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Abstract

In the present study, the role of eyestalks and involvement of methionine-enkephalin in the regulation of haemolym
level was studied. Bilateral eyestalk ablation significantly decreased the haemolymph sugar levels, whereas injectio
stalk extract into ablated crabs significantly increased the haemolymph sugar levels. Total carbohydrate (TCHO) and
levels were significantly increased in hepatopancreas and muscle of eyestalk-ablated crabs, with a decrease in p
lase activity. Injection of eyestalk extract into ablated crabs resulted in partial/complete reversal of these changes.
of methionine-enkephalin into intact crabs significantly increased the haemolymph sugar level in a dose-dependen
Total tissue carbohydrate and glycogen levels were significantly decreased, with an increase in phosphorylase activ
patopancreas and muscle tissues of intact crabs after methionine-enkephalin injection. Methionine-enkephalin inje
not cause any changes in haemolymph sugar, tissue total carbohydrate and glycogen levels and activity levels of p
lase in eyestalk-ablated crabs. These results suggest that the eyestalks are the main source of hyperglycaemic ha
methionine-enkephalin induces hyperglycaemia through eyestalks.To cite this article: B. Kishori, P.S. Reddy, C. R. Biologies
328 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Keywords:Methionine-enkephalin; Hyperglycaemia; Carbohydrate metabolism;Oziotelphusa senex senex
te
he-
hey

ent
le
as
he
ean
1. Introduction

Abramowitz et al.[1] were the first to demonstra
the presence of diabetogenic principle in the neuro
mal sinus gland in the eyestalks of a crustacean. T
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1631-0691/$ – see front matter 2005 Académie des sciences. Publis
doi:10.1016/j.crvi.2005.07.001
found that injection of eyestalk extracts ofUca pugila-
tor induced hyperglycaemia inCallinectes. Since then,
several workers observed similar results in differ
crustaceans[2]. The hormone, which is responsib
for hyperglycaemic activity is commonly referred to
the ‘crustacean hyperglycaemic hormone’ (CHH). T
chemical nature, mode and site of action of crustac
hyperglycaemic hormone were established[3,4]. The
hed by Elsevier SAS. All rights reserved.
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amino acid sequence of hyperglycaemic hormone
first determined fromCarcinus maenas[5]. Later,
several scientists determined amino acid sequenc
CHH in other crustaceans[6–12]. The nucleotide se
quences of cloned CHH cDNA have been determi
in the lobsterHomarus americanus[13,14] and in
the prawnsPenaeus japonicus[15] andMetapenaeus
enois[16,17].

The occurrence of opioid peptides and opioid-l
substances in crustaceans has been discovered fo
past two decades. The presence of leucine-enkep
has been first reported[18] in the retinular cells of
the spiny lobsterPanulirus interruptusand crayfish
Procambarus clarkii. Later, methionine-enkephalin
like and leucine-enkephalin-like compounds were
ported in the neuro-endocrine cells of eyestalks
the fiddler crab,Uca pugilator [19,20]. Though there
are sporadic reports on the identification of opio
peptides in the crustaceans[21], there is little infor-
mation available on the role of opioid peptides
the regulation of physiology. InUca pugilator, in-
jection of methionine-enkephalin stimulated the
lease of red-pigment and black-pigment concentra
hormone[22] and distal retinal pigment dark adap
ing hormone[23]. Injection of a stable methionine
enkephalin analogue, FK-33824 increased locom
activity in the land crab,Gecarcinus lateralis[24].
Administration of leucine-enkephalin resulted in h
poglucosemia inCarcinus maenas[25] and hypo-
glycemia in Procambarus clarkii[26]. Injection of
methionine-enkephalin significantly slowed ovari
maturation inUca pugilatorandProcambarus clarkii
[27–29]. An antagonistic action of opioid peptides
the regulation of ovarian maturation in the freshw
ter rice field crab,Oziotelphusa senex senexwas also
observed[30]. A neurotransmitter role of methionine
enkephalin in regulating haemolymph sugar lev
has been demonstrated[31]. It was hypothesized tha
the methionine-enkephalin induces hyperglycae
through eyestalks in the estuarine crab,Scylla serrata
[32] and in the prawns,Penaeus indicusandMetape-
naeus monocerus[33]. Recently, we reported tha
injection of leucine-enkephalin induces both mou
ing and vitellogenesis in the freshwater crabOziotel-
phusa senex senex[34]. In the present study, we repo
that the eyestalk is the major source for hyperg
caemic hormone and methionine-enkephalin regul
the carbohydrate metabolism through eyestalk m
f

e

ation in the freshwater rice field crab,Oziotelphusa
senex senex.

2. Materials and methods

Intact crabs were collected from rice fields in a
around Tirupati (13◦38′N, 79◦25′E) and maintained
in the laboratory at 27± 1 ◦C in large glass aquari
partially filled with tap water. They were acclimatize
to laboratory conditions (12:12 light:dark) for at lea
one week before being used for experimentation.
crabs were fed with sheep meat ad libitum and a
bient medium was changed every day. Feeding
stopped one day before the commencement of exp
ment to avoid changes due to prandial activity. O
intermolt (Stage C4) crabs with a(30 ± 2) g body
weight were used. For the present experiments, b
intact and eyestalk-ablated crabs were used. Eyes
were removed by cutting off the stalks at base with
prior ligation but with cautery of the wound after o
eration. No mortalities were observed in the crabs
used for experimentation one day after eyestalk a
tion.

Haemolymph was collected from intact and exp
imental crabs through the arthrodial membrane of
coxa of the third pair of walking leg. The crabs we
dissected and tissues like hepatopancreas and m
were isolated. Tissues were weighed and homoge
was prepared separately to estimate the total carb
drate (TCHO), glycogen levels and to determine
phosphorylase activity.

2.1. Estimation of haemolymph sugar level

Haemolymph sugar levels were estimated acco
ing to the method of Carroll et al.[35] and expresse
as mg per 100 ml haemolymph.

2.2. Estimation of tissue carbohydrate content

The tissue total carbohydrate and glycogen l
els were estimated[35] in 10% trichloroacetic acid
supernatant (5% w/v) and ethanolic precipitate
trichloroacetic acid supernatant respectively.

To 0.5 ml of the centrifuged (4000 rpm for 10 mi
clear supernatant, 5.0 ml of anthrone reagent
added and the combination was boiled for 10 min
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a water bath. The tubes, with their contents, then w
immediately cooled. A standard sample containin
known quantity of molar glucose solution was alwa
run along with the experimental samples. The col
was measured at 620 nm in spectrophotometer
tachi model U 2001) against reagent. The level of
content was expressed as mg/g wet weight of fresh
tissue.

2.3. Assay of tissue phosphorylase

The activity levels of glycogen phosphorylase we
assayed[36] in hepatopancreas and muscle tissues
the direction of glycogen synthesis, by the deter
nation of the amount of released inorganic phosph
from glucose-1-phosphate.

In brief, 0.4 ml of enzyme was incubated wi
2.0 mg glycogen for 20 min at 35◦C, then the reac
tion was initiated by the addition of 0.2 ml of 0.016
glucose-1-phosphate (G-1-P) to one tube (phosph
lase ‘a’) and a mixture of 0.2 ml of G-1-P and 0.004
adenosine-5-monophosphate (phosphorylase ‘ab
another tube. The reaction mixture was incubated
15 min at 37◦C for determining total phosphorylas
and for 30 min for active phosphorylase. The react
was stopped by the addition of 5.0 ml of 5 N sulphu
acid and the released inorganic phosphate was
mated.

2.4. Estimation of protein content

The amount of protein in the enzyme source w
estimated[37] using bovine serum albumin as a sta
dard.

2.5. Statistical analysis

The mean, standard deviation (SD) and Stude
t-test were made using the SPSS version 10.0 (S
Inc., Chicago IC).

3. Results

3.1. Determination and location of hyperglycaemic
hormone

Eyestalk ablation resulted in a significant (p <

0.001) decrease (−16.11%) in haemolymph suga
Table 1
Effect of eyestalk ablation (1-day ESX) and eyestalk extr
(ESE) injection into 1-day ESX crabs (1-day ESX–ESE) on
haemolymph sugar level ofOziotelphusa senex senex

Intact 1-day ESX* 1-day ESX–ESE

70.62± 5.09 59.24± 2.33 73.51± 3.86
(−16.11) (24.04)
p < 0.001 p < 0.001

Values are mean (mg glucose/100 ml haemolymph)± S.D. of 12
individual crabs.

* For calculation of % change and evaluation ofp for 1-day ESX
crabs, intact crabs served as controls; for 1-day ESX–ESE c
1-day ESX crabs served as controls.

level when compared to the controls, whereas in
tion of eyestalk extract into ablated crabs resulted
a significant increase (24.04%) in haemolymph su
level (Table 1). From the results, it can be conclud
that there is a principle present in the eyestalk, wh
enhances the haemolymph sugar level.

3.2. Time-dependent hyperglycaemic action of
eyestalk extract

Hormones and hormone-like substances are
tabolized when secreted internally in the organism
given by the way of injection. Hence it is approp
ate to study the effect of hormones at different ti
intervals after hormone injection. The haemolym
sugar level was measured 1, 2, 4 and 6 h after
jecting the eyestalk extract (two eyestalk equivalen
in to intact crabs. A significant (p < 0.001) increase
in haemolymph sugar level was observed in cr
1 h post injection. Maximal hyperglycaemic effe
was found 2 h after injection of eyestalk extract a
haemolymph sugar level reached control level 6
post injection (Fig. 1). It is evident from the data tha
the circulating hormone is soon inactivated or la
amount of released sugars are taken up by the tis
at a rapid rate. In the subsequent studies, 2-h dura
after eyestalk extract injection has been selected a
appropriate time interval.

3.3. Dose-dependent hyperglycaemic effect

Determination of the dose–response relationshi
one of the criteria used for establishing the glandu
tissue extract as a hormone. A saturated response
mences with a dosage of two eyestalk equivalent
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Fig. 1. Effect of injection of eyestalk extract on the haemolym
sugar level inOziotelphusa senex senexat different times post in-
jection (n = 12). ∗ Statistically significant atp < 0.001. NS Not
significant.

Fig. 2. Effect of injection of various concentrations of eyest
extract (eyestalk equivalents) on the haemolymph sugar l
in Oziotelphusa senex senex. Each bar represents mean± S.D.
(n = 12). Values in parentheses are percent change from con
∗ Statistically significant atp < 0.001.NS Not significant.

extract in the crabs (Fig. 2). In the subsequent expe
iments, the concentration of two eyestalk equivale
was selected as the injection dosage.

3.4. Source of hyperglycaemia and mode of action
hyperglycaemic hormone

Total carbohydrates and glycogen levels were
nificantly increased (p < 0.001) in hepatopancrea
(36.26 and 43.24%, respectively) and muscle (34
and 65.15%, respectively) after eyestalk ablation (Ta-
ble 2), whereas injection of eyestalk extract in
ablated crabs significantly decreased total carbo
drates and glycogen levels in hepatopancreas (−24.71
Table 2
Effect of eyestalk ablation (ESX) and injection of eyestalk extr
(ESE) into ablated crabs on hepatopancreas and muscle TCHO
glycogen levels ofOziotelphusa senex senex

Tissue Intact 1-day ESX 1-day ESX–ES

TCHO

Hepatopancreas 12.41±0.92 16.91± 1.43 12.73± 1.22
(36.26) (−24.71)
p < 0.001 p < 0.001

Muscle 4.54±0.42 6.11± 0.52 4.51± 0.55
(34.58) (−26.15)
p < 0.001 p < 0.001

Glycogen

Hepatopancreas 1.48±0.08 2.12± 0.22 1.55± 0.14
(43.24) (−26.88)
p < 0.001 p < 0.001

Muscle 0.66±0.06 1.09± 0.09 0.71± 0.08
(65.15) (−34.86)
p < 0.001 p < 0.001

Values are mean (mg glucose per g tissue)± S.D. of 12 individual
crabs.
Values in parentheses are percent change from control.
For calculation of percent change and evaluation ofp for ESX crabs,
intact crabs served as controls; for 1-day ESX–ESE crabs, 1
ESX crabs served as controls.

and −26.58%) and in muscle tissue (−26.15 and
−34.86%).

Removal of eyestalks resulted in significant (p <

0.001) decrease in phosphorylase activity in hepa
pancreas (‘a’−38.56% and ‘ab’−11.18%) and in
muscle (‘a’−48.32% and ‘ab’−39.14%). In contrast
injection of eyestalk extract into ablated crabs resu
in a significant elevation of phosphorylase activity
both hepatopancreas (‘a’ 58.86% and ‘ab’ 9.11%)
muscle (‘a’ 96.94% and ‘ab’ 65.49%) tissues. T
ratio of phosphorylase a/ab also increased after
stalk extract injection into intact crabs when compa
to eyestalk-ablated crabs, indicating interconvers
from inactive phosphorylase to active phosphoryl
(Table 3).

3.5. Effect of injection of methionine-enkephalin on
carbohydrate metabolism in the crabOziotelphusa
senex senex

3.5.1. Effect of methionine-enkephalin on
haemolymph sugar level

Injection of methionine-enkephalin into intact cra
resulted in significant hyperglycaemia in a do
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activity in

ESX
Table 3
Effect of eyestalk ablation (1-day ESX) and injection of eyestalk extract into ablated crabs (1-day ESX–ESE) on the phosphorylase
hepatopancreas and muscle ofOziotelphusa senex senex

Treatment Hepatopancreas Muscle

‘a’ ‘ab’ a/ab ‘a’ ‘ab’ a/ab

Intact 4.59± 0.29 7.78± 0.92 0.58 2.56± 0.31 4.19± 0.82 0.61
1-day ESX 2.82± 0.31 6.91± 0.76 0.40 1.31± 0.24 2.55± 0.31 0.51

(−38.56) (−11.18) (−48.82) (−39.14)
1-day ESX-ESE 4.48± 0.51 7.54± 0.86 0.59 2.58± 0.29 4.22± 0.51 0.61

(58.86) (9.11) (96.94) (65.49)
p < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Values are mean (ip released/mg protein/h)± S.D. of 12 individual crabs. Values in parentheses are percent change from control.
For calculation of percent change and evaluation ofp for ESX crabs, intact crabs served as controls; for 1-day ESX–ESE crabs, 1-day
crabs served as controls.
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Fig. 3. Effect of injection of methionine-enkephalin into inta
(closed bars) and ablated (ESX) (open bars) crabs on haemoly
sugar level. Each bar represents mean± S.D. (n = 10). Values
in parentheses are percent change. For calculation percent c
intact served as control for ESX and intact+ met-enk-injected
crabs. Whereas ESX crabs served as controls for ESX+
met-enk-injected animals.∗ Statistically significant atp < 0.001.
NS Not significant.

dependent manner when compared to the con
(Fig. 3), whereas injection of physiological saline d
not cause any significant effect on haemolymph su
levels. At doses between 10−10 mol/crab (68.33%) and
10−8 mol/crab (167.85%), the effect of methionin
enkephalin was statistically significant and do
dependent. For doses lower than 10−10 mol/crab,
however, methionine-enkephalin did not elicit any h
perglycaemic response, whereas doses higher
10−8 mol/crab exhibited a saturated response in
ducing hyperglycaemia (Fig. 3). In the subsequen
Fig. 4. Effect of injection of methionine-enkephalin on t
haemolymph sugar level in the crabOziotelphusa senex senexat
different times post injection (n = 10).

experiments, 10−8 mol/crab was selected as injectio
dosage.

A time course action of methionine-enkephalin
duced hyperglycaemia is presented inFig. 4. The
haemolymph sugar level increased significantly wit
1 h after methionine-enkephalin injection and reac
a highest peak at 2 h. Haemolymph sugar le
declined gradually after 2 h.

3.5.2. Effect of injection of methionine-enkephalin
levels of tissue carbohydrate and phosphorylase
activity

Total carbohydrates and glycogen levels in the
patopancreas and muscle tissues of crabs that rec
methionine-enkephalin were significantly (p < 0.001)
decreased when compared to the controls (Table 4),
with an increase in the tissue phosphorylase acti
(Table 5).
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Table 4
Effect of eyestalk ablation (1-day ESX) and injection of methionine-enkephalin into intact and ablated crabs on hepatopancreas a
total carbohydrate (TCHO) and glycogen levels ofOziotelphusa senex senex

Group Total carbohydrate (TCHO) Glycogen

Hepatopancreas Muscle Hepatopancreas Muscl

Intact 13.66± 1.54 4.39± 0.53 1.22± 0.10 0.66± 0.06
1-day ESX 17.89a ± 1.94 6.26a ± 0.71 2.04a ± 0.29 1.01a ± 0.09

(30.96) (42.59) (67.21) (53.03)
Intact+ Met-enk 9.47a ± 1.49 3.12a ± 0.92 0.64a ± 0.21 0.41a ± 0.08

(−30.67) (−28.92) (−47.54) (−37.87)
1-day ESX+ Met-enk 17.44b ± 1.43 6.29b ± 0.56 2.11b ± 0.18 1.13b ± 0.10

(−2.51) (0.47) (3.43) (11.88)

Values are mean (mg glucose/g tissue)± S.D. of 8 individual crabs.
Values in parentheses are percent change from control; for calculation of percent change for ESX and intact+ Met-enk injected crabs, intac
crabs served as controls; for ESX–Met-enk injected crabs, ESX crabs served as controls.

a Significant (p < 0.001) compared with normal.
b Not significant compared with ESX crabs.

Table 5
Effect of eyestalk ablation (1-day ESX) and injection of methionine-enkephalin into intact and 1-day ESX crabs on hepatopancreas a
phosphorylase activity levels ofOziotelphusa senex senex

Treatment Hepatopancreas Muscle

‘a’ ‘ab’ a/ab ‘a’ ‘ab’ a/ab

Intact 2.62± 0.29 4.52± 0.41 0.57 1.92± 0.09 2.49± 0.45 0.77
1-day ESX 1.72a ± 0.34 4.06a ± 0.44 0.42 0.99a ± 0.08 2.20a ± 0.32 0.45

(−34.35) (−10.17) (−48.43) (−11.64)
Intact+ Met-enk 3.63a ± 0.34 5.69a ± 0.52 0.63 3.01a ± 0.12 3.66a ± 0.42 0.82

(38.54) (25.85) (56.77) (46.95)
1-day ESX+ Met-enk 1.69b ± 0.11 4.10b ± 0.09 0.41 1.01b ± 0.09 2.22b ± 0.34 0.45

(−1.74) (0.98) (2.02) (0.9)

Values are mean (ip released/mg protein/h)± S.D. of 8 individual crabs.
Values in parentheses are percent change from control; for calculation of percent change for 1-day ESX crabs and intact+ Met-enk-injected
crabs, intact crabs served as controls; for 1-day ESX+ Met-enk-injected crabs, ESX crabs served as controls.

a Significant atp < 0.001 when compared with normal.
b Not significant compared with 1-day ESX crabs.
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3.5.3. Effect of injection of methionine-enkephalin
into ablated crabs on carbohydrate metabolism

Injection of methionine-enkephalin into eyesta
ablated crabs resulted in insignificant change in
levels of haemolymph sugar and tissue TCHO a
glycogen and activity levels of phosphorylase wh
compared with eyestalk-ablated crabs (Tables 4 and 5).

4. Discussion

Bilateral eyestalk ablation resulted in significa
hypoglycemia in the crab,O. senex senex. Injection
of eyestalk extract resulted in increase in the hae
lymph sugar level in eyestalk-ablated crabs indic
ing the presence of hyperglycaemic hormone in
eyestalks of crabs. Similar results were reported
crabs[30,31,38–42]prawns[33,43]crayfishes[25,44,
45] and in shrimps[46].

The effect of eyestalk hormone(s) on tissue c
bohydrate levels and phosphorylase activity has b
studied in Cambarus affinis[47] and the glycogen
phosphorylase system inCallinectes danae[48]. It
was reported earlier that eyestalk removal inactiva
the phosphorylase system and activates the glyco
synthase in crabs[47,49]. Whereas injection of eye
stalk extracts into eyestalk-ablated animals activ
phosphorylase and inactivate glycogen synthase. S
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ulation of uptake and incorporation of glucose14C
into glycogen fraction of muscle tissue with a decre
in haemolymph sugar levels were also observed a
eyestalk ablation[49]. Whereas injection of eyesta
extract reversed these changes. It was also obse
that the hyperglycaemic hormone of eyestalks of
crustaceans enhances the activity of the phosphory
system in insect tissues[50,51].

In the present study, bilateral eyestalk ablation
sulted in elevated levels of TCHO and glycogen leve
with a decrease in the activity of phosphorylase l
els in the tissues of crab,Oziotelphusa senex sene,
whereas the injection of eyestalk extract into eyest
ablated crabs reversed these changes. The ele
levels of tissue phosphorylase after eyestalk extrac
jecting results in stimulation of glycogenolysis. Th
leads to liberation of glucose and these molecu
leaks into haemolymph and causes hyperglycae
Hohnke and Scheer[52] suggested that the prima
function of the crustacean hyperglycaemic hormon
not to elevate haemolymph sugar level, but to elev
intra-cellular glucose through the degradation gly
gen by activating the phosphorylase system. The
sultant glucose molecules leak into the haemolym
causing hyperglycaemia. This view also supported
other workers[53,54].

Injection of methionine-enkephalin elicited hype
glycaemic response inOziotelphusa senex senexin
a dose-dependent manner. Methionine-enkephalin
duced hyperglycaemia has also been demonstr
in the estuarine crab,Scylla serrata[32], in prawns,
Penaeus indicusand Metapenaeus monocerus[33],
and in fiddler crabUca lactea annulipes[42]. It
was hypothesized that the hyperglycaemic effec
methionine-enkephalin is due to release of hyperg
caemic hormone from eyestalks[32,33]. Methionine-
enkephalin analogue FK-33824 also significantly
creased the haemolymph sugar level in the fidd
crab,Uca lactea annulipes[42], whereas methionine
enkephalin antagonist naloxone blocked the releas
hyperglycaemic hormone from the eyestalk[42,55].

An increase in phosphorylase activity and decre
in glycogen and TCHO levels in hepatopancreas
muscle ofOziotelphusa senex senexwere observed af
ter the injection of methionine-enkephalin is in agre
ment with earlier findings in the mud crabScylla ser-
rata [32] and in prawnsPenaeus indicusandMetape-
naeus monocerus[33]. Since methionine-enkephal
d

exerts its effect only in intact crabs but not in eyesta
ablated crabs it can be hypothesized that methion
enkphalin acts by triggering the release of hyperg
caemic hormone from the sinus gland of the eyesta

In summary, the results clearly demonstrate t
eyestalks are the source for hyperglycaemic horm
and methionine-enkephalin induces hyperglycae
in intact crabs, but not in eyestalk less crabs. This in
cates that methionine-enkphalin regulates the rele
of hyperglycaemic hormone from the X-organ sin
gland complex of the eyestalk there by inducing h
perglycaemia.
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