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Abstract

In the present study, the role of eyestalks and involvement of methionine-enkephalin in the regulation of haemolymph sugar
level was studied. Bilateral eyestalk ablation significantly decreased the haemolymph sugar levels, whereas injection of eye-
stalk extract into ablated crabs significantly increased the haemolymph sugar levels. Total carbohydrate (TCHO) and glycogen
levels were significantly increased in hepatopancreas and muscle of eyestalk-ablated crabs, with a decrease in phosphory
lase activity. Injection of eyestalk extract into ablated crabs resulted in partial/complete reversal of these changes. Injection
of methionine-enkephalin into intact crabs significantly increased the haemolymph sugar level in a dose-dependent manner.
Total tissue carbohydrate and glycogen levels were significantly decreased, with an increase in phosphorylase activity in he-
patopancreas and muscle tissues of intact crabs after methionine-enkephalin injection. Methionine-enkephalin injection did
not cause any changes in haemolymph sugar, tissue total carbohydrate and glycogen levels and activity levels of phosphory
lase in eyestalk-ablated crabs. These results suggest that the eyestalks are the main source of hyperglycaemic harmone a
methionine-enkephalin induces hyperglycaemia through eyestalkste this article: B. Kishori, P.S. Reddy, C. R. Biologies
328 (2005).
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1. Introduction found that injection of eyestalk extractsd€a pugila-
tor induced hyperglycaemia Ballinectes Since then,
Abramowitz et al[1] were the first to demonstrate  several workers observed similar results in different
the presence of diabetogenic principle in the neurohe- crustacean$2]. The hormone, which is responsible
mal sinus gland in the eyestalks of a crustacean. They for hyperglycaemic activity is commonly referred to as
the ‘crustacean hyperglycaemic hormone’ (CHH). The
mpondmg author. chemical nature, mode and site of action of crustacean
E-mail addressreddy_1955@yahoo.co.{®.S. Reddy). hyperglycaemic hormone were establis@gd]. The
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amino acid sequence of hyperglycaemic hormone was ation in the freshwater rice field cral)ziotelphusa

first determined fromCarcinus maenag5]. Later, senex senex

several scientists determined amino acid sequence of

CHH in other crustaceari§—12]. The nucleotide se-

guences of cloned CHH cDNA have been determined 2. Materialsand methods

in the lobsterHomarus americanu$13,14] and in

the prawnsPenaeus japonicugl5] and Metapenaeus Intact crabs were collected from rice fields in and

enois[16,17] around Tirupati (1338 N, 79°25E) and maintained
The occurrence of opioid peptides and opioid-like in the laboratory at 24 1°C in large glass aquaria

substances in crustaceans has been discovered for theartially filled with tap water. They were acclimatized

past two decades. The presence of leucine-enkephalinto laboratory conditions (12:12 light:dark) for at least

has been first reportefd 8] in the retinular cells of one week before being used for experimentation. The

the spiny lobstePanulirus interruptusand crayfish crabs were fed with sheep meat ad libitum and am-

Procambarus clarkii Later, methionine-enkephalin- bient medium was changed every day. Feeding was

like and leucine-enkephalin-like compounds were re- stopped one day before the commencement of experi-

ported in the neuro-endocrine cells of eyestalks of ment to avoid changes due to prandial activity. Only

the fiddler crabUca pugilator[19,20] Though there intermolt (Stage C4) crabs with €0+ 2) g body

are sporadic reports on the identification of opioid weight were used. For the present experiments, both

peptides in the crustaceaftl], there is little infor- intact and eyestalk-ablated crabs were used. Eyestalks
mation available on the role of opioid peptides in were removed by cutting off the stalks at base without
the regulation of physiology. IfJca pugilator, in- prior ligation but with cautery of the wound after op-

jection of methionine-enkephalin stimulated the re- eration. No mortalities were observed in the crabs and
lease of red-pigment and black-pigment concentrating used for experimentation one day after eyestalk abla-
hormone[22] and distal retinal pigment dark adapt- tion.

ing hormone[23]. Injection of a stable methionine- Haemolymph was collected from intact and exper-
enkephalin analogue, FK-33824 increased locomotor imental crabs through the arthrodial membrane of the
activity in the land crabGecarcinus lateralig[24]. coxa of the third pair of walking leg. The crabs were
Administration of leucine-enkephalin resulted in hy- dissected and tissues like hepatopancreas and muscle
poglucosemia inCarcinus maenag25] and hypo- were isolated. Tissues were weighed and homogenate

glycemia in Procambarus clarkii[26]. Injection of was prepared separately to estimate the total carbohy-
methionine-enkephalin significantly slowed ovarian drate (TCHO), glycogen levels and to determine the
maturation inUca pugilatorandProcambarus clarkii phosphorylase activity.

[27-29] An antagonistic action of opioid peptides in

the regulation of ovarian maturation in the freshwa- 2.1. Estimation of haemolymph sugar level

ter rice field crabQziotelphusa senex seneas also

observed30]. A neurotransmitter role of methionine- Haemolymph sugar levels were estimated accord-
enkephalin in regulating haemolymph sugar levels ing to the method of Carroll et al35] and expressed
has been demonstratg®il]. It was hypothesized that as mg per 100 ml haemolymph.

the methionine-enkephalin induces hyperglycaemia

through eyestalks in the estuarine cr8bylla serrata 2.2. Estimation of tissue carbohydrate content

[32] and in the prawnsPenaeus indicuand Metape-

naeus monocerug33]. Recently, we reported that The tissue total carbohydrate and glycogen lev-
injection of leucine-enkephalin induces both moult- els were estimatef35] in 10% trichloroacetic acid
ing and vitellogenesis in the freshwater ci@biotel- supernatant (5% w/v) and ethanolic precipitate of

phusa senex seng3d]. In the present study, we report  trichloroacetic acid supernatant respectively.

that the eyestalk is the major source for hypergly- To 0.5 ml of the centrifuged (4000 rpm for 10 min)
caemic hormone and methionine-enkephalin regulatesclear supernatant, 5.0 ml of anthrone reagent was
the carbohydrate metabolism through eyestalk medi- added and the combination was boiled for 10 min in
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a water bath. The tubes, with their contents, then were Table 1

immediately cooled. A standard sample containing a Effect of eyestalk ablation (1-day ESX) and eyestalk extract

known quantity of molar glucose solution was always (ESE) injection into 1-day ESX crabs (1-day ESX-ESE) on the
. ; haemolymph sugar level @ziotelphusa senex senex

run along with the experimental samples. The colour

was measured at 620 nm in spectrophotometer (Hi- 'ntact 1-day ESX 1-day ESX-ESE
tachi model U 2001) against reagent. The level of the 70.62+5.09 5924+2.33 7351+ 3.86
content was expressed as fggwet weight of fresh (-16.11) (24.04)
tissue. p <0.001 p <0.001

Values are mean (mg glucose/100 ml haemolymph$.D. of 12
individual crabs.
* For calculation of % change and evaluationpofor 1-day ESX

. crabs, intact crabs served as controls; for 1-day ESX-ESE crabs,
The activity levels of glycogen phosphorylase were  1_qay Esx crabs served as controls.

assaye(36] in hepatopancreas and muscle tissues, in

the direction of glycogen synthesis, by the determi- 0| \yhen compared to the controls, whereas injec-
nation of the amount of released inorganic phosphate tion of eyestalk extract into ablated crabs resulted in

from gtl)u.ccf)se-l-phlosghate. incubated with a significant increase (24.04%) in haemolymph sugar
In brief, 0.4 ml of enzyme was incubated wit level (Table 1. From the results, it can be concluded

2.0 mg glycogen for 20 min at 3%, then the reac- that there is a principle present in the eyestalk, which
tion was initiated by the addition of 0.2 ml of 0.016 M enhances the r?aemglyn?ph sugar level y '

glucose-1-phosphate (G-1-P) to one tube (phosphory-
lase ‘a’) and a mixture of 0.2 ml of G-1-P and 0.004 M
adenosine-5-monophosphate (phosphorylase ‘ab’) to
another tube. The reaction mixture was incubated for
15 min at 37C for determining total phosphorylase
and for 30 min for active phosphorylase. The reaction
was stopped by the addition of 5.0 ml of 5 N sulphuric
acid and the released inorganic phosphate was esti-
mated.

2.3. Assay of tissue phosphorylase

3.2. Time-dependent hyperglycaemic action of
eyestalk extract

Hormones and hormone-like substances are me-
tabolized when secreted internally in the organism or
given by the way of injection. Hence it is appropri-
ate to study the effect of hormones at different time
intervals after hormone injection. The haemolymph
sugar level was measured 1, 2, 4 and 6 h after in-
jecting the eyestalk extract (two eyestalk equivalents)

The amount of protein in the enzyme source was in to intact crabs. A significants( < 0.001) increase

estimated37] using bovine serum albumin as a stan- In haemol_yr_nph_ sugar I_evel was observed_ in crabs
dard. 1 h post injection. Maximal hyperglycaemic effect

was found 2 h after injection of eyestalk extract and
haemolymph sugar level reached control level 6 h
post injection Fig. 1). It is evident from the data that

The mean, standard deviation (SD) and Student's the circulating hormone is soon inactivated or large

t-test were made using the SPSS version 10.0 (SPSSamount of released sugars are taken up by the tissues
Inc., Chicago IC). at a rapid rate. In the subsequent studies, 2-h duration

after eyestalk extract injection has been selected as an
appropriate time interval.

2.4. Estimation of protein content

2.5. Statistical analysis

3. Results
3.3. Dose-dependent hyperglycaemic effect

3.1. Determination and location of hyperglycaemic

hormone Determination of the dose-response relationship is
one of the criteria used for establishing the glandular
Eyestalk ablation resulted in a significant & tissue extract as a hormone. A saturated response com-

0.001) decrease—<16.11%) in haemolymph sugar mences with a dosage of two eyestalk equivalents of
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Fig. 1. Effect of injection of eyestalk extract on the haemolymph
sugar level inOziotelphusa senex senakdifferent times post in-
jection (» = 12). * Statistically significant atp < 0.001. NS Not
significant.
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Fig. 2. Effect of injection of various concentrations of eyestalk
extract (eyestalk equivalents) on the haemolymph sugar level
in Oziotelphusa senex senekach bar represents mean S.D.

(n = 12). Values in parentheses are percent change from controls.
* Statistically significant ap < 0.001.NS Not significant.

extract in the crabsHig. 2). In the subsequent exper-
iments, the concentration of two eyestalk equivalents
was selected as the injection dosage.

3.4. Source of hyperglycaemia and mode of action of
hyperglycaemic hormone

Total carbohydrates and glycogen levels were sig-
nificantly increased { < 0.001) in hepatopancreas
(36.26 and 43.24%, respectively) and muscle (34.58
and 65.15%, respectively) after eyestalk ablati®er (
ble 2, whereas injection of eyestalk extract into

ablated crabs significantly decreased total carbohy-

drates and glycogen levels in hepatopancredzi(71

815

Table 2

Effect of eyestalk ablation (ESX) and injection of eyestalk extract
(ESE) into ablated crabs on hepatopancreas and muscle TCHO and
glycogen levels oDziotelphusa senex senex

Tissue Intact 1-day ESX 1-day ESX-ESE
TCHO
Hepatopancreas 11+0.92 1691+143 1273+1.22
(36.26) 24.71)
p < 0.001 p < 0.001
Muscle 4544042 611+052 451+0.55
(34.58) (26.15)
p <0.001 p <0.001
Glycogen
Hepatopancreas .48+0.08 212+0.22 155+0.14
(43.24) (-26.88)
p <0.001 p <0.001
Muscle 066+0.06 109+0.09 071+0.08
(65.15) (34.86)
p <0.001 p <0.001

Values are mean (mg glucose per g tisstt€$.D. of 12 individual

crabs.
Values in parentheses are percent change from control.

For calculation of percent change and evaluatiop fifr ESX crabs,
intact crabs served as controls; for 1-day ESX—-ESE crabs, 1-day
ESX crabs served as controls.

and —26.58%) and in muscle tissue—@6.15 and
—34.86%).

Removal of eyestalks resulted in significapt €
0.001) decrease in phosphorylase activity in hepato-
pancreas (‘a’'—3856% and ‘ab’—11.18%) and in
muscle (‘a’—48.32% and ‘ab’'—39.14%). In contrast,
injection of eyestalk extract into ablated crabs resulted
in a significant elevation of phosphorylase activity in
both hepatopancreas (‘a’ 58.86% and ‘ab’ 9.11%) and
muscle (‘a’ 96.94% and ‘ab’ 65.49%) tissues. The
ratio of phosphorylase a/ab also increased after eye-
stalk extract injection into intact crabs when compared
to eyestalk-ablated crabs, indicating interconversion
from inactive phosphorylase to active phosphorylase
(Table 3.

3.5. Effect of injection of methionine-enkephalin on
carbohydrate metabolism in the cr&riotelphusa
senex senex

3.5.1. Effect of methionine-enkephalin on
haemolymph sugar level

Injection of methionine-enkephalin into intact crabs
resulted in significant hyperglycaemia in a dose-
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Effect of eyestalk ablation (1-day ESX) and injection of eyestalk extract into ablated crabs (1-day ESX—ESE) on the phosphorylase activity in

hepatopancreas and muscledxiotelphusa senex senex

Treatment Hepatopancreas Muscle
‘a’ ‘ab’ alab ‘a’ ‘ab’ alab
Intact 459+ 0.29 7.78+0.92 058 256+0.31 419+ 0.82 061
1-day ESX 282+0.31 691+0.76 040 131+0.24 255+0.31 051
(—38.56) (—11.18 (—48.82 (—39.19
1-day ESX-ESE 48+ 0.51 754+ 0.86 059 258+0.29 422+ 0.51 061
(58.86) (9.11) (96.99) (65.49
p < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Values are mean (ip released/mg proteinth$.D. of 12 individual crabs. Values in parentheses are percent change from control.
For calculation of percent change and evaluatiop dér ESX crabs, intact crabs served as controls; for 1-day ESX-ESE crabs, 1-day ESX

crabs served as controls.
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Fig. 3. Effect of injection of methionine-enkephalin into intact
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Fig. 4. Effect of injection of methionine-enkephalin on the
haemolymph sugar level in the cr&riotelphusa senex senak
different times post injectiom(= 10).

(closed bars) and ablated (ESX) (open bars) crabs on haemolymph

sugar level. Each bar represents mearS.D. (z = 10). Values

experiments, 10® mol/crab was selected as injection

in parentheses are percent change. For calculation percent changejosage.

intact served as control for ESX and inta¢t met-enk-injected
crabs. Whereas ESX crabs served as controls for ESX
met-enk-injected animals: Statistically significant aip < 0.001.
NS Not significant.

A time course action of methionine-enkephalin in-
duced hyperglycaemia is presented kig. 4 The
haemolymph sugar level increased significantly within
1 h after methionine-enkephalin injection and reached
a highest peak at 2 h. Haemolymph sugar level

dependent manner when compared to the controlsdeclined gradually after 2 h.

(Fig. 3), whereas injection of physiological saline did

not cause any significant effect on haemolymph sugar 3.5.2. Effect of injection of methionine-enkephalin on

levels. At doses between 18 mol/crab (68.33%) and

levels of tissue carbohydrate and phosphorylase

108 mol/crab (167.85%), the effect of methionine- activity

enkephalin was statistically significant and dose-

dependent. For doses lower than—1® mol/crab,

Total carbohydrates and glycogen levels in the he-
patopancreas and muscle tissues of crabs that received

however, methionine-enkephalin did not elicit any hy- methionine-enkephalin were significantly & 0.001)
perglycaemic response, whereas doses higher thandecreased when compared to the contrdble 4,
108 mol/crab exhibited a saturated response in in- with an increase in the tissue phosphorylase activity

ducing hyperglycaemiaF{g. 3). In the subsequent

(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 and muscle
total carbohydrate (TCHO) and glycogen levelsdiotelphusa senex senex

Group Total carbohydrate (TCHO) Glycogen
Hepatopancreas Muscle Hepatopancreas Muscle
Intact 1366+ 1.54 439+ 0.53 122+0.10 066+ 0.06
1-day ESX 17899+ 1.94 6262+ 0.71 20424 0.29 1012+ 0.09
(30.96) (4259 (67.21) (53.03
Intact+ Met-enk 94724 1.49 312240.92 0642+ 0.21 0412+ 0.08
(—30.67) (—28.92 (—47.54) (—37.87)
1-day ESX+ Met-enk 1744° +1.43 629 +0.56 211P+0.18 113*+£0.10
(—2.52) 0.47) (343 (1188

Values are mean (mg glucose/g tisste$.D. of 8 individual crabs.
Values in parentheses are percent change from control; for calculation of percent change for ESX ardNfegenk injected crabs, intact
crabs served as controls; for ESX—Met-enk injected crabs, ESX crabs served as controls.

& 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 and muscle
phosphorylase activity levels @ziotelphusa senex senex

Treatment Hepatopancreas Muscle
‘a’ ‘ab’ alab ‘a’ ‘ab’ alab
Intact 262+0.29 452+0.41 057 192+ 0.09 249+ 0.45 Q77
1-day ESX 172 +0.34 406%+0.44 042 0994+ 0.08 2202+ 0.32 045
(—34.35) (—-10.17) (—4843) (—1164)
Intact+ Met-enk 3632+0.34 5692+ 0.52 063 3012+0.12 3662+ 0.42 082
(3854) (25.85) (56.77) (46.95)
1-day ESX+ Met-enk 169 +0.11 410° +0.09 041 101° +0.09 2204034 045
(=174 (0.98 (2.02 (0.9)

Values are mean (ip released/mg proteinth$.D. of 8 individual crabs.
Values in parentheses are percent change from control; for calculation of percent change for 1-day ESX crabs anMettack-injected
crabs, intact crabs served as controls; for 1-day BSMet-enk-injected crabs, ESX crabs served as controls.

@ Significant atp < 0.001 when compared with normal.

b Not significant compared with 1-day ESX crabs.

3.5.3. Effect of injection of methionine-enkephalin lymph sugar level in eyestalk-ablated crabs indicat-
into ablated crabs on carbohydrate metabolism ing the presence of hyperglycaemic hormone in the
Injection of methionine-enkephalin into eyestalk- eyestalks of crabs. Similar results were reported in
ablated crabs resulted in insignificant change in the crabs[30,31,38-42prawns[33,43]crayfisheg25,44,
levels of haemolymph sugar and tissue TCHO and 45]and in shrimpg46].
glycogen and activity levels of phosphorylase when  The effect of eyestalk hormone(s) on tissue car-
compared with eyestalk-ablated craibalfles 4 andp bohydrate levels and phosphorylase activity has been
studied inCambarus affinig47] and the glycogen
phosphorylase system i@allinectes danad48]. It
4. Discussion was reported earlier that eyestalk removal inactivates
the phosphorylase system and activates the glycogen
Bilateral eyestalk ablation resulted in significant synthase in crabpt7,49] Whereas injection of eye-
hypoglycemia in the cral). senex senexnjection stalk extracts into eyestalk-ablated animals activate
of eyestalk extract resulted in increase in the haemo- phosphorylase and inactivate glycogen synthase. Stim-
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ulation of uptake and incorporation of gluco$tC exerts its effect only in intact crabs but not in eyestalk-
into glycogen fraction of muscle tissue with a decrease ablated crabs it can be hypothesized that methionine-
in haemolymph sugar levels were also observed after enkphalin acts by triggering the release of hypergly-
eyestalk ablatiorfi49]. Whereas injection of eyestalk caemic hormone from the sinus gland of the eyestalks.
extract reversed these changes. It was also observed In summary, the results clearly demonstrate that
that the hyperglycaemic hormone of eyestalks of the eyestalks are the source for hyperglycaemic hormone
crustaceans enhances the activity of the phosphorylaseand methionine-enkephalin induces hyperglycaemia
system in insect tissu¢s0,51] in intact crabs, but not in eyestalk less crabs. This indi-
In the present study, bilateral eyestalk ablation re- cates that methionine-enkphalin regulates the release
sulted in elevated levels of TCHO and glycogen levels, of hyperglycaemic hormone from the X-organ sinus
with a decrease in the activity of phosphorylase lev- gland complex of the eyestalk there by inducing hy-

els in the tissues of cralfziotelphusa senex senex
whereas the injection of eyestalk extract into eyestalk-

perglycaemia.

ablated crabs reversed these changes. The elevated
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