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EXPOSURE TO EXTREMELY LOW FREQUENCY (50 HZ) ELECTROMAGNETIC FIELD 
CHANGES THE SURVIVAL RATE AND MORPHOMETRIC CHARACTERISTICS OF  

NEUROSECRETORY NEURONS OF THE EARTHWORM eisenia FoetiDa (OLIGOCHAETA) 
UNDER ILLUMINATION STRESS

ZORANA BANOVAČKI* and MILICA MATAVULJ

Department of Biology and Ecology, Faculty of Science, University of Novi Sad, 21000 Novi Sad, Serbia

Abstract - An in vivo model was set up to establish the behavioral stress response (rate of survival) and morphometric char-
acteristics of A1 protocerebral neurosecretory neurons (cell size) of Eisenia foetida (Oligochaeta) as a result of the synerget-
ic effect of extremely low frequency electromagnetic fields (ELF-EMF – 50 Hz, 50 µT, 17 V/m and 50 Hz, 150 µT, 17 V/m, 
respectively) and constant illumination (420-450 lux). If combined, these two stressors significantly (p<0.05) increased the 
survival rate of E. foetida in the 150 µT-exposed animals, because of delayed caudal autotomy reflex, an indicator of stress 
response. In addition, morphometric analysis indicated that there were changes in the protocerebral neurosecretory cells 
after exposure to the ELF-EMF. The present data support the view that short-term ELF-EMF exposure in “windows” of 
intensity is likely to stimulate the immune and neuroendocrine response of E. foetida.
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INTRODUCTION

Extremely low frequency electromagnetic fields 
(ELF-EMF) affect biological systems and induce bi-
ological changes ranging from the molecular to cell 
level (Goodman and Blank, 2002). Many reported 
results could be ascribed to a synergistic action of 
the ELF-EMF with a certain chemical or physical 
agent(s). Anomalies in the embryos of Drosophila 
sp. subjected to both electromagnetic field (EMF) 
and elevated temperature are more frequent than in 
embryos subjected to thermal stress alone (Michel 
and Gutzeit, 1999). It has been shown that ELF-
EMF in the presence of another stressor strongly 
enhances the stress response to elevated tempera-
ture in the nematode Caenorhabditis elegans (Jun-
kersdorf et al., 2000). Meta-analysis of data from in 
vitro studies and short-term animal studies suggest 

that magnetic fields do interact with other chemical 
and physical exposures (Juutilainen et al., 2006). 

It has been well established that various stress 
causes changes in Oligochaeta neuroendocrine sys-
tem activity (Al Yousuf, 1988; Aros and Vigh, 1959; 
Awasthi and Mishra, 1974; Carley, 1978; Fischer and 
Molnár, 1997; Kulkarni et al., 1979; Siekierska, 2003; 
Stevanović and Matavulj, 1988). The neuroendo-
crine system of Oligochaeta consists of neurosecre-
tory neurons located in the protocerebral ganglion 
and ventral nerve cord. The protocerebral ganglion 
of Oligochaeta has many types of neurosecretory 
neurons. These cells are distinguishable by their size, 
position of their somata, stain affiliation, as well as 
by their ultrastructural characteristics. In Eisenia 
foetida, A1 neurones are located dorsolaterally and 
close to the surface of the protocerebrum (Al You-

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Directory of Open Access Journals

https://core.ac.uk/display/27136595?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


396 ZORANA BANOVAČKI ET AL.

suf, 1988; de Morais et al., 1979; Herlant-Meewis, 
1966).

Continuous light exposure is a potentially pow-
erful stress factor, acting as a disruptor of the circadi-
an cycle. This, in turn, may provoke neuroendocrine 
variations, leading to immunomodulation, behavio-
ral changes and changes in the response of an organ-
ism to genotoxic stress (Antoch and Kondratov, 2010; 
Van der Meer et al., 2004). In mollusks, constant light 
induces behavior changes and a significant reduction 
in the hemocyte number, and consequently alters the 
immune response of these animals (Waissel et al., 
1999). Constant illumination also induces the hyper-
function of neuroglandular cells in the earthworm 
Lumbricus rubellus (Stevanović and Matavulj, 1988). 
Al Yousuf (1988) reported that illumination leads to 
dramatic neurosecretory bursts of A cells in Lumbri-
cus terrestris protocerebral ganglion.

Considering the findings that ELF-EMF alter-
nates the stress response, the goal of this study was to 
establish the behavioral stress response (rate of sur-
vival) and morphometric characteristics (cell size) 
that indicate the activity level of A1 protocerebral 
neurosecretory neurons of Eisenia foetida (Oligo-
chaeta) after constant illumination with and without 
ELF-EMF exposure.

MATERIALS AND METHODS

Experimental animals

The study was performed on the earthworm Eise-
nia foetida (Oligochaeta), a test organism that has 
been recommended for chronic irradiation studies 
(Reinecke and Reinecke, 2004). Furthermore, earth-
worms have been established as a model for studying 
innate immune responses from an evolutionary per-
spective (Cooper et al., 2002; Field et al, 2004).

A stock culture of earthworms was maintained 
in a plastic container at 22±1°C, and 65-75% humid-
ity. A commercially available brand of topsoil was 
used for the culture substratum. Water was added as 
necessary to maintain moist conditions. Laboratory 

rat diet pellets mixed with water were used as food; 
they were added weekly to the culture substratum 
(Gibbs et al., 1996). The earthworms used in the ex-
periments were adults, with well-developed clitella, 
randomly selected from the stock culture.

Exposure protocol

For the purpose of the experiment, 54 animals di-
vided into three groups were used. All animals were 
chronically exposed to continuous illumination of 
420-450 lx (Luxmeter with data logger PCE-174, 
PCE Instruments UK Ltd, Southampton), individu-
ally, in Petri dishes (diameter 100 mm) padded with 
damp filter paper, for three days (72 h). Beside light 
exposure, the first and the second group were ex-
posed to ELF-EMF (50 Hz, 50 µT, 17 V/m and 50 
Hz, 150 µT, 17V/m, respectively), for 4 h daily dur-
ing the experiment, and the third group was a sham-
exposure group treated only with constant light. The 
surviving animals from all the groups were fixed in 
Bouin’s fixative at the end of the experiment.

An additional 63 animals were divided into three 
groups. The first and second groups were individu-
ally exposed, in Petri dishes, to illumination and 
ELF-EMF (50 Hz, 50 µT, 17 V/m and 50 Hz, 150 
µT, 17V/m, respectively), acute for 2 h or 4 h, and 
the third group was a sham-exposure group. From 
each experimental group seven animals were fixed in 
Bouin’s fixative after 2 h and 4 h of exposure (respec-
tively), and 24 h after initial exposure. 

ELF-EMF Exposure System

Considering that coils provide a uniform magnetic 
field only in a limited volume at their center (Kir-
schvink, 1992), we made an exposure system with 
four square coils in order to maximize the uniform-
ity region of the magnetic field inside a coil system. 
The characteristics of the ELF-EMF produced by 
our system were determined by Herceg et al. (2009). 
Measurements were performed using the EMF ana-
lyzer EFA-300 (Narda Safety Test Solutions, Haup-
pauge, NY, USA) with a built-in isotropic magnetic 
field probe. 
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The exposure system was energized at 50 Hz, 220 
V via a transformer with the required output. The 
system was linear with regard to the current intensity, 
and produced the electric field of 17 V/m and a mag-
netic field with flux density (B) of 50 µT and 150 µT. 
The EMF produced by the coils was in a vertical di-
rection with regard to the geomagnetic field of 40 μT.

In the central region of the coils, the magnetic 
field was uniform and the coils provided a region of 
nearly uniform magnetic field sufficiently large for 
the exposure of a maximum nine Petri dishes.

Histological procedure

The Eisenia foetida samples fixed in Bouin’s fixative 
was separated to the front of the body behind the 
clitellum, rinsed, dehydrated in serial ethanol con-
centrations, impregnated in xylol and paraffin wax. 
Serial 5 µm-thick whole body cross-sections were 
stained using the Alcian blue-PAS-orange G tech-
nique. In serial cross sections of protocerebrum, the 

A1 neurosecretory cells (n=20) were easily selected 
based on their morphological characteristics (Fig. 1). 
Namely, the neurosecretory material in these cells 
acquired different shades of homogeneous blue. The 
nucleus of the neurosecretory cells was often ob-
scured by an abundance of neurosecretory material 
(Stevanović, 1976).

Morphometry

The sizes of the neurosecretory neurons (in µm2) 
were calculated as the mean value of product mul-
tiplication of their longer (a) and shorter (b) axes (a 
x b in µm2). The cross sections of the protocerebral 
ganglion were digitized by an image processing and 
analysis system, AxioVision Rel. 4.8.1. (Carl Zeiss 
MicroImaging GmbH, Germany), linked to an Axio 
Imager 1 light microscope (Carl Zeiss, Germany) 
with an AxioCam MRc 5 digital camera. Digitized 
sections were further analyzed and measurements 
were performed using the image analysis software 
Digimizer 4.0.0.0. (MedCalc Software, Belgium).

Fig. 1.- Protocerebral A1 neurosecretory cells in transverse cross-section of Eisenia foetida protocerebral ganglion 
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Data were statistically analyzed by Fisher’s exact 
test for testing the differences between proportions 
for small samples, and by the Mann-Whitney test.

RESULTS

Continuous illumination for 72 h in combination 
with ELF-EMF significantly (p<0.05) increased the 
survival rate of the 150 µT ELF-EMF-exposed group 
of animals compared to the sham-exposed group 
(Tab. 1).

Caudal autotomy, as a survival strategy behavior 
of earthworms, was observed in both the sham-ex-
posed and ELF-EMF-exposed groups (Tab.1). As it 
was found in all three groups, we assumed that autot-

omy was a result of continuous illumination-induced 
stress. 

The first sign of autotomy, i.e. yellow coelomic 
fluid excretion, was noted after less than 24 h in the 
sham-exposed group (Fig. 2a), but only in 5% of 
the animals. Autotomy took place after 48 h. In this 
group, only 11% of the animals did not respond to 
light stress with autotomy.

In the group exposed to the EMF of 50 µT, coe-
lomic fluid excretion was noted after less than 24 h in 
22% of animals, while autotomy started after 48 h. 

Before the third exposure to the field of 150 µT, 
coelomic fluid excretion was noted after 48 h, but in 

Table 1. Survival rate of Eisenia foetida during 72 h of continuous illumination, with and without ELF-EMF exposure.

Sham-exposure 50µT 150 µT

Survived Lethal Survived Lethal Survived Lethal

No 8 10 10 8 14 4

rate 44.44% 55.56% 55.56% 44.44% 77.78%* 22.22%

* - statistically significant (p<0.05, Fisher’s exact test)

Table 2. The size (µm2) of Eisenia foetida protocerebral A1 neurosecretory cells exposed to 50 Hz ELF-EMF and constant illumination in 
different time intervals. The control group taken from stock culture (C), sham-exposure, i.e. group exposed only to constant illumina-
tion (S), 50μT and constant illumination exposed group (50 E) and 150 μT and constant illumination exposed group (150 E)

A1 neuron size (µm2)

C 115,60

2 hours

Sa 130,21b,c,f,g,h,i,j,k

50 Eb 113,74a,c,d,e,i,l

150 Ec 106,11a,b,d,e,f,g,h,i,j,k,l

4 hours

Sd 129,55b,c,f,g,h,j,k

50 Ee 129,03b,c,f,g,h,j,k

150 Ef 116,83a,c,d,e,l

24 hours

Sg 117,89a,c,d,e,l

50 Eh 116,16a,c,d,e,i,l

150 Ei 123,49b,c,h,j,k,l

72 hours

Sj 116,00a,c,d,e,i,l

50 Ek 116,62a,c,d,e,i,l

150 El 132,34b,c,f,g,h,i,j,k

index – values indicated by same letters denote significant difference among experimental groups (p <0.05, Mann-Whitney test).
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only 10% of the animals. After 72 h, a high percent-
age (77.78%) of the animals that survived underwent 
caudal autotomy.

The percentage of autotomized animals was high 
in all three groups, ranging from 72.32% in the 50 
µT-exposed group to 94.45% in sham-group (Fig. 
2b), but there was no statistically significant differ-
ence among the groups regarding the autotomy rate. 
On the other hand, the survival rate of autotomized 
animals was noticeably higher in the 150 µT-exposed 

group (73.34%) than in both the 50 µT and sham-ex-
posed groups (38.46% and 41.18%, respectively). The 
established differences in survival rates are on the 
borderline of statistical significance. Nevertheless, 
they indicate a trend in increasing survival success 
of the autotomized animals in the 150 µT-exposed 
group.

The morphometric analysis of the protocerebral 
ganglion indicated that there were changes in the size 
of A1 neurosecretory cells both in acute and chronic 
exposure to ELF-EMF compared to the sham-ex-
posed group (Tab. 2). 

Acute treatment with constant illumination sig-
nificantly increased the size of A1 neurosecretory 
cells, but after 24 h of exposure, the size of these neu-
rosecretory cells returned to control level and main-
tained this level during the next 72 h of exposure. 

The size of the A1 neurosecretory cells decreased 
during the first 2 h of exposure in both the 50 µT- and 
150 µT-exposed groups. However, the size of A1 neu-
rosecretory cells in 50 µT-exposed group was signifi-
cantly higher than in 150 µT-exposed group (Fig. 3).

After 4 h of exposure, the size of the A1 neurose-
cretory cells in the 50 µT-exposed group was signifi-

Fig. 3. Effect of constant illumination and the ELF-EMF expo-
sure on size of Eisenia foetida A1 neurosecretory cells during 
acute and chronic exposure.

Fig. 2. (a) Number of autotomized animals, including animals with a first signs of autotomy and (b) percentage of autotomized animals 
and percentage of animals that survived after autotomy, following three days of constant illumination and 4 h/day ELF-EMF exposure/
sham-exposure of Eisenia foetida



400 ZORANA BANOVAČKI ET AL.

cantly increased than after 2 h. The A1  neurosecretory 
cell size in this group matched the size of the cells in 
the sham-exposed group that was the same as after 
2 h of exposure. The size of A1 neurosecretory cells 
in the 150 µT-exposed group was also significantly 
increased in comparison to 2 h, but this increase was 
significantly lower when compared with the 50 µT-
exposed group (Fig. 3).

A significant decline in the size of A1 neurosecre-
tory cells was recorded 24 h after initial exposure in 
the 50 µT-exposed group and in the sham-exposed 
group. In these groups, the size of the cells showed 
no statistically significant difference compared with 
the control. However, the size of the A1 neurosecre-
tory cells in the 150 µT-exposed group was signifi-
cantly increased in comparison to the other groups, 
as well as to the size of the cells in the 2 and 4 h 150 
µT-exposed group. In addition, in this group, the size 
of the cells was significantly higher than in the con-
trol (Fig. 3).

Chronic exposure caused a further, although not 
significant, decrease in A1 neurosecretory cell size 
in both the 50 µT- and sham-exposed groups. The 
neurosecretory cell sizes in these groups was not sig-
nificantly different compared to the control. On the 
other hand, the size of the A1 neurosecretory cells 
showed an increasing trend in the group treated with 
an ELF-EMF of 150 µT, and the size of these cells 
was significantly higher compared to all other groups 
(Fig. 3). 

DISCUSSION

It is well known that organisms can be protected 
against a potentially lethal stress by pre-exposing 
them to a low dose of the same or different stress. The 
stimuli that induce this protective response, among 
others, include EMF (Bjorasen et al., 2004; Cuppen, 
2010; Di Carlo et al., 2001, 1998; Elmusharaf et al., 
2007)

In the present study we noticed that exposure to 
ELF-EMF (50 Hz, 17 V/m, 50 µT / 150 µT) during 
constant illumination stress increased the survival 

rate of Eisenia foetida depending on the electromag-
netic field intensity. The animals in all the experi-
mental groups manifested caudal autotomy as a stress 
response to constant illumination. This, however, oc-
curred later in the animals exposed to 150 µT than 
in those exposed to 50 µT and the sham-exposed 
animals. Subsequently, the survival rate during the 
3-day experiment was significantly enhanced by 150 
µT treatment. 

In Oligochaeta, autotomy occurred as a response 
of the innate immune system, following the encapsu-
lation of foreign material and pathogens (Field et al., 
2004) and/or as a response to noxious stimulation 
(Lesiuk and Drewes, 1999; Vidal and Horne, 2003). 
Caudal autotomy represents a precursory sign of le-
thality and together with self-constriction and rigid-
ity indicates neurotoxicity in toxicity tests (Gong et 
al., 2008), as well as in irradiation with β rays (Her-
tel-Aas et al., 2007). 

Autotomy is a phenomenon strictly connected 
to stress and immunity. Stress can increase or de-
crease the immunological ability depending on 
the intensity, duration and species (Ottaviani and 
Franceschi, 1996). An immune response is not only 
caused by the presence of non-self cells. It also re-
quires the presence of promoters called “danger 
signals”, such as heat shock proteins as well as in-
terferon, interleukins and other cytokines. Other 
factors, such as stress or shock from salt, cold or 
heat, beside the damage caused by pathogens, have 
been identified to stimulate the production of “dan-
ger signals” (Engelsma et al., 2003; Huising et al., 
2003). Summarizing the results of previous stud-
ies, Cuppen et al. (2007) concluded that short-term 
ELF-EMF exposure, possibly repeated, can produce 
“danger signals” that can trigger the immune sys-
tem activation feedback mechanism in the presence 
of pathogens.

Our results indicate that 4 h of exposure to 150 
µT during the first 24 h increased the survival rate 
of the animals under light-induced stress com-
pared to sham-exposed animals. In addition, the 
autotomy reflex, as an indicator of stress response, 
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was delayed in the 150 µT-exposed group. On the 
other hand, exposure to an EMF of 50 µT had no 
such effect. Prolonged exposure, over a 48-h peri-
od, resulted in the induction of the autotomy reflex 
in all three groups, indicating a high level of stress 
response, presumably due to overwhelming light-
induced stress. After 72 h of exposure, mortality in 
the sham-exposed and 50 µT-exposed groups was 
56% and 45%, respectively. However, in the 150 
µT-exposed group mortality was 22%, even though 
only 21% of the animals survived this period with-
out induced autotomy. The decrease in mortality is 
most likely a result of delaying of the autotomy re-
flex, i.e. the EMF exposure induced protection. The 
observed increase in the survival rate after autotomy 
in the group exposed to 150 µT and to continuous 
illumination, along with the evidence stated above, 
also indicates an enhancement in the immune re-
sponse of these animals.

The results of this research have also shown that 
constant illumination changes the morphometric 
parameters of the A1 neurosecretory cells of the pro-
tocerebrum. The changes indicate the increase in the 
synthesis and release of neurohormones from neuro-
secretory neurons in acutely constant illumination-
exposed i.e. sham-exposed group. Chronic constant 
illumination, however, does not change the size of 
cells compared to the control. 

Although acute 2 h, 50 µT ELF-EMF exposure 
prevented an increase in the A1 neurosecretory cell 
size, and allowed their size to remain unchanged 
compared to the control, after four hours and during 
further exposure, this effect was lost. In the groups 
exposed to 50 µT for 4 h, 24 h and 72 h, the size of 
A1 neurosecretory cells varied in the same way as in 
the sham-exposed group, indicating that the 50 µT 
ELF-EMF has no synergetic effect with constant il-
lumination other than the initial.

In the group that was exposed for 2 h to 150 µT 
ELF-EMF, we recorded a significant decrease in the 
A1 neurosecretory cell size. However, after 4 h of 
exposure to the designated field, there was a signifi-
cant increase in cell size, and this trend continued 

until the end of the experiment. After 72 h of expo-
sure, the size of the A1 neurosecretory cells in the 
150 µT-exposed group was significantly higher than 
in all the other groups, including the control. This 
change in the size of the neurosecretory cells indi-
cated a trend of increasing activity of neurosecretion 
and the induction of the synthesis and release rate of 
neurohormones from neurosecretory neurons. This 
phenomenon was, we assume, due to the synergistic 
effect of ELF-EMF and constant illumination

The neurohormones of the A1 neurosecretory 
cells of the protocerebrum in Eisenia foetida are so-
matotropic, thus regulating cell reproduction and 
regeneration (Al Yousuf, 1988; Al Yousuf, 1992; Al 
Yousuf et al., 1992a). ELF-EMF, depending on the 
strength, influences the level of secretion of neuro-
hormones that influence A1 neurosecretory cell size. 
Although acute exposure to 150 µT in combination 
with illumination stress initially leads to a significant 
decrease in the A1 neurosecretory cell size, prolonged 
exposure to 150 µT ELF-EMF resulting in an in-
crease trend in cell size. However, this effect was not 
observed after chronic exposure to 50 µT ELF-EMF. 
As a result of 72 h 150 µT exposure, the size of the 
A1 neurosecretory cells was significantly higher com-
pared to the size of cells in the 50 µT group and the 
sham-exposed group. We suppose that the increase 
in the A1 neurosecretory cell size in the protocerebral 
ganglion of animals exposed to 150 µT and to con-
tinuous illumination indicates its higher synthetic 
activity, which may be in connection with the ob-
served increase in their survival rate after autotomy, 
and in such a way indicates the connection between 
the immune and endocrine systems in E. foetida.

Although further investigations, especially of 
the mechanism of action, are needed, the present 
data support the view that short-term ELF-EMF, in 
“windows” of intensity, is likely to stimulate the im-
mune response, thus extending the survival rate of 
Eisenia foetida under illumination stress. Our results 
indicate that the presumed immune stimulation may 
be associated with the changing levels of neurosecre-
tory activity in the protocerebral ganglion induced 
by ELF-EMF.



402 ZORANA BANOVAČKI ET AL.

REFERENCES

Al Yousuf, S., Konishi, A., Nomura, S., and N. Mizuno (1992). An 
electron microscopic study of neurosecretion in the cere-
bral ganglion of the earthworm. Neuroscience letters 140, 
189-191.

Al Yousuf, S. (1992a). Neuropeptides and Immunocytochemistry 
in Annelids. In: International review of cytology (Eds. W.J. 
Kwang and F. Martin), 231-308. Academic Press.

Al Yousuf, S. (1988). Distribution and ultrastructure of neurose-
cretory cells in the cerebral ganglion of the earthworm. J. 
Morphol. 197, 1-20.

Antoch, M.P., and R.V. Kondratov (2010). Circadian proteins and 
genotoxic stress response. Circ. Res. 106, 68-78.

Aros, B., and B. Vigh (1959). Neurosecretory changes in the ner-
vous system of Lumbricus rubellus Hoffm. provoced by 
various experimental influences. Acta biologica Acad Sci 
Hungaricae 12, 87-98.

Awasthi, V.B., and S.D. Mishra (1974). Effect of salinity stress on 
the cysteine and/or cystine rich neurosecretory cells of the 
earthworm, Phererima posthuma. Zoologische Beirrtige 20, 
505-510.

Bjorasen, A-M., Sjodin, A., Hansson Mild, K., and M-O. Mattsson  
(2004). Sine wave extremely low frequency magnetic fields 
protect chick embryos against UV-Induced death. Electro-
magn. Biol. Med. 23, 113-124.

Carley, W.W. (1978). Neurosecretory control of integumental 
water exchange in the earthworm Lumbricus terrestris L. 
Gen. Comp. Endocrinol. 35, 46-51.

Cooper, E.L., Kauschke, E., and A. Cossarizza (2002). Digging for 
innate immunity since Darwin and Metchnikoff. Bioes-
says: news and reviews in molecular, cellular and develop-
mental biology 24, 319-33.

Cuppen, J. J. M. (2010, October). Mortality decrease and produc-
tivity improvement in farmed rabbits exposed to extreme-
ly low frequency electromagnetic fields. Proceedings of 
6th International workshop on biological effects of EMF, 
Bodrum, Turkey.

Cuppen, J.J.M., Wiegertjes, G.F., Lobee, H.W.J., Savelkoul, H.F.J., 
Elmusharaf, M.A., Beynen, A.C., Grooten, H.N.A., and W. 
Smink (2007). Immune stimulation in fish and chicken 
through weak low frequency electromagnetic fields. Envi-
ronmentalist 27, 577-583.

de Morais, P.F., Herlant-Meewis, H., and N. Dhainaut-Courtois  
(1979). Ultrastructure des cellules neurosecrices peptide-
riques des ganglions cerebroides d’Eisenia foetida. Arch.
Biol.(Bruxelles) 90, 83-112.

Di Carlo, A.L., Farrell, J.M., and T.A. Litovitz (1998). A simple 
experiment to study electromagnetic field effects: protec-
tion induced by short-term exposures to 60 Hz magnetic 
fields. Bioelectromagnetics 19, 498-500.

Di Carlo, A.L., White, N.C., and T.A. Litovitz  (2001). Mechanical 
and electromagnetic induction of protection against oxi-
dative stress. Bioelectrochemistry 53, 87-95.

Elmusharaf, M.A., Cuppen, J.J., Grooten, H.N., and A.C. Beynen 
(2007). Antagonistic effect of electromagnetic field expo-
sure on coccidiosis infection in broiler chickens. Poult. Sci. 
86, 2139-2143.

Engelsma, M.Y., Hougee, S., Nap, D., Hofenk, M., Rombout, J.H., 
van Muiswinkel, W.B., and L.B.M. Verburg-van Kemenade 
(2003). Multiple acute temperature stress affects leucocyte 
populations and antibody responses in common carp, Cy-
prinus carpio L. Fish Shellfish Immunol. 15, 397-410.

Field, S.G., Kurtz, J., Cooper, E.L., and N.K. Michiels (2004). 
Evaluation of an innate immune reaction to parasites in 
earthworms. J. Invertebr. Pathol. 86, 45-49.

Fischer, E., and Molnár, L. (1997). Growth and reproduction of 
Eisenia fetida (Oligochaeta, Lumbricidae) in semi-natural 
soil containing various metal chlorides. Soil Biol. Biochem. 
29, 667-670.

Gibbs, M.H., Wicker, L.F., and A.J. Stewart (1996). A method for 
assessing sublethal effects of contaminants in soils to the 
earthworm, Eisenia foetida. Environ. Toxicol. Chem. 15, 
360-368.

Gong, P., Escalon, B.L., Hayes, C.A., and E.J. Perkins (2008). Up-
take of hexanitrohexaazaisowurtzitane (CL-20) by the 
earthworm Eisenia foetida through dermal contact. Sci. 
Total. Environ. 390, 295-299.

Goodman, R., and M. Blank (2002). Insights into electromagnetic 
interaction mechanisms. J. Cell. Physiol. 192, 16-22. 

Herceg, D., Juhas, A., and M.A. Milutinov (2009). Design of a four 
square coil system for a biomagnetic experiment. Facta 
Universitatis (Niš) Ser. Elec. Energ. 22, 285-292. 

Herlant-Meewis, H. (1966). [The neurosecretory cells of the ner-
vous chain of Eisenia foetida]. Z Zellforsch Mikrosk. Anat. 
69, 319-25.

Hertel-Aas, T., Oughton, D.H., Jaworska, A., Bjerke, H., Salbu, B., 
and G. Brunborg (2007). Effects of chronic gamma irra-
diation on reproduction in the earthworm Eisenia fetida 
(Oligochaeta). Radiat. Res. 168, 515-526.

Huising, M.O., Guichelaar, T., Hoek, C., Verburg-van Kemenade, 
B.M.L., Flik, G., Savelkoul, H.F.J., and J.H.W.M. Rombout  
(2003). Increased efficacy of immersion vaccination in fish 
with hyperosmotic pretreatment. Vaccine 21, 4178-4193.



SYNERGETIC EFFECT OF ELF-EMF AND LIGHT STRESS 403

Junkersdorf, B., Bauer, H., and H.O. Gutzeit (2000). Electromag-
netic fields enhance the stress response at elevated tem-
peratures in the nematode Caenorhabditis elegans. Bioelec-
tromagnetics 21, 100-106.

Juutilainen, J., Kumlin, T., and J. Naarala (2006). Do extremely 
low frequency magnetic fields enhance the effects of envi-
ronmental carcinogens? A meta-analysis of experimental 
studies. Int. J. Radiat. Biol. 82(1), 1–12.

Kirschvink, J.L. (1992). Uniform magnetic fields and double-
wrapped coil systems: improved techniques for the design 
of bioelectromagnetic experiments. Bioelectromagnetics 
13, 401-411.

Kulkarni, G.K., Hanumante, M.M., and R. Nagabhushanam  
(1979). Neurosecretory changes induced by salt loading 
in the freshwater leech, Poecilobdella viridis (Blanchard). 
Hydrobiologia 62, 3-6.

Lesiuk, N.M., and C.D. Drewes (1999). Autotomy reflex in a 
freshwater oligochaete, Lumbriculus variegatus (Clitellata: 
Lumbriculidae). Hydrobiologia 406, 253-261.

Michel, A., and H.O. Gutzeit (1999). Electromagnetic fields in 
combination with elevated temperatures affect embryo-
genesis of Drosophila. Biochem. Biophys. Res. Commun. 
265, 73-78.

Ottaviani, E., and C. Franceschi (1996). The neuroimmunology 
of stress from invertebrates to man. Prog. Neurobiol. 48, 
421-440.

Reinecke, A.J., and S.A. Reinecke (2004). Earthworms as test or-
ganisms in ecotoxicological assessment of toxicant im-

pacts on ecosystems, in: Earthworm Ecology 2nd ed. (ed. 
C.A.Edwards),. 299-319. CRC Press, Boca Raton.

Siekierska, E. (2003). Cadmium effect on the structure of supra- 
and subpharyngeal ganglia and the neurosecretory pro-
cesses in earthworm Dendrobaena veneta (Rosa). Environ. 
Pollut. 126, 21-28.

Stevanović, D. (1976). Morfološke odlike neuroglandularnih 
ćelija cerebralne ganglije kišne gliste Lumbricus rubellus 
Hoffm. u stresu [PhD]. Novi Sad: Univerzitet u Novom 
Sadu. 208 p.

Stevanović, D., and M. Matavulj (1988). Adaptive effect of struc-
tural changes of neuroglandular cells of brain of Lumbri-
cus rubellus caused by illumination and darkness. Ad. Bio-
sci. 70, 201-204.

Van der Meer, E., Van Loo, P.L., and V. Baumans  (2004). Short-
term effects of a disturbed light-dark cycle and environ-
mental enrichment on aggression and stress-related pa-
rameters in male mice. Lab. Anim. 38, 376-383.

Vidal, D.E., and A.J. Horne (2003). Mercury toxicity in the aquat-
ic oligochaete Sparganophilus pearsei. II: Autotomy as a 
novel form of protection. Arch. Environ. Contam. Toxicol. 
45, 462-467.

Waissel, I., Mineo, J.R., and C.L. Natal (1999). Changes in the 
behavioral and immunological parameters of the mollusk 
Biomphalaria tenagophila induced by disruption of the 
circadian cycle as a consequence of continuous illumina-
tion. Braz. J. Med. Biol. Res. 32, 1539-1543.




