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ABSTRACT
Tumburu, Laxminath. Ph.D., Environmental Sciences Ph.D. Program, Wright State
University, 2010. Crustacean Endocrine Disruption through a Pathway involving
Nuclear Receptors, Cyclic Nucleotides, and Calcium Transporters.
Endocrine disruption is a complex phenomenon in the sense that endocrine
disrupting chemicals (EDCs) are known to act via multiple modes of action, but the
mechanisms of actions are poorly understood. In crustaceans, calcium (Ca2+) apart from
its role as a second messenger, is also a major constituent of the calcified exoskeleton
which undergoes a periodic mineralization/demineralization process known as the
molting cycle. Molt cycle is under the control of steroid hormones, ecdysteroids. EDCs
disrupt this molting process via their interference with receptor-mediated ecdysteroid
signaling. However, the hormonal regulation of Ca2+ flux in crustacean molting is poorly
understood. Cyclic nucleotides –cyclic adenosine monophosphate (cAMP) and/or cyclic
guanosine monophosphate (cGMP) –play an important role in ecdysteroidogenesis as
well as in the regulation of Ca2+ transporters. These three components –nuclear
receptors, cyclic nucleotides and Ca2+ transporters –are seemingly inter-connected, and
can be affected by endocrine disruption. I investigated a mechanistic pathway involving
these three components in the crustacean endocrine disruption in freshwater crayfish,
Procambarus clarkii. I selected 17α-ethinyl-estradiol (EE2, a synthetic estrogen) and
17β-estradiol (E2, a natural estrogen) as model EDCs. We determined the expression
profiles of i) nuclear estrogen receptors (EcR: Ecdysone Receptor; RXR: Retinoid X
Receptor), ii) cyclic nucleotides (cAMP and cGMP), and iii) Ca2+ transporters (SERCA:
Sarco/Endoplasmic Reticulum Ca2+-ATPase; CaM: Calmodulin; and PMCA: Plasma
Membrane Ca2+-ATPase) in the hepatopancreatic cells of P. clarkii. Finally, we
iv

determined the chitinase (Chi) gene expression to substantiate our findings, as Chi
expression represents the terminal events in ecdysteroid signaling. During the molt cycle
of P. clarkii, all three components were differentially expressed. Significant upregulation
of nuclear estrogen receptors, cyclic nucleotides, and Ca2+ transporters was observed in
the presence of environmentally relevant concentrations (100 ng/L and 500 ng/L) of EE2
and E2. Chi expression was significantly higher during postmolt stage, and when cray
were fish exposed to E2 and EE2. Understanding the roles of these three components in
a natural molt cycle will provide insights about pathways associated with ecdysteroid
signaling. Determining the effects of EDCs on these components will aid in
understanding the mechanisms behind the disruption of this signaling.
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I. INTRODUCTION AND PURPOSE

A. Endocrine disruption
Disruption of endocrine mediated processes such as reproduction and
development by environmental pollutants, (through anthropogenic and natural), occurs
via the disruption of endocrine homeostasis, through mimicking or blocking the action of
endogenous hormones (Colborn et al., 1993). These pollutants are classified as endocrine
disrupting chemicals (EDCs). EDCs have been defined in broadly different ways.
According to Kavlock et al. (1996) they are defined as “exogenous agents that interfere
with the production, release, transport, metabolism, binding, action, or elimination of the
natural hormones in the body responsible for the maintenance of homeostasis and the
regulation of developmental processes”. The European Community (1997) defined an
EDC as “an exogenous substance that causes adverse health effects in an intact organism,
or its progeny, secondary to changes in endocrine function”. According to the U.S
Environmental Protection Agency (U.S. EPA 1998), an endocrine disruptor is defined as
“an exogenous chemical substance or mixture that alters the structure or function(s) of an
endocrine system and causes adverse effects at the level of the organism, its progeny,
populations, or subpopulations of organisms, based on scientific principles, data, weightof-evidence, and the precautionary principle” . Given these broad definitions, it is
obvious that the EDC-related effects occur through various complex mechanisms. These
“exogenous chemical agents” mainly originate from municipal, industrial and agricultural
sources, some of which are designed specifically to disrupt the normal endocrine function
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(e.g. pesticides and oral contraceptives), but most of which produce inadvertent effects in
non-target species as a byproduct of other functions (Clotfelter et al., 2004).

B. Endocrine disruption: Humans, vertebrates and non-target
species
Over the last 50 years, substantial evidence has been mounting suggesting the role
of the EDCs on the reproductive and developmental alterations in non-target species such
as fish, other wildlife species, and even humans (Colborn et al., 1993). Although there is
a high degree of uncertainty about the effects of EDCs on human populations (Safe 1995,
vomSaal 1995), a mounting body of research implicates EDCs for their role in adversely
affecting wildlife, both at the individual and population levels, caused by disruption of
one or more endocrine systems (Ankley and Giesy 1998). Examples of these effects
include: measureable amounts of vitellogenin in male fish; male-specific gonadopodia in
female mosquitofish; delayed sexual maturation, reduced gonadal growth, and altered
steroidogenic capacity in other fish species (white sucker); morphologic abnormalities
and decreased reproduction in alligator populations in Lake Apopka (Florida); imposex
(masculinazation of female rockshell) and decreased reproductive success in some marine
gastropod species (Ankley et al., 1998). The above-mentioned EDC-related effects
clearly suggest their disruptive role in reproductive and developmental systems.

C. Evidence of endocrine disruption in invertebrates: Ecological
relevance
Vertebrates and invertebrates possess functionally dissimilar growth, development
and reproduction systems (e.g. different larval stages and associated metamorphosis in
invertebrates, which are absent in vertebrates) and the associated endocrine systems
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(deFur et al., 1999; Oetken et al., 2004). However, hormonal systems in invertebrates are
not well understood, and therefore, endocrine disruption in invertebrates has received far
less attention, which has favored vertebrates (fish in particular) as systematic groups for
ecotoxicological research (Oetken et al., 2004). However, invertebrates constitute more
than 95% of all known species in the animal kingdom, and are a significant part of global
biodiversity, many of which are vital to the structure and function of an ecosystem
(Oetken et al., 2004). Despite the fact that the invertebrates were not given enough
attention, they provide some of the well-documented examples for the effects associated
with endocrine disruption, although, most of these effects were documented at the
organismic level in controlled laboratory bioassays. Initially, the laboratory studies for
endocrine disruption were dominated by the documentation of the effects of an antifouling biocide Tributylin (TBT) in mollusks and insect growth regulators (IGRs).
Imposex (TBT: mollusks), and hyperecdysonism as well as delaying post embryonic,
nymphal-adult intermediates (IGRs: insects) are the most notable effects observed in
these studies (Oetken et al., 2004). Other notable representative lab observations
documenting the EDC-induced effects in invertebrates include: induction of spawning
behavior in annelids (Beckmann et al., 1995), alterations in fecundity (Woin and
Bronmark 1992), stimulation of spawning and inhibition of gonadal development
(Kluytmans et al., 1988) in mollusks.

D. Endocrine disruption in crustaceans
Crustaceans are one of the most ubiquitous groups among invertebrates, basically
inhabiting every type of aquatic habitat (Rodriguez et al., 2007). In order to better
understand the ecological effects of vertebrate EDCs, research efforts have gained
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momentum on testing these chemicals on crustaceans (Hutchinson et al., 2000;
Hutchinson 2002).

D. 1. Crustacean endocrinology
In a nutshell, the crustacean endocrine axis is comprised of two neuroendocrine
glands: i) the X-organ-sinus gland complex, and ii) the Y-organ (YO) (Figure. 1). The Xorgan is part of the medulla terminalis in the eyestalk, and the sinus gland lies between
the medulla externa and medulla interna in the eyestalks (Figure. 1, Rodriguez et al.,
2007); the X-organ–sinus gland complex is located in homologous structures of the
central nervous system in the head. The main hormones secreted by the sinus gland are
the following: Molt inhibiting hormone (MIH), gonad inhibiting hormone (GIH),
mandibular organ inhibiting hormone (MOIH), crustacean hyperglycemic hormone
(CHH), several hormones that control pigment migration and neurodepressing hormone
(NDH). While some hormones (MIH, GIH, and MOIH) have another endocrine gland as
their target, the others have somatic tissues as targets. MIH, GIH, MOIH and CHH
belong to a single family of peptides, exhibiting some cross reactivity (Keller 1992;
Webster 1998; Chan et al., 2003).
The YO, also called the molting gland or ecdysal gland, consists of paired organs
of ectodermal origin in the head region, and is homologous to the prothoracic organs of
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i)

X-organ
sinus
gland
complex

Y-organ

ii)

Figure 1. i) Schematic representation of the location of the X-organ
sinus gland complex and Y-organ in crustacean (shrimp) endocrine
system. ii) A schematic diagram of the blue crab X-organ/Sinus gland
complex and eyestalk neural ganglia; XO: X-organ, SG: Sinus gland,
MT: Medulla terminalis, MI: Medulla interna, ME: Medulla externa,
LG: Lamina ganglionaris. (Source: Lachaise et al., 1993, Watson et al.,
2001).
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insects. The molting hormone secreted by YO mediates several aspects of crustacean
growth and reproduction (Quackenbush 1986, Chang et al., 1993). The specific molting
hormones it produces and secretes are ecdysone and 3-hydroxyecdysone, which are
converted to 20-hydroxyecydysone, the biologically active ecdysteriod (Figure. 2). MIH,
which originates from the X-organ-sinus gland complex, exerts an inhibitory effect on the
YO by raising the intracellular level of the second messenger cAMP; the decrease of
circulating MIH at the beginning of premolt triggers the secretion of ecdysone by the YO.
Thus, the synthesis and/or secretion of ecdysone by the YO appear to be inhibited by the
MIH (Mattson and Spaziani 1986; Chang et al., 1993).

D. 2. Endocrine disruption in crustaceans vis-à-vis molting
Several in vivo studies have focused efforts on understanding the effect of EDCs
on crustacean molting. For example, molting was inhibited in Daphnia magna when they
were exposed to diethylstilbestrol (DES), endosulfan, Polychlorinated biphenyl (PCB),
Aroclor 1242 , and diethyl phthalate (Zou and Fingerman 1997a; Zou and Fingerman
1997b); the above-mentioned EDCs also inhibited the chitobiase activity in the epidermis
of fiddler crab, Uca pugilator (Zou and Fingerman 1999a; Zou and Fingerman 1999b).
Anderson et al. (2001) reported inhibition of molting in a copepod, Acartia tonsa when
exposed to EDCs such as 17α-ethinylestradiol, p-octylphenol, tamoxifen and flutamide;
the authors hypothesized that these EDCs interact with the ecdysone receptor, raising the
ecdysone threshold required to trigger molting. Snyder and Mulder (2001) reported delay
in the onset of molting in female lobster, Homarus americanus, when exposed to
heptachlor; the delay is correlated with reduced levels of circulating ecdysteroids. Heavy
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metals such as cadmium were reportedly taken up by several crustaceans through calcium
channels or specific calcium transporting proteins (Bondgaard and Bjerregaard 2005;
Norum et al., 2005). Although cadmium inhibited the molting in the eye-stalk ablated
premolt adult crabs Chasmagnathus granulatus, the possibility of inhibition of calcium
transport, and hence interference with the calcium resorption of the exoskeleton during
the premolt, was ruled out (Norum et al., 2005). The study suggested that cadmium
inhibited molting by inhibiting the ecdysone secretion by YO. The study however did
not look into the role of various second messengers such as of cAMP (cyclic adenosine
monophosphate), cGMP (cyclic guanosine monophosphate), and inositol-1, 4, 5
triphosphate (IP3) in the activation of ecdysone synthesis; the role of these second
messengers vis-à-vis endocrine disruption and calcium dyshomeostasis will be
discussed later. Although the role of second messengers in ecdysteroidogenesis has been
established, their role in the EDC-induced endocrine disruption of molting is yet to be
investigated; most studies to date report the EDC-induced changes in crustaceans by
documenting the changes in ecdysteroid titers.

E. Ca2+ and its relevance to crustacean molting
Crustacean growth and development involves post-embryonic periodic
demineralization, replacement, and remineralization of the cuticle. This physiological
event is called the molting cycle. It is unique, in that it is an endocrine-mediated process,
and has gained importance in the field of crustacean biology and endocrinology,
especially in the context of the associated effects of calcification/decalcification on Ca2+
and CO2 homeostasis (Cameron and Wood 1985; Wheatly et al., 2001). The functions of
Ca2+ range from intracellular signaling (subcellular: second messenger of hormonal
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action) to the formation of mineralized tissues such as cuticle (organismic scale). At the
organismic level, the majority (80%) of the whole body Ca2+ is stored in the cuticle, the
remaining 20% is stored in the extra- and intra- cellular fluid pools (Wheatly et al.,
2002a). At the cellular level, this state is imitated, in that 20% Ca2+ is stored in the
cytosol at low concentration (10-7 M), and the remaining 80% is stored at higher
concentration (10-3 M) in membrane-bound compartments that can rapidly exchange their
Ca2+, particularly the intracellular store , sarcoplasmic reticulum.
With their ubiquitous inhabitation of a variety of environments, and unique ability
to withstand various physiological assaults on their osmoregulatory capabilities,
crustaceans have a common goal of regulating Ca2+ concentrations in their blood and
tissues (Ahearn et al., 2004). One such type of prominent physiological assault, which is
a quintessential one for crustacean growth and development, is the molt cycle, where
Ca2+ plays an intimate role in the remineralization of cuticle (Ahearn et al., 2004).
Epithelial cells (hepatopancreas, gills, integument, and antennal gland) play an important
role in regulating the Ca2+ homeostasis during the molt cycle. As 80% of the organismic
Ca2+ resides in the exoskeleton, its periodic ecdysal replacement puts the animal at risk of
facing massive tissular Ca2+ fluctuations in the internal concentration of this extremely
important element (Ahearn et al., 2004). To minimize this risk, the solubilized Ca2+ from
integumentary storage depots is transported through epithelial cells, without significantly
altering the cytosolic Ca2+ concentration, and temporarily sequestered in labile cell and
tissue locations where it can be quickly transported back for the remineralization of a new
and uncalcified integument.
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Figure 2. Structure of crustacean ecdysteroids: (a) ecdysone, (b)
20-OH-ecdysone, (c) 3-dehydroxyecdysone (Source: Huberman
2000).
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F. Transcellular Ca2+ transport
Our laboratory’s current working model for transcellular Ca2+ transport in
freshwater crustaceans (Figure. 3, Wheatly et al., 2002a,b) suggests that in Ca2+transporting epithelia, Ca2+ is passively transported across the apical membrane by
means of low-affinity and high-capacity cation exchangers (sodium-calcium exchanger:
NCX), and verapamil-sensitive Ca2+-channels. On the contrary, the Ca2+ transfer across
the basolateral membrane involves the combination of both passive and active transport
systems. Active systems include a high-affinity and low-capacity CaM-dependant PMCA
and NCX of variable stoichiometry, and passive systems include verapamil-sensitive
Ca2+-channels similar to the ones found on the apical membrane. These transport
systems are responsible for the vectorial transfer of Ca2+ across the epithelial cell, both
during normal intermolt osmoregulatory activity, when Ca2+ requirements are minimal,
and during the pre- and post-molt periods which involve massive Ca2+ fluxes. The model
(Figure. 3) also suggests the possible roles of organelles such as mitochondria,
lysosomes, and endoplasmic reticulum (ER). The ER in epithelial cells, which acts as a
Ca2+ depot during the molt cycle, possesses an active calcium ATPase (SERCA) (Zhang
et al., 2000; Chen et al., 2002; Hagedorn and Ziegler 2002; Hagedorn et al., 2003).
SERCA facilitates Ca2+ uptake from cytoplasm into the ER. Although their roles in Ca2+
buffering (i.e. Ca2+ storage and release) in crustacean molt cycle are well-documented,
their relative roles in Ca2+ translocation remain uncertain (Ahearn et al., 2004). The
scope of this study, with regard to Ca2+ transport, is limited to activities of SERCA and
CaM-PMCA in their respective roles of Ca2+ buffering and translocation in epithelial
cells (hepatopancreas) during endocrine disruption. The mass transport of Ca2+ from one
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CaCO3 storage site (e.g. exoskeleton) to another (e.g. gastrolith) across the transporting
epithelial cells, is facilitated without significantly changing the intracellular Ca2+
concentration (Wheatly et al., 2002a). Hence, the Ca2+ transport across epithelial cells as
a result of the molting cycle remains an excellent model system in understanding
subcellular Ca2+ dynamics (Wheatly et al., 2002a). It would be relevant to document the
impact of E2 and EE2 (model EDCs of this study) on SERCA, CaM and PMCA (model
Ca2+ transporters of this study) in epithelial cells (hepatopancreas).

G. Effects of EDCs on SERCA, PMCA and CaM
The sarcoplasmic reticulum (SR, in muscular cells) or endoplasmic reticulum (ER
in non-muscular cells) are well established organelles of calcium sequestration owing to
their capacity and rapidity of Ca2+ exchange with cytosol (Alvarez et al., 1999). Existing
data suggests that the Ca2+ uptake rates into crustacean SR are substantially higher than
vertebrate SR (Van der Kloot 1969; Baskin 1971; Deamer 1973). Ca2+ from the SR is
released via the inositol 1,4,5-triphosphate receptor (IP3R) and the ryanodine receptor
(RyR) Ca2+ channel (McCormack and Cobbold 1991). It has recently been suggested that
depletion of intracellular Ca2+ stores or disturbance of the functioning of the ER is toxic
to cells (Paschen and Frandsen 2001; Nguyen et al., 2002). Based on studies conducted
so far, we can come to a general conclusion that EDCs have the potential to inhibit
SERCA, i.e. preventing it from functioning in Ca2+ uptake. For example, Kang et al.
(2004) in their study have shown that catecholaminergic cell-line, CATH.a.cells, when
exposed to a commercial PCB mixture Aroclor 1254, resulted in elevation of intracellular
Ca2+.
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Figure 3. A working model for the apical-to-basolateral
transcellular calcium transport and proposed subcellular storage in
epithelial cells (gills, antennal gland and hepatopancreas) based on
studies using isolated membrane vesicles. Pharmaceutical inhibitors
are shown in parentheses. SR, sarcoplasmic reticulum; ER,
endoplasmic reticulum; CaBP, calcium-binding protein; CaM,
calmodulin; Mit, mitochondria; Vac, vacuole; FW, freshwater; SW,
seawater; and RyR, ryanodine receptor. (Source: Wheatly et al.,
2002a)
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This elevation in intracellular Ca2+ was attributed to release of ER Ca2+ via IP3R and RyR
channels. The activation of IP3R and RyR, and the subsequent depletion of ER Ca2+
triggered various destructive processes leading to cell death. The elevation of
intracellular Ca2+ may not solely be due to ER Ca2+ depletion due to IP3R/RyR mediated
Ca2+ release, but may also be due to the reduction in the rate of Ca2+ uptake by SERCA.
Ogunbayo and Michelangeli (2007) in their study on rat cerebellar microsomes have
shown that a commonly used flame retardant tetrabromopisphenol A (TBBPA) directly
binds to the SERCA, thus reducing the affinity of the SERCA for Ca2+ binding. This
resulted in the disruption of Ca2+ homeostasis within cells, and subsequent cytotoxicity.
Earlier Inglefield and Shafer (2000) also reported the IP3R mediated Ca2+ release from
ER of developing rat cortical cells exposed to PCBs. This resulted in the initial increase
in the intracellular Ca2+ concentration. However, they have also reported this IP3R
mediated Ca2+ release was followed by Ca2+ influx through store-operated Ca2+ channels
(SOCs) and L-type voltage-gated calcium channels (L-Type VGCCs). This suggests a
physical and functional coupling of SERCA pumps and the Ca2+ channels situated on the
plasma membrane. Also, Khan et al. (2003) reported inhibition of IP3-induced Ca2+
release from (IP3)-sensitive Ca2+ channels on porcine cerebellum and rat testicular
microsomes, when exposed to alkylphenols. A number of factors could contribute to
these contradictions, including different cell types used, maturity of cells at the time of
testing, or different concentrations of the test chemical. Given the fact that crustacean
SR/ER has greater capacity for Ca2+ uptake/storage, EDCs may have significant effect
on the functionality of SERCA pumps, and hence the overall intracellular Ca2+
homeostasis.
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PMCA is the basolateral plasma membrane calcium ATPase that moves Ca2+ against its
electrochemical gradient from the cytosol into the hemolymph using hydrolysis of ATP
(Gao and Wheatly 2004). The property of “higher-affinity and lower-capacity” for Ca2+
suggests that PMCA is a major Ca2+ efflux carrier, and fine tunes Ca2+ at lower
intracellular concentrations. It is regulated by the Ca2+ signaling protein CaM which
stimulates PMCA activity by binding to a C-terminal regulatory region (Gao and Wheatly
2004). Although there has been no substantial scientific evidence about the effect of an
EDC on the PMCA functionality, it can be hypothesized that in the presence of EDCs,
PMCA is activated, resulting in increased Ca2+ efflux across the basolateral membrane
(cytosol to hemolymph/blood). Pottorf II and Thayer (2002) in their study on the rat
dorsal root ganglion have reported that the most likely mechanism for the Ca2+-induced
increase in PMCA activity is a slow dissociation of calmodulin from the pump. Szemraj
et al (2003) in their study on excitable (rat cortical synaptosomes) and non-excitable
(human erythrocytes) tissues have shown that E2 can “non-genomically” stimulate the
PMCA activity. Dick et al (2003) have observed that E2 increased PMCA activity in
distal tubule kidney cell lines. Zylinska et al (2009) confirmed the findings by Szemraj et
al (2003), and concluded that E2 and other steroids increased the PMCA activity, and this
response depended on the cell type, PMCA isoforms expression profile, CaM presence,
and the steroids structure. He et al (2004) in their study on fenvalerate (a synthetic
pyrethroid, an EDC) exposure of human luteinizing-granulosa cells have observed a slow
increase in intracellular Ca2+ and CaM. Thus the increase in intracellular Ca2+ and CaM
may stimulate PMCA activity (i.e. increase in Ca2+ efflux).
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H. Role of cyclic nucleotides in ecdysteroid signaling
Cell signaling pathways are actively involved in the regulation of ecdysteroid
synthesis (Spaziani et al., 1999; Han et al., 2006). Spaziani et al. (1999) observed that the
rise in the cAMP (or cGMP in some other crustaceans) mediates in MIH-induced
suppression of ecdysteroid synthesis (Figure. 4). The study also found that cAMP
inhibits the receptor-mediated uptake of cholesterol (the obligate ecdysteroid precursor),
by decreasing the number of receptor sites for the lipoprotein carrier of cholesterol. Also
the same study observed the role of cellular free Ca2+, which evidently stimulates
ecdysteroid synthesis, and in turn antagonizes MIH action; this mechanism involved
lowering of cAMP levels by enhancing phosphodiesterase (PDE) activity via CaM
(Figure. 5). The study also notes that the Ca2+ dependant protein kinase (PKC) activity,
and the subsequent ecdysteroid production is directly stimulated by Ca2+. Nakatsuji et al.
(2006) observed an increase in cyclic nucleotide phosphodiesterase (PDE) activity during
the premolt stage, thereby antagonizing the inhibitory effect of MIH on ecdysteroid
production; PDE is Ca2+/CaM dependent, and regulates cAMP (cGMP) levels. Thus,
ecdysteroid synthesis involves at least two signaling pathways: i) the MIH/cAMP (or
cGMP) pathway, and ii) the Ca2+/PKC pathway. However, it should be noted that most
of these observations are from YO epithelial cells. It is also suggested that the Ca2+
clearance via SERCA and PMCA is modulated by cAMP; cAMP potentiates these Ca2+
pumps by PKA-mediated phosphorylation. For example, it was documented that cAMP
potentiates SERCA in the cardiac cells by PKA-mediated phosphorylation of
phospholamban protein (Brittsan and Kranias 2000).

15

Figure 4. Steroid hormone formation and regulation in crustacean YO
steroidogenic cells. HDL, high-density lipoprotein; ATP, adenosine
triphosphate; cAMP, adenosine 3’, 5’-cyclic monophosphate; C,
cholesterol; MIH, molt-inhibiting hormone; R, receptor (source:
Spaziani et al., 1989).
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However, this is specific to SERCA2 isoform, and has not yet been confirmed in
crustacean cells. Also, it was observed that cAMP potentiates PMCA activity via a Ca2+
-dependant PKA-mediated phosphorylation; the PKA-phosphorylation increases the
affinity of CaM binding to PMCA which increases the Ca2+ transport activity of the pump
(Bruce et al. 2002). PKA-mediated regulation of PMCA may also help in the spatial
shaping of cytosolic Ca2+ signals, which may play a key role in Ca2+ efflux in epithelial
cells, where PMCA is predominantly distributed on the apical membrane (Bruce et al.,
2003).
To summarize the above-mentioned “complex” observations in a nutshell, higher
free cellular Ca2+ contributes to lower concentration of cyclic nucleotides
(cAMP/cGMP), and thereby promotes ecdysteroidogenesis. Also, it is quite evident that
cAMP, apart from its direct role in modulating the Ca2+signaling machinery, can also
regulate the long-term gene expression and synthesis of key proteins involved in Ca2+
signaling (Kuo et al. 1993). Thus, from the perspective of crustacean epithelial Ca2+
transport, it can be hypothesized that changes in cAMP levels might affect gene
expression of SERCA, PMCA and CaM.
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Figure 5. Model for the regulatory role of cyclic nucleotides on crustacean
ecdysteroidogenesis in Y-organ. ATP, Adenosine triphosphate; AC, adenylyl cyclase; Ca,
calcium; cAMP, adenosine 3’,5’-cyclic monophosphate; cGMP, guanosine 3’,5’-cyclic
monophosphate; CM, calmodulin; HDL, high-density lipoprotein; HDLR, HDL apoprotein
receptor; MIH, molt-inhibiting hormone; MIHR, MIH receptor; PDE, phosphodiesterase;
PKC, protein kinase C; PKCLR, PKC-linked receptor, PTK, protein tyrosine kinase
(Spaziani et al., 1999).
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I. Ecdysteroid receptors
In crustaceans, ecdysteroid action in target cells manifests itself via intracellular
ecdysteroid receptor (Mazurova et al., 2008). EcR belongs to a nuclear receptor family
that regulates gene activities at the transcriptional level by interacting with ecdysteroids
(Zou 2005; Asazuma et al., 2007; Mazurova et al., 2008). In the nucleus of a responsive
crustacean cell, the regulation and expression of these genes is effective only when the
crustacean EcR binds/hybridizes with another important nuclear receptor, the retinoid X
receptor, forming a functional EcR/RXR heterodimer, which then binds to the DNA
response elements of the genes (Wu et al., 2004; Zou 2005; Asazuma et al., 2007;
Mazurova et al., 2008). Thus EcR/RXR heterodimerization, which is a vital component
of ecdysteroid signaling, may be affected by EDCs as observed in some ecotoxicological
studies documented so far. For example, Mu and Leblanc (2004) documented in vitro
that synthetic EDCs such as pyriproxifen and fenoxicarb decreases the mRNA expression
of EcR and RXR in the Drosophila Kc cells; the study proposed a mechanistic action
where EcR gene expression is reduced due to the deprivation of its heterodimer partner
(here, ultraspiracle, USP). Nishikawa et al. (2004) observed that EDCs such as tributyltin
and triphenyltin (TPT), interacted with RXR of marine gastropod Thais clavigera (rock
shell), inducing imposex, although the entire mode of action is unclear owing to lack of
research on heterodimer partner and other coupling factors. Sternberg et al. (2008)
confirmed that this imposex may be due to retinoid signaling initiated by TBT during an
inappropriate time in females.
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It is a well known fact that EDCs can affect ecdysteroid signaling in a liganddependent manner (direct binding to receptors EcR and RXR). However it can also be
disrupted in a ligand-independent manner, such as receptor activation through membranebound receptor tyrosine kinase (RTK) pathways (Hatakeyama et al., 2002). These
different pathways and mechanisms have not yet been characterized in crustaceans (Zou
2005). It would be worthwhile to see if EDCs accumulating in crustacean tissues (such
as hepatopancreas) follow these different pathways and mechanisms in disrupting
ecdysteroid signaling. In this study, I looked into a possible ecdysteroid signaling
pathway, involving ecdysteroid receptors during the natural molt cycle and in the
presence of EDCs, in crayfish.

J. Chitinase as an ecdysteroid-responsive gene
During the crustacean molting process, chitinolytic enzymes such as chitinase and
N-acetyl-β-glucosaminidase (NAG) digest the chitinous exoskeleton (Zou and
Fingerman, 1999). Chitinase, apart from its role in molting, is also involved in digestion
of chitinous food, and defense against chitin-bearing pathogens (Proespraiwong et al.,
2010). As such, chitinase is present in tissues such as hepatopancreas and epidermis, and
is differentially expressed in crustacean species (Zou and Fingerman 1999; Tan et al.,
2000; Zou and Bonvillain 2004). Although, as discussed earlier, several calcium
transporters associated with transcellular Ca2+ transport were found to express
differentially during molt cycle, understanding the hormonal regulation of Ca2+ flux in
crustacean molt cycle has been limited. Thus, in order to substantiate the observations of
this study that involves nuclear receptors, cyclic nucleotides and calcium transporters in
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the proposed ecdysteroid signaling pathway, I decided to determine the expression
pattern of chitinase gene during crustacean molt cycle, and in the presence of EDCs.

K. Significance of proposed research
Evidently EDCs are ubiquitous in the environment, and they pose risk to humans
as well as wildlife. Studies involved in the ecological risk assessment of endocrine
disruptors primarily focused on in vivo studies, to address effects at the population level,
taking into account effects on survival and reproductive output. Such studies were
primarily aimed at developing screening assays for regulatory purposes. To complement
these studies it will be necessary to to understand the EDC mode of action at the cellular
level. The classical mode of action of ecdysteroid is the receptor-mediated control of
gene activity, influencing transcription, and subsequently, protein synthesis. However,
we now have some information, albeit not extensive, that these nuclear receptors can also
be activated by ligand-independent pathways in vertebrates. The conservation of major
signal transduction pathways in animals (such as insulin signaling pathways, Claeys et
al., 2002), gives rise to the possibility of such ligand-independent pathways in
crustaceans. Also, as discussed in the preceding sections, EDC effects can target
nongenomic sites (Ca2+ transporting proteins) involving second messengers such as
cAMP and Ca2+. We know that cAMP and Ca2+ levels affect the availability of receptor
sites for cholesterol (an ecdysteroid precursor) uptake (Spaziani et al., 1999). Thus there
is a probability that the EcR (and RXR) can be activated by liganddependent/independent, and genomic/nongenomic pathways. Thus investigations on the
likelihood of EcR activation by EDCs in a ligand-dependent/independent and
genomic/nongenomic manner would only be possible after the delineation of signaling
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pathways leading to EcR activation. In this study, I made an effort to investigate
endocrine disruption by delineating a previously unaddressed pathway, by testing the
hypotheses described in the following section.

L. Specific aims
As discussed earlier, in crustaceans, Ca2+ not only serves as an intracellular
second messenger, but also as a major constituent of the calcified exoskeleton. As such it
is involved in the cycle of mineralization/demineralization known as molting cycle.
Molting is an endocrine-controlled process, under the control of steroid hormones,
ecdysteroids. Numerous environmental chemicals (both natural and synthetic), that have
been found to interfere with crustacean molting, have been categorized as EDCs. Studies
have shown these EDCs can interfere with ecdysteroid signaling, thereby disrupting the
natural molting process. However, progress in understanding the hormonal regulation of
Ca2+ flux in crustacean molting has been limited. Also, evidence suggests that cyclic
nucleotides such as cAMP and cGMP play an “indirect” role in ecdysteroidogenesis, and
a direct role in Ca2+ clearance in cells. These observations suggests that the crustacean
hormonal system, signaling machinery, and Ca2+ transporters, are all inter-related to some
degree, since there appears to be a connection between ecdysteroid signaling and Ca2+
homeostasis. In this study, I have determined that molting is a function of ecdysteroid
signaling vis-à-vis change in the expression of EcR and its heterodimer partner RXR, and
in the presence of a natural and a synthetic EDC, the expression of these hormonal
receptors can change in such a way that ends in the disruption of natural molt cycle. We
have selected two EDCs, a synthetic estrogen 17α-ethinyl-estradiol (EE2), and a natural
estrogen 17β-estradiol (E2). The freshwater crayfish, Procambarus clarkii, which has
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emerged as a non-mammalian/crustacean model to study the transcellular Ca2+ transport
during the molt cycle, will serve as the model organism for this study. I hypothesize that
in the Ca2+ transporting epithelial cells of crayfish, EE2 and E2 will increase the
expression of nuclear receptors (EcR/RXR), leading to an increase in concentrations of
cyclic nucleotides (cAMP and cGMP), and (concurrently) affecting Ca2+ homeostasis by
increasing the expression of Ca2+ transporters (SERCA, PMCA, and CaM), thereby
potentially disrupting the natural molt cycle. We utilized the epithelial cells from the
hepatopancreatic tissues of crayfish in this proposed study.

Specific Aim 1 (SA1):

Determine the gene expression of Ca2+ transporting

proteins (SERCA, CaM, PMCA) and nuclear receptors (EcR and RXR) in epithelial cells
during the molt cycle of crayfish. This will help in testing the hypothesis that the
expression of these genes is differentially expressed as a function of molt cycle.

Specific Aim 2 (SA2):

Determine the concentration of cyclic nucleotides, cAMP

and cGMP, in epithelial cells during the molt cycle of crayfish. This will enable us to test
the hypothesis that cyclic nucleotides play a major role in regulating ecdysteroidogenesis
vis-à-vis molt cycle.

Specific Aim 3 (SA3):

Determine the gene expression of Ca2+ transporting

proteins (SERCA, CaM, PMCA) and nuclear receptors (EcR and RXR) in epithelial cells
of crayfish exposed to EE2 and E2. We will test the hypothesis that EE2 and E2 affects
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Ca2+ transporting proteins (SERCA inhibition and CaM-PMCA activation), and
attenuates nuclear receptors.

Specific Aim 4 (SA4):

Determine the concentrations of cyclic nucleotides, cAMP

and cGMP, in epithelial cells of crayfish exposed to EE2 and E2. We will test the
hypothesis that EE2 and E2 increases the concentrations of cyclic nucleotides.

And finally,

Specific Aim 5 (SA5):

Determine the expression Chi gene expression in epithelial

cells during the molt cycle of crayfish, and when exposed to EE2 and E2. This will
enable us to substantiate the findings from SA1-SA4, with a Chi gene that we assume is
ecdysteroid-responsive in crayfish hepatopancreas.
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II.

Experimental models and Methods

The following section describes the experimental models and methods used in
addressing the objectives of this study.

A. Biological Models
A. 1. Crayfish as a model organism
As mentioned earlier, the crustacean molting cycle has emerged as a nonmammalian model system to study Ca2+ homeostasis (Wheatly et al., 2002a) and our
laboratory has traditionally the freshwater crayfish P. clarkii, as the species of choice
because it resides in the hostile environment for Ca2+ balance (Chen et al., 2002). Also,
as discussed earlier, Ca2+ (in addition to its crucial role as second messenger) not only
plays a vital role in the crustacean molting cycle, but also plays an important role in the
ecdysteroidogenesis. Thus, P.clarkii makes an ideal model crustacean to address the
hypotheses of this research. Also, in aquatic ecosystems various aquatic animals are
being used as indicator species for monitoring environmental quality, including P. clarkii.
It is a bottom dweller and has been used in previous studies, both in the field and
laboratory, as a bio-indicator of various environmental pollutants (Alcorlo et al., 2006).
The abundance and widespread distribution, long life cycles, and relatively sedentary
lifestyle makes it an ideal indicator species (Sanchez-Lopez et al., 2004). Therefore, it
serves as a relevant model species in addressing all stated objectives of this study.
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A. 2. Hepatopancreas as a model epithelial tissue
Hepatopancreas is the main organ of storage and detoxification of xenobiotics in
crustaceans, and is highly sensitive to physiological and environmental challenges
(Johnston et al., 1998). It is a major storage and metabolic organ, and as such will
undergo differential gene expression patterns during molt cycle (Chang 1995; Yudkovski
et al., 2007). Endogenous ecdysones and exogenous ecdysone-mimicking EDCs can
exert their effect by binding to intracellular receptors (e.g. EcR/RXR) within the target
tissue (e.g. hepatopancreas) of crustaceans (Chang and O’Connor 1988; Tamone and
Chang 1993; Lye et al., 2005). For example, Zou and Fingerman (1999b) documented
that diethyl pthalate and 2,4,5-trichlorobiphenyl significantly inhibited the chitobiase
activity in hepatopancreas of the fiddler crab (U. pugilator); the study attributed it to the
interaction of these EDCs with the ecdysteroid receptors in the hepatopancreas. Also, the
hepatopancreas is one of four critical Ca2+ transporting epithelia in the mass transcellular
Ca2+ transport during ecdysis. Therefore, it is an apt model epithelial tissue for this
proposed study.

A. 3. E2 and EE2 as model EDCs
E2 and EE2 were chosen as model EDCs for this proposed study. In the
environment, natural and synthetic estrogens (such as E2 and EE2 respectively) have
contributed to the pool of EDCs in the effluent water from sewage treatment plants
(Larsson et al., 1999). E2 is a natural endogenous sex steroid hormone that regulates
reproduction in many invertebrates and all classes of vertebrates (Cheek et al., 1997),
whereas EE2 is a synthetic estrogen widely used in combination with other steroid
hormones in oral contraceptive pills and contraceptive patches (Parrott and Blunt 2005,
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Caldwell et al., 2008). Both E2 and EE2 have been detected and implicated in the
estrogenic activity in sewage treatment effluents (and occasionally in surface waters) in
U.S., U.K., Canada., Germany and elsewhere (Desbrow et al., 1998; Filby et al., 2006;
Caldwell et al., 2008). These two compounds are known to exhibit a receptor-mediated
mode of action in humans, and thus can exhibit similar actions in aquatic organisms that
are known to have estrogen receptors similar to those found in mammalian systems
(Gunnarsson et al., 2008). In fact due to its strong affinity to estrogen receptor, EE2
exhibits in vitro biological activities similar to that of the endogenous E2 (Pawlowski et
al., 2004; Van den Belt et al., 2004). In fact, EE2 is biochemically engineered from E2
(Figure 6). Natural steroid estrogens such as E2 have a hydroxyl group at C-3 position,
whereas the synthetic EE2 has an additional ethinyl group on C-17 position, making it
much more resistant to biodegradation than E2 (Cluozot et al., 2009). E2 concentrations
detected in the aquatic environment, depending on the proximity to the sewage and waste
water treatment plants, had concentrations ranging up 100 ng/L (Brion et al., 2004;
Jukosky et al., 2008). Similarly, the EE2 concentrations detected in the environment
ranged from 1 ng/L to 273 ng/L, (Dussault et al., 2009). These concentrations have been
found to profoundly impact the physiological conditions of aquatic animals. Most of the
ecotoxicological studies involving effects of E2 and EE2 are confined to reproductive
health of fish (Hutchinson et al., 1999). However evidence suggests the presence of
endogenous estrogens in crustaceans, giving rise to the possibility of environmental
estrogens impacting crustaceans (Hutchinson et al. 1999). Moreover, sediments, which
many benthic invertebrate organisms including crustaceans inhabit, concentrate EDCs in
much higher quantities than in the water column, and so, could result in their significant
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uptake by the organisms (Langston et al., 2005). Therefore, E2 and EE2 would make a
good fit as model compounds for this study. One of the aims of this study is to determine
whether the E2 and EE2 exposure of crayfish leads to disruption of endocrine mode of
action, or a general toxic stress. For this, two environmentally relevant concentrations,
one lower (100 ng/L) and one higher (500 ng/L) were chosen.

B. Methods
B. 1. Test species
Crayfish P. clarkii (Girard) were obtained from Atchafalaya Biological
Supply Co. (Raceland, LA), and maintained in 40 liter aquaria in filtered aerated water at
room temperature (23ºC) and a 16 h: 8 h light-dark cycle. Crayfish were fed everyday
with cooked shrimp.

B. 2. Partial cDNA cloning and sequencing of EcR, RXR, and
Chitinase genes
Three cDNAs encoding EcR (PcEcR), RXR (PcRXR) and Chi-1 (PcChi-1) were
partially cloned and sequenced from P. clarkii using PCR techniques. Following
decerebration, hepatopancreae were removed from crayfish, snap-frozen in liquid
nitrogen and stored at -80 ºC. Total RNA was isolated by utilizing TRIzol® reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. The resulting RNA
(1μg) was reverse transcribed for preparation of template cDNA using Superscript® II
reverse transcriptase (Invitrogen) with oligo (dT)12–18 as primer. For PCR targeting a
392 bp partial PcEcR cDNA fragment, a set of degenerate primers, PcEcR-dF1, 5'CAAGGCDTGYTCMWSHGARGTB-'3 and PcEcR-dR, 5'GCAYAYCTCWGAGTTBADRTTBCC-'3 for first PCR and Pc-ECR-dF2, 5'-
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CMWSHGARGTBATG ATGYTBCGM-'3 for nested PCR, were designed based on the
conserved sequence of Daphnia magna EcR (GenBank accession no. AB274820),
Marsupenaeus japonicus EcR (AB295492), Gecarcinus lateralis EcR (AY642975) and
Carcinus maenas EcR (AY496927). A 484 bp cDNA fragment of PcRXR was amplified
using the following degenerate primers, PcRXR-dF1, 5'GTDGARTGGGCSAARCACATCCCM-'3 and PcRXR-dR, 5'DGGHGTRTCYCCAAKHARYTTRAA-'3 for first PCR and PcRXR-dF2, 5'ATCCCMCAYTTYACRGAMYTKCCY-'3 for nested PCR, designed based on the
conserved sequence of D. magna RXR (GenBank accession no. ABF74729), M.
japonicus RXR (BAF75376), G. lateralis RXR (AAZ20368) and Celuca pugilator RXR
(AAC32789). A 586 bp cDNA fragment was amplified using the following degenerate
primers, of PcChi-dF1, 5'-CCCGARGGYCARGCSCGSCGYGTG-'3 and PcChi-dR, 5'CGYGTGTGYTACTAYGAGGCSTGG-'3 for first PCR and PcChi-dF2, 5'GTTGCCCCKCAGGTCRTACGTCAT-'3 for nested PCR, designed based on the
conserved sequence of Fenneropenaeus chinensis Chitinase 1 (GenBank accession no.
ABB85237), M. japonicus Chitinase 1 (BAA12287), P. monodon Chitinase 1
(AAD40313), and Litopenaeus vannamei Chitinase 1 precursor (ACG60513). PCR was
performed using a MJ Research thermal cycler (PTC 100, MJ Research, Watertown, MA)
and Taq DNA polymerase (Invitrogen) with the PCR programs with initial denaturation
of cDNA at 95 ºC for 3 min followed by 35 cycles of amplification which include 95 ºC
for 45 s, annealing temperature specific to a primer for 30 s, 72 ºC for 1min 30s and a
final cycle at 72 ºC for 10 min. The sequences of the primers for PcEcR, PcRXR, and
PcChi and the annealing temperature used for cloning are represented in Table. 1.
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17β-Estradiol

17α-Ethinylestradiol

Figure 6. 17 α-Ethinylestradiol engineered from endogenous hormone 17 β-Estradiol.
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PCR products were analyzed on a 1.0 % agarose electrophoresis gel with 0.5 μg mL-1 of
ethidium bromide in 1x TAE buffer (40 mmol L-1 Tris, 40 mmol L-1 sodium acetate and
1mmol L-1 EDTA, pH 7.2), and the DNA bands were visualized under the ultraviolet
light. PCR products were ligated to PCR 2.1 vector (Invitrogen) and transformed into
chemically competent TOPO10 cells (Invitrogen). Each clone was digested with
appropriate restriction enzymes and subcloned for sequencing. The cDNA clones were
sequenced by automated sequencing (ABI PRISM 377, 3100 and 3700 DNA sequencers,
Davis Sequencing). Sequence homology was determined using a GenBank database
search with the BLAST algorithm search (http://www.ncbi.nlm.nih.gov/blast).

B. 3. Molt cycle studies
For studies involving natural molting cycle, hepatopancreas tissues were collected
from decerebrated animals at various stages of natural molting cycle as outlined in earlier
studies (Gao and Wheatly, 2004). Briefly, premolt status of animals was determined
from the gastrolith index (McWhinnie, 1962), and postmolt status was classified in
reference to the day of ecdysis (shedding). After dissection, the tissues were frozen
immediately in liquid nitrogen and stored at -80 ºC, until further molecular assays were
performed including gene expression analyses, and cyclic nucleotide quantifications.

B. 4. Exposure studies
For exposure studies involving E2 and EE2, the crayfish were individually held
for two weeks in 472 ml BPA-free glass bowls (Anchor Hocking Company, Lancaster
OH) prior to the exposure. E2 and EE2 (98% minimum purity by HPLC) purchased from
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Sigma-Aldrich (St. Louis, MO) were handled with good laboratory practices (i.e., gloves,
eye protection, lab coat. etc), and guidelines mentioned in the material safety datasheet
(MSDS) for each chemical. All liquid and solid waste were retained in appropriate
containers and disposed of by the Department of Environmental Health and Safety,
Wright State University. Intermolt juvenile crayfish (4.53 ± 0.72 g in weight) were
exposed to nominal concentrations (100 and 500 ng/L) of E2 and EE2 under staticrenewal conditions for a period of 40 days. Stock solutions (100 mg/L) for both
chemicals were prepared in carrier solvent ethyl alcohol (200 proof- absolute, anhydrous
ACS/USP grade, PHARMCO- AAPER (Brookfield, CT and Shelbyville, KY), and stored
in the dark at 4 ºC. The stock solution was subsequently diluted to standard solution (1
mg/L) using double distilled deionized water. The treatment solution–at the desired
nominal concentration–was prepared daily by diluting the standard solution with
reconstituted water, and used to expose (100 ml/bowl) crayfish held individually in glass
bowls. All treatments including the solvent control, received the same amount of solvent,
and the final concentration of the solvent was less than 0.0001%. All experiments were
conducted in triplicate with a sample size of n = 3.
To confirm the E2 and EE2 estrogenic activity, water samples (50 ml/bowl) were
collected from treatments on days 1, 20 and 40, and were stored at -80 ºC for further
analysis using commercially available enzyme-linked immunosorbent assays (ELISAs).
At the end of the 40-day exposure, hepatopancreae were harvested from the
decerebrated crayfish, and hepatosomatic index (HSI) was calculated as follows: (liver
weight/total body weight) 100. Following this, the tissue samples were snap-frozen in
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liquid nitrogen and stored at -80 ºC until further molecular assays which include gene
expression analyses, and cyclic nucleotide quantifications.

B. 5. Quantitative Real Time-PCR(Q-RT-PCR)
The specific aims SA1 and SA3 and SA5 proposed in this study require
quantification of gene expression of Ca2+ transporters, nuclear receptors, and molting
gene Chitinase. Total RNA was isolated from the stored hepatopancreas samples isolated
from the above-mentioned molt cycle and exposure studies, by utilizing TRIzol® reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. Genomic DNA was
removed from total RNA samples using the TURBO DNA-free kit (Ambion, Austin,
TX). DNA-free total RNA (0.5 picograms) was reverse transcribed with random
hexamers to create cDNA using Taqman Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA). The resulting cDNA was employed in PCR amplifications
optimized with gene-specific primers (Table. 1) containing a fluorescent reporter
molecule (SYBR Green PCR core reagents kit PE Applied Biosystems). Oligonucleotide
primers for all the crayfish genes of interest for this study (PcEcR, PcRXR, PcChi,
SERCA, PMCA and CaM) were chosen with the Primer Express TM software (PE
Applied Biosystems) using sequence information obtained from clones that were
identified earlier in this study (PcEcR, PcRXR and PcChi); primers for SERCA, PMCA
and CaM were designed from the sequence information available from the previously
published studies in our lab (Chen et al., 2002; Gao et al., 2009).
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Gene

PcEcR

PcRXR

PcChi

cDNA
length
(bp)

392

484

586

Annealing
ºC (s)

Forward Primer

1º
PCR

50
(30)

F1

CAAGGCDTGYTCMWSHGARGTB

2º
PCR

55
(30)

F2

CMWSHGARGTBATGTGYTBCGM

1º
PCR

50
(30)

F1

GTDGARTGGGCSAARCACATCCCM

2º
PCR

55
(30)

F2

ATCCCMCAYTTYACRGAMYTKCCY

1º
PCR

62
(30)

F1

CCCGARGGYCARGCSCGSCGYGTG

2º
PCR

63
(30)

F2

GTTGCCCCKCAGGTCRTACGTCAT

Reverse primer

GCAYAYCTCWGAGTTBADRTTBCC

DGGHGTRTCYCCAAKHARYTTRAA

CGYGTGTGYTACTAYGAGGCSTGG

Table 1. Sequences of degenerate primers and annealing temperatures used for partial
cDNA cloning of PcEcR, PcRXR, and PcChi.
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The synthesized (Qiagen) primers were then used for Q-RT-PCR reactions. Primer
concentrations were optimized and tested for amplification efficiency. The integrity of
the cDNA was checked by the presence of a fragment of crayfish 18S rRNA gene. RNA
18S primers (sense 5′- TGGTGCATGGCCGTTCTTA-3′ and antisense 5′AATTGCTGGAGATCCGTCGAC-3′) were designed (Table. 2) from P. clarkii 18S
rRNA gene (GenBank accession no. AF436001). The reaction mixture (25 μL in total)
contained the following: 2.5 μL of 10x SYBR GREEN PCR buffer, 3 μL of 25 mM
MgCl2, 2 μL of 12.5 mM dNTP mix (2.5 mM dATP, 2.5 mM dCTP, 2.5 mM dGTP, and
5 mM dTTP). 0.125 μL of AmpliTaq Gold (5 U/μL), 0.25 μL of AmpErase (1 U/μL), 2
μL of template cDNA, and 1 μL of each 10 μM primers in water. Q-RT-PCR reactions
were performed in 25 μL sterile SmartCycler® tubes (Cepheid, Sunnyvale, CA) using the
relative quantification ΔΔCt method on a Cepheid SmartCycler® real-time PCR
machine (Cepheid, Sunnyvale, CA) with the following cycling conditions: 50 ºC for 2
minutes, 95 ºC for 10 min followed by 40 cycles of 95 ºC for 15s and annealing
temperature specific to a primer for 60s. Melting curve analysis was performed at the
end of the PCR reaction. Threshold cycles (Ct) were determined as the PCR cycle at
which an increase in SYBR Green fluorescence above a baseline signal was first
detected. For 18S rRNA reaction mix, 2 μL of 0.1× diluted cDNA were used. cDNA
samples were analyzed in triplicate and fold changes relative to the selected calibrator
condition (intermolt for the molting stage expression, and the control treatment for
expression in the presence of E2 and EE2) were calculated based on the relative

35

quantification ΔΔCt method. Relative quantification (RQ) was performed by normalizing
the Ct values of each sample gene with the Ct value of the endogenous control 18S rRNA
gene (ΔCt) and finally calculated using ΔCt of the control tissue/condition as a calibrator.
ΔΔCt corresponds to the difference between the ΔCt of the gene of interest and the ΔCt
of the endogenous control 18S rRNA. Fold change in expression was calculated as RQ=2
(−ΔΔCt)

. A number of controls were performed to ensure proper PCR amplification.

Negative controls including no template controls and templates in which reverse
transcriptase was not added to cDNA synthesis reactions were run with every assay.

B. 6. Cyclic nucleotide assays
In order to directly address specific aims SA2 and SA4 of this proposed study,
methods involving direct measurements of cAMP and cGMP were employed using
commercially available enzyme immunoassay kits. Cyclic nucleotides (cAMP and
cGMP) were extracted from hepatopancreas frozen (-80 ºC) samples collected from the
molt cycle and exposure studies. Without allowing samples to thaw, hepatopancreas
tissues were homogenized on ice with a Pyrex® glass-glass tissue grinder (Corning
Incorporated, Corning NY) in 5 volumes (mL of solution/gram of tissue) of 5%
trichloroacetic acid (TCA) in water. Precipitated protein was removed by centrifugation
at 1,500 x g for 10 minutes. TCA was removed by the triplicate extraction with watersaturated ether, and residual ether was evaporated by heating samples to 70 ºC for five
minutes. Supernatants from the tissue extraction assayed directly for the quantification of
cyclic nucleotides, cAMP and cGMP, by enzyme-linked immunoassay (EIA) using
antibodies obtained from Cayman Chemical (Ann Arbor, MI). Briefly, cAMP- and
cGMP-acetylcholinesterase conjugate, cAMP- and cGMP-specific rabbit antibody, and
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either standard or sample were added to each well of an EIA plate precoated with mouse
monoclonal anti-rabbit IgG antibody and blocked with blocking proteins. After 18 h
incubation at 25 ºC, the plate was washed five times to remove all unbound reagents.
Ellman’s reagent (5,5-dithio-bis-2- nitrobenzoic acid) was then added to each well, and
the plate was read at 412nm with a SpectraMax 190 microplate reader (Molecular
Devices, Sunnyvale, CA). The results are expressed as pmoles/g of tissue. Assays were
performed in triplicate. The standard curve for the assay was prepared in the same matrix
as the samples. For this, a sufficient amount of 5% TCA was prepared with ether in the
same manner as used for sample extraction. The residual ether was removed by heating,
and the remaining solution was used to prepare the standard curve. The sensitivity and
specificity of this assay for cAMP were 3.1 pmol/mL and 100%, for cGMP 1 pmol/mL
and 100%, respectively.
The intra- and interassay variation were <10%. Cross-reactivity of the cAMP and cGMP
assays with other cyclic nucleotides was <0.01%.

B. 7. E2 and EE2 sample analysis
To confirm the E2 and EE2 estrogenic activity, water samples (50 ml/bowl)
collected on days 1, 20 and 40 from all treatments, were stored at -80 ºC, for further
analysis using commercially available ELISAs.

B. 7. a. E2 analysis
For E2 analysis, the samples were triplicate extracted with 4X the sample volume
of methylene chloride. The combined methylene chloride extracts were evaporated by
heating to 30 ºC under a gentle stream of nitrogen, and then reconstituted in 0.5 mL of
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EIA buffer. The reconstituted samples were then assayed for the quantification of E2 by
EIA using antibodies obtained from Cayman Chemical (Ann Arbor, MI).

Gene

Product
length

Annealing ºC
(s)

Sense primer

Antisense primer

18S rRNA

105

55 (60)

TGGTGCATGGCCGTTCTTA

AATTGCTGGAGATCCGTCGAC

SERCA

105

60 (60)

TTGACTGCTGCTCTAGGTCTT

AGGGTTGAAGCCCAAGGCAGT

PMCA

105

55 (60)

GCAAGTGGTGGCTGTAACTGGT

GGCCTCCTTTGCAACACTAGTA

CaM

103

55 (60)

CAACGAAGTGGACGCTGAC

GGCTTCCCTGATCTCTTCCT

EcR

105

55 (60)

TATGTGGAGAATCGACGAATG

GCATATCTCTGAGTTTAGGTT

RXR

105

55 (60)

ACACGTACTAGCTACCCTGAA

CAAAAAGAGATACTCTAGGCA

Chitinase

105

57 (60)

GACCCTGCCAAGAGGAAGAC

ACCTCGTTGTGCTGGGTACT

Table 2. Primers and Optimal Conditions for Quantitative Reverse Transcriptase
Polymerase Chain Reaction (Q-RT-PCR)
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Briefly, estradiol-acetylcholinesterase conjugate, estradiol antiserum, and either standard
or sample were added to each well of an EIA plate precoated with mouse monoclonal
anti-rabbit IgG antibody and blocked with blocking proteins. After one hour incubation
at 25 ºC, the plate was washed five times to remove all unbound reagents. Ellman’s
reagent was then added to each well, and the plate was read at 412nm with a SpectraMax
190 microplate reader (Molecular Devices, Sunnyvale, CA). The results are expressed as
ng/L of E2 concentration in water. Assays were performed in triplicate. The standard
curve for the assay was prepared in the same matrix (EIA buffer) as the samples. The
sensitivity and specificity of this assay were 19 ng/L and 100%, respectively. The intraand interassay variation were <10%. Cross-reactivity of this E2 assay with other
compounds such as estradiol-3-glucuronide, estrone, estradiol-17-glucuronide was <15%.

B. 7. b. EE2 analysis
For EE2 analysis, water samples were filtered through glass fiber filter (1μm pore
diameter), diluted with methanol to obtain final concentration of 10% methanol. The
filtered samples were then assayed for the quantification of EE2 by EIA using antibodies
obtained from Abraxis (Warminster, PA). Briefly, EE2 antigen-enzyme conjugate and
standard (or sample) were premixed and added to each well of an EIA plate to compete
for limited number of binding sites of specific antibodies immobilized on the surface of
the wells. After one hour incubation at 25 ºC, the plate was washed four times to remove
all unbound reagents. To initiate the chromogenic reaction, “color solution” was added
to each well, and the plate incubated for 30 minutes at 25 ºC. The reaction was stopped
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by adding “stop solution”, and the plate was read at 450nm with a SpectraMax 190
microplate reader (Molecular Devices, Sunnyvale, CA). The results are expressed as
ng/L of EE2 concentration in water. Detection limits for this assay were between 50 and
3000 ng/L.
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III. RESULTS

A. Partial EcR, RXR, Chi DNA cloning
Primers and the RT-PCR conditions were successful in the amplification of
discrete products (392 bp EcR, 484 bp RXR, and 586 bp Chi) from crayfish
hepatopancreas cDNA. A BLAST search for the PcEcR revealed that the nucleotide
sequence matched exclusively with the EcRs from Atlantic fiddler crab C. pugilator (90
%), black back land crab G. lateralis (90 %), green crab C. maenas (82 %), and kuruma
prawn M. japonicus (70 %). The amino acid sequence (Figure 7) showed 90 %
homology with C. pugilator and G. lateralis, 83 % with North Sea brown shrimp
Crangon crangon, 82 % with C. maenas, and 70 % homology with M. japonicus.
A BLAST search for the PcRXR revealed that the nucleotide sequence matched
exclusively with the RXRs from G. lateralis (93 %), C. pugilator (92 %), M. japonicus
(89%), and D. magna (79 %). The amino acid sequence (Figure 8) showed 93 %
homology with G. lateralis, 92 % with C. pugilator and C. crangon, 90 % with C.
maenas, and 89 % homology with M. japonicus.
A BLAST search for the PcChi revealed that the nucleotide sequence matched
exclusively with the Chitinase sequences from giant mud crab Scylla serrata (65 %),
fleshy prawn Fenneropennaeus chinensis (62%), Litopenaeus vannamei and M.
japonicus (61%). The PcChi amino acid sequence showing homology with these
crustacean species are shown in Figure 9. These partial sequences (PcEcR, PcRXR, and
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PcChi) provided crucial DNA sequence information required for designing primers for
quantitative real-time PCR.

B. Molt cycle studies
B. 1. Expression of sex-steroid nuclear receptors
Total RNA extracted from hepatopancreas of P. clarkii in different molting stages
(inter, pre, post) were subjected to Q-RT-PCR to investigate temporal expression levels
of PcEcR and PcRXR associated with molt cycle. When compared to intermolt (used as a
calibrator), the expression level of PcEcR increased significantly (>2- fold) during the
premolt stage, but was recovered to intermolt levels in postmolt (ANOVA, p=0.000)
(Figure 10). Expression of PcRXR increased in premolt stage (>2-fold). The increase
was however was significantly higher (>4 fold) in the postmolt (ANOVA, p=0.000)
(Figure 11).

B. 2. Measurement of cyclic nucleotides
To investigate the effect of ecdysteroid fluctuations associated with molt cycle on
intracellular cyclic nucleotide levels, I measured the cyclic nucleotide levels in crayfish
hepatopancreas extracted from different molt stages (inter, pre, and post). The cAMP
level was significantly higher (>300-fold) in premolt stage (ANOVA, p=0.000) compared
to inter and postmolt stage (Figure 12). The cGMP level at postmolt was significantly
lower (Figure 13) when compared to intermolt (ANOVA, p=0.001). There was no
significant difference in cGMP level between pre- and postmolt hepatopancreas
(ANOVA, p=0.069).
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*
20
*
40
*
60
*
80
*
100
Land Crab : SEVMMLRAARRYDAKTDSIVFGNNFPYTQTSYALAGLGDSAEILFRFCRGLCKMKVDNAEYALLAAIAIFS-ERPNLKELKKVEKLQEIYLEALKSYVENRRLPRS-N : 106
Green Crab : SEVMMLRAARFYDAKTDCIVFGNTLPYTQSSYEFAGLGESSQILFRFCRNLCKMKVDNAEYALLSAIIIFS-ERPNLKELQKVEKLQEIYLDALRAYVCNQRFPKP-G : 106
Water Flea : SEVMMLRCARRYDANTDSIVFANNLPYTRESYNMAGVGDTADSLFRFGKTMSLMKVDNAEYALLTAIVIFS-ERPGLVEARKVEKIQEIYLEALQAYVMNHRV-RP-M : 105
Prawn
: SEVMMLRAARRYDAKTNSIVFGNSYPYTESEYETAGLGFSAPMLFRFCRNMCRMKVDNAEYALLAAMSIFSADRPFLREAYKVQKLQEIYLNALSAYVANKRAVNSFS : 108
Crayfish : SEVMMLRAARRYDSKTDSIVFGNNFPYTQHSYELAGLGESAGTLFRFCRNLCKMKVDNAEYALLAAIAIFS-ERPNLKELSKVEKLQEIYLEALKSYVENRRMPRS-A : 106
SEVMMLRaARrYDakT1sIVFgN PYT sY AG6G 3a LFRFc4 6c MKVDNAEYALL A6 IFS eRP L E KV2K6QEIYL AL YV N R
*
120
*
140
*
Land Crab : MVFAKLLNILTELRTLGNINSEMCFSLTLKNKRLPP----------- : 142
Green Crab : MVFAKLLNILTELRTLGNLNSEVCFSLKLKNKRLPPFLAEIWDV--- : 150
Water Flea : TEFAKLLSVLTELRTLGNLNSEMCFSLKLKNKKLPPFLAEIWDVHS- : 151
Prawn
: VMIGKLLNVLTELRTLGNLNSEMCYRIQLTDKRLPDLLNEIWDVTPK : 155
Crayfish : MVFAKLLNILTELRTLGNLNSEIC----------------------- : 130
faKLLn6LTELRTLGN6NSE6C l k lp
Figure 7. Comparison of deduced partial amino acid sequence of crayfish
hepatopancreatic EcR with those of other crustaceans. Shaded regions indicate
conserved regions of the sequences
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*
20
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*
60
*
80
*
100
Land Crab : IPHFTDLPIEDQVVLLKAGWNELLIASFSHRSMGVEDGIVLATGLVIHRSSAHQAGVGAIFDRVLSELVAKMKEMKIDKTELGCLRSIVLFNPDAKGLNCCNDVEILR : 108
Green Crab : IPHFTDLPIEDQVVLLKAGWNELLIASFSHRSMGVEDGIVLATGLVIHRSSAHQAGVGAIFDRVLSELVAKMKEMKIDKTELGCLRSIVLFNPDAKGLNCVNDVEILR : 108
Water Flea : IPHFTELPLDDQVVLLRAGWNELLIAAFSHRSVGVKDGIVLATGLVIHRNSAHQAGVGSIFDRVLTELVSKMREMKLDLAELGCLRAIILFNPDPKGLKSVSQVEALR : 108
Prawn : IPHFTDLPVDDQVILLKAGWNELLIASFSHRSMGVKDGIVLATGLVVHRSSAHHAGVGDIFDRVLSELVAKMKEMKMDKTELGCLRSIVLFNPDVKGLSACDTIEVLR : 108
Crayfish : IPHFTDFPVDDQVVLLKAGWNELLIASFSHRSMGVEDGIVLATGLVVHRSSAHQEGVGAIFDRVLSELVAKMKEMKMDKTELGCLRSIVLYNPDAKGLTCCNDVEILR : 108
IPHFTdlP6 DQV6LL4AGWNELLIAsFSHRS6GV DGIVLATGLV6HRsSAHqaGVG IFDRVL3ELVaKM4EMK6DktELGCLRsI6L5NPD KGL 6E LR
*
120
*
140
*
160
Land Crab : EKVYAALEEYTRTTYPDEPGRFAKLLLRLPALRSIGLKCLEYLFLFKLIGDTP : 161
Green Crab : EKVYAALEEYTRTTYPDEPGRFAKLLLRLPALRSIGLKCLEYLFLFKLIGDTP : 161
Water Flea : EKVYATLEEYTRTNYADEPGRFAKLLLRLPALRSIGLKCLEHLFFFKLIGDTP : 161
Prawn : EKVYATLEEYTRTSYPDQPGRFAKLLLRLPALRSIGLKCLEYLFLFKLLGDTP : 161
Crayfish : EKVYAALEEYTRTSYPEEPGRFAKLLLRLPALRSIGLKCLEYLFLFKLLGDTP : 161
EKVYA LEEYTRT Ypd2PGRFAKLLLRLPALRSIGLKCLEyLFlFKL6GDTP
Figure 8. Comparison of deduced partial amino acid sequence of crayfish
hepatopancreatic RXR with those of other crustaceans. Shaded regions indicate
conserved regions of the sequences.
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100
Mud crab : MVCYYGSWAVYRPGDGMFDVEDIDPNLCTHLIFGFAGLGSNN-KIKVLDPWNELCDDYGLCAFDRFTALKKKNTKLVTILAVGGWNEG-STKYSRMASSAASRKT : 103
White Shrimp : MVCYFGSWAAYRQGLGKFDVEDIDPKICTHIIFGFAGLAHDS-SIRVLDPWNELCDNYGKCAYDRFTALKQQNANLKAILAVGGWNEG-SPKYSKMAADPVLRNR : 103
Fleshy Prawn : RVCYYEAWAIYRPGDGFYDIEDIPADLCTDLIYSFIGLSNVTWEVLILDPEYDI----NLNGFRRFVALKDKYPDMKTNIAVGGWAEG-GREYSQMVMVPERRAS : 100
Kuruma Prawn : VVCYFTNWAWYRQGSGKYRPEDIDPNLCTHIVYGFAVLDGIRLLIKPHDTWAD------NKFYEKVVALRAR--GIKVTIAIGGWNDSAGDKYSRLVNNPEARRK : 97
crayfish : RVCYYEAWAVYRPGKGAYDIDDVDPDICTHLIFAFAGI-NANGKIQVLDPWHELCEEYGECAYNRFTALKKQNSAPITTLAVGGWNEG-STKYSNMAADPAKRKT : 103
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Mud crab : FVDSAIKLLKEHDFDGLDMDWEYP--TQ---RGGAPEDRGNFVLLLKDLKEALHANGMMLTAAVSAS-KGTIDEAYDIPGIAEHLDMANLMTYDMHGDWDPYTHH : 202
White Shrimp : FITSSIELLKKHGFDGLDMDWEYP--TQ---RGGSPDDYDNFVILMAELNQALHAEGMLLTAAVSAG-KATIDPAYNVPELSKSLDLINVMTYDLHGAWDDYTHH : 202
Fleshy Prawn : FIRSVVQLLTDYGFDGLDLDWEYPGATD---RGGQYADKDNFLKLVKELREAFDTVGLGWEISCACPWPFRLQEGYHVPQLCSLLDAIHLMTYDLRGNWVGFADV : 202
Kuruma Prawn : FNEHVIEFIKRHNFDGLDLDWEYPVCWQVNCKKGPASDKAAFAEWIKEVHYAFKPHGLLLSAAVSPSNKV-IDVGYDVPALNRYLDWIAVMTYDYHGHWDKKTGH : 201
crayfish : FVDSTLALLKAHDFDGMDLDWEYPAQ-----RGGVPEDKVNYAILLDELSEALHANGMILTAAVSAG-RDEIDSGYDVPKMAQSLDIVNLMTYDLRGN------- : 195
F s 6 l6k h FDG6D6DWEYP
4gG D n5 l6 e6 A G6 l aavs 6d Y 6P 6 LD 6MTYD G w
Figure 9. Comparison of deduced partial amino acid sequence of crayfish
hepatopancreatic Chi with those of other crustaceans. Shaded regions indicate
conserved regions of the sequences.
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Figure 10. Q-RT-PCR assay for the expression of Procambarus clarkii PcEcR
mRNA in hepatopancreas as a function of molting stage. The calibrator stage was
intermolt. Values are represented as means±SEM (n=3). Different letters above
the error bars represent significant differences. Statistical analysis was performed
using one-way ANOVA (p<0.05).
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Figure 11. Q-RT-PCR assay for the expression of Procambarus clarkii PcRXR
mRNA in hepatopancreas as a function of molting stage. The calibrator stage
was intermolt. Values are represented as means±SEM (n=3). Different letters
above the error bars represent significant differences. Statistical analysis was
performed using one-way ANOVA (p<0.05).
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Figure 12. Intracellular cAMP levels in hepatopancreas during a molt cycle of
Procambarus clarkii. Results are expressed as mean±SEM (n=3). Different letters
above the error bars represent significant differences. Statistical analysis was
performed using one-way ANOVA (p<0.05).
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Figure 13. Intracellular cGMP levels in hepatopancreas during a molt cycle of
Procambarus clarkii. Results are expressed as mean±SEM (n=3). Different letters
above the error bars represent significant differences. Statistical analysis was
performed using one-way ANOVA (p<0.05).
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B. 3. Expression of calcium transporters
Compared with baseline (intermolt), Q-RT-PCR data revealed a trend towards
increased mRNA expression of all the three calcium transporters (SERCA, PMCA and
CaM) in crayfish hepatopancreas during premolt (doubling), with a further doubling in
postmolt.
A 1.9-fold increase in SERCA mRNA expression was observed during premolt,
and a 4.1-fold increase was observed during postmolt compared to intermolt (ANOVA,
p=0.006) (Figure 14). PMCA mRNA expression followed a similar trend when
compared to intermolt, increasing 1.9-fold during premolt, and 4.0-fold during postmolt
(ANOVA, p=0.004) (Figure 15). Similarly, the expression profile for CaM gene which
has previously been documented in our laboratory (Figure 16, Gao et al. 2009) followed
an identical pattern, with ~2.0-fold increase during premolt and ~5.0-fold increase during
postmolt.
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Figure 14. Q-RT-PCR assay for the expression of Procambarus clarkii SERCA
mRNA in hepatopancreas as a function of molting stage. The calibrator stage
was intermolt. Values are represented as means±SEM (n=3). Different letters
above the error bars represent significant differences. Statistical analysis was
performed using one-way ANOVA (p<0.05).
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Figure 15. Q-RT-PCR assay for the expression of Procambarus clarkii PMCA
mRNA in hepatopancreas as a function of molting stage. The calibrator stage
was intermolt. Values are represented as means±SEM (n=3). Different letters
above the error bars represent significant differences. Statistical analysis was
performed using one-way ANOVA (p<0.05).
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Fold changes of expression(RQ)
Figure 16. Q-RT-PCR assay for the expression of Procambarus clarkii
CaM mRNA in hepatopancreas as a function of molting stage. The
calibrator stage was intermolt. Values are represented as means±SD (n=3)
(Gao et al. 2009).
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C. Exposure studies
C. 1. Hepatosomatic Index (HSI)
As expected, the HSI increased in the crayfish exposed to E2 and EE2, in contrast
to the HSI in unexposed crayfish. Figure 17 compares the mean HSI of untreated
crayfish with the ones exposed to 100 and 500 ng/L E2. As seen in the figure, animals
exposed to 100 ng/L E2 had their hepatopancreas weights increased by 11% compared to
the unexposed (control), and the ones exposed to 500 ng/L E2 had their liver weights
increased by 26%. Figure 18 compares the mean HSI of untreated crayfish with the ones
exposed to 100 and 500 ng/L EE2. Animals exposed to 100 ng/L EE2 had their liver
weights increased by 11% compared to the unexposed (control), and the ones exposed to
500 ng/L EE2 had their liver weights increased by 24%.

C. 2. Expression of sex-steroid nuclear receptors
Total RNA extracted from hepatopancreas of P. clarkii, exposed for 40 days to
sublethal and nominal concentrations (100 and 500 ng/L) of E2 and EE2, were subjected
to Q-RT-PCR to investigate the expression pattern of estrogen receptors PcEcR and
PcRXR in the presence of these EDCs.
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Figure 17. Hepatosomatic index (HSI; hepatopancreas weight [g]/body weight
[g] * 100) of Procambarus clarkii following a 40 day exposure to nominal
concentrations of 100 and 500 ng/L E2. No significant difference was observed
between control and treatments (t-test, p>0.05)
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Figure 18. Hepatosomatic index (HSI; hepatopancreas weight [g]/body weight [g] *
100) of Procambarus clarkii following a 40 day exposure to nominal concentrations
of 100 and 500 ng/L EE2. No significant difference was observed between control
and treatments (t-test, p>0.05)
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C. 2. a. E2 exposure
A 40-day exposure to 100 and 500 ng/L of E2 resulted in elevation of PcEcR and
PcRXR mRNA levels in crayfish hepatopancreas compared to control. The PcEcR
expression levels were not significantly different between control and 100 ng/L E2
treatment (Figure 19; t-test, p=0.353) with a ~1.2 fold increase when compared to
control, whereas mRNA expression levels were significantly elevated ~1.8-fold (t-test,
p=0.029) in the crayfish exposed to 500 ng/L E2 (Figure 19).
The PcRXR expression levels increased by ~1.3-fold when exposed to 100 ng/L
of E2 compared to control crayfish. However, this increase was not significantly
different (Figure 20; t-test, p=0.234). Whereas the expression levels were significantly
elevated by ~1.7-fold (t-test, p=0.004) in the crayfish exposed to 500 ng/L E2 (Figure
20).

C. 2. b. EE2 exposure
There was an observed increase in PcEcR expression levels, with ~1.2-fold
increase in crayfish exposed to 100 ng/L of EE2 and ~1.6-fold increase in the ones
exposed to 500 ng/L of EE2 (Figure 21). However, these elevations were not statistically
significant (t-test; EE2 100 ng/L: p=0.946, EE2 500 ng/L: p=0.216).
The hepatopancreatic PcRXR mRNA levels were significantly elevated in the
crayfish exposed to both 100 and 500 ng/L of EE2 (Figure 22). There was an increase in
expression by ~1.2-fold (t-test, p=0.005) when exposed to 100 ng/L, and by ~1.9-fold (ttest, p=0.008) when exposed to 200 ng/L.
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Figure 19. Q-RT-PCR assay for the expression of crayfish Procambarus
clarkii EcR mRNA in hepatopancreas exposed to nominal concentrations E2
for 40 days. Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it
was performed by normalizing the Ct value of each sample with the Ct value
of the endogenous control (18s rRNA gene, ΔCt) and finally calculated using
ΔCt of control as calibrator. Different letters above the error bars represent
significant differences from control. Statistical analysis was performed using
one-way ANOVA (p<0.05).
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Figure 20. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
RXR mRNA in hepatopancreas exposed to nominal concentrations E2 for 40 days.
Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was performed by
normalizing the Ct value of each sample with the Ct value of the endogenous
control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of control as
calibrator. Different letters above the error bars represent significant difference
from control. Statistical analysis was performed using one-way ANOVA (p<0.05).
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Figure 21. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
EcR mRNA in hepatopancreas exposed to nominal concentrations EE2 for 40 days.
Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was performed by
normalizing the Ct value of each sample with the Ct value of the endogenous
control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of control as
calibrator. No significant difference was observed between control and treatments
(one-way ANOVA, p>0.05)
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Figure 22. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
RXR mRNA in hepatopancreas exposed to nominal concentrations EE2 for 40
days. Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was
performed by normalizing the Ct value of each sample with the Ct value of the
endogenous control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of
control as calibrator. Different letters above the error bars represent significant
difference from control. Statistical analysis was performed using one-way ANOVA
(p<0.05).
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C. 3. Measurement of cyclic nucleotides
Cyclic nucleotides (cAMP and cGMP) extracted from hepatopancreas of P.
clarkii, exposed for 40 days to sublethal and nominal concentrations (100 and 500 ng/L)
of E2 and EE2, were subjected to the respective antibody specific ELISAs to determine
the effects of these EDCs on the concentrations of cAMP and cGMP.

C. 3. a. E2 exposure
When compared to the control crayfish, the intracellular cAMP levels in
hepatopancreas increased in crayfish exposed to 100 and 500 ng/L of E2 (Figure 23).
The glandular cAMP levels increased by >150-fold in the animals exposed to 100 ng/L of
E2 (t-test, p=0.026), whereas the cAMP levels increased by ~30-fold in the ones exposed
to 500 ng/L of E2 (t-test, p=0.062).
The intracellular cGMP levels did not show any significant difference between
the control and E2 treatments (t-test; E2 100ng/L: p=0.192, E2 500 ng/L: p=0.482)
(Figure 24).

C. 3. b. EE2 exposure
When exposed to the nominal concentrations of EE2, the intracellular cAMP
concentrations in hepatopancreas significantly increased by ~35-fold at 100 ng/L (t-test,
p=0.022), and by ~1000-fold at 500 ng/L (t-test, p=0.001) (Figure 25).
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Similar to the trend observed with E2 exposure, the intracellular cGMP levels
were not significantly different between the control and EE2 treatments (t-test; EE2 100
ng/L: p=0.383, EE2 500 ng/L: p=0.929) (Figure 26).

C. 4. Expression of calcium transporters
Q-RT-PCR data revealed a general trend towards an increased mRNA expression,
when exposed to nominal concentrations (100 and 500 ng/L) of E2 and EE2, for all the
three calcium transporters (SERCA, PMCA and CaM) in crayfish hepatopancreas.

C. 4. a. E2 exposure
The hepatopancreatic SERCA mRNA showed an increased expression in the
crayfish exposed to 100 and 500 ng/L of E2 when compared to control (Figure 27). The
~1.2-fold increase in SERCA expression at 100 ng/L was not statistically significant (ttest, p=0.343), whereas the ~2.3-fold increase at 500 ng/L was statistically significant (ttest, p=0.026).
The PMCA expression increased by ~1.5-fold at both E2 concentrations (t-test;
100 ng/L: p=0.066, 500 ng/L: p=0.036) (Figure 28).
The expression of CaM significantly increased by ~3.4-fold at 100 ng/L (t-test,
p=0.019), and by ~2.2-fold at 500 ng/L (t-test, p=0.041) (Figure 29).
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Figure 23. Intracellular cAMP levels in hepatopancreas of Procambarus clarkii
exposed to nominal concentrations of 100 and 500 ng/L of E2. Results are expressed as
mean±SEM (n=3). Different letters above the error bars represent significant
differences from control. Statistical analysis was performed using one-way ANOVA
(p<0.05).
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Figure 24. Intracellular cGMP levels in hepatopancreas of Procambarus clarkii
exposed to nominal concentrations of 100 and 500 ng/L of E2. Results are expressed as
mean±SEM (n=3). No significant difference was observed between the control and
treatments (one-way ANOVAt, p>0.05).
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Figure 25. Intracellular cAMP levels in hepatopancreas of Procambarus clarkii
exposed to nominal concentrations of 100 and 500 ng/L of EE2. Results are expressed
as mean±SEM (n=3). Different letters above the error bars represent significant
differences control. Statistical analysis was performed using one-way ANOVA
(p<0.05).
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Figure 26. Intracellular cGMP levels in hepatopancreas of Procambarus clarkii
exposed to nominal concentrations of 100 and 500 ng/L of EE2. Results are expressed
as mean±SEM (n=3). No significant difference was observed between the control and
treatments one-way ANOVA, p>0.05).
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C. 4. b. EE2 exposure
When exposed to EE2, the SERCA expression in crayfish hepatopancreas
increased by ~1.9-fold at 100 ng/L, and by ~1.6-fold at 500 ng/L (Figure 30). The
increase at 100 ng/L was found statistically not significant (t-test, p=0.093), where as at
500 ng/L it was significant (t-test, p<0.0001).
The PMCA expression increased by ~1.1-fold at 100 ng/L, and ~1.8-fold at 500
ng/L of EE2 (t-test; 100 ng/L: p=0.883, 500 ng/L: p=0.072) (Figure 31).
The expression of CaM significantly increased by ~5.9-fold at 100 ng/L (t-test,
p=0.049), and by ~3.5-fold at 500 ng/L (t-test, p=0.005) (Figure 32).

D. Chitinase gene expression
In this study, chitinase is used as a “target gene” for the assessment of molting
hormone during natural molting cycle, and the disruption of molting cycle by the antimolting hormone activities associated with EDCS. The relative expression of chitinase
gene in crayfish hepatopancreas during molting cycle, and when exposed to E2 and EE2
was determined by Q-RT-PCR.

D. 1. Molt cycle studies
The hepatopancreatic PcChi expression was significantly higher during the
postmolt when compared to inter and premolt stages of crayfish (t-test, p=0.008) (Figure
33).

68

Fold changes of expression (RQ)

3.5

b

3
2.5
a

2
1.5

a

1
0.5
0
Control

E2 100 ng/L

E2 500 ng/L

Figure 27. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
SERCA mRNA in hepatopancreas exposed to nominal concentrations E2 for 40
days. Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was
performed by normalizing the Ct value of each sample with the Ct value of the
endogenous control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of
control as calibrator. Different letters above the error bars represent significant
difference from control. Statistical analysis was performed using one-way ANOVA
(p<0.05).
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Figure 28. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
PMCA mRNA in hepatopancreas exposed to nominal concentrations E2 for 40
days. Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was
performed by normalizing the Ct value of each sample with the Ct value of the
endogenous control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of
control as calibrator. Different letters above the error bars represent significant
difference from control. Statistical analysis was performed using one-way ANOVA
(p<0.05).
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Figure 29. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
CaM mRNA in hepatopancreas exposed to nominal concentrations E2 for 40 days.
Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was performed by
normalizing the Ct value of each sample with the Ct value of the endogenous
control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of control as
calibrator. Different letters above the error bars represent significant difference
from control. Statistical analysis was performed using one-way ANOVAt (p<0.05).
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Figure 30. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
SERCA mRNA in hepatopancreas exposed to nominal concentrations EE2 for 40
days. Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was
performed by normalizing the Ct value of each sample with the Ct value of the
endogenous control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of
control as calibrator. Different letters above the error bars represent significant
difference from control. Statistical analysis was performed using one-way ANOVA
(p<0.05).
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Figure 31. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
PMCA mRNA in hepatopancreas exposed to nominal concentrations EE2 for 40
days. Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was
performed by normalizing the Ct value of each sample with the Ct value of the
endogenous control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of
control as calibrator. There was no significant difference between treatments and
control (one-way ANOVA , p>0.05).
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D. 2. Exposure studies
The hepatopancreatic PcChi expression was significantly higher (~2.3-fold) in
crayfish exposed to 100 and 500 ng/L of E2 when compared to control crayfish (t-test;
100 ng/L E2: p=0.047, 500 ng/L E2: p=0.029) (Figure 34).
When compared to control, the hepatopancreatic PcChi expression was not
significantly different in crayfish exposed to 100 ng/L of EE2 (t-test, p=0.468), whereas
the expression was significantly higher (~3.8-fold) in the ones exposed to 500 ng/L of
EE2 (t-test, p<0.0001) (Figure 35).
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Figure 32. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
CaM mRNA in hepatopancreas exposed to nominal concentrations EE2 for 40
days. Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was
performed by normalizing the Ct value of each sample with the Ct value of the
endogenous control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of
control as calibrator. Different letters above the error bars represent significant
difference from control. Statistical analysis was performed using one-way ANOVA
(p<0.05).
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Figure 33. Q-RT-PCR assay for the expression of Procambarus clarkii Chi
mRNA in hepatopancreas as a function of molting stage. The calibrator stage
was intermolt. Values are represented as means±SEM (n=3). Different letters
above the error bars represent significant differences. Statistical analysis was
performed using one-way ANOVA (p<0.05).
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Figure 34. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
Chi mRNA in hepatopancreas exposed to nominal concentrations E2 for 40 days.
Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was performed by
normalizing the Ct value of each sample with the Ct value of the endogenous
control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of control as
calibrator. Different letters above the error bars represent significant difference
from control. Statistical analysis was performed usingone-way ANOVA (p<0.05).
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Figure 35. Q-RT-PCR assay for the expression of crayfish Procambarus clarkii
Chi mRNA in hepatopancreas exposed to nominal concentrations EE2 for 40 days.
Relative quantification (RQ) expressed as mean ±S.E.M (n=3); it was performed by
normalizing the Ct value of each sample with the Ct value of the endogenous
control (18s rRNA gene, ΔCt) and finally calculated using ΔCt of control as
calibrator. Different letters above the error bars represent significant difference
from control. Statistical analysis was performed using one-way ANOVA (p<0.05).
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E. E2 and EE2 sample analysis
Measured concentrations of test solutions for both chemicals were either in close
agreement with the nominal values, or slightly divergent (Table. 3 and 4). The
concentrations measured were slightly higher for both nominal concentrations (100 and
500 ng/L) with the exception of EE2 at 500 ng/L, where the concentrations were found
slightly lower. The effective concentrations were calculated by taking the geometric
mean from all measured concentrations.
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Nominal
(ng/L)

Measured (ng/L)
Day 1

Day 20

Day 40

Effective
(ng/L)

100

111.3 ± 15.1
(+11.3%)

134.5 ± 13.7
(+34.5%)

131.7 ± 24.7
(+31.7%)

125.4 (+25.4%)

500

532.7 ± 54.2
(+6.5%)

705.9 ± 120.0
(+41.2%)

772.3 ± 329.7
(+54.5%)

662.2 (+32.4%)

Table 3. Nominal, measured and effective concentrations of E2 in crayfish-held glass
bowls during the 40-day exposure experiment. Concentrations (ng/L) were presented as
mean values (n=3) with standard error. Percentage differences relative to nominal
concentration are presented in brackets.
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Nominal
(ng/L)

Measured (ng/L)
Day 1

Day 20

100

110.9 ± 43.5
(+10.9%)

146.6 ±1.5
(+46.6%)

500

394.1 ± 4.3
(-21.2%)

388.7 ± 27.1
(-22.3%)

Day 40
148.2 ± 13.1
(+48.2%)

428.8 ± 28.3
(-14.2%)

Effective
(ng/L)
134.1
(+34.1%)

403.5 (19.3%)

Table 4. Nominal, measured and effective concentrations of EE2 in crayfish-held glass
bowls during the 40-day exposure experiment. Concentrations (ng/L) were presented as
mean values (n=3) with standard error. Percentage differences relative to nominal
concentration are presented in brackets.
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IV. DISCUSSION

A. Molt cycle studies
As expected, all three proposed components of crustacean endocrine pathway, i)
nuclear receptors (EcR/RXR), ii) cyclic nucleotides (cGMP/cAMP), and iii) calcium
transporters (SERCA, PMCA, and CaM), demonstrated differential temporal expression
pattern during molt cycle.

A. 1. Expression of nuclear receptors
In this study, we first partially cloned two cDNAs encoding PcEcR and PcRXR
from the freshwater crayfish, P. clarkii (Figure 7 and Figure 8). Since these sequences,
which belong to the ligand binding domain, were found to be highly similar to known
EcR and RXR sequences of other crustaceans, they appeared to be components of an
ecdysteroid receptor heterodimer complex (EcR/RXR) of P. clarkii. Following partial
cloning, Q-RT-PCR primers were designed (Table. 2) to document the temporal
expression of EcR and RXR through the molting cycle.
Changes in mRNA expression levels of PcEcR and PcRXR through different
molting stages suggested the hormonal control of these genes at the transcription level.
The PcEcR expression increased at the premolt when ecdysone synthesis is upregulated
(Figure 10). This finding agrees with an earlier study which documented similar
(increased) expression of EcR in the hepatopancreas of other crustacean species, M.
japonicus during the premolt stage (Asazuma et al. 2007). As Hepatopancreas serves as a
major metabolic and storage organ, changes in proteins, lipids, and carbohydrates have
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been observed during crustacean molt cycle (Chang 1995). Along with these metabolites
changes in activity of ecdysteroid-responsive enzymes, chitinase and chitobiase, have
been documented in crustacean hepatopancreas; both of these enzymes manifested higher
activity during premolt stage (Zou and Fingerman 1999; Tan et al. 2000). This suggests
that various enzymes and genes of physiological importance in crustacean
hepatopancreas may be regulated by molting hormones (ecdysteroids).
The mRNA expression pattern of PcEcR during molt cycle did not coincide with
that of PcRXR, where the expression increased progressively during the molting period
(Figure 11). This implies that the expression of PcRXR is not controlled by ecdysteroid
only. For example, Asazuma et al. (2007) found that the hepatopancreatic RXR mRNA
expression remained constant throughout the molt cycle of kuruma prawn (M. japonicus).
The general consensus from previous studies involving whole organism and tissuespecific expression of EcR and RXR (and its ortholog ultraspiracle, USP) suggest that
while EcR is responsive to molt cycle with higher expression during premolt stage, its
heterodimer partner RXR (or USP) expression did not show any consistent pattern
(Durica et al., 1999; Asazuma et al., 2007; Kato et al., 2007; Priya et al., 2009). While
cellular responses to ecdysteroids in target cells are mediated by EcRs (Vafopoulou et al.,
2005), the same is not true with RXRs which are associated with other nuclear receptors
as heterodimeric partners in several other hormonal response systems (Sukov et al.,
1994). The role of RXR may be largely allosteric, i.e. it helps in stabilizing EcR in
confirmation of binding hormone (ecdysone).
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A. 2. Measurement of cyclic nucleotides
In this study I found a significant increase in cAMP levels in crayfish
hepatopancreas during premolt stage (Figure 12), as well as a significant decrease in
cGMP levels in the postmolt stage (Figure 13). These findings are in contrast to those
from earlier studies which suggested a decrease in the concentrations of cAMP (and in
some cases cGMP) during the premolt stage of several crustacean species (Mattson and
Spaziani, 1985; Spaziani et al., 1999; Lee and Mykles, 2006; Nakatsuji et al., 2006;
Nagai et al., 2009). Those studies have shown that MIH negatively regulates
ecdysteroidogenesis by cAMP or/and cGMP mediated signaling pathways. However,
those studies involved identification of second messenger pathways that regulate
ecdysteroidogenesis in the molting gland, the Y-organ. The studies suggest that MIH
regulates molting via either cAMP or cGMP, or both, where the increase in MIH and the
MIH-receptor occupancy leads to increase in intracellular cyclic nucleotide levels,
leading to the suppression of ecdysteroidogenesis. Although most of the abovementioned studies implicated cGMP in the regulation of ecdysteroidogenesis, a study by
Mattson and Spaziani (1995) implicated cAMP. Thus, there is no general consensus
regarding the primary second messenger involved in the signaling pathway associated
with ecdysteroidogenesis. Interpretation of the results from these studies in very few
species may be misleading. Also, it should be noted that these studies were conducted in
vitro and involved controlled conditions such as synchronization of molting by eye-stalk
ablation, and the cyclic nucleotides were measured over a shorter time periods (within
hours). Whereas my study was conducted in vivo and the cyclic nucleotides were
quantified over the more extended time period associated with the natural molt cycle.
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The cGMP and cAMP are found to exhibit species and tissue specificity in their
regulation of ecdysteroidogenesis (Nagai et al., 2009). The distribution of MIH receptors
varies among tissues, which in turn may influence cAMP/cGMP production, and thereby
ecdysteroid levels in an organ system (Watson et al., 2001). The responsiveness of an
organ system can be dynamic and the variation in responsiveness may be due to specific
levels of cyclic nucleotides rather than a simple increase or decrease in concentrations.
In the Y-organ, which is a primary organ for ecdysteroidogenesis, the MIH and its
receptor occupancy play a central role in regulation of cyclic nucleotide levels, whereas
in a target and a metabolic organ such as hepatopancreas, the cyclic nucleotide levels
may be determined by the occupancy of other receptors. The above-mentioned
uncertainties may explain the contrary findings of our study. To our knowledge, for the
first time our study quantified cyclic nucleotides in vivo involving the natural molt cycle
of P.clarkii.

A. 3. Expression of calcium transporters
One of the major objectives of this study was to determine the relative expression
of calcium transporters (SERCA, PMCA, and CaM) during the crayfish molt stages when
whole organism Ca2+ flux was elevated (pre- and postmolt) compared to a baseline
condition of relative organismal Ca2+ balance (intermolt: control). Using Q-RT-PCR
technique it is possible to examine the mRNA expression of proteins involved in Ca2+
balance, and eventually understand the hormonal regulation of these genes. Prior studies
have documented upregulation of these calcium transporters during pre- and postmolt
compared with intermolt in both epithelial (antennal gland) and non-epithelial (axial
abdominal muscle) tissues (Gao and Wheatly, 2004; Wheatly et al., 2004; Gao et al.,
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2009). In this study we documented for the first time the relative expression of SERCA
and PMCA in another major tissue associated with trans-epithelial Ca2+ flux during
molting, the hepatopancreas; CaM expression in hepatopancreas was earlier documented
by Gao et al. (2009). It is quite evident that all three transporters showed uniform
increase in expression levels in pre- and postmolt when compared with intermolt. In fact
we observed excellent numerical correspondence in the increase of expression for all the
calcium transporters in hepatopancreas during the molt cycle (Figures 14, 15, 16). This
suggests that calcium transporters chosen for this study (SERCA, PMCA, CaM) play an
important role in the crustacean molt cycle, and the common increase in their expression
in pre- and postmolt stages suggests that the upregulation is hormonally mediated.

B. Exposure studies
Many anthropogenic compounds, including EDCs are known to disrupt endocrine
homeostasis and associated physiological systems, by mimicking and blocking the
endogenous hormones (Lyons 2006). Both E2 and EE2 have been implicated as the
primary contaminants contributing to the estrogenic activity in surface waters from both
the United Kingdom and the United States (Skillman et al., 2006). Most studies
attempting to understand endocrine disruption were focused on vertebrate systems, and
relatively few focused on the tremendous array of invertebrates that inhabit fresh and
marine water environments (Lye et al., 2008). Of the existing studies employing
invertebrates, there have been very few studies addressing the mechanisms of action
associated with endocrine disruption (Iguchi et al., 2006). Among invertebrates,
crustaceans are very vulnerable to EDCs, however only a few studies have assessed a
truly endocrine disrupting effect (Hutchinson 2007). In this study we used P. clarkii as a
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model organism to understand the mechanistic molecular pathways associated with
endocrine disruption. Hepatosomatic Index (HSI) provides a crude indication of the
potential effects of EDCs and therefore useful in identifying any specific target areas
(e.g., hepatopancreas) worthy of further investigation, and is so far there appear to be no
comparative studies on HSI in crustaceans following exposure to EDCs (Lye et al.,
2008). In vertebrates, particularly fish species, increase in HSI is associated with the
induction of vitellogenin (vtg), a major precursor of egg yolk proteins vitellin (vt), in the
liver of mature females, but also can be induced in males by exogenous treatment
(Johnson et al., 1991; Pait and Nelson, 2002). The observed increases in HSI of crayfish
exposed to nominal concentrations of E2 and EE2 in this study (Figures 17 and 18) are
unlikely to be attributed to a shift in metabolism toward vtg production, as vt is not found
in hepatopancreas. HSI is also a measure of energetic reserves of the liver and metabolic
activity, and has been shown to increase in response to chemical contamination and the
associated enhanced detoxification process (Slooff et al., 1983). Enlargement of the liver
is due to either an increase in cell size (hypertrophy), or an increase in cell number
(hyperplasia) (van der Oost et al., 2003).

B. 1. Expression of sex-steroid nuclear receptors
Much of the literature to date on the EDC issue focuses on steroid-hormone
receptor-mediated toxicity (Iguchi et al., 2006). E2 and EE2 are strong estrogen agonists
(Hutchinson 2002). These agonists compete with their endogenous counterparts for the
binding site on the receptor. Recently, EcRs were discovered to be biochemical targets of
xenobiotics in crustaceans (Mazurova et al., 2008). Earlier, it has been suggested that
EDCs act on the EcR, and raises the threshold of ecdysone required to trigger molting in
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crustaceans (Andersen et al., 2001). Studies on the specific mechanisms by which the
endocrine system can be disrupted are scarce, and understanding receptor-mediated
toxicity is an initial step toward understanding mechanistic molecular pathways
associated with endocrine disruption. Thus to better understand molecular mechanisms
of endocrine disruption in P.clarkii, this study attempted to integrate genomics into
ecotoxicology. This study partially cloned hepatopancreatic EcR and RXR transcripts
from crayfish, and designed primers to investigate the expression of these genes at the
transcriptional (mRNA) level during the natural molt cycle and in the presence of E2 and
EE2. As expected, exposure of crayfish to environmental estrogens (E2 and EE2) caused
induction of hepatopancreatic EcR and RXR (Figures 19-22). It was important for this
study to clarify the expression of EcR/RXR in order to address the mechanistic pathways
associated with EDC-induced endocrine disruption in crustaceans. Despite the fact that
EcR/USP has been characterized in insects and in some crustaceans (Yao et al., 1992;
Durica and Hopkins, 1996; Asazuma et al., 2007; Kato et al., 2007; Wang et al., 2007)
little is known about their complex functions in crustaceans. To our knowledge, this is the
first study which quantified EcR and RXR mRNA expression levels in a crustacean
exposed to environmental estrogens. Previous studies involving vertebrates (Filby et al.,
2006) and invertebrates (Hirano et al., 2008) have found similar induction of EcR
counterparts upon exposure to EDCs. As mentioned earlier, EcR regulates gene
transcription in association with RXR. The induction of RXR mRNA upon exposure to
E2 and EE2 may be due to the fact that these EDCs mimic retinoids, the endogenous
ligands of RXR. For example Harmon et al. (1995) found methoprene, an insect growth
regulator and estrogen (juvenile hormone) agonist, activated mammalian RXR. Also,
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there may be a cross-link between ecdysteroid signaling and retinoic-acid signaling
pathway. For example, Munetsuna et al. (2009) found RXR-mediated signaling
stimulated the endogenous E2 and testosterone synthesis in male rat hippocampal slices;
however this pattern is yet to be determined in crustacean cells. Among EDCs,
organotins such as TBT and triphenyltin (TPT) have been shown to disrupt RXRmediated signaling and were thus considered RXR agonists (Grün and Blumberg 2006).
At the present time, there has been no documentation of E2 and EE2 being RXR agonists.
For the first time, my study documented increased expression of crustacean RXR
following exposure to these two chemicals. This effect may be due to the interference by
these estrogens at the estrogen response elements (ERE) level. Also, multiple modes of
action may exist for sex steroid receptors, and there is probably signaling cross-talk
between EcR and RXR through competition for ERE binding.

B. 2. Measurement of cyclic nucleotides
As mentioned earlier, previous studies focusing on the regulatory role of cyclic
nucleotide (cGMP/cAMP) on crustacean molting, documented the role of MIH-induced
suppression of ecdysteroidogenesis in the YO (Zheng et al., 2008). It is suggested that
MIH binds to independent receptors thereby inducing an increase in intracellular cAMP
(or cGMP). The increase in the cyclic nucleotide level leads to inhibition of
ecdysteroidogenesis. However, there is inconclusive evidence about the MIH receptor
and its link to cyclic nucleotide production (Covi et al., 2009). Zheng et al. (2009) cloned
receptor guanylyl cyclase (rGC) from Y-organs of blue crab (Callinectes sapidus), and
hypothesized that this putative receptor is an MIH receptor. The study proposed that rGC
activation leads to an increase in cGMP (and not cAMP) which thereby suppresses the
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ecdysteroidogenesis by the inhibition of receptor-mediated uptake of cholesterol.
However, there is no documentation of ecdysteroidogenesis in other tissues such as
hepatopancreas, antennal gland, or cardiac muscle etc. Previous studies focused on
understanding the mechanisms associated with molting in YO, as it is a crustacean
neuroendocrine gland that produces ecdysone. Our study has chosen hepatopancreas, as
it plays a vital role in transcellular Ca2+ transport associated with molt cycle, and also is a
target organ for EDCs. One of the hypotheses of this study is that, in the presence of E2
and EE2, there will be an increase in the induction of cyclic nucleotides in the crayfish
hepatopancreas. Our study attempted to determine whether this increase follows genomic
or non-genomic mechanisms. In this study, I found a significant increase in cAMP when
exposed to these estrogens, whereas, no significant change in cGMP concentrations were
observed (Figures 23-26). I found a similar pattern with regard to cyclic nucleotide
response in the molt cycle studies, where cAMP was determined to be more responsive
than cGMP. To our knowledge, this is the first time my study quantified cyclic
nucleotides in hepatopancreas of crayfish exposed to estrogens. Previous studies which
looked into the effects of estrogens on cyclic nucleotide levels were limited to in vitro
studies involving vertebral cell lines. For example, Aronica et al. (1994) observed that
the increase in cAMP concentrations in uterine and human breast cancer MCF-7 cells
upon the treatment with E2, is due to the increase in the adenylate cyclase activity. The
study attributed this increase to the possible binding of estrogen to its high-affinity
estrogen receptors located in the membrane and cytoplasmic portion of the cell that do
not appear to translocate into the nuclear compartment. Sirotkin et al. (1995) found an
increase in the cAMP as well as cGMP concentration in E2-exposed human granulosa
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cells. That study suggested that the increase in cyclic nucleotide concentrations was
associated with the formation of new steroid receptors. Earlier, there was a common
notion where the steroid hormones follow genomic pathways with ligands directly
binding to their receptors, which in turn bind to nuclear DNA without the involvement of
intracellular cyclic nucleotide-protein kinase system (Catt and Dufau, 1982; Richards and
Hedin, 1988). However, some of the above-mentioned previous studies which found the
estrogen induced increase in cyclic nucleotide concentrations have broke this notion.
Thus there can be two cross-linking pathways associated with cyclic nucleotide
production: one, the genomic-pathway which may lead to transcription of estrogenregulated genes; two, the non-genomic pathway where the estrogens regulate cAMPmediated gene expression via cAMP-signaling. In order to better understand whether the
observed increase in cAMP levels in our study, is associated with a genomic or nongenomic pathway, it will be necessary to determine further downstream elements such as
kinases, phosphatases, and phosphodiesterases.

B. 3. Expression of calcium transporters
As described previously, the effects of an estrogen may be mediated by regulation
of intracellular signaling mechanisms. The central role of the Ca2+–messenger system in
various aspects of cell function, makes it a logical focus for examination of possible
disturbance in Ca2+ homeostasis and Ca2+-mediated functions as underlying mechanisms
of toxicant action (Pounds 1990). In this study I proposed that two intracellular second
messenger systems, namely Ca2+ and the cyclic nucleotides, might play a crucial role in
crustacean molt cycle and in its disruption by EDCs.
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In general, my study observed an increase in the mRNA expression of the selected
Ca2+ transporters (SERCA, PMCA, and CaM) when exposed to E2 and EE2 (Figures 2732). Prior to my study, there has been no documentation on the effects of EDCs on
crustacean Ca2+ homeostasis, studies involving vertebral cell lines have implicated
various EDCs in affecting the activities of Ca2+ transporters. Most of these studies
observed increase in the intracellular Ca2+ concentrations. For example, Liu et al. (2009)
found E2 replacement in the ovariectomised rats under chronic intermittent hypoxia,
increased the SERCA activity and mRNA expression. The increase in mRNA content
may be an important molecular mechanism responsible for the increase in SR/ER calcium
pump function. Other studies have shown that EDCs such as alkylphenols inhibit
SERCA pumps in porcine cerebellar and rat testis microsomes (Khan et al., 2003). He et
al. (2004) found an EDC fenvalerate inhibited follicle-stimulating hormone (FSH)stimulated progesterone (P4) production in human ovarian luteinizing –granulosa cells
(hGLCs). The study suggested that inhibition of steroidogenesis is partly mediated
through calcium signal. This assumption is based on the fact that the study found
decrease in FSH-stimulated cAMP, an increase in intracellular Ca2+ concentration, and
increase in CaM concentration. PMCA activity was increased in renal distal tubular cell
line when incubated in E2 (Dick et al., 2003). However, the study found no increase in
PMCA expression. The above-mentioned examples of regulation of Ca2+ transporters by
various EDCs may have implications in transcellular Ca2+ transport and regulation of
cellular Ca2+ concentration. My study for the first time documented the effect of E2 and
EE2 on the expression of Ca2+ transporters in crayfish hepatopancreas. Upregulation of
Ca2+ transporters found in this study is in general agreement with the observed increase in
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the intracellular Ca2+ concentrations manifested in the studies involving vertebral cell
lines.
However, it should be noted that one of the studies mentioned earlier (He et al.,
2004) found a decrease in cAMP concentration and increase in intracellular Ca2+
concentration in the presence of an EDC fenvalerate. This is in contrast to the observed
increase in cAMP concentrations in our study. It should be noted that unlike our study
which involved in vivo observations, previous findings involved quantification of cyclic
nucleotides in vitro. Also, the regulatory systems such as endocrine and hepatopancreatic
systems can be dynamic, and their responsiveness can be to specific levels of cyclic
nucleotides rather than a simple increase and decrease in concentrations (Covi et al.,
2009). This contradiction can also be attributed to several factors such as the type of
EDCs, cell types, duration and method of exposure, and the model system chosen for
these studies. Cyclic nucleotides and Ca2+ signaling pathways interact at multiple levels,
and defining the specific loci where these two pathways interface will provide better
understanding of these signaling components and their effect on steroidogenesis and
other metabolic events. Thus understanding mechanisms and events downstream from the
production of cAMP needs to be further explored in future studies.

C. Chitinase gene expression
Chitinase (Chi) plays a crucial role in the molt cycle of arthropods, by dissolving
chitin in the exoskeleton into more soluble forms so it can be reabsorbed into the body
and reutilized for the new exoskeleton (Dall et al., 1990; Tan et al., 2000). In
crustaceans, this enzyme is present in integument as well as hepatopancreas, where it is
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believed to be involved in chitin degradation in exoskeleton and digestion of chitincontaining food respectively (Watanabe et al., 1998).

C.1. Molt cycle studies
Chi was detected in significant levels in hepatopancreas throughout the crustacean
molt cycle (Watanabe et al., 1996). Also, chitin synthesis has been shown to be
controlled by the ecdysteroid receptor pathway (Watanabe et al., 1996; Gagou et al.,
2002). As the hepatopancreas is the major crustacean storage and metabolic organ, I
hypothesized that patterns of Chi expression in this organ would change during the molt
cycle. The fact that the Chi expression represents a near terminal event in ecdysteroid
signaling, our study assumed hepatopancreatic Chi mRNA an effective molecular
biomarker for molt-disrupting effects of EDCs. Thus, in order to understand the
crustacean molt cycle and its EDC-mediated disruption, my study looked into changes in
the chitinase gene expression in crayfish hepatopancreas during the natural molt cycle,
and in the intermolt hepatopancreas extracted from the crayfish exposed to E2 and EE2. I
observed a significant increase in the PcChi expression in the postmolt stage of the
crayfish (Figure 33). This observation did not concur with the findings from previous
studies involving other crustacean species, where higher expression was noticed during
premolt stage, a stage that is characterized by the chitin degradation by chitinolytic
enzymes. For example, hepatopancreatic Chi gene expression was highest during the
premolt stage of tiger shrimp P. monodon, suggesting Chi regulation by ecdysteroids
(Tan et al., 2000).
In Fenneropenaeus chinensis, the expression of chitinase (FcChi) and chitinase 1
(FcChi-1) was detected in all molt stages, but was highest during the premolt stage (Priya
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et al., 2009); however the expression fluctuated rather widely within premolt stages D0D4. However, earlier study by Kono et al. (1995) observed that Chi activity in
hepatopancreas did not vary significantly during the molt cycle of kuruma prawn P.
japonicus. Proespraiwong et al. (2010) in their work on chitinases in P. monodon found
that Chi 1 and 3 which is expressed specifically in the hepatopancreas, was relatively
unchanged in expression during the molt cycle. The same study found Chi 2, which is
expressed specifically in the gill, responsive to molt cycle. The results suggested the
function of hepatopancreatic chitinases might be related to the digestion of chitinous food
and degradation of endogenous chitin prior to molting. In hepatopancreas, although Chi
along with other genes such as trypsin and cathepsin, belong to ecdysteroid-responsive
group, these genes also function as typical metabolic genes controlling physiological
processes such as transport and carbohydrate metabolism, which might also play a
significant role during crustacean molt cycle (Shechter et al., 2007). Thus, the abovementioned species– and –tissue specific differences in chitinase functionality, may
explain the contrasting Chi expression found during molt cycle in our study. Most of the
above-mentioned studies involved Chi expression in penaeid shrimp. Shetcher et al.
(2007) in their search for hepatopancreatic ecdysteroid-responsive genes during the
crayfish molt cycle, found all three chi genes (1, 2, and 3) downregulated during premolt
stages D1-D2. These dissimilarities in expression patterns during the molt cycle may be
explained by differences in hepatopancreas metabolism between penaeid shrimp and
crayfish.
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C. 2. Exposure studies
Apolysis is a process where the old exoskeleton detaches from the underlying
epidermis as the animal enters the premolt stage of the molt cycle, is triggered by
ecdysteroids (Zou and Fingerman, 1999). The process also involves synthesis of
chitinolytic enzymes chitinase and chitobiase, which are again under the control of
ecdysteroids. Thus, in our study we chose to employ Chi as a biomarker to study the
actions of steroid molting hormones of this study, E2 and EE2. Our study observed
significant upregulation of PcChi mRNA expression in hepatopancreas of crayfish
exposed to both estrogens (Figures 34 and 35). As of today, there has been no
documentation of the effects of E2 and EE2 on the Chi gene expression in crustaceans.
Previous studies involving environmental pollutants and organochlorine compounds
(OC) such as Arochlor 1242, endosulfan, 2,4,5-trichlorobiphenyl (PCB29), and kepone
upregulated the mRNA expression of another chitinolytic enzyme, N-acetyl-βglucosaminidase (NAG) in the epidermal tissues of the fiddler crab, Uca pugilator (Meng
and Zou, 2009). The study observed these effects in vitro, and the treatment scheme
consisted of singular exposure of OC, and a binary treatment involving 20hydroxyecdysone (20-HE) and OC. Binary exposure led to downregulation of NAG
mRNA compared to positive control (20-HE), and it was concluded that OC had an
antagonizing effect on epidermal ecdysteroid signaling; however the study was unable to
explain the NAG mRNA upregulation associated with singular OC exposure. The
estrogens used in our study, E2 and EE2 are strong estrogen receptor agonists (Logie et
al., 1998; Snyder et al., 2001). Thus, the upregulation of PcChi mRNA in this study
suggests agonizing effect of these two estrogens on hepatopancreatic ecdysteroid
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signaling in the crayfish, in vitro. Earlier we determined this agonizing effect with
receptor-binding studies, where E2 and EE2 significantly upregulated EcR/RXR mRNA
levels, and the PcChi expression confirmed this effect.
The findings of this study are summarized in the Table 5.
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Gene

Molt Cycle
Studies

Exposure Studies

E2 E2 EE2 EE2
100 500 100 500
↔
↔
⁄
↑
⁄
⁄
↑
↔
EcR
Nuclear
Receptors
↔
↔
⁄
↑
↑
↑
RXR
↑
↑
↓
↓
↑
↓
↑
↑
cAMP
↑
↓
Cyclic
Nucleotides cGMP
↓
↔
↔ ↔
↔ ↔
↑
↓
↔
⁄
↑
⁄
↑
↑
↑
SERCA ↔
Calcium
↔
⁄
↑
⁄
⁄
PMCA ↔
↑
↑
Transporters
↔
↔
↑
↑
↑
↑
CaM
↑
↑
↔
↔
↑
↑
↔
↑
Chitinase
Chi
↔
↑
Table 5. Summary of findings of the specific aims of this study. “↑” indicates
significant increase; “↓” significant decrease; “↔” indicates control or no
effect; “/” indicates non-significant increase.
Inter Pre Post Control
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V.

CONCLUSION

There has been a rising interest in the impacts of EDCs on human and
environmental health systems in the last two decades. However, despite being the largest
subphylum that constitutes 95% of all animal species on the Earth, invertebrates have
received lesser attention on the impacts of EDCs. Ecdysozoans which include
crustaceans constitute 75% of all animal species, and their developmental and
reproductive physiology is regulated by a multi-hormonal system. Their growth which
includes periodic shedding (molting) and replacement of cuticle comes directly under the
control of steroidal molting hormones, ecdysteroids. As such the EDCs can effect
crustacean growth, which can be invisible, but can have profound impact at ecosystem
level. Understanding EDC-induced disruption of crustacean ecdysteroid signaling
requires functional characterization and expression pattern of genes involved in
ecdysteroid signaling (EcR/RXR), and subsequent events that define mechanistic
pathway(s). These mechanistic pathways are complex and cross-link with pathways
specific to other processes. So far little is known about these complex pathways
associated with crustacean ecdysteroidogenesis. This dissertation attempted to delineate a
pathway involving ecdysteroid receptors, second messengers (cAMP/cGMP), and Ca2+
transporters, and systematically addressed the EDC-induced effects on these three
components. My study hypothesized that these three components play a crucial role in
ecdysteroidogenesis. The expression of ecdysteroid receptor (EcR) and heterodimer
partner (RXR) showed a typical signaling pattern, i.e. upregulation during premolt, as
well as when exposed to E2 and EE2. This suggests that both these estrogens mimic or
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block their endogenous hormones. The concentration of cyclic nucleotides did not
concur with earlier in vitro studies involving YO. However, our in vivo assays
substantiated the hypothesis that the activation of ecdysteroid receptors leads to an
increase in the concentrations of intracellular cyclic nucleotides, the cAMP being more
responsive. Upregulation of Ca2+ transporters suggest an increase in the intracellular
Ca2+ concentration that is typically witnessed in the presence of EDCs. These findings
confirm the hypothesis of this study (Table. 5). The expression pattern of Chi gene
suggested the agonistic action of E2 and EE2, although its nonconcurring expression
pattern during natural molt cycle is probably due to differences in the hepatopancreas
metabolism in our model species (crayfish). Taken together, the findings of our study
suggest the hypothesized mechanistic pathway –involving estrogen nuclear receptors,
second messengers and calcium transporters –play a crucial role in the
ecydsteroidogenesis, its disruption, and on the Ca2+ homeostasis in crayfish. Future
progress in further understanding this mechanistic pathway relies on determining the
impacts of EDCs on the components further downstream of this pathway.
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