardening of the new one in the post-ecdysial period 
known as ‘postmolt’. During the remainder of a molt 
cycle, animals are devoid of ecdysteroids and not 
preparing to molt; this period is called ‘intermolt’.  

We have found that injuries to the crayfish 
integument during intermolt induce precocious 
production of ecdysteroids, measured by 
radioimmunoassay (RIA), as shown in Fig. 1 (details 
in Vafopoulou et al., 2007). These injuries cause 
initially a small but significant elevation in the 
concentration of hemolymph ecdysteroids to a low, 
sustained plateau (10-12 days after injury) (Fig. 1A, 
B; dark triangles). The plateau is then followed after 
about 2-3 weeks by a sharp increase to the peak 
values characteristic of premolt. Ecdysis occurs at 
about 2 months later in crayfish. Uninjured, healthy 
controls show only a slight increase in hemolymph 
ecdysteroid levels throughout the premolt period of 
wounded animals (Fig. 1A, B; open triangles), and 
they never form a premolt peak. Positive control 
animals which are subjected to removal of both 
eyestalks but no exocuticular injury exhibit no 
plateau phase but rather commence the steep 
premolt increase promptly after ablation (Fig. 1A, B; 
open circles). Bilateral eyestalk removal is known to 
precipitate an immediate premolt, because it 
removes the source of the neuropeptide molt-
inhibiting hormone (MIH). Therefore, both 
eyestalkless and wounded animals are induced to 
enter premolt but in wounded animals the premolt 
peak is delayed relative to eyestalkless animals by 
the duration of the plateau phase. 

 
Fig. 1 Induction of premolt and molt in intermolt 
crayfish determined by changes in hemolymph 
ecdysteroid titre using a RIA. Time zero indicates 
time of treatment. (A) Bilateral eyestalk ablation 
(removal of molt inhibiting hormone) (positive 
control; open circles, orange line). Premolt peak is 
reached at about 35 days and animals undergo 
ecdysis at about 50 days after treatment. Dark 
triangles (light green line) represent wound to the 
integument. Premolt peak is delayed compared to 
eyestalk ablated animals by about two weeks and 
animals undergo ecdysis at about 55 days after 
treatment. This delay is due to a plateau phase of 
low ecdysteroid level at days 10-12 after wounding. 
Dark circles (brown line) represent integument 
wound plus bacteria infection. Premolt peak is 
reached at about day 55 after treatment. A plateau 
phase (days 0-20) is further prolonged when 
compared to line b (dark triangles) by about a week. 
Open triangles (dark green line) represent 
untreated, intact crayfish (negative control). These 
animals do not reach a premolt peak during the 
experiment and do not undergo ecdysis. (B) 
Enlarged view of the plateau phase of ecdysteroid 
titre (days 0-15 underlined with a light blue line on 
the X-axis of panel (A). (Modified from Vafopoulou 
et al., 2007). 
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Fig. 2 Digital images of cells under the wound using confocal laser scanning microscopy and fluorescent 
immunohistochemistry on whole tissue mounts. Tissues were stained with an antibody against EcR. Ecdysteroid-
responsive cells are revealed by EcR fluorescence which appears as yellow-green in the nuclei. Cellular material 
and fibres of coagulated hemolymph without EcR are shown as olive green or red. Optical sections are 1 μm 
thick. Image A was taken immediately after wounding. Images B-I were taken at 2 h after wounding. (A) Hyaline 
hemocytes (short arrows) and strands of coagulated hemolymph fibres (long arrow). (B) Aggregation of large 
number of ecdysone-responsive hyaline hemocytes (stack of 9 optical sections from a z-series). (C) Granular 
hemocytes (arrows) interspersed among hyaline hemocytes (stack of 12 optical sections from a z-series). Red, 
spherical cytoplasmic inclusions represent granules. (D-F) Enlarged views of the three types of hemocytes in 
crayfish: (D) Hyaline hemocytes; (E) Semigranular hemocytes; arrow shows small size cytoplasmic granules; (F) 
Granular hemocytes; arrow shows large size cytoplasmic granules. (G-I) High magnification of a single nucleus 
from hyaline hemocyte double-labelled with anti-EcR (G, green) and a fluorescent nucleic acid dye, propidium 
iodide (I, red) showing co-localization of EcR with chromatin fibres in the nucleus (H, shows merged image of G 
and F; co-localization is shown as yellow-green). This configuration of distribution of EcR fluorescence in the 
nuclei of ecdysone-responsive cells is suggested to represent the active state of EcR engaged in gene 
transcription (Vafopoulou et al., 2005; Vafopoulou and Steel, 2006). Bar = 10 μm. 
 
 
 
 

The plateau phase of ecdysteroids following 
injury is necessary for wound healing, epidermal 
regeneration and initiation of the process of repair of 
the wound on the integument. This plateau 
represents the main difference in the premolt 
processes between eyestalk ablated animals and 
wounded animals. Successful restoration of the 
damaged integument during molting for wounded 
crayfish depends on previous regeneration of the 
damaged epidermis layer; a fully restored epidermis 
is required to secrete a new cuticle. During the 

plateau phase, we found the ecdysteroid receptor 
(EcR) localized in the nuclei of various types of cells 
involved in wound healing and repair using 
fluorescent antibodies to EcR, 
immunohistochemistry (IHC) and confocal laser 
scanning microscopy (Fig. 2) (details in Vafopoulou 
et al., 2007). Cellular responses to ecdysteroids are 
mediated by EcR. EcR belongs to the nuclear 
receptor superfamily that includes receptors of 
hormones like estrogen, progesterone, thyroid 
hormone,  vitamin  D and others. EcR acts as ligand- 
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Fig. 3 Confocal images of EcR-positive hemocytes with fillopodia (arrows) under the wound at 4 days after 
wounding. Colors as in Fig. 2. (A) Hyaline hemocytes (modified from Vafopoulou et al., 2007). (B) Semigranular 
hemocytes. Bar = 10 μm. 
 
 
 
 
inducible transcription factor (Henrich, 2005). In 
crayfish, the presence of EcR was restricted in 
nuclei in association with chromatin (Figs 2G-I). This 
property of EcR identifies these cells as specific 
targets of ecdysteroid action engaged in 
ecdysteroid-directed activities (Vafopoulou et al., 
2005, 2007). 

The morphology of uninjured tissue under the 
cuticle of intermolt crayfish reveals a single layer of 
columnar epithelium immediately under the cuticle 
and underneath a layer of loose connective tissue 
forming large hemolymph sinuses. Fibrocytes and 
their long processes form these sinuses which are 
sparsely populated by small mostly hyaline 
hemocytes. These processes appear to provide a 
scaffolding structure the function of which is at the 
present unknown but it may be involved as a 
facilitator of cell movement and structural support 
under the integument. Crayfish hyaline hemocytes 
are recognized as small, oval-shaped cells (about 
10 μm in diameter) with a high nuclear to 
cytoplasmic (N:C) ratio and few, if any, small 
granules in the cytoplasm (Fig. 2D). An immediate 
response to injury is coagulation of hemolymph 
under the damaged cuticle (Fig. 2A, long arrow). 
The wound area is quickly populated by fibres of 
clotted hemolymph which protects and seals the 
wounded area probably by activation of the resident 
hemocytes (Fig. 2A, short arrows). 

Following an injury to integument, the 
morphology of the underlying tissue undergoes swift 
changes including rapid movements of various cell 
types. The integrated efforts of three classes of cells 
i.e., hemocytes, epidermal cells and fibrocytes, are 
required for proper wound healing and repair. By 

day 2 after wounding, some unknown cue (probably 
the release of a chemotactic factor from damaged 
cells?) triggers migration of large number of 
hemocytes into the wounded area. Cell migration 
begins while the ecdysteroid level is still rising 
towards its plateau level. Hemocytes rapidly infiltrate 
the area under the wound from the surrounded 
intact areas. Masses of hyaline hemocytes form 
initially large aggregates and later a continuous 
sheath, embedded in a now thick disorganized 
matrix of strand-like coagulated hemolymph (Fig. 
2B). The rapid aggregation of hemocytes under the 
wound is to be expected since hyaline hemocytes 
are the primary cause of hemolymph clotting. The 
establishment of a hemocyte sheath now seals and 
protects the wound. A few semigranular and 
granular hemocytes also move under the wound 
and become dispersed among the hyaline 
hematocytes in the hemocyte sheath (Fig. 2C, 
arrows). Semigranular hemocytes are cells of about 
20 μm in diameter and are characterized by a low 
N:C ratio. They carry a few small granules in their 
cytoplasm and their nucleus is slightly eccentrically 
located. (Fig. 2E). Granular hemocytes on the other 
hand are large cells (about 30 μm in diameter), have 
a slightly irregular shape and an eccentrically 
located nucleus. They are characterized by a low 
N:C ratio and the presence of numerous, large 
cytoplasmic granules (Fig. 2F). Fillopodia project 
from the cell bodies of various hemocytes at this 
time (Fig. 3), presumably to facilitate movement 
under the wound. Hemocyte movement under the 
wound coincides with the appearance of EcR in the 
nuclei of all hemocyte types (Figs 2, 3) suggesting 
that hemocytes  respond  swiftly to  slight  elevation 
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Fig. 4 Confocal images of cells at 4 days after wounding. EcR-positive epidermal cells are shown in (A) and (C-F). 
Colors as in Fig. 2. (A) Migrating epidermal cells under the wound originating from the border of the wound 
(modified from Vafopoulou et al., 2007). (B) Injured epidermis under the wound with clumped nuclear material 
(arrows) characteristic of apoptosis. These cells do not stain with anti-EcR. (C) Epidermal cells begin to form a 
new epidermal sheath. (D) Enlarged view of epidermal cells forming an epidermal layer. (E) Migrating fibrocytes 
with elongated nuclei (modified from Vafopoulou et al., 2007). Bar = 10 μm. 
 
 
 
 
in ecdysteroid titre after injury and are therefore 
principal targets of ecdysteroid action. At this day 
after injury, the compacted cells of epidermis under 
the wound still have a normal appearance and they 
do not appear to carry EcR. 

Around day 4 (beginning of ecdysteroid 
plateau) the epidermal cells under the wound have 
already become apoptotic as indicated by the 
presence of highly condensed chromatin in the 
nuclei (Fig. 4B). These cells do not display EcR. A 
scab has also formed by this time above the sheath 
of hemocytes. The scab becomes quickly 
melanized, probably entrapping necrotic tissue. 
Healthy epidermal cells around the periphery of the 
wound become aligned into rows pointing towards 
the wound site (Fig. 4A). This arrangement of 
epidermal cells is indicative of cell migration from 
the edge of the wound towards its centre. As the 
ecdysteroid titre reaches the top of its plateau, the 

uninjured epidermal cells display abundant EcR in 
their nuclei (Figs 4A, C, D), showing that they 
respond to ecdysteroid elevation. Therefore, 
epidermal cells around the wound respond to 
ecdysteroids but only a few days later than the 
hemocytes and at relatively higher hormone 
concentrations. Thus, injured and uninjured 
epidermal cells of the same animal respond 
differentially to ecdysteroids. These findings indicate 
that a primary response to the low ecdysone levels 
induced by injury is to activate epidermal cells to 
migrate across the injured area to restore the 
continuous sheath of epidermal cells. The migrating 
healthy epidermal cells make cell to cell contacts 
and are aligned in a single-cell layer (Figs 4C, D), 
which becomes a complete sheath under the wound 
a few days later (see below). Therefore, one of the 
early events in wound healing is cell to cell 
adhesion. If cell proliferation of epidermal cells takes 
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Fig. 5 Confocal images of granulocytes at 6 days after wounding with large cytoplasmic inclusions showing 
aggregation of these cells. These cells do not exhibit immunoreactivity with the EcR antiserum. (A) Granulocyte 
containing enlarged granules and large cytoplasmic inclusions shown in red. (B) Granulocyte with giant 
cytoplasmic inclusions (red). (C) Aggregation of granulocytes with giant cytoplasmic inclusions. (D) A stack of 16 
optical sections from a z-series shows a layer of hyaline hemocytes (small, round green nuclei) and underneath a 
layer of granulocytes with giant cytoplasmic inclusions (red). Bar = 10 μm. 
 
 
 
 
place (and we suspect it does), it occurs not 
immediately under the wound but in healthy 
undamaged regions in the neighbourhood of the 
wound to produce the migrating sheets of epidermal 
cells that populate the wound area. Along with the 
epidermal cells, fibrocytes, which are characterized 
by elongated nuclei, also migrate from the wound 
margin under the wound, probably to restore the 
scaffolding seen in intact, uninjured areas (Fig. 4F). 
Fibrocytes also develop EcR in their nuclei at this 
time indicating that they are also targets of 
ecdysteroid action (Fig. 4F). 

At day 6 after injury, the area under the wound 
possesses abundant semigranular and granular 
hemocytes all of which display abundant nuclear 
EcR. Many semigranular hemocytes possess 
conspicuous fillopodia. By this day, the aggregated 
hyaline hemocytes have formed a multilayered 
sheath. The appearance within 6 days following 
injury of EcR in the nuclei of cell types essential to 
wound healing and repair, such as epidermal cells, 

fibrocytes and all three types of hemocytes, shows 
unequivocally that all these cell types are targets of 
ecdysteroid action. However, the response to 
ecdysteroids is apparently elicited in each cell type 
by different hormone concentration. The gathering 
of granulocytes under the wound site is of particular 
interest because it indicates that copious amounts of 
PO are probably needed locally for melanisation. 
Indeed, concomitant to the rise of ecdysteroids to 
the plateau phase, the hemolymph PO activity 
increases greatly (Fig. 6, orange bar), and remains 
significantly higher during the plateau phase 
compared to those of intact animals (Fig. 6, brown 
bar) and eyestalk-ablated crayfish (Fig. 6, green 
bar). Therefore wounding provoked the synthesis of 
high levels of PO activity. The close correlation 
between the time of appearance of EcR in the 
hemocytes and the time of increase in PO activity is 
suggestive of ecdysteroid control. This hypothesis 
is supported by the finding that ecdysone response 
elements  are  present  in  the flanking regions of the  
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Fig. 6 Changes in hemolymph PO activity in crayfish during the plateau phase of the ecdysteroid titre shown in 
Fig. 1. Measurements were taken at time 0 (time of treatment) and then at days 2, 4, 6 and 10 after treatment. 
Bars indicate measurements from 10 animals per treatment ± SEM. Brown bars show control, untreated animals. 
Orange bars show animals with an integumentary wound. Green bars show animals with bilateral eyestalk 
ablations. Highly significant (p<0.01) increases in PO activity were observed at days 2, 4 6 and 10 when animals 
with integumentary wounds were compared to controls. Likewise, significant (p<0.05) increases in PO activity 
were also measured at days 2, 4 and 6 between wounded and eyestalkless animals. 
 
 
 
 
enzyme responsible for catalyzing conversion of 
proPO to PO in the insect Manduca sexta (Zou et 
al., 2005) indicating direct control by ecdysteroids. 
Further, injection of 20-hydroxyecdysone increased 
expression of proPO mRNA in hemocytes of honey 
bees (Zufelato et al., 2004) and in a hemocyte cell 
line from mosquitoes (Ahmed et al., 1999; Müller et 
al., 1999). The phenomenon of increase of PO 
activity following wounding in crayfish is also in 
agreement with observations in other crustaceans 
(Mucklow and Ebert, 2003; Mucklow et al., 2004) 
and insects (Nayar and Knight, 1995). ProPO was 
found immunohistochemically to be distributed 
widely in the wound site in an insect suggesting that 
it acts locally and thus assists in the healing process 
(Lai et al., 2002). Therefore, it is plausible that the 
increase in PO activity in injured crayfish indicates 
local participation of PO essential for wound healing 
and repair. The close correlation between the time 
of appearance of EcR in the hemocytes and the 
time of increase in PO activity suggests that this 
hemocyte function is probably directly influenced by 
ecdysteroids. 

At day 10 (end of plateau and beginning of 
premolt rise of ecdysteroids), a sheath of flattened 
and highly condensed granulocytes has been 
established between the necrotic tissue and the 
newly forming epidermis (Fig. 5D) underneath the 
multilayer sheath of hyaline hemocytes (Fig. 5D). 
The distinction between semigranular and granular 
hemocytes becomes unclear at this time because 

the cells become swollen with giant inclusions 
probably containing phagocytized and/or 
encapsulated material (Figs 5A, B). EcR is present 
in the nuclei of all cell types, showing that they still 
respond to ecdysteroids. At this time, a pale ring 
around the melanized scab at the edges of the 
wound is seen under the dissecting microscope 
when the uppermost layer of the wound surface is 
peeled away, suggesting that deposition of repair 
cuticle had already started, as also reported in other 
crustaceans (Dillaman and Roer, 1980). Around day 
10, EcR ceases to be present in the nuclei of cells 
during the period of study of wound healing and 
repair. 

By day 15, after termination of the plateau 
phase, the titre commences its premolt rise and the 
epidermal cells have already become organised into 
a continuous sheet resulting from the coalescence 
of migrating epidermal cells which fully seals off the 
wound. 

At day 20, as the ecdysteroid titre continues to 
rise sharply to its premolt peak, the deposition of 
repair cuticle has become completed on the injured 
site. Repair cuticle lacks epicuticle the characteristic 
outermost layer of arthropod cuticle; this is a 
phenomenon common to all crustaceans studied so 
far (Halcrow, 1988). 

The requirement of a low level ecdysteroid 
plateau for wound healing and repair was highlighted 
in experiments where integumentary injury was 
combined with simultaneous injection of bacteria through 
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Fig. 7 Diagram showing the cascade of events of wound healing and repair in crayfish during the plateau phase of 
ecdysteroid titre, as summarised in the Conclusion section of the text. Red arrows indicate pathways where the 
triggering factors are known. White arrows indicate pathways where the triggering factors are speculated. 
 
 
 
 
the wound (Vafopoulou et al., 2007). Crayfish 
exposed to both injury and bacteria exhibited an 
extended ecdysteroid plateau and the consequent 
delay of the onset of the premolt peak when 
compared to injured animals (Figs 1A, B). The 
presence of bacteria clearly taxes the resources of 
the immune system to a much greater extent and 

results in long delays in wound healing. Therefore, 
the length of the hormonal plateau appears to be 
dependent on the extent of the immune challenges. 
Thus, it is likely that the immune system functions 
as a modulator of the neuroendocrine system 
responsible for ecdysteroid synthesis. 

The  dependence  of  tissue regeneration during 
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wound healing and repair on low levels of 
ecdysteroids can be generalized for decapod 
Crustacean and probably for other arthropods. 
Earlier studies in crabs suffering limb autotomy 
demonstrated that limb regeneration depends on 
low ecdysteroid levels (see for review Skinner, 
1985; Hopkins, 2001) and results in EcR expression 
in whole limb regenerates (Durica et al., 1996; 1999; 
2002; Chung et al., 1998). In insects, regeneration 
of imaginal discs also requires low ecdysteroid level 
and is inhibited by high (Madhaven and 
Schneiderman, 1969; Kunieda et al., 1997). 

Why are ecdysteroids needed for wound 
healing? The work with crayfish shows that 
hemocytes are principal targets of ecdysteroids and 
wounding results in elevation of PO activity. These 
findings suggest that the nature of hemocyte 
responsiveness to ecdysteroids is activation of 
immune responses. This conclusion is supported by 
the fact that expression of several immune 
parameters in other decapod crustaceans is 
correlated with molt stage (Cheng et al., 2003; Liu et 
al., 2004, 2006; Kuballa and Elizur, 2008; Ho et al., 
2009; Yeh et al., 2009) or with changes in 
ecdysteroid level following eyestalk ablation (Sainz-
Hernández et al., 2008). All this reinforces the 
hypothesis that immune responses in Crustacea are 
regulated by ecdysteroids during wound healing. 
Even though the area of ecdysteroid control of 
immune responses in crustaceans is largely 
unexplored, there is considerable evidence from 
insect systems supporting this hypothesis. 
Hemocytes failed to respond to bacterial challenge 
in the absence of ecdysteroids (Ahmed et al., 1999; 
Müller et al., 1999). Molt-dependent variations in 
immune parameters (Yamamoto et al., 2001; 
Zufelato et al., 2004; Meylaers et al., 2006; 
Eleftherianos et al., 2008) and positive correlations 
between ecdysteroids and immune responses have 
been observed in insects (Meister and Richards, 
1996; Dimarcq et al., 1997; Dimopoulos et al., 1997; 
Lee et al., 2002; Sorrentino et al., 2002; Korayem et 
al., 2004; Aye et al., 2008; Flatt et al., 2008). Most 
interesting is the finding that ecdysteroid induction of 
antimicrobial peptides in the fruit fly Drosophila 
melanogaster required the presence of EcR (Flatt et 
al., 2008). Therefore, it appears that the situation of 
ecdysteroid control of immune responses unites 
arthropods with vertebrates in which steroid 
hormones, their nuclear receptors and other 
members of the nuclear receptor family regulate 
adaptive and innate immunity (see for review Flatt et 
al., 2008). 

Another cellular aspect of ecdysteroid influence 
in wound healing in crayfish appears to be the 
massive migration of various cell types under a 
wound, notably hemocytes, epidermal cells and 
fibrocytes. Again convincing supporting evidence 
derives from insect studies where it has been shown 
that cell migration during morphogenesis is 
regulated by ecdysteroids (Hackney et al., 2007; 
Jang et al., 2009; see for review Montell, 2001). 

A less understood aspect of wound healing 
process is the cue(s) that activate the crayfish 
neuroendocrine system to synthesize and release 
ecdysteroids following an integumentary injury. We 
speculate that these cues may be supplied by the 

wound itself as is the case with limb regeneration in 
crabs. An inhibitory factor similar to molt-inhibiting 
hormone is released by the regenerating limb bud 
that inhibits proecdysial growth of limb buds and 
delays molting by acting on the central 
neuroendocrine system (see for review Mykles, 
2001; Yu et al., 2002). 
 
Conclusions 

 
In summary, integumentary wounds damage 

the underlying tissues and set in motion a cascade 
of events that lead to regeneration and repair of the 
damaged area. In the event of a wound, both the 
immune and neuroendocrine systems (ecdysteroid 
synthesis) are activated to repair the wound rapidly 
and prevent hemolymph and tissue loss and 
infection. A schematic summary of the events 
involved is shown in Fig. 7. Several triggering 
factors in this cascade are known (red arrows) and 
have been described above in detail, whereas the 
existence of many others is speculative (white 
arrows) and invites further research. In this scheme, 
a wound damages cells that lie under the cuticle and 
these cells leak a variety of cellular components 
which may trigger several reactions. They may act 
chemotactically and trigger cell migration towards 
and under the wound from neighboring healthy 
areas, e.g., hemocytes, epidermis and fibrocytes, 
and they may also activate synthesis of specific 
proteins by these cell types. Or they may act on the 
neuroendocrine system and induce synthesis of 
ecdysteroids. Likewise, the act of wounding itself 
may activate the neuroendocrine system by some 
unknown mechanism to initiate synthesis of 
ecdysteroids. Factors released from damaged 
hemocytes are known to stimulate hemolymph 
clotting. Migration of cells may also be triggered by 
ecdysteroids. Ecdysteroids released into the 
hemolymph target primarily the immune system, 
e.g., the hemocytes, thereby appearing to regulate 
immune responses. Conversely, the immune system 
may also transmit feedback signals to the molting 
system that modulates ecdysteroid synthesis. 
Ecdysteroids act also upon epidermal cells and 
fibrocytes to synthesize the necessary building 
blocks that restore the damaged area. 
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