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Abstract. Agricultural and industrial activities cause heavy metal Metals can enter the food chain and, as a result of bioaccumu-
pollution of the aquatic environment. The sensitivity of crusta-lation, cause serious health problems to humans.

ceans to heavy metals is well documented. However, the hor- The sensitivity of crustaceans to heavy metals is well docu-
monal and metabolic target of physiological functions affected bymented (Ahsanullalet al. 1981; Migliore and de Nicola Giu-
sublethal toxicity and stress responses have been scarcely invefiei 1990); biotic factors, which seem to modify the sensitivity
tigated. Exposure dPalaemon elegan® increasing concentra- of crustaceans to heavy metals, include life stage, size, repro-
tions of heavy metals dissolved in artificial sea water resulted in aductive status, molting stage, and nutritional condition (Vern-
order of toxicity tested by L&, for 96 h in intact and eyestalkless berget al. 1974; Madsen 1992; McGes al. 1998). Two heavy
animals in which Hg is the most toxic, followed by Cd, Cu, Zn, metals biologically essential for crustaceans are copper, which
and Pb. Eyestalkless animals were found to be more sensitive thagimportant for the metabolic functioning of hemocyanin, and
intact individuals. Heavy metals affect the blood glucose levelszinc, a component of many enzymes (Bryan 1984; Rainbow
yet manipulative stress does not. The intermediate sublethal con-988). In excess, however, these metals become toxic. Other
centrations of Hg, Cd, and Pb produced significant hyperglycemigionessential metals may exert a noxious influence as well.
responses within 3 h, while the highest concentrations elicited n&mall amounts of absorbed trace metals may be stored in a
hyperglycemia in 24 h. In contrast, animals exposed to Cu and Zfetabolically available form for essential biochemical pur-
showed hyperglycemia even at high concentrations. This differposes. Alternatively, when absorbed they may be detoxified
ence in response between Cu or Zn and the nonessential heaiyito metabolically inert chemical forms and stored in the body
metals Cd, Hg, or Pb can probably be explained by the physiogjther temporarily or permanently. The accumulation strategies
|Ogica| roles of the former in crustaceans and by tolerance adaR)-f crustaceans varies depending on metals and species (Rain_
tations. Involvement of the crustacean hyperglycemic hormongoyw 1988, 1997).

(cHH) was tested by routine bioassay on eyestalkless individuals; nitial studies of the effects of metals on marine organisms
each group was injected with a two-eyestalk-equivalent extraealt mainly with LG, The earliest response of a marine
f_rom control animals or from shrimp eqused to high concentraprganism to a physiological challenge by sublethal concentra-
tions of Cd, Hg, Pb, or low concentrations of Cu or Zn. All tions of metals might occur at molecular level. Therefore, it
showed a hyperglycemic response within 2 h. In contrast, extracigeems more appropriate to carry out studies at sublethal rather
of eyestalk removed from animals that had developed a fulkhan at lethal concentrations, given that the disturbance of the
hyperglycemic reaction after exposure to low concentrations Ofamost biological mechanisms allows for early detection of
Hg, Cd, Pb, or high concentrations of Cu and Zn were depleted ghiogical deterioration of the environment (Amiard-Triquest
CcHH as shown by the attenuation of the response after injection of,  1986). The toxicity induced by a pollutant could be the
the extracts into eyestalkless animals. This generalized and presgyt of interference by the compound or one of its metabolites
dictable sublethal response can be used as a quantitative physigi, piochemical events involved in the homeostatic control of
logical biomarker for water quality monitoring assessment. a physiological process (Brouwet al. 1990).

In crustaceans, physiological processes are often coordinated
by hormones. Changes in hormone levels are expected to occur
soon after exposure to a pollutant. Therefore, it follows that
Agricultural and industrial activities cause environmental con-biosentinel parameters of toxicity can be identified by looking
tamination of the aquatic environment due to heavy metalsfor alterations and modifications in endocrine patterns (Finger-

manet al. 1996, 1998).
Heavy metals induce variations in the physiology of crusta-
ceans. Mercury and cadmiumBrocambarus clarkicause the
Correspondence tdE. A. Ferrero;emait ferrero@univ.trieste.it inhibition of ovarian maturation (Reddt al. 1997); moreover,
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exposure to cadmium induces a reduction of fecundity anddentification of LG, at Increasing Postexposure Times
hatching success (Nagvi and Howell 1993). Inhibition of

growth by dissolved copper was assessedP@naeus mer-  For the identification of LG, groups of intacP. eleganr groups of
guiensisandP. monodor{Ahsanullah and Ying 1995). Hg, Cd, ovigerous females or eyestalkless animals=(i0 for each treatment)
and Zn were found to inhibit limb regeneration and molting inin 12 L were used for each concentration of heavy metals and for the
Uca pugilator and other fiddler crabs (Weis 1978; 1980). controls in a static acute assay. Dead animals were removed daily for
Hyperglycemia is a frequent response of many aquatic animal4p to 96 h. Independent experiments were carried out in duplicate for
to environmental stressors, and in crustaceans both hypergl@ch concentration of metal.

cemia and the involvement of the eyestalk crustacean hyper- "¢ concentration of heavy metals used for the,4.€xperiment
was related to the mean value of each heavy metal found in the

glycemlc .holrmone (cHH) were report(?d. E?(posure t,o atmos ediment as reported by Donazzeloal. (1981, 1984). Moreover, the
spheric air |ndyces a 'afge but transitory increase in bloo west concentration tested for each metal was above the legal thresh-
glucose levels in the intertidal cradBhasmagnathus granulata o|q content (91/271/CEE as per Italian digs152/99) for waters to be
(Santos and Colares 1986). Hyperglycemia was reported in th@ischarged into superficial water bodies.
giant prawnMacrobrachium rosenbergas a response to cold  Stock solutions of reagent-grade (Sigma) Cd@Dp, 5, 2, 1, 0.5, 0.2,
shock (Kuo and Yang 1999). Moreover, @rangon crangon and 0.1 mg L), HgCl, (5, 2, 1, 0.5, 0.2, and 0.1 mg %), CuCl,
andCarcinus maenaa combination of Cu and Zn and hypoxia 2Hz0 (20, 10, 5210502 and 0.1 mg1), ZnCl, (50, 20, 10, 5,
increases blood glucose (Johnson 1987). Similar effects aré and 1 mg L), and Pb(NQ), (500, 200, 100, 50, 20, and 10 mg
elicited by lipopolysaccharide (LPS) endotoxin injection in IL ) were dissolved in sea water. Pb(ijjowas preferred to other
several crustacean species (Lorenebal. 1997). Cd, Hg, and ead salts fpr its higher solubility in water; the co_mpletc_s solubility in

. L each solution was controlled using an ICP (inductively coupled
Cu induce hyperglycemia in the freshwater praMacrobra- plasma) mass spectrometer.
chium kistenensjsand the crabBarytelphusa canicularis * the 24- 48-, or 96-h mortality data were processed by calculating
(Nagabhushanam and Kulkarni 1981; Macheteal 1989).  the respective Lg, time by probit analysis.
Hemolymph sugar levels are increased in the edible Safla
serrata exposed to a sublethal concentration (2.5 ppm) of

cadmium chloride (Reddy and Bhagyalakshmi 1994). Organi(i—iemolymph Sampling and Determination of Glycemia
pesticides can also induce hyperglycemia in several crusta-

ceans (Fingermant al. 1981; Reddyet al. 1983). Moreover, — . .
. L . For the determination of glycemia groups of int&telegansor of
CdCI? induces hyperglycemla In intact crayflﬁhocambarug eyestalkless animals (a 10 for each treatment) in 12-L, individually
clarkii, but not in the absence of the eyestalks, suggesting 8aitioned tanks were used for each concentration of heavy metals:
cHH-mediated response (Reddy al. 1993). The aim of this CdCL (0.1,0.2,0.5, 1, 2,5, and 10 mg &), HgCl, (0.05, 0.1, 0.2, 0.5,
paper is then vivo investigation of the heavy metal-mediated 1, 2, and 5 mg %), CuCl, 2H,0 (0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 mg
stress response affecting glucose homeostasis and its eyestalk?), znCl, (1, 2, 5, 10, 20, and 50 mg%), Pb(NQ,), (10, 20, 50,
hormone control inPalaemon elegansn eurythermal and 100, 200, and 500 mg '), and for the controls. The range of
euryhaline crustacean species widespread along the coasggincentrations tested was chosen to span twglagits around the
areas of Europe. LCg, 96-h value detectgd.
The hard-shelled animals were blotted dry, and hemolymph was
withdrawn from the pericardial sinus with a sterile 1-ml syringe fitted
with a 25-g needle. Animals (i 10 for each treatment) were bled, 50
. wl hemolymph each time, at 0 h, 1 h, 2 h, 3 h, 4 h, 6 h, and 24 h after
Materials and Methods exposure to heavy metals. Glucose content was quantified by using
One touch® Il Meter (Lifescan) and commercial kit test strips (preci-
sion strips+=3% CV in the tested range). Given the short processing
time, no anticoagulant was needed. Controls, maintained in contami-
nant-free water, assessed the effects of repetitive handling stress. In the
The shrimpP. elegansRathke 1837 (Decapoda, Caridea, 4—6 cm in results, variations of glycemia are given as the mean of (actual exper-

length) was used as a standard test species. The animals were suppliigkntal value/value displayed by the same animal at 6-H).
by commercial fishermen in four batches of 600 in November and

February 1997 and 1998. Animals was caught by small fish traps at the

mouth of the River Tagliamento (Upper Adriatic Sea), a relatively .

uncontaminated area on the basis of the report of Donazzols.  Eyestalk Ablation and Homogenate Treatment

(1981, 1984) regarding the characterization of the marine sediment in

the northern Adriatic Sea area for heavy metal contents (Hg, Pb, CdBilateral eyestalk ablation d®. elegansvas performed 48 h prior to

Cr, Zn, and Fe). the start of an experiment; animals were anesthetized for 1 min on ice,
Groups of 200 animals were stocked at controlled conditionseyestalks pulled out at their basal articular membrane by fine tweezers,

throughout,i.e., in 120-L glass tanks with closed-circuit filtered and and then immediately returned to the tank and left to recover; mortality

thoroughly aerated 36%. salinity artificial (Prodac) sea water andwas minimalj.e., less than 10%. Batches of 40 eyestalks were quickly

seasonal L:D photoperiod, 300 lux intensity. They weredédibitum deep frozen at-20°C and stored until required for study. Eyestalks

with bits of shrimp, cuttlefish, or fish every second day; dead animaldrom Hg" " (0.5 or 5 mg L'%), Cd"* (0.5 or 5 mg L'}, Cu** (0.5

were removed daily. The animals were allowed to acclimate for at leasbr 5 mg L™%), Zn** (5 or 50 mg %), Pb** (50 or 500 mg L'Y), or

2 weeks prior to experimentation. Apparently healthy animals of bothfrom untreated animals were remah® h after the exposure when the

sexes and intermolt having a body weight of 1-1.5 g were usedeffect on glycemia was maximal. The eyestalk sinus gland represents

Forty-eight hours before use in an experiment, animals were housetthe major store of cHH, accounting for 35% of tRe elegansneuro-

individually in 500-ml plastic net cages immersed in 40-L glass tankshormones accumulated there (Lorenziral. 1997).

to allow for individual recognition and were kept unfed. The eyecups of a batch of 40 frozen eyestalks were cut off, and their

Animal Supply and Maintenance
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basal stumps were homogenized in 1 ml cold sterile saline and thefable 1. LCg, values in intacP. eleganof both sexes
centrifuged for 30 min at 939 and 4°C. For the standard bioassay of

cHH eyestalk content (Smullen and Bentley 1994) a volume gi60 24-h LGy 48-h LGso 96-h LGCso
corresponding to two eyestalk equivalents was then injected into (mg/L) (mg/L) (mg/L) n
eyestalkless animals. The subsequent determination of glycemia wagycy, 954 3.54 067 20
performed as stated above. cdcl, 49.77 8.91 1.46 20
CuCl, 249.46 12.79 3.27 20
ZnCl, not assessable 166.1 26.3 20
Statistical Methods Pb(NGy), 5.6234 2,398.8 167 20

LCs, was calculated using the probit method (Wardlaw 1992). All ] )
statistics were performed by using a SPSSf@ Windows package, —rable 2. LCq, values in ovigerous female. elegans
and data are given as arithmetic means andvalues thereafter

reported are standard deviations. Analysis of variance (ANOVA) and (Znﬁ g%Qso ?r?] gf}Llscso ?r?]gr;l_lsc%o n
ANOVA-RM was used to test the null hypotheses that all treatment

means were equal, and then all the data were tested by the LSD ardgCl, 6.65 2.40 0.47 20
Dunnettpost hoctest. The levels of significance were then calculated CdCl, 23.70 10.90 117 20
by Student’s test for paired or independent data. A probability value CuCl, 13.41 6.24 2.47 20

of 0.05 or less between the control and experimental values was
considered significant.

Table 3. LCy, values in eyestalklesB. elegansof both sexes

Results 24-h LG5 48-h LG, 96-h LGy

(mg/L) (mg/L) (mg/L) n

. HgCl T 2 1 2
Toxicity of Heavy Metals nglz 2_03 8_62 8_6i' 28
o . CdCl, 18.19 3.16 0.78 20
The toxicity of the five metals foP. elegans(both sexes) zncl, 263.0 66.1 8.71 20
increased with time (Table 1). Hg was the most toxic metal inPb(NG,), 3,630.7 338.8 66.1 20

the 96-h assay, followed by Cd, Cu, Zn, and Pb. This order of
toxicity did not change during the entire testing period.

Table 2 shows the L& values of ovigerous females exposed
to Hg, Cd, and Cu. The order of toxicity at 96 h remained the
same, but ovigerous females were nearly twice as sensitive
these metals as intact shrimps of both sexes.

An increase in the toxicity of metals in time was observed in2
eyestalkless animals as well (Table 3). Again, Hg proved to beS
the most toxic .metal and, comparing Tables 1 gnd 3, th 0 mg L%, the blood glucose levels significantly decreased at
eyestalkless animals were from about 3 to 50 times more,

o . . h as compared with the control (Studertt'sest, p< 0.05)
sensitive to the heavy metals than the intact ones, depending gn . . )
- and at the highest concentration this effect was prolonged for
the metal tested and the time elapsed.

up to 8 h. At the intermediate concentrations of 0.2, 0.5, and 1

mg L™, a significant hyperglycemia (Dunnet’s test<p0.05),

with an increment ranging from 1.48 0.6 to 1.99+ 1.08,

Heavy Metal-Induced Hyperglycemic Response in Intact occurred &3 h (Student's test, p<< 0.05 versus control). No

P. elegans significant variation of blood glucose level was revealed at the

lowest concentration tested of 0.1 mg'L(Student's test, p>

The mean initial value of glycemia of intact animals was of 0.05 versus control).

10.25 + 3.52 SD mg dL* (n = 260) that is, significantly ~ Exposure of intacP. elegango Pb"* (10, 20, 50, 100, 200,

different (F= 43.958, p< 0.001; t= 6.630, p< 0.001) from  and 500 mg L*; Table 6)caused a significant increase (Dun-

the initial value obtained in eyestalkless animals 8:23.10  net's test, p< 0.05) of blood glucose from 1.26 0.69 to

SD mg dL* (n = 220). 1.83 = 0.92 (Student's test, p<< 0.05 versus control) at the
Exposure of intact shrimps to increasing concentrations othree intermediate concentrations of 20, 50, and 100 my L

Hg" " (0.05, 0.1, 0.2, 0.5, 1, 2, and 5 mg 1) caused variations from 1 to 5 h, while at the highest concentrations of 200 and

in the blood glucose level (Table 4). A significant (Dunnet's 500 mg L * no significant (Dunnet’s test, p 0.05) variation

test, p< 0.05) peak increment of glycemia ranging betweenof blood glucose was revealed during the 24 h of the test

0.97 + 0.56 and 1.15- 0.88 (Student’s test, p<< 0.05 versus  (Student’st test, p> 0.05 versus control). The lowest concen-

control) was reached at the four intermediate concentrations dfation of 10 mg L'* caused no significant (Dunnet’s test>p

0.1, 0.2, 0.5, and 1 mg1* from 1 to 3 h while at the highest 0.05) variation in glycemia during the entire experiment (Stu-

concentrations of 2 and 5 mg t a significant (Student’stest, ~ dent’st test, p> 0.05 versus control).

p < 0.05 versus control) decrease of blood glucose level was Figure 1 shows the blood glucose level3ah (identified

revealed. No significant increase of blood glucose level (Dunas time of maximum effect) ifP. elegansexposed at dif-

net's test, p> 0.05) was detected at the lowest concentrations
% 0.05 mg L (Student’st test, p> 0.05 versus control).

After exposure of intadP. elegango Cd** (0.1, 0.2, 0.5, 1,

.5, and 10 mg L*; Table 5)glycemia was found to follow a
imilar course. In fact at the highest concentrations of 2, 5, and
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Table 4. Variations in the blood glucose (expressed in mg YlLlevel in intactP. elegansexposed to Hg

Concentration 0 h n 1h n 3h n 5h n 8h n 24h n F p
5mgL? 11.60+ 3.60 10 11.50+ 3.95 10 13.40+ 12.80 5 0.418
2mglL? 11.30+ 4.00 10 10.30-4.06 10 9.33+4.77 9 10.67+2.73 6 12.60-4.16 5 0.469
1mgL? 13.90+ 5.49 10 24.30+ 11.76 10 28.00- 15.16 10 21.33- 15.73 9 18.11% 10.83 9 12.44-4.42 9 2.691 *
0.5mg L' 11.40+250 10 20.70- 8.92 10 23.60- 8.85 10 18.40- 448 10 13.90- 443 10 13.25-2.81 8 6.133**
0.2mgL?' 10.50+2.80 10 23.80+ 557 10 21.70-5.19 10 18.20+ 3.58 10 15.40+ 2.72 10 12.44+ 2.07 9 17.467***
0.1mg L' 13.30+2.31 10 18.30- 2.67 10 16.20- 2.62 10 14.60- 2.46 10 13.50+ 1.96 10 13.50+ 2.55 10 6.664***
0.05mg L'* 12.00+ 4.14 10 15.40- 3.86 10 13.70- 3.30 10 11.90-+2.92 10 11.80+2.30 10 12.20-3.05 10 1.884
Control 12.20+ 4.07 10 14.50+ 3.95 10 15.90+ 3.73 10 15.70+2.79 10 13.30+ 3.37 10 12.10+ 3.07 10 2.958 *
* = 0.05< p < 0.01.

** = (0,01< p < 0.001.

** = p < 0.001.

Table 5. Variations in the blood glucose (expressed in mg Ylevel in intactP. elegansexposed to Cd

Concentration 0 h n 1h n 3h n 5h n 8h n 24h n F p
10mg L' 10.00+3.37 10 12.30+ 4.95 10 13.00- 15.62 10 11.30- 481 10 8.40-241 10 7.50-151 9 2591 *
5mgL? 9.80+4.24 10 12.10-4.23 10 11.10-3.54 10 10.40-384 9 9.67+4.23 6 10.17+299 6 0.495
2mgL? 10.40+ 3.03 10 10.80+ 3.65 10 11.60-3.44 10 10.63-3.46 8 9.63+3.34 8 9.75+249 8 0.445
1mgL? 9.10*+2.77 10 17.70- 6.40 10 21.90-6.38 10 18.67-5.61 9 15.38-4.98 8 10.38:2.88 8 10.305***
05mgL' 10.30+241 10 21.60-9.31 10 30.50- 12.47 10 26.56- 11.42 9 23.13- 10.92 8 11.63-524 8 6.907**
02mgL?' 12.60+4.65 10 23.30-6.25 10 32.20+ 9.39 10 26.5-9.14 10 13.33-9.45 9 12.88+3.00 8 10.154***
0.1mgL?' 700+353 10 9.20-3.01 10 11.30-2.88 10 10.30+2.87 10 7.10-2.60 10 6.90+2.60 10 3.732**
Control 12.20+ 4.07 10 14.50- 3.95 10 15.90+ 3.73 10 15.70+ 2.79 10 13.30+ 3.37 10 12.10- 3.07 10 2.958 *
* = 0.05< p < 0.01.

*» = 0.01< p < 0.001.

*** = p < 0.001.

Table 6. Variations in the blood glucose (expressed in mg HLlevel in intactP. elegansexposed to Pb

Concentration 0 h n 1h n 3h n 5h n 8h n 24h n F p
500 mg L'* 8.00+1.33 10 9.60+ 3.66 10 11.30+ 6.07 10 10.50+ 458 10 8.22-1.99 9 9.00+ 0.63 8 1.152
200mg L' 9.20+2.70 10 10.90+ 3.75 10 14.10- 479 10 12.33-4.58 9 10.75-5.04 8 9.63+2.97 6 1.920 ***
100 mg L't 8.00+2.83 10 17.00+ 6.60 10 21.10-5.13 10 18.30-5.48 10 11.80- 2.31 10 10.56+ 1.51 9 14.103 ***
50 mg L? 8.90+ 1.37 10 15.90+ 4.75 10 20.70-2.75 10 16.90+ 2.28 10 11.30+2.31 10 10.56+ 1.51 9 26.644 ***
20mg L 8.70+1.89 10 14.90+ 4.36 10 19.20-5.31 10 15.30+ 4.37 10 12.67=3.91 9 9.00+ 2.06 9 10.616 ***
10mg Lt 11.40+3.69 10 15.60+5.72 10 18.30-6.99 10 17.70-5.91 10 1522+ 4.99 9 12.44+283 9 2.702 **
Control 9.50+ 2.88 10 11.50+ 5.50 10 12.10+ 4.43 10 12.60- 4.95 10 12.00- 4.57 10 9.70+ 2.54 10 9.390 **

* = 0.05< p < 0.01.
* = 0,01< p < 0.001.
*+ = p < 0.001.

ferent concentrations of the nonessential metals Pb, Hg, an?, 5, 10, 20, and 50 mg 1*; Table 8)showed time- and
Cd. Looking at the two physiological metals, the time course ofdose-related variations of glycemia and a significant (Dunnet’s
blood glucose levels in intaét. eleganexposed to copper and test, p < 0.05) increase of blood glucose level was noted
zinc showed a time- and dose-related response curve. between 3a 5 h with an increment from 1.55 0.76 to 2.82+
Intact shrimps exposed to Cti (0.1,0.2,0.5,1, 2,5, 10,and 1.37 (Student's test, p<< 0.05 versus control); the glucose
20 mg L% Table 7),show significant hyperglycemia (Dun- level then slowly returned to the initial values. Variation ob-
net’s test, p< 0.05) with an increment ranging between 141  served for the lowest concentrations of 1 and 2 mg (Dun-
0.57 and 2.62= 0.66 (Student’s test, p<< 0.05 versus control) net’s test, p< 0.05) was not significant (Student'¢est, p>
depending on the concentration from 1 to 5 h; blood glucosé.05) compared to the control.
returned to initial levels at 24 h. Variation observed for the Figure 2 shows the blood glucose level3ah in P. elegans
lowest concentrations of 0.1 and 0.2 mg'iL(Dunnet's test, exposed to different concentrations of the essential metals Cu
p < 0.05) was not significant (Studenttstest, p> 0.05) and Zn. The plotted curves identify a sigmoid course that is
compared to the contaminant-free control. drastically different from the peaking course of the nonessen-
Similarly P. elegansxposed to concentrations of Zh (1, tial metals (Figure 1).
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Fig. 1. Mean values of glycemia (as increments versus initial val- Fig. 2. Mean values of glycemia (as increments versus initial val-
ues = SD bars) occurrig 3 h after exposure of intad. elegango ues = SD bars) occurrig 3 h after exposure of intad. elegango
dissolved Pb, Hg, and Cd at the concentrations reported in the x axidissolved Zn and Cu at the concentrations reported in the x axis on a
on a log, scale log,o scale

Table 7. Variations in the blood glucose (expressed in mg YlLlevel in intactP. elegansexposed to Cu

Concentration 0 h n 1h n 3h n 5h n 8h n 24h n F p
20mg L™t 8.02+3.39 10 15.20-5.70 10 23.78-9.34 10 16.91+6.08 10 12.98-562 9 9.51+4.27 8 9.029 ***
10 mg L™t 8.50+ 2.64 10 16.30-3.50 10 27.20-7.80 10 19.00+5.27 9 15.11+4.70 9 10.50t 3.07 8 18.091 ***
5mgL? 9.50+ 3.10 10 22.20-8.95 10 32.10-8.97 10 23.77 5.09 9 15.38-3.25 8 12.00t 2.45 5 24.327 ***
2mg Lt 9.80+ 244 10 24.50-7.74 10 34.30-5.70 10 23.70: 6.50 10 17.67-5.82 6 11.83-3.54 6 23.29 ***
1mglL? 12.30+2.98 10 30.50+ 11.45 10 40.80- 16.94 10 26.78-9.97 9 21.33+19.31 9 9.86-4.02 7 11.083 ***
05mg Lt 13.00=21.71 10 21.06- 5.89 10 26.40+ 4.79 10 21.40-3.78 10 16.44-3.36 9 11.75-2.12 8 10.051 ***
0.2mgL?* 11.40+291 10 15.30+3.80 10 18.70-3.62 10 16.30-2.71 10 13.78-2.11 9 10.78+11.92 9 6.404 ***
0.1mgL?*' 10.90+260 10 17.70-6.17 10 17.30- 14.30 10 14.30- 3.56 10 11.10-1.91 10 1056224 9 2.958 ***
Control 12.20+ 4.07 10 14.50-3.95 10 15.90+ 3.73 10 15.70-2.79 10 13.30-3.37 10 12.10+ 3.07 10 2.958 *

* = 0.05< p < 0.01.
** = 0.01< p < 0.001.

% = p < 0.001.

Table 8. Variations in the blood glucose (expressed in mg YLlevel in intactP. elegansexposed to Zn

Concentration 0 h n 1h n 3h n 5h n 8h n 24h n F p
50 mg L?* 7.60* 232 10 17.50- 4.60 10 27.50+9.19 10 26.20+ 9.61 10 16.80+-8.20 10 9.90+ 4.01 10 13.886
20mg L? 8.00+2.21 10 16.80-4.59 10 18.80-7.98 10 24.60- 4.90 10 18.50+ 4.45 10 10.80+2.70 10 26.724
10mglL? 9.30+3.20 10 20.40-9.05 10 31.40+ 10.39 10 26.00- 8.29 10 17.60+5.40 10 8.70+2.16 10 16.132
5mgL? 11.40+ 3.10 10 18.20+ 7.35 10 28.30+ 10.09 10 21.3G- 11.38 10 15.20- 5.98 10 10.80- 1.69 10 7.879
2mgL? 12.30+ 2.00 10 16.20+ 4.69 10 21.30- 6.00 10 19.40+-6.87 10 16.80-4.52 10 11.30+2.36 10 6.769
1mgL? 10.60+ 3.60 10 13.20+ 3.19 10 16.60-5.17 10 14.70-4.60 10 12.50+ 3.27 10 11.00+ 1.63 10 3.677
Control 9.50+ 2.88 10 11.50+ 5.50 10 12.10+ 4.43 10 12.60+4.95 10 12.00- 457 10 9.70-2.54 10 9.390 **

* = 0.05< p < 0.01.
* = 0.01< p < 0.001.
#x = p < 0.001.
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Fig. 3. Time course of glycemia (mean values of increments versug™ig. 4. Time course of glycemia (mean values of increments versus
initial values = SD bars) in eyestalklesB. elegansinjected with initial values = SD bars) in eyestalklesB. 1e|egansm]ect_ed with
eyestalk extracts from Hg' (5 and 0.5 mg L )—treated animals and  eyestalk extracts from Cd" (5 and 0.5 mg L*)-treated animals and

from contaminant-free animals as control £n 10). In the legend from contaminant-free animals as control £n 10). In the legend,
Hg5 = 5 mg L™* Hg** and Hg0.5= 0.5 mg L™* Hg** Cd5=5mg L *Cd"* and Cd0.5= 0.5 mg L"* Cd**

high concentrations of Hg", Cd** (5 mg L™%) or Pb"* (500
Involvement of Eyestalk Hormones mg L% induced hyperglycemia (Dunnet's test,<p 0.05)

within 2 h, but this effect was not significantly different from
Exposure of eyestalkless animals£n10 for each treatment) that of the control injected with eyestalk extract from untreated
to50r0.5mg Lt Hg" ", Cd"*, and Cu ¥, did not cause a animals (Student’s test, p> 0.05); no significant hypergly-
significant variation (Dunnet’s test, p 0.05) in the blood cemic effect (Dunnet’s test, p 0.05) was seen in eyestalkless
glucose levels during the experimental period compared withP. elegansafter injection of extract from animals exposed to
untreated animals (Student’est, p> 0.05). In eyestalkles8.  low concentrations of Hg", Cd** (0.5 mg L™ %), or Pb"* (50
elegansexposed to Zh" (5 and 50 mg L?%) a slight but  mgL™?%), and this was significantly different compared with the
significant (Dunnet's test, p< 0.05) hyperglycemia was control (Student's test, p< 0.05).
present at the lowest concentration UBtih (Student’st test, By contrast, injection of eyestalk extract from animals
p < 0.05 versus control), then the blood glucose subsided to thizeated with high concentrations of Ci’5 mg L™ * (Figure 6)
control level. In contrast, animals exposed to*Pbat the  orZn** 50 mg L™ (Figure 7)caused no hyperglycemic effect
concentration of 50 mg T* showed a significant hypoglycemia (Dunnet’s test, p> 0.05) in eyestalkles®. elegansand re-
(Dunnet's test, p< 0.05) fran 3 h until the end of the sulted significantly different (Studentistest, p<< 0.05) from
experiment (Student’s test, p< 0.05 versus control); at the those injected with control animal extract. Eyestalkless animals
concentration of 500 mg1* the blood glucose level decreased treated with eyestalk extract from animals exposed to low
slightly (Dunnet's test, p> 0.05) and the hypoglycemia be- concentration of Cti* 0.5 mg L (Figure 6) or Zri' " 5 mg
came significant (Studentistest, p< 0.05 versus control) at L ~* (Figure 7) developed a hyperglycemic response (Dunnet’s
24 h (data not presented). test, p<< 0.05) within 3 h ofinjection, which is not significantly

A standard quantification bioassay of eyestalk hormoneslifferent (Student’d test, p> 0.05) from control.
involved in the general glycemic response was then performed. Alternately, the responsiveness to cHH of contaminant-ex-
Figures 3, 4, and 5, respectively, show the blood glucose curvposed animals was tested. Eyestalkless animals (0) ex-
in eyestalkless animals (& 10) injected with two eyestalk posed to Hg* 0.5 or 2 mg L'* and injected with 5QuL of
equivalents from H§* (50r0.5mg %), Cd" " (50r 0.5 mg  eyestalk extract from untreated animals showed (Figure 8) a
L™, Pb™ (500 or 50 mg L*Y)—exposed animals and un significant increment (Dunnet’s test,p 0.05) of blood glu-
treated shrimps. cose levels from 1a 8 h with a maximum peak of about 2.5 at
Injection of the eyestalk extract from animals treated with2 h that is not significantly different (Student'sest, p> 0.05)
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Fig. 5. Time course of glycemia (mean values of increments versusig. 6. Time course of glycemia (mean values of increments versus

initial values = SD bars) in eyestalklesB. elegansinjected with
eyestalk extracts P (500 and 50 mg LY)—treated animals and from
contaminant-free animals as control£n10). In the legend Pb50&
500 mg L' Pb** and Pb50= 50 mg L™ of Pb**

initial values = SD bars) in eyestalklesB. elegansinjected with
eyestalk extract from Cu" (5 and 0.5 mg LY)-treated animals and
from contaminant-free animals as control £n 10). In the legend
Cu5=5mgL*Cu"* and Cu0.5= 0.5 mg L of Cu*™*

cadmium tharCrangon septemspinogaCs, at 96 h 0.32 mg

from the control animals injected with the eyestalk extract bUthl. Portmann 1968) but less th@alaemon serratug Co, at
maintained in contaminant-free water. The level of blood glu-96 h 4 mg L Thebaultet al. 1996) and othePaIaemosr%p.
cose returned to the initial value at 24 h_ (Dunnet’s testy p (LC., at 96 h 6.6 mg L% Ahsanullah 1976)P. elegans
0.05). The same course O.f hyperglycemia (Figure 9) was re|E)resents the same order of resistance to mercury as does
vegled n gyestalklgss shrimps exposed td C@.5 or 5 MY palaemonetes pugigBarthalmus 1977), but appears to be
L™~ and injected Wlth eyestalk extract from untreate_dlanlmalsmore resistant thaRenaeus merguensi&Ce, 96 h 0.03 mg
Eyestalkless shrimp exposed to'Pb50 or 500 mg L* and L~ Ashanullah and Ying 1995). In generd, eleganspre-
injt_acted with 50u.L (.)f eyestalk extract from contam,inant-free sen:[s an intermediate tolerance to zinc and (':opper when com-
anlma_ls showed (Figure lQ) a significant (Du_nnets test, p pared with other crustacean species (Ahsanullah 1976; Ah-
0.05) increment of glycgmla from ¢nl h that is not signifi- sanullahet al 1981). The differences of toxicity between
Ca!“'y dlffgrent (S’Fudent $ test, P> 0'0.5) frpm the control pecies may also be due to differences in duration of exposure
animals injected with extract but maintained in uncontaminate nd in salinity, temperature, and age of the animals (Vernberg
water. Blood glucose level returned to initial values in 24 h g 21" 1974 Denton and Burdon-Jones 1982: Madsen 1992
(Dunnet’s test, p> 0.05). Therefore, the target organs were McGeeet a,l. 1998). ' '

responsive to cHH at both high and low pollutant concentra- 114 increased toxicity of the heavy metals to the ovigerous

tions. females compared to the entire populatiorPofelegangyives
an important warning signal of the toxic impact of heavy
metals on stock recruitment at low levels of exposure. Similar
Discussion data for Ni and Cd have been obtained with egg carrying

cladocerans (McCahon and Pascoe 1988; Ravera and Gatti
Eyestalkles$. elegansare the most sensitive to heavy metals, 1988). The lower toxicity reported in maturing females instead
followed by intact ovigerous females and both sexes of intac{Ananthalashmikumaret al. 1990) is probably due to the
shrimps. From the L&, results for the latter group compared to sequestration of pollutants in the developing oocyte stores
other decapods?. elegansappears to be intermediate in its depending on the lipophilic or polar nature of the toxicant.

sensitivity to acute toxicity (see Ahsanullehal. 1981; Denton
and Burdon-Jones 1982; Ferrezbal. 1994 for references).
For instance, in shrimp®. elegansis more resistant to

Eyestalkless animals are the most sensitive to heavy metals,
and this result suggests a resistance homeostatic reaction me-
diated by neurohormones in the intact shrimp.
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Fig. 7. Time course of glycemia (mean values of increments versussig g Time course of glycemia (mean values of increments versus
initial values + SD barsz in eyestalklesB. lelegansmjecFed With  initial values + SD bars) in eyestalklesB. elegansinjected with
eyestalk extract from Zn" (50 and 5 mg L*)-treated animals and  gyestalk extract from contaminant-free animals and exposed to dis-
from contaminant-free animals as control £ 10). In the legend  sojved Hg * 0.5 or 2 mg L or to uncontaminated water as control
Zn50 =50 mg L™= Zn"" and Zn5= 5 mg L™~ of Zn (n = 10). In the legend eeHg2 animal exposed to Hg" 2 mg L™*

and eeHg0.5= animal exposed to Hg" 0.5 mg L

From the results reported herein forelegansas a standard
test species, heavy metals induce variations in the blood gluevel. Apparently there is an inverse relationship between ef-
cose level, and this response is independent of manipulativiectiveness in eliciting hyperglycemia and toxicity, which fur-
stress, which causes no hyperglycemic effect. ther supports the hypothesis for a protective role exerted by the
Variation in blood glucose is observed in crustaceans wheryestalk neuroendocrine organs through a stress reaction.
they are submitted to stressful conditions, such as exposure to Eyestalkless animals exposed to high and low concentrations
hypoxia inP. clarkii, to organic pollutants or naphthalenelin  of heavy metals do not show a relevant hyperglycemic effect
pugilator, to DDT in B. guerini to starvation or anoxia i®. except for a slight increase after Zn exposure. This further
limosus to heavy metals iM. kistenensisand B. canicularis  proves the significant involvement of the eyestalk neuroendo-
(Fingermaret al. 1998), and to thermal shock M. rosenber-  crine centers while the residual response can be interpreted as
gii (Kuo and Yang 1999). a peripheral mechanism. It is elicited either by noneyestalk-
The highest concentrations of Hg, Cd, and Pb elicited ndbased neuroendocrine control or directly affected by the action
hyperglycemia in 24 h, while the intermediate sublethal con-of heavy metals or of messengers released by their action on
centrations of these metals produced a significant hyperglycehe target tissues. The difference between intact and unrespon-
mic response. In contrast, animals exposed to Cu and Zsive eyestalkless animals has already been reported by Reddy
showed hyperglycemia even at high concentrations. The lackt al. (1994) forP. clarkii exposed to Cd and ibJ. pugilator
of a hyperglycemic response to a high concentration of Hg, Cdexposed to Cd and naphthalene (Reddsl. 1996) and also for
and Pb is not due to a block of peripheral effectors; in fact,P. elegansnjected with LPS as well (Lorenzoet al. 1997).
eyestalkless animals exposed to either high or low heavy metal To assess whether the lack of a hyperglycemic response was
concentrations both exhibited a fully developed hyperglycemicdue to a central blockage of cHH release rather than a periph-
response when challenged with injected eyestalk extract. Thisral block of the effector's response, the suggested involve-
difference in response between the physiologically required Cment of cHH was tested by a routine bioassay (Smullen and
and Zn and the nonessential heavy metals Cd, Hg, and Pb Bentley 1994; Lorenzoet al. 1997) on eyestalkless individu-
probably related to the physiological roles of Cu and Zn inals. Each of 10 animals was injected with a two-eyestalk-
crustaceans and their tolerance adaptations. equivalent extract from control unexposed animals or from
The two physiological heavy metals Cu and Zn are the moshigh concentrations of Cd, Hg, Pb, or low concentrations of
effective in causing hyperglycemia; Pb is the most effective ofCu- or Zn-exposed animals, and they showed a hyperglycemic
the nonphysiological metals in elevating the blood glucoseresponse. In contrast, extracts of eyestalks removed from ani-
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Fig. 9. Time course of glycemia (mean values of increments versugrig. 10. Time course of glycemia (mean values of increments versus
initial values = SD bars) in eyestalklesB. elegansinjected with initial values = SD bars) in eyestalklesB. elegansinjected with
eyestalk extract from contaminant-free animals and exposed to disyestalk extract from contaminant-free animals and exposed to dis-
solved Cd ™ 0.5 or 5 mg L'* or to uncontaminated water as control solved PB * 50 or 500 mg L* or to uncontaminated water as control

(n = 10). In the legend eeCd5 animal exposed to Cd" 5 mg L™t (n = 10). In the legend eePb509 animal exposed to Pb" 500 mg

and eeCd0.5= animal exposed to Cd" 0.5 mg L't L~* and eePb5G= animal exposed to Pb" 50 mg Lt

Is that h I full h I i ti ft
mals that had developed a full hyperglycemic reaction a erfiner mechanisms that regulate the inhibition of hyperglycemic

exposure to a low concentration of Hg, Cd, Pb, or a high . X . .
concentration of Cu or Zn were depleted of cHH as shown b);esponses if?. elegansat high concentrations of nonessential

the significant attenuation of the response after extract injectiormetals and hqw they may interfere with the nprmal functioning
into eyestalkless animals. of the endocrine system. Heavy metals acting on neuroendo-

Another blood parameteire., variation in the total hemocyte crine secretion—such as the recently defined broader category

counts (THC), is also affected by exposure of infacelegans of “endocrine disruptors”—may cause a host of problems with
to heavy met;als Hg, Cd, Cu, Zn, or Pb for 96 h. The result development, behavior, and reproduction, which are modulated

showed that heavy metals induced a decrease of THC in th the endocrine system.

first 8 h after exposure and in the following hours the hemocyte

count returned to the initial level. The percentage decrease of

circulating hemocytes induced by all metals was significantly

different from the control. The time required to reach the acknowledgments. This joint research project was funded by grant
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