
Drosophila melanogaster: An alternative animal
for the study of heavy-metal induced neurotoxicity

Item Type text; Thesis-Reproduction (electronic)

Authors Akins, Jonathan McGhee.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:46:38

Link to Item http://hdl.handle.net/10150/144637

http://hdl.handle.net/10150/144637


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text dfrectly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The quality of this reproduction is dependent up9n the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 
to order. 

U·M·I 
University Microfilms International 

A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, M148106-1346 USA 

313/761-4700 800/521-0600 





Order Number 13436'19 

Drosophila melanogaster: An alternative animal for the study of 
heavy-metal induced neurotoxicity 

Akins, Jonathan McGhee, M.S. 

The University of Arizona, 1991 

Copyright ©1991 by Akins, Jonathan McGhee. All rights reserved. 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI48106 



~~~-~-- ----~-----------



NOTE TO USERS 

THE ORIGINAL DOCUMENT RECEIVED BY U.M.I. CONTAINED PAGES 

WITH SLANTED PRINT. PAGES WERE FILMED AS RECEIVED. 

THIS REPRODUCTION IS THE BEST AVAILABLE COPY. 



------------ --------_ .. _--_. 



DROSOPHILA MELANOGASTER: AN ALTERNATIVE ANIMAL 

FOR THE STUDY OF HEAVY-METAL INDUCED NEUROTOXICITY 

by 
Jonathan M~Ghee Akins 

Copyright © Jonathan ~Ghee Akins 

A Thesis Submitted to the Faculty of the 
COMMITTEE OF PHARMACOLOGY AND TOXICOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTERS OF SCIENCE 
WITH A MAJOR IN TOXICOLOGY 

in the Graduate College 
THE UNIVERSITY OF ARIZONA 

1 9 9 1 

- - --------- ----- -----

1 



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of the 
requirements for an advanced degree at THE UNIVERSITY OF ARIZONA and 
is deposited in the University Library to be made available to borrowers under 
rules of the Library. 

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of this 
manuscript in whole or in part may be granted by the copyright holder. 

,;-

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the Gate shown below: 

lY ~ ~pOShian 4- 12- 91 

Professor of Molecular and Cellular Biology Date 

2 



ACKNOWLEDGMENT 

I would like to thank many people for their help in furthering my 

education. First of all, I would like to thank Vas and Mary Aposhian. They 

have treated me like family and have influenced me more than anyone else· 

regarding my academic career. I was grateful to be part of their lab and part of 

their life. I thank Dr. H.V. Aposhian for being a wonderful person and boss. He 

has a manner of dealing with people that many should learn; I hope I will learn 

this trait. Vas Aposhian surrounds himself with friendly and hardworking 

graduate students and staff. I will miss them all: Zheng Wei, Dave Bruce, Greg 

Bogdan, Debbie Levine, Mary Aposhian, Karel Blaha, Russel Ingersoll, Joyce 

Shroeder, and , of course, my mentor, Dr. Richard Maiorino. I also would like to 

thank my other boss, Danny Brower. I sincerely appreciate his approach to 

research and his immense help throughout this project; without Danny, this 

project would have been impossible. Also in his lab, I want to thank R!~k 

Salitino, Mark, and Sharon Jaffe for their help. I would like to thank my wife, 

Tina Evans Akins for being the wonderful person that she is and for her 

continued encouragment and help during the stressful periods of graduate 

school; I was smart to marry her. And, of course, I want to thank my wonderful 

parents Mr. and Mrs. W.H. Akins, who have supported and loved me all of my 

life. 

3 



4 

TABLE OF CONTENTS 

PAGE 

LIST OF FIGURES • • • • • • • • • • • • • . • 5 

LIST OF TABLES • •• 6 

ABSTRACT . . . . . . . . • •• 7 

1. INTRODUCTION . . . . • • • • • • • • 8 

2. MATERIALS AND METHODS • • 17 

2.1 LC50'S ···············1 8 
2.2 PHOTOTAXIS ASSAY •••••••••• 19 
2.3 LOCOMOTION ASSAYS •••••••••• 20 
2.4 LEARNING ASSAY ••• • • • • • 21 
2.5 VENTRAL ANTIBODY STAIN •••••••• 22 

3. RESULTS • • • • • • • • • • • • • • • • 24 

4. FINAL DISCUSSION • • • • • • • 52 

REFERENCES • • • • • • • • • • • • • • • 65 



5 

LIST OF FIGURES 

PAGE 

Fig.1. INTRODUCTION: Drosophila melanogaster's 
life cycle ••••••••••••••••• 1 0 

Fig.2. LC50' for triethllead chloride, 
cadmium chloride and lead acetate . . . . . . 25 

Fig.3. Development delay by triethyllead chloride • • • • • 28 

Fig.4.-fig.6. Larval delay by the heavy metals • • • 30 

Fig.? No pupal delay in development • • • • • . • • 33 

FigS. Wildtype phototaxiS . . . . . . . . . ·3 5 

Fig.9. e ya phototaxis •••••••• • • • • ·36 

Fig.10 - Fig.11. Circadian rhythms • • . • • . • • • • 44 

Fig 12. UBX and SCR antibody stains •••••••••• 51 



6 

LIST OF TABLES 

PAGE 

Table 1. 

Table 2. 

Table 3. 

Phototaxis assay • • • • • • • • • • e • • 3 7 

Connolly locomotion assay . . . . . . . • • ·40 

Connolly locomotion assay: starvation • • • • 41 

Table 4. Lint locomotion assay: 12 hour •••• 43 

Table 5. Lint locomotion assay: 3 hour ••••••••• 46 

Table 6. Dudai learning and memory assay ••••••• 49 



ABSTRACT 

Heavy metals cause irreversible neurobehavioral damage in many 

developing mammals, but the mechanisms of this damage are unknown. The 

influence of three heavy metal compounds, triethyllead chloride, lead acetate, 

and cadmium chloride, on lethality, development, behavior and learning was 

studied using the fruit fly, Drosophila melanogaster. Drosophila was used 

because it has been extensively characterized genetically at the molecular 

level, and it allows hundreds of subjects to be used very easily in individual 

experiments. The larva LeSO ± standard error for triethyllead chloride, lead 

acetate, or cadmium chloride was found to be 0.090 ± 0.004 mM, 6.60 ± 0.64 

mM, or 0.42 ± 0.04 mM, respectively. Each of the tested compounds produced 

a dose-related delay in development. In particular, they caused an increase in 

the time for larvae to develop into pupae. When larvae were reared on medium 

containing triethyllead chloride (0.06 mM), lead acetate (3.07 mM), or cadmium 

chloride (0.11 mM), phototaxis, locomotion, and learning in the resulting adults 

were not inhibited. Since significant neurobehavioral effects were not observed 

under the experimental conditions used, Drosophila does not appear to be an 

appropriate animal for the genetic dissection of the neurobehavioral toxic 

effects of heavy metals. 
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INTRODUCTION 

Triethyllead chloride, lead acetate, and cadmium chloride cause 

behavior alterations in developing mammals. Triethyllead chloride, a metabolite 

of tetraethyllead (Cremer, 1959), causes a variety ,of neurobehavioral disorders 

including motor excitability, disorientation and memory impairments in rats 

(Walsh and Tilson, 1984), and growth retardation in developing mice (Odenbro 

et aI., 1988). Lead acetate causes behavioral effects in rats (Massaro et aI., 

1986; Baraldi et aI., 1985), growth retardation in rats (Hammond et aI., 1989), 

visual damage in monkeys (Reuhl et aI., 1989), and perceptual deficiencies in 

humans (Bonithon-Kopp et aI., 1986). Cadmium chloride causes locomotor 

alterations, growth retardation in rats (Ali et aI., 1985; Smith et aI., 1984), and 

perceptual deficiencies in humans (Bonithon-Kopp et aI., 1986). Although 

these heavy metal compounds are neurotoxic, a generally accepted theory of 

the mechanisms of their neurotoxicity is lacking. 

Perhaps this lack is due to the complexity of behavior and learning 

processes in the mammal. If so, the study of a simpler organism might help 

decipher learning and behavioral deficiencies resulting from heavy-metal 

exposure. Such an approach to understand many other molecular and genetic 

phenomena using E. coli and Drosophila has been fruitful. 
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The life cycle and physiology of Drosophila melanogaster 

The life cycle of the fruit fly must be briefly presented in order to 

understand the procedures and the implications of the development data. Also, 

by understanding the physiology of the fruit fly, we may better understand the 

mechanism of the fly's defense against the heavy metal induced neurotoxicity. 

The life cycle of Prosophila may be summarized as follows (figure 1) : the 

adult fly lays its eggs; the eggs hatch into larva in approximately one day; larva 

pass through the first, second and third instar developmental stages and 

eventually pupate within four to five days. The pupa ecloses (hatches) into an 

adult fly in four to five days. Under these experimental conditions, a new 

generation of flies is produced every nine to ten days 

(Ashburner, 1978;Demerc, 1965). 
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Digestive system The Drosophila digestive system is not simply a tube 

connecting the mouth and anus. The adult mouth is a protrusive sucking 

apparatus (proboscis), which sucks up liquid food using a suction pump 

(cibarium). After food enters the mouth, it travels down the esophagus, which 

runs through the ganglionic mass and enters the cardia in the anterior thorax. 

The food then can enter an invagination of the esophagus, the crop. The crop 

serves as a storage container for the liquid food and is capable of great 

distension by the liquid food. The crop passes food to the ventriculus for 

digestion. The cardia and stomodeal valve prevent regurgitation of the 

ventricular contents. The ventriculus is the stomach of the fruit fly and plays a 

major role in digestion. The pH of the stomach is approximately 6.5-7.5, so the 

proteases are more trypsin-like than pepsin-like; the enzymes are not stored as 

zymogens. The intestines absorb nutrients and water from the digested 

material, and the remaining particles leave from only the anus, since there is no 

separate excretion route for the urine. The larva eats by planting its mouth 

hooks in the medium, dragging itself over the medium, and injesting the 

medium. 

The two excretory organs of the fly's digestive system are the salivary 

glands and the malpighian tubul65. The salivary glands either eject or regulate 

the flow of an amylase and mucus-containing saliva aiding the digestion and 

transportation of the tood. The malpighian tubules (M.T.) is the fly's version of 

the mammaliar'l kidney, and, in fact acts as a large nephron. It has two pairs of 

tubes originating from the bottom of the ventriculus and ending blindly in the 

haemolymph. There is no counter-current mechanism, but the M.T. eliminate an 
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isotonic solution of the unwanted compounds from the haemolymph. The M.T. 

empties its urine in the bottom of the ventriculus, from which the urine travels 

through the intestine. The intestine reabsorbs water and nutrients, 

concentrating the urine with the feces(Ashburner, 1978; Demerc,1965). 

Respiratory system Insect blood plays little or no role in oxygen transport 

to the various tissues. Instead, oxygen is transported by an intricate network of 

trachea, air sacs, and tracheoli. The trachea receive air from holes in the 

exoskeleton (spiracles). The air, in turn, travels to the tracheoli where the 

exchange of gases occurs with the tissues. Thus, oxygen is brought directly to 

the cell's mitochondria where minimal distance is required for the gas 

exchange(Ashburner, 1978; Demerc,1965). 

Circulatory system The insect has an open circulatory system. The 

tubular shaped heart, located in the abdomen, pumps the hemolymph through 

the aorta up to the brain. The hemolymph then flows backward into the thorax 

and abdomen. The hemolymph is also pumped by accessory pumps in the 

antennae and the leg bases, and the haematolymph is also transported by the 

movements of the animal. The haematolymph consists of a colorless liquid 

plasma and free blood cells. The blood cells are few in number, but contain 

large vacuoles tor the transport of fuel to tissues. There are also groups of cells, 

nephrocytes and oencytes, which may serve an intermediary function in 

metabolism or excretion. Adipose tissue fills a large space in the body cavity of 

the insect. Trehelose (a disacharide of glucose) is in a high concentration in the 

blood(Ashburner, 1978; Demerc,1965). 
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Nervoys system While the nervous system of Drosophila Melangaster is very 

different than that of mammals, the basic unit of the nervous systems (neurons 

for mammals and neurones for the fruit fly) are basically the same. The neuron 

and the neurones both contain an axon, dendrites, and a cell body_ They also 

both have associated cells which support nerves and aid in the nerve 

conduction of action potentials. The fruit fly nerves are either sensory (fine 

fibers), aSSOCiation, or motor nerves (course fibers). 

The central nervous system in a holometabolous insect serves two very 

different animals, the larva and the fly. While the eNS does not change 

drastically, it does change continuously from the b~ginning of embryogenesis 

until the the emergence of the fly from the pupa. There are three basic changes 

in the eNS, which are most obvious at the first instar (newly hatched larva), third 

instar Oust before pupation), and the adult stage. The newly hatched larva eNS 

basically contains a supraesophageAI ganglia (the brain hemispheres) which is 

connected to a ventral ganglia. This whole complex contains 12 pairs of fused 

ganglia; 3 pair are thoracic, 8 are abdominal and 1 is supra esophageal. 

The primary change of the eNS from the first to the third instar is an 

increase in the size and volume by approximately 30 times. The next most 

obvious change is eye disc enlargement on the anterior-lateral region of the 

brain. Also the size (about 21 %of the total mass) and the complexity of 

neurophil increases. And, at the end of the larval stage, most of the adult 

components are recognizable. 

The majority of the changes in the fly's nervous system occur during 

metamorphosis. The brain and ventral ganglia elongate, and the cervical 

connection forms from the separation of the sub-ganglia from the thoracic 
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centers. Thus, the adult fly hns two brains: the brain in the head capsule directs 

and receives information to the head sensory organs and musculature, and the 

thoracic ganglion brain in the thoracic segment directs and receives information 

from sensory nerves and musculature in the thoracic and abdominal regions. 

Another change in the CNS ,is that the thoracic and abdominal ganglia 

condense and lose segmentation. While there is considerable change in the 

eNS in this stage, it must be noted that the larval and adult nervous systems are 

derived from the same or very closely related embryonic precusors (Ashburner, 

1978; Demerc,1965). 

Only by understanding the physiology of the fruit fly can we attempt to 

use it to establish the route of heavy metal induced neurotoxicity. Since we are 

feeding the larva the heavy metal, the metals could enter the mouth, be 

absorbed by the intestine, enter the open haemolymph circulation, and be 

excreted by the rnalpighian tubule and anus. 

One problem associated with using the Drosophila is that the physiology 

is extremely different from that of the human. This may indeed make for difficult 

extrapolation of information for human use. However, the Drosophila central 

nervous system is similar to the human CNS in that the basic neuronal units 

and support cells are similar (Demerc,1965). Also, there is a large body of 

research dealing with the neurotoxicity of these compounds in mammals, but 

little to no research using Drosophila. B]" using the Drosophila, we may find 

different behavioral assays than are possible using mammals. So, while the 

Drosophila is very different from the human, we may find subtle differences in 

heavy-metal induced behavior which would be impossible using mammals. In 

fact, the fruit fly could prove useful to toxicological or pharmacological research 
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since hundreds to thousands of flies could be used each experiment; in Fig 1, 

approximately 18,150 eggs were used, which would prove extremely time 

consuming if mammals were used. Drosophila behaviors are easier to 

quantitate than mammalian behaviors, since their behaviors are not as complex 

as mammalian. They are easy to raise and train, and also many behavioral 

assays are currently available. 

There are potential disadvantages to using the Drosophila. First, the data 

obtained using the fruit fly may be difficult to extrapolate to humans or other 

mammals because of the fruit fly radically different physiology in the gut, lymph 

circulation, excretion, and other organs. Two, the fruit fly is difficult to handle 

because of its small size and its ability to fly. Three, the fruit fly appears to be a 

good experimental animal compared to other animals whose behaviors are 

complex and whose genome is well documented. 

Most importantly, Prosophila is well characterized genetically. The entire 

genome of the Drosophila has been mapped with behavioral markers. These 

markers could help to genetically dissect the mechanisms of a compounds 

toxicity. There are many examples of behavioral markers that may be used 

directly or indirectly in these studies. For example, eya (a mutation that causes 

blindness since the fly's eyes are absent), dunce ( a learning mutation caused 

by a defect in the dopa-decarboxylase gene) (Dudai et aL,1976), rutabaga ( a 

defect of adenylate cyclase)(Dudai et aL, 1983), amnesiac (the mechanism of 

this learning mutation is still a mystery) (Quinn, 1979), and turnip (a defect in the 

high affintiy binding sites) (Smith et aL, 1986). If we were to find a 

neurobehavioral lesion, we could possibly use these mutants to determine 

whether the neurotoxicological compounds would cause no effect, an additive 



effect, or synergistic effect on the learned behavior. Futhermore, the mutants 

could be used as controls for our behavioral assays. By using the mutants, we 

can be sure we are testing the behavior and not an artifact. 

16 

Drosophila melanogast'2r was chosen as the animal model because its 

genome is well characterized and has many genetic markers, including 

behavioral ones. If a behavioral lesion were to be found, Drosophila mutants 

might be useful to incre~ the sensitivity of the behavioral assays and 

determine which gene products were affected by the lesion. Second, hundreds 

of flies could be used for each experiment. Such numbers are usually 

impossible with mammals. Since behaviors are difficult to quantitate, the use of 

large numbers of animals increases the sensitivity of behavioral paradigms. 

Finally, such an assay offers an alternative to the use of mammals. 

This research was designed to determine whether previously established 

prosohopila Le50 (concentration of metal to cause lethality in 50% of the tested 

animals), developmental and behavioral assays could be combined to 

determine whether the Drosophila could be used as an alternative animal for 

the studying heavy metal induced neurotoxicty. 
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METHODS 

The Barton strain of Drosophila melanogaster was used for all experiments. 

Normal Drosophila medium. The medium in which the larva mature to pupa 

was prepared as follows: 5 grams of agar (Sigma Chemical CO.,St. Louis, Mo.) 

was added to one liter of cold distilled water and mixed thoroughly. The 

water/agar mixture was brought to boiling, removed from the heat and Quaker 

oatmeal (942.5 grams) was added to the mixture. It then was cooled to 70-75 °c 

and 1 gram of n-para-amino-benzoicacidmethylester (Sigma, St. Louis, Mo.), 

suspended in 5 ml of 100% ethanol (U.S. Industrial Chemical Co., New York, 

N.Y.), was added. Finally, 62.5 grams of Carolina Instant Fly Food (Burington, 

N.C.) was added. The complete mixture was then decanted into 25 ml plastic 

vials (Sarstedt), capped with foam stoppers, put in plastic bags, and stored in 

the cold. 

Grape-juice agar. Grape-juice agar, a firm agar, was used for egg collection 

and LC50 experiments. It was prepared as follows: 200 g agar (Sigma, St. 

Louis, Mo.), 217.5 g sucrose (EM Scientific, Gibbstown, N.J.), 435 g dextrose 

(Baker, Phillipsburg, N.J.), 2559 ml Welch's Grape Juice, 5572 ml distilled water 

were mixed and boiled. The solution was cooled to 60° C; 84ml of Acid Mix A , 

which consists of 41.8% proprionic acid (Fischer scientific, Fair lawn, N.J.) and 

4.15% H3P04 (Baker, Phillipsburg, N.J.), followed by 206.25 ml of 1 M NaOH 

(Fischer scientific, Fair lawn, N.J.) were added. The hot solution was decanted 

into petri-dishes which were covered immediately and stored at 4 ° C. 

Chemicals Lead acetate and cadmium chloride (Baker, Phillipsburg, N.J.) 

were 100.3and 100.5% pure,according to their labels. Triethyllead chloride 
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(Alfa Products, Danvers, M.A.) was washed with cold ether and dried before 

use. Solution of these compounds were added individually, with mixing, to the 

normal medium while the medium was warm and fluid. 

The odorants for the olfactory learning study were 0.1 % 3-octanol or 

0.1 % 4-methylcyclohexanol diluted with 100% ethanol. The odorants were 

obtained from Aldrich Chemical Co. Inc., Milwaukee, Wis .. 

LC50- 11 day larval assay The experimental procedure for determining the 

larval LC50 was similar to the procedure used by Sorsa (1973) and Christie et 

aI., 1983 with the following modifications. A plate of grape-juice agar with yeast 

sprinkled on top was placed in the Drosophila rearing vat. Eggs were collected 

for 0-3 hours and were removed gently from the agar with a gentle stream of 

water and a soft paint brush (1/4 inch). This slurry of eggs, water and yeast was 

strained through a 200 ~m sieve to remove dead flies and other large particles, 

and a second 125 ~m sieve which collected the eggs. Forty-five eggs were 

placed on a 0.5cm2 piece of grape-juice agar, which was transferred to a 25 ml 

plastic vial (Sarstedt) containing normal medium to which various 

concentrations of the heavy metals had been added. The vials were placed in a 

25° C incubator at approximately 50% relative humidity. The endpoint of the 

LC50 was the pupariation stage of development. The number of larva surviving 

into pupariation within 11 days was counted. The LC50's data were obtained 

from at least three separate experiments. Each experiment consisted of five 

vials per concentration of the heavy metal; each vial contained 45 eggs. For 

the behavioral studies, the larva were reared on medium containing the NOEL 

(no observed effect level) concentration appropriate for each metal. 
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Developmental analysis- The development of the larva reared on normal 

medium or on medium containing heavy metal ions was observed at two 

development end points, pupariation and eclosion. Pupariation is defined as 

the point at which the third instar larva stops moving, inverts its spiracles and 

condenses into the white pupapuparium form. Eclosing is the stage at which 

the flies hatch from the pupa. Flies reared on normal medium will pupariate 

within four to five days and will eclose four to five days after pupariation. 

Normally the time required for an egg to develop to the adult is nine to ten days, 

when incubated at 25°C. If the the time of pupariation or the time of eclosion 

increased after treatment with heavy metal, then larva development or pupal 

development was considered to be inhibited. 

BENZER fast phototaxis assay The fast phototaxis model of Benzer (1967) 

was used except that only six different tubes were used for the countercurrent 

distribution while the published assay used fifteen. The light source was a lamp 

with a 6.5V bulb connected to a STACO ajusto-volt (Dayton, Ohio) which was 

adjusted to emit 800 1..1. Einsteins m-2 S-2 x 0.1 watts m-2 10 lux at the distance of 

two centimeters. This was the lowest intensity of light to produce maximum 

phototactic response from the control groups. The Benzer model used a 15 watt 

fluorescent bulb at a distance of three centimeters. The phototactic index or 

average tube number was used to quantitate the degree of phototaxis. The 

phototactic index is the sum of the number of flies In each tube(Fly#) multiplied 

by their tube number(Tube#) all of which was divided by the total number of 

flies(Total fly#); so the phototactic index = I,(Fly# x Tube#) / Total fly#. A 

phototactic index of 1 would indicate a highly positive phototactic response, 
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and, likewise, a phototactic index of 6 would indicate a highly negative 

phototactic response. Larva were reared on the NOEL doses of the heavy 

metals at 25°C with 12 hour light/dark cycle (8a.m.-8p.m. light), and then 20-30 

flies which hatched were used for each observation (n). 

CONNOLL Y locomotion assay This paradigm was originally designed by 

Connolly (1966). Larva were reared on the NOEL doses of the heavy metals at 

25°C with 12 hour light/dark cycle (8a.m.-8p.m. light). When the flies eclose, 

they were sexed and transferred to a fresh vial containing medium and yeast. 

One hour before the experiment, the 2- 3 day-old flies were transferred to a vial 

containing only water-soaked cotton so they could preen themselves and 

remove any food residues. For the starvation experiment, flies were then 

placed in the vials containing only cotton and water for 24 hours before testing. 

An open arena was made out of plexi-glass (12 x 15 x 0.5 cm), and a grid 

containig cm squares was permanently placed on the bottom of the arena 

Each individual fly was funnelled into the arena, and the lid was closed. The fly 

was allowed to adapt for 90 seconds to the arena and then the test began. The 

test consisted of counting the number of grid lines the individual fly crossed in 

one minute. 

LINTS locomotion assay This assay was obtained from Lint (1984). Larva were 

reared on NOEL doses of the heavy metal at 25°C with 12 hour light/dark cycle 

(8a.m.-8p.m. light). On eclosion, 0-1 day-old male flies were placed in vials 

containing the standard medium and yeast. Sixteen hours before the 

experiment was to begin, five to seven day-old flies were individually placed in 

separate 60 x 15 mm petri-dishes (Falcon, Lincoln park, N.J.) containing 10ml of 
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normal medium. Every fifteen minutes each fly was checked for activity. If the fly 

was walking, running, attempting to fly, or actively eating, it was considered 

active and given a score of one point. If the fly was standing still or eating 

without moving its legs, then the fly was considered inactive and given a score 

of zero. The activity in each 15 minute observation period was scored as all-or

nothing. A total of 48 observations were made for each fly, so total inactivity for 

the day would be scored as 0 (0% activity), and total activity would be scored as 

48 (100% activity). The duration of the experiment was for 12 hours (8a .. m.-

8p.m.) at the temperature of 22 0 C. Thus, the activity index is a percentage of 

total activity in the entire 12 hour period. 

The second series of experiments differed from the first in that they were 

carried out from 12 p.m. to 3 p.m.and that the observations of activity were made 

every five minutes, totaling 36 for the three hour period. 

DUDAI learning paradigm This assay was a variation of that described by 

Dudai, 1976. The learning assay coupled an odorant (3-octanol) with an 

electric shock during two training sessions. Following the training sessions, the 

flies were tested with two compounds. One (3-octanol) was associated with the 

electrical shock and the other one (4-methylcyclohexanol) was not. The 

learning index was calculated as the fraction of flies that avoided the shock

associated odor minus the flies that avoided the centrol odor all divided by the 

total number of flies which were tested. For each run, 20-30 flies were used. 

The 2-7 day old flies were reared on the NOEL does of the heavy metal at 25° 

C, at 40-50% relative humidity with a 12 hours light/dark cycle. One day before 

the experiment began, the flies were placed in a new clean vial containing 
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normal medium and yeast. One hour before the experiment, 20-30 flies were 

placed into glass test tubes in which they were to be trained in order to allow 

them to acclimate to the new environment. 

DUDA! memory study- This assay was a variation of that described by 

Dudai, 1976. Using the same apparatus as in the learning studies, a memory 

study was performed on the lead acetate and the cadmium chloride pre-treated 

flies. The memory study was chosen because memory is a subtle form of 

learning and might show change with the treated flies. The flies were trained 

with a series of three shock-odor associations. This change was to ensure that 

the control flies would retain the majority of the learned response. After training 

and 120 and 210 minutes before testing, the flies were placed into the tubes in 

which they were to be tested. Th~;i" were tested using the same technique as 

the learning studies. 

Shocking grid construction The shocking-grids were obtained from Circuit 

Engineering & Development, Inc., Tucson, Arizona. Copper-engraved sheet of 

flexible fiberglass circuit board was used to make them. The design was taken 

from Quinn (1974). The shocking tube contained an electric grid (Dudai 1974) 

on which 20 JlI of a 1 % solution of 3-octanol (3-0CT) had been pipetted and 

dried. The odor remained fresh since the same training tubes were never used 

more than two hours, and the grids were washed thoroughly with water, soap, 

and rinsed with ethanol. Attached to the electric grid were leads connected to 

ten nine volt batteries in series, providing a electric current of 85-88 volts 

throughout the assay. The shock rarely killed the flies; since it did seem to stun 

them, they were allowed to rest for 30 seconds after each shocking session. 



Antibody staining materials 
1) Formaldehyde 
2) Pipes buffer-Sigma Chemical Co. 
3) MgS04-Fischer Scientific 
4) EGTA-Sigma 
5) NP-40-Sigma 
6) NaCI-Fischer Scientific 
7) Tris-HCI 
8) Fetal calf serum 
9) Monoclonal antibody-FP. 3.38 

10) Flourescein-conjugated goat anti-mouse 
antibody 

11) Rodamine-conjugated goat anti-guinea pig 
antibody 

12)Glycerol- Mallinkrodt 
13} N-propyl gallate-Sigma Chemical Co. 

Antibody staining procedure Larvae were reared on medium containing 

0.03 and 0.06 mM triethyllead chloride, as described in the LC50 section. 

However, when the larvae reached the third instar, they were removed from the 

medium. The larva was cut in two near the head. The half containing the brain 

was inverted to expose the brain and the ventral ganglion, and the rest of the 

discs and fat bodies were removed to ensure the CNS would be stained during 

the procedure. The tissue was dissected in Ringers solution. 
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The tissue was fixed for 10 minutes in solution A: 4% formaldehyde, 1 % 

NP-40, 0.1 M Pipes buffer, 2mM MgS04, 1 mM EGTA at pH 6.9. The tissues 

were transferred, using forceps, into a well containing solution B: 150 mM NaCI, 

50mM Tris HCI, .5% NP-40, 10% fetal calf serum, pH 7.4. The tissues were then 

transferred into another well containing solution C: monoclonal antibody 

FP.3.38 diluted approximately 1 :1000 with ascites fluid. The tissues were left in 

solution C for two hours with regular stirring. The tissues were transfered from 
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the antibody solution and washed three times during one hour in solution D, 

which is the same as solution B except the fetal calf serum is 5%. The tissues 

were transferred for two hours into a well containing the second antibody, either 

rhodamine-conjugated goat anti-mouse or fluorescein-conjugated goat anti

rabbit antibodies. The tissues were then washed for one hour (change solution 

three times) in solution D. The tissues were transferred and rinsed using 

solution 0 without the NP-40. Tissues were mounted on slides using a solution 

of 7ml glycerol,3ml 1 M Tris buffer and 0.2g n-propyl gallate. The slides were 

examined using a Zeiss planneofluor lenses and epi-illumination under a light 

microscope, and the slides were recorded using a video camera. The 

procedure for this experiment was obtained from Brower 1987 
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RESULTS 

The present study was designed to determine the LC50 of heavy metals 

and then search for neurobehavioral lesions using established behavioral 

assays for Drosophila melaoogaster. The following results section will cover 

the LC50, development, phototaxis, locomotion, learning, and then antibody 

staining paradigms. 
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LC50's were determined for triethyllead chloride(X), cadmium 

chloride(O), and lead acetate (A). For each metal, three to five separate 

experiments were performed. For each experiment, each concentration of 



heavy metal was tested with five vials containing forty-five eggs. The * 

represents the concentration at which the percent of surviving larvae began to 

differ significantly from the control, which was at 0.076 mM triethyllead 

chloride(p< 0.01), 4.61 mM lead acetate(p< 0.001), and 0.273 mM cadmium 

chloride(p< 0.001) according to the unpaired t-test. For this graph 

approxi mately 18,150 eggs were used. 
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Exactly 45 eggs were placed on a 0.5cm2 piece of grape-juice agar, and 

the grape-juice agar was then transferred to a 25 ml vial plastic vial (Sarstedt) 

containing normal medium to which various concentrations of the heavy metals 

had been added. The vials were placed in a 25° C incubator at approximately 

50% relative humidity. The endpoint of the LC50 was the pupariation stage of 

development, in which the number of larvae surviving into pupariation within 11 

days was counted. 

The LC50's for larvae ± standard error of the Barton strain were 0.09 ± 

0.01, 6.60± 0.64 and 0.42 ± 0.04 mM for tetraethyllead chloride, lead acetate, 

and cadmium chloride, respectively (Fig. 2). The NOEL doses were 0.06 mM, 

0.31 mM and 0.10 mM, respectively. 
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DevelQ~mental studies An inhibition of Drosophila development was 

observed with triethyllead chloride and the other two heavy metal compounds 

while conducting the LC50 (Fig. 3-6.). Triethyllead chloride, lead acetate, and 

cadmium chloride delayed Drosophila development specifically at the larval 

stages of development (Fig 3., 4., and 5). It is pertinent to note that the minimal 

concentration causing a delay in the insects' development is lower than a 

minimal concentration causing lethalities. The lowest doses which gave 

significant delays were 0.06, 1.23, and 0.27 mM for triethyllead chloride, lead 

acetate, and cadmium chloride, respectively. There was no dose-related 

increase of the time for pupal development period for metamorphosis(Fig.7.). In 

fact, the heavy metals caused no Significant delay in development of pupa to 

fly. 
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Fig 3 : Drosophila development was delayed significantly with the three heavy

metals tested, represented here by the triethyllead chloride-induced delay in 

development. The days of eclosion is the top line(black triangle), and the days 

of pupariation is the bottom line(white square). The number of observations was 

five experiments containing five vials, forty-five eggs each vial, per 

concentration. The procedure was the same as the LC50 study in fig 2. 

Fig 4-6: Larval development time is extended by triethyllead chloride, 

cadmium chloride, and lead acetate specifically during the larval stages. The 

lowest concentration which caused Significantly extended larval development 

period was 0.061 mM for triethyllead chloride (p< 0.001), 0.027 mM for cadmium 

chloride (p= 0.027), and 1.23 mM lead acetate (p< 0.01). It is important to note 

that significant delays occured before a lethal dose were reached.The 

independent t-test was used for statisitcal analysis. 
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Fig. 5. 
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Fig 7: Pupal development to fly was not influenced by triethyllead chloride. 

The average day of pupal development to fly was calculated by subtracting the 

average day of pupariation from the average day of eclosion.The number of 

34 



35 

observations was the same as in fig 2. No significant differences were seen in 

this metamorphosis development period for the three heavy metals tested. 

Behavioral and learning assays The behavioral assays used to identify 

any neurobehavioral lesions measured phototaxis, locomotion and learning. 

Benzer Phototaxis Phototaxis is the degree to which a fly is attracted to 

light. Flies which are highly positive phototactic move towards a light source. 

Highly negative phototactic flies move away from the light source. The 

paradigm contains six test tubes, in which two are joined together at a time, 

containing the flies that are tested. The tubes are previosly labeled one through 

six. The tube combinations are run in order as follows; 1-6, 1-5, 2-6, 3-5, 2-4, 

and finally 3-4. The tube with the lower number is placed close to the light 

source, so the flies that positively phototact will enter the tube with the lower 

number. In Benzer's phototactic paradigm, highly phototactic flies received a 

low phototactic index, and flies which did not phototact, such as the Eya mutant, 

had a high phototactic index. Flies reared on the medium containing the NOEL 

doses of the triethyllead chloride, lead acetate, or cadmium chloride did not 

have significantly different phototactic indices than the control groups (Table 1). 

This behavioral assay was fairly precise, since the percent relative standard 

error was 6.41 % ± 1.33%, and the control groups did not differ significantly day 

to day. A good separation of phototaxis was obtained in this assay (Fig 8); flies 

tested with the light were attracted to the light vector, receiving a low phototactic 

index, and flies tested without the light vector, received a high phototactic index. 
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To quantitate the degree of phototaxis, the average tube number was 

used. The phototactic index equals the L (tube number x number of flies in 

each tube) ftotal number of flies.The Benzer countercurrent phototactic 

paradigm (1967) was performed with only small variations, such as a dimmer 

light source and less countercurrent separations (6).The light source was a 

lamp with a 6.5V bulb connected to a STACO ajusto-volt@, which was adjusted 

to emit 800 Jl Einsteins m-2 s-2 x 0.1 watts m-2 10 lux at the distance of two 

centimeters. This was the lowest intensity of light to produce maximum 

phototactic response from the control groups. For each observation, 20-30 flies 

were used. 

The eya is a mutant of Drosophila which does not develop eyes. Their 

eyes are completely absent, leaving deformed sockets in their place. The eya 
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was chosen over other sightless flies because although blind, these flies are 

active at levels comparable to wild type flies. The phototactic index of the eya 

mutants was significantly different from that of the normal control flies (p<.001). 

But, more importantly, the phototactic index of the eya flies was not significantly 

different in the presence or absence of the light source (p=0.643) as shown in 

Fig 9. This indicates that any heat produced from the lamp was not a 

confounding variable and did not affect the phototaxis indices. 

Fig 9 
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Table 1 

TriethyUead Chloride, Lead Acetate, and Cadmium 

Chloride Do not Alter Drosophila East phototaxis. 

Phototactic 
AGENTS Index mean + SE n p-yalue 

Control 2.15 ± 0.09 20 
Triethyllead chloride, 0.06 mM 2.04 ± 0.10 20 0.803 

Control 1.95 ± 0.11 20 
Lead acetate, 3.07 mM 1.86 ± 0.11 20 0.564 

Control 1.76 ± 0.08 20 
Cadmium chloride, 0.10 mM 1.73 ± 0.08 20 0.801 

Control 2.11 ± 0.09 20 
eya Control in light 4.50 ± 0.08 10 0.000 
eya Control in dark 4.64 ± 0.10 10 0.000 
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Triethyllead chloride, lead acetate and cadmium chloride did not influence fast 

phototaxis. The fast phototaxis model of Benzer (1967) was used except that 

only six different tubes were used for the countercurrent distribution while the 

original assay used fifteen. The light source was a Cs-gradient lamp with a 

6.5V bulb connected to a STACO ajusto-volt (Dayton, Ohio) which was adjusted 

to emit 800 J.l Einsteins m-2 s-2 x 0.1 watts m-2 10 lux at the distance of two 

centimeters. This was the lowest intensity of light which produced maximum 

phototactic response from the control groups. The phototactic index or average 

tube number was used to quantitate the degree of phototaxis. The phototactic 

index is the sum of the number of flies in each tube (Fly#) multiplied by their 

tube number (Tube #) all of which was divided by the total number of flies (Total 
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fly#) or phototactic index = I,(Fly # x Tube #) / Total fly #. A phototactic index of 1 

indicates a highly positive phototactic response. A phototactic index of 6 

indicates a highly negative phototactic response. Larva were reared on the 

NOEL doses of the heavy metals at 25°C with 12 hour light/dark cycle (8 a.m.-8 

p.m. light). From them, 20-30 flies hatched and were used for each observation 

(n). The eya mutant was used as a control. The eya Drosophila does not 

develop eyes, in fact, their eyes are completely absent. Other than their eyes, 

the eya mutant is a normal fly. 
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Reactivity There appeared to be no significant influence of sub-lethal 

doses of triethyllead chloride, lead acetate and cadmium chloride on 

Drosophila reactivity, using the Connolly paradigm (Table 2 and 3). The 

Connolly paradigm tests the flies reactivity to to a new environment. Two 

locomotor mutants, tyr-1 and hk-2 were used as positive controls. The tyr-1 fly 

has a mutation which causes decreased phenol oxidase activity and elevated 

reactivity scores. The hk-2 fly has a mutation which causes altered neural 

mechanisms governing its abnormal activity. Despite its name. the hyperkinetic 

mutant receives a reduced reactivity score because it does not cross the 

centimeter lines of the apparatus; the flies have a balance disorder and spend 

most of the time in the testing apparatus thrashing about in one place. These 

mutants are used in this experiment to signify the assay could detect differences 

in activity, eventhough no difference was detected in the heavy metal treated 

flies. 
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Table 2 

DROSOPHILA REACTIVITY IS NOT INFLUENCED BY 

TRIETHYLLEAD CHLORIDE, LEAD ACETATE OR CADMIUM 

CHLORIDE 

Reactivity 
AGENTS (ndex mean + SE 

Control 13.6 + 1.1 

0.06 mM Triethyllead chloride 13.3 + 1.6 

3.07 mM Lead acetate 11.0 + 1.2 

0.10 mM Cadmium chloride 13.2 + 1.3 

Hyperkinetic-2 Mutant 6.7 ± 1.7 

Tyrosine-1 Mutant 22.7 + 2.3 

n 

250 

100 

100 

100 

100 

100 

Mann-U 
-whitney 
p-value 

0.857 

0.151 

0.942 

0.001 

0.000 

Table 2 Drosophila reactivity was not influenced by triethyllead chloride, 

lead acetate or cadmium chloride. The observations(n) represent the number of 

individual flies tested. The experimental conditions were 22.6 ± 0.2 °C and 

43.9% relative humidity, the flies were removed from food at 1 p.m., and the 

experiments were carried out between 2p.m. and 5 p.m .. This Connelly 

paradigm tests (1966) the reactivity of a fly to a new environment. When the flies 

eclose, they were sexed and transferred to a fresh vial containing medium and 

yeast. Each individual fly was funnelled into the arena, and the lid was closed. 

The fly was allowed to rest 90 seconds in the arena, and then the test began. 

The assay assesses the activity of individual flies by the number of centimeter 
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squares the flies cross during one minute in a plexi- glass arena(12 x 15 x 0.5 

cm}, using a cm grid to obtain the locomotion value for the individual fly. The 

reactivity index is the number of centimeter lines the individual flies cross within 

the one minute testing period. 

Stavation reactivity Control and triethyllead chloride treated flies were 

starved for 24 hrs before the Connolly assay. The rational behind starving the 

flies was to detect whether additional stress would unveil a reactivity alteration 

by the heavy metals. The activity indices of both the control and triethyllead 

chloride treated flies incresed significantly compared to the one hour starved 

flies, but the triethyllead chloride group did not differ significantly than the 

control in the 24 hour starvation assay. 

Table 3 

Connoly reactivity after starvation 

AVERAGE SE n p-value 

CONTROL MALE 22.556 ± 2.579 36 

0.015 mM TEPb 20.686 ± 2.935 35 0.628 

0.061 mM TEPb 23.731 ± 3.686 26 0.785 
CONTROL FEMALE 26.023 ± 2.544 43 
0.015 mM TEPb 24.424 ± 2.943 33 0.678 
0.061 mM TEPb 22.917 ± 2.596 36 0.392 
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When the flies are starved for 24 hours, the flies obtained a higher 

reactivity index in the Connoly paradigm. However, there was still no 

triethyllead chloride influence detected in this paradigm. 

12 hour spontaneous activity No influence of triethyllead on 

Drosophila spontaneous activity was detected using the Lint Paradigm (Table 

4). Also, no influence on circadian rhythm was detected (Fig 10 and 11). The 

male's activity was high at the beginning, low in the middle, and highest during 

the end of the twelve hour light cycle. The female's a~tivity varied throughout the 

day, but it generally followed the same activity pattern of the males at a slightly 

elevated level of activity. Compared to the Lint (1984) assay, the activity at the 

beginning of the day for both sexes was higher than expected, caused by 

excitation early in the day. 



Table 4 

CONTROL MALE 

0.015 mM TEPb 

0.061 mM TELPb 

0.122 mM TEPb 

CONTROL FEMALE 

0.015 mM TEPt 

0.061 mM TEPb 

0.122 mM TEPb 

TEPb INFLUENCE ON DROSOPHILA 

SPONTANEOUS ACTIVITY 

AVERAGE ± SE 

45.4% ± 2.1% 

44.4% ± 2.5% 

43.5% ± 2.7% 

40.0% ± 5.6% 

AVERAGE ± SE 

58.5% ± 2.3% 

52.7% ± 2.9% 

60.0% ± 2.5% 

57.9% ± 4.8% 

n 

62 

55 

60 

13 

0 

63 

62 

64 

25 

p-value 

0.760 

0.593 

0.220 

p-yalue 

0.117 

0.925 

0.893 
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Table 4 Drosophila spontaneous activity was not influenced by triethyllead 

chloride, lead acetate or cadmium chloride. The Lint assay was used to detect 

a change in the spontaneous activity of the test flies compared to the control 

flies. Flies were reared on control and test medium in at 25°C, 50% humidity 

and with 8a.m.to 8p.m. light cycle. When the flies eclose, males were 

transferred to fresh vials containing medium and yeast. 18 hours before the 

experiment, the male flies were placed in individual petri-dishes containing 10 
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ml of media. The petri-dishes were set in place at 8a.m. the following day, and 

experiments were conducted from 8a .. m. to 8p.m.. During this time period, 

obsevervations were made every fifteeen minutes, determining whether the flies 

were active or inactive; a total of 48 observations were made for each fly. For 

each observation, flies were scored as active or inactive .. 

~ ... , 

Fig 10 and 11 The circadian rhythm of Drosophila was not 

influenced by triethyllead chloride. The data obtained for these figures is the 

same as for table 5. 

Fig 10 
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Fig 11 
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3 hour spontaneous activity No influence of triethyllead chloride, 

lead acetate, and cadmium chloride on spontaneous activity was detected 

using this shorter variation on the Lint paradigm (Table 5). However, tyr-1 

mutant flies and flies treated with ether had significantly lower activity scores 

than the controls. 

Table 5 

DROSOPHILA SPONTANEOUS ACTIVITY IS 

NOT INFLUENCED BY TRIETHYLLEAD CHLORIDE, 

LEAD ACETATE OR CADMIUM CHLORIDE 

AGENTS % Activity ± .-S.::E __ --=n~plC--..z.v.JI:.a~1 u:.,xe 

Control Male 36.90/0 + 1.00/0 79 

0.061 mM triethyllead chloride 27.8% ± 1.4% 40 0.062 

3.07 mM Lead acetate 31.3% ± 1.0% 75 0.164 

0.109 mM Cadmium Chloride 30.9% ± 1.0% 76 0.130 

Tyr-1 mutant 20.5% + 0.7% 80 0.000 

Ether 27.20/0 ± 1.30/0 39 0.045 
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Prosophila spontaneous activity was not influenced by triethyllead 

chloride, lead acetate or cadmium chloride in the three hour version of this 

paradigm. However, ether treated flies and tyr-1 mutant flies were significantly 

less active than control. Experiments were conducted at 12p.m.-3p.m .. During 

this time period, obsevervations were made every five minutes, determining 

whether the flies were active or inactive; a total of 36 observations were made 

for each fly. For each observation, flies were scored as active or inactive. 
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Learning Using a sub-lethal dose of triethyllead chloride, lead acetate, or 

cadmium chloride, no effect on Drosophila learning was detected (Table 6). 

Also, the memory assay found no influence of lead acetate and cadmium 

chloride on long-term memory; the flies were trained and then tested ten hours 

later (Table 6). 

However, by using our controls, we are certain that learning is taking place. The 

difference between the first control and the normal learning procedure is that no 

shock is used, so the flies are not conditioned to avoid the odor. When the flies 

are not conditioned to avoid the odor, no learning occurs, which is revealed by 

the learning index, 0.02 ± 0.03. When flies are conditioned with the shock they 

receive a learning index of approximately 0.30 -0.40. The second control is to 

insure that the flies do not prefer one odor to the other. The untrained flies are 

tested with the same procedure as the trained flies. We have concluded that the 

flies do not prefer one odor over the other because the learning index was 

approximately -.01 ± 0.03. 

The Dudai learning study achieved 30-40% learning at the maximum. 

However, the control groups did not differ significantly day to day. The learning 

index was the fraction of flies which avoided the shock-associated odor minus 

the flies which avoided the control odor divided by the total number of flies 

which are actually tested. To obtain the number of flies that were actually 

tested, a phototaxis test was performed to quantitate the "'!umber of flies which 

actually traversed the tube and crossed into the second tube. 

--- --------- --.-
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TABLE 6 

TRIETHVLLEAD CHLORIDE, LEAD ACETATE, AND 

CADMIUM CHLORIDE DO NOT ALTER DROSOPHILA 

LEARNING 

1 minute 
AGENTS Learning Index + se 

Control 0.41 + 0.06 
0.06 mM triethyllead 0.36 + 0.04 

Control 0.38 + 0.03 
3.07 mM Lead acetate 0.46 + 0.06 

Control 0.36 ± 0.05 
0.1 mM cadmium chloride 0.27 + 0.04 

Control without shock 0.02± 0.03 
Control without training -0.01 ± 0.04 

10hou' 
AGENTS Learning Index + se 

Control 0.29 + 0.06 
~.07 mM Lead acetate 0.28 + 0.05 
0.1 mM cadmium chloride 0.31 + 0.05 

n 

12 
12 

8 
8 

19 
11 

12 
8 

n 

14 
14 
14 

0.471 

0.220 

0.153 

0.000 
0.000 

g-value 

0.895 
0.830 

Table 6 Triethyllead chloride, lead acetate, and cadmium chloride did not 

alter Drosophila learning. This assay was a variation of that described by 
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Dudai, 1976. The learning assay coupled an odorant (3- octanol) with an 

electric shock during two training sessions. Following the training sessions, the 

flies were tested with two compounds, o~e which was (3- octanol) and one 

which was not (4-methylcyclohexanol) associated with the electrical shock. The 

Learning index equals the (number of flies avoiding conditionerl odor - number 

of flies avoiding control odor) / Total number of trained flies. 20-30 flies were 

used for each observation(n). The 2-7 day old flies were reared at 25 Celsius, 

40-50% relative humidity, and with a 12 hours light/dark cycle. One day before 

the experiment was to begin, the flies were placed in a new clean vial 

containing normal medium and yeast. One hour before the experiment, 20-30 

flies were placed into the tubes in which they were to be trained, in order to 

allow the flies to acclimate to the new environment. The experiment was 

controlled by training the flies without the adverse stimuli and by testing the flies 

without training. For each obseervation (n), 20 -30 flies were used. 

The same learning paradigm was used for the memory study, except that 

the time between training and testing was increased from one minute to ten 

hours. The group tested at ten hours obtained significantly lower learning 

indices than the groups tested one minute after training. However, the lead 

acetate and the cadmium chloride groups did not differ significantly from control 

at the ten hour testing. For each observation (n), 20 -30 flies were used. 
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Antibody staining 

The staining patterns of the two different antibodies were not influenced 

by exposing the larva to 0.03 and 0.06 mM triethyllead chloride. We observed 

normal staining patterns for all of the ventral ganglion's of the control and the 

poisoned larva. The staining procedure was successful, however. One ventral 

ganglion looked promising since there appeared to be a few stray outlying cells 

that expressed the UBX genes, but it was never reproduced. Even at lethal 

concentrations of triethyllead chloride, no patterning alteration was detected. 

Fig 12 

A 

Brain ~~; 
hemispheres 

Antibody stain 

Ventral 
Ganglion 

B 

Fig 12 The following figure is control third instar larva brains stained with 

either ubibithorax (UBX) or sex comb recessive (SCR) antibodies. An example 

of a control brain stained with UBX (A) and with SCR (B). ,The two antibodies . .-
bind in different regions of the ventral ganglion. 
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DISCUSSION 

No influence of triethyllead chloride, lead acetate, and cadmium chloride 

on Drosophila melanogaster behavior has been detected. The absence of any 

influence of the heavy metals may have occurred for many reasons. First, the 

damage caused by the heavy metals may not have influenced the types of 

behaviors observed in this study. Other studies, using mammalian models, 

have shown both positive and negative results regarding the behavioral toxicity 

of these heavy metals. There is controversy concerning the developmental and 

behavioral influence of the compounds in rodents, monkeys and humans. Lead 

acetate has been shown to decrease some learning skills in rats (Massaro, 

1986), monkeys (Lilienthal, 1986), and humans (Bonithm-kopp, 1986), and it 

has been shown to have no influence on different forms of learning in rats 

(Massaro, 1986), and monkeys (Lilienthal, 1986). The influence of lead acetate 

on on locomotion was also mixed, causing no significant change in rats 

(Massaro, 1986) and monkeys (Lilienthal, 1986) in some studies while causing 

changes in humans (Bonithm-kopp, 1986) in other studies. Lead acetate has 

also been shown to cause damage to the visual system of the monkey (Reuhl, 

1989). Cadmium chloride has been shown both to decrease learning and to 

have no effect on learning in the rat (Ali, 1986) and human (Bonithm-kopp, 

~ 386). Also, cadmium chloride has been shown to cause variable locomotor 

effects (Smith, 1985). Triethyllead chloride has also been shown to cause many 

behavioral deficits in rats and humans (Walsh, 1984; Davis, 1987). So, these 

heavy metals do not always produce observable neurobehavioral lesions in 

mammals; it depends on the dose and on the type of behavior tested. Second, 
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the assays we were using to observe the flies' behavior may not have been 

sensitive enough to detect any behavioral deficiencies caused by the heavy 

metals. Third, the pOisoning technique may have caused the problems. By 

placing the eggs on a piece of grape-juice agar and placing the whole slice on 

the poisoned medium, the poisoned medium will be diluted slightly. Since the 

larva only traverse approximately two centimeters into the medium, the larva 

may not be getting poisoned and therefore show no behavioral differences, but 

even at higher doses of heavy metals no influence was detected. This factor 

could be eliminated by poisoning one-day old adult flies for four days, finding 

the NOEL, and using these flies for the behavioral studies. However, this would 

deviate from our initial plan to test whether poisoning the animal at early stages 

of development would influence the behavior of the adult. Finally, we may not 

have given the flies enough heavy metal to cause neurobehavioral damage. 

However, these metals do not just affect the nervous system; they cause a non

specific toxicity to individual, which could increase the apparent behavioral 

learning deficiencies. This problem was avoided by raiSing the flies on medium 

containing the highest concentration of heavy metal causing no lethality 

(NOEL). So, we were limited to the NOEL dose. We therefore conclude that 

there was no influence of triethyllead, cadmium chloride, and lead acetate using 

these Drosophj:..l behavior paradigms at these NOEL concentrations. 

The LC50 techniques used in this assay were obtained from Christie 

(1983) and Sorsa(1973}. However, a few variations in their procedure were 

used in order to meet our needs. The eggs were placed on top of a slice of non

poisoned grape-juice agar, and then the entire slice was placed on the surface 

of the poisoned medium. This change was made to avoid many problems. First 
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of all, the eggs are much easier to handle and count than the first instar larva, 

which were used in· rvlagnusson (1985) and Rasmus!)on (1985) since they are 

not moving. Also, if the eggs are placed directly on the poisoned medium, like 

in Sorsa (1973) and Halpern (1987), the exposure period to the metals could 

be increased since not all of the eggs chorion sacs (a soft analogue to an egg 

shell) are intact after the sieving collection procedure, so some of the eggs 

could be exposed to the metal-containing medium unequally. So, by 

preventing the eggs from touching the poisoned medium, the effects of the 

heavy metals on egg development will be avoided. Many investigators have 

used a rearing technique which does not specify the exact period of time the 

insect is exposed to the toxin, which is necessary for an LC50. For example, a 

few papers were developing an assay for determining teratogens in the 

Drosophila melanogaster (Schulker, 1982 and 1985; Clayton 1972; Gilbert, 

1972). They placed virgin flies in a vial containing the poisoned medium, and 

allowed them to lay eggs for a period of six to eight days. After the first day, the 

adult flies began drinking the moisture from the medium to maintain body fluids, 

since the flies will require water within a few days. Even though female flies 

store the male's sperm, the developing insects may be exposed to the heavy 

metals as mutagens, during the formation of the egg inside the female, and then 

as a teratogens, during the development of the egg and larva. In our method 

variation, only the larval stages of Drosophila development came in contact 

with the toxicant. 

In order to determine whether triethyllead, cadmium chloride, and lead 

acetate have behavioral effects on the Drosophila, the first step was to 

determine the dose of heavy metal which will kill it. The goal of the LC50 was to 
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obtain the maximum dose of heavy metal that produces no lethality compared to 

the controls (NOEL). The purpose of obtaining the NOEL is to enable the further 

rearing of flies on medium containing this specific concentration, in order to 

expose the flies to a leve! of toxicant which will cause neurobehvioral damage 

without causing other toxicities. The larva which are reared on this medium will 

then be used for a series of behavioral assays, when they become flies. 

The LCSO and the NOEL doses obtained from the data will be 

different for each strain of Drosophila melanogaster, according to Magnusson 

1986. Our LC50 values will be difficult to compare to other research, since we 

used the Barton strain of fly, and since many different LC50 techniques were 

used in the various studies. However, in Christie (1983), they found the larval 

LC50 of cadmium chloride to be 0.047 mM using the Canton Sstrain. Our 

larval LC50 data would correlate better with Sorsa (1973), who found the 

concentration of 0.27 mM produced no significant toxicity to the Porvoo-wild 

strain of Drosophila, since we found that no lethal effects occurred to flies 

reared on 0.109 mM cadmium chloride. 

While conducting the LC50, we noticed the flies reared on the pOisoned 

medium did not develop to the adult stage in the same period of time as the 

control flies. In order to dissect this delay in development, flies were reared on 

the same concentrations of heavy metals as in the LC50 tests, and the number 

of eggs developing into pupa and flies were counted daily. In Figult:! 2., a dose

related general delay in development was observed. A development delay has 

been observed before with cadmium (Sorsa,1973), and cadmium and lead 

(Rasmusson, 1985;unpublished). However, we observed the stage where the 

delay manifested itself. There are four possible stages of development with 
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which the delay could take place: 1 )embryogenesis 2) egg to larva 3) larva to 

pupa 4) pupa to fly. By virtue of the assay's design, we avoided the first 

possibility; since neither the adults nor the eggs contacted the poisoned 

medium. In Fig.7., the fourth possibility is ruled out, since there is no heavy

metal influence on the metamorphosis developmental period. Thus, the three 

heavy-metals induced a delay specifically during the larval stages. This is not 

suprising, since it was the only developmental stage in which the insect had 

con+-act with the medium. 

The observed doses which first gave significant delay were 0.06, 1.23, 

and 0.27 mM for triethyllead chloride, lead acetate, and cadmium chloride, 

respectively. Our results were similar to Sorsa (1973) in that they found 

cadmium chloride caused a significant delay before toxicity occurred. Also, 

Rasmusson,1985 found that cadmium chloride, chromium, and lead caused a 

2-3 day increase in time required for the larva to develop into the adult 

stages(data not shown), which we elucidated. 

The behavioral assays were chosen to detect neurological lesions in the 

adult fly. The developing larva were exposed to the heavy metals to cause 

neurobehavioral lesions ranging from direct damage to nervous tissue to subtle 

damage to the nervous information processing. There are many established 

behavioral assays for determining normal and abnormal fruit fly behaviors. This 

researcil dealt with different aspects of phototaxis, locomotion, and learning, 

which are behaviors influenced by heavy metals in mammals. There are many 

different paradigms for each of these three behaviors, so the primary goal was 

to find an assay which appeared to test the behavior with the most precision 

and accuracy. Established assays were used in this work, since the purpose 
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was not to design a behavior assay but to use established assays to determine 

the neurotoxicological effects of heavy metals. Other researchers have studied 

the influence of compounds such as caffeine, theophlline, neostigmine (Folkers 

1984), and formamadines (Dudai, 1987) on Drosophila behavior, but they 

poisoned adult flies and then tested them in their behavioral paradigms. We 

determined whether the Drosophila melanogaster would be an appropriate 

model for detecting developmental deficits and the ensuing behavior alterations 

caused by heavy-metals. Thus we poisoned the larva and tested the adults for 

long term, permenant, behavioral alterations. 

The Montijn assay was chosen to test the flies phototactic behavior. It is a 

paradigm to test for slow phototaxis, in which flies are allowed to distribute 

themselves towards a light source without first eliciting an escape response. 

This paradigm is useful in separating phototactic mutants; however, it proved 

inadequate for our purposes of testing compounds affect on phototaxis. One 

problem with the Montijn assay may be that not enough time was allowed to 

achieve adequate phototactic separation of the flies in the light versus dark 

trials, since we only allowed three hours for the flies to phototact. We assumed 

that the heavy metals would cause a decrease in phototaxis. This paradigm 

failed to provide adequate separation of flies with and without a light source, so 

we would not be able to detect a change in phototaxis caused by the metals. 

Also, the observations were each 2-3 hours long, and since we wanted to avoid 

any circadian rhythm effects, we needed to begin each observation in the same 

time period. This amount of time proved to be too long to obtain a large number 

of observations per day. 



We, therefore, turned to another type of phototaxis, Benzar's fast 

phototaxis. Fast phototaxis is an escape response, in which the flies move 

quickly to the source of light when they are startled. The time for each 

observation was only 30 minutes, and the separation of the control in light 

versus in dark was large(Fig 8). So, we reared larva on medium containing the 

. NOEL doses of the three heavy metals, collected the flies, and used the adult 

flies in the Benzer paradigm. 
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As an example of the usefulness of using Drosopbila for these behavioral 

assays, we have used the eyes absent mutant (eya). The eya is a mutant of the 

Drosophila that never develops eyes; in fact, their eyes are completely absent, 

leaving deformed sockets in their place. Other than their eyes, the eya.mutant is 

a normal fly. Since the eya mutant can not see, they can be used as a control to 

find whether the heat produced from the lamp is acting as another vector, 

drawing the flies to the lamp, and producing a lower phototaxis index. The eya 

mutants phototactic index was highly significantly different than the normal 

control flies (p<.001). But, more importantly, eya flies phototactic index was not 

significantly different from the phototactic index obtained with eya flies run 

without a light source (p=0.643). This indicates that the heat produced from the 

lamp was not a significant vector and did not affect the phototaxis indices. 

One important aspect of our phototaxis paradigm which differed from the 

original is that we first found the minimal light which would prcduce maximal 

phototaxis for the control flies. This was to increase the sensitivity of the assay. 

If we used a very bright light, even flies which were nearly blind could see the 

light and phototact accordingly. Also, we used less countercurrent separations 

than the original assay. The rational was that we were not trying to discover 
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mutants or individual differences of heavy metal toxicity; we wanted to find a 

population effect of the heavy metal induced neurotoxicity. 

There are two theorectical mechanisms by which a heavy metal could alter 

phototaxis. One, the optici nerve or other vision apparati could be damaged. 

Two, the neural processing of the phototactic instinct could be altered by 

neruonal damage in the brain. However, no influence on phototaxis was 

observed using this assay. 

According to the Connolly paradigm, there appeared to be no significant 

influence of sub-lethal doses of triethyllead chloride, lead acetate, or cadmium 

chloride on Drosophila reactivity. The range of the observations was large for 

the control and test flies; the fly-to-fly variability was such that one fly would 

traverse the arena throughout the one minute testing period, and the next fly 

would not move at all. Because of the high variability, a large number of 

observations was used to obtain a good representation of the mean for each 

test group. The data was highly positively skewed and did not follow a normal 

distribution, so the Mann-U-Whitney test was used to test for significant 

difference between the individual independent samples. 

Connolly's objective for this paradigm was very different than ours. They 

wanted to produce a paradigm that could be used to identify and separate 

locomotive mutants, and they were successful (Connolly, 1966). However, this 

paradiym may not be sensitive enough for identifying lesions produced by the 

heavy metals, or the heavy metals at sub-lethal doses may not produce an 

increase in reactivity in the fruit fly, because we were unable to detect any 

differences between the control groups activity and the flies reared on the NOEL 

doses of the heavy metals. 
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We used the mutants to ensure we were actually testing reactivity. Other 

investigators have shown this assay to test reactivity, but we needed to show 

that the assay worked under our laboratory conditions. The Tyr-1 and the Hk-2 

were used as positive controls for the Connolly assay since they have been 

previously shown to have altered activity using this paradigm. The Tyr-1 mutant 

has abnormal phenol oxidase activity and significantly lower dopamine levels 

than control (Burnell, 1982), and it has increased reactivity. Our reactivity index 

obtained for our control Barton strain, (13.66 ± 1.05) was considerably higher 

than those obtained for their control Canton S strain (7.27 ± 0.94). Also, our 

reactivity index for the Tyr-1 mutant (22.68 ±2.32) was considerably higher than 

Burnell's Tyr-1 mutant (14.58 ± 1.57). Nevertheless, our data agrees with 

Burnell's in that the reactivity of the Tyr-1 mutant is approximately twice the 

control values. Our reactivity indices were higher than Burnell's, but we tested 

the flies from a period of 2p.m.-5p.m instead of 12 p.m-4 p.m., which may have 

increased the reactivity index since the fruit fly activity increases later in the day 

(Lint, 1984). Also, we starved our flies one hour before the beginning of the test 

to allow them to clean off all of the food residues. It has been shown that the 

reactivity of the fly is inversely dependant on the hours of starvation (Connolly, 

1966.b). Since we starved our flies, their activity were increased. When the 

flies are starved for 24 hours, we '.Jund the reactivity index to be 22.6 ± 2.6, 

which did not significantly differ from similarly starved flies treated with 

triethyllead chloride, 23.7 ± 3.7. 

The hyperkinectic mutant, despite its name, obtains lower reactivity 

indices than the control (Burnett, 1979). These flies are hyperactive but fail to 

cross many centimeter lines because they jump, attempt to fly, and fall over 



often during the one minute test pericd. It is hard to compare our data with that 

of Burnett(1979) since their observation period was 100 seconds while ours 

was one minute. Their average reactivity index for the control and hyperkinetic 

mutant was 71.6 and 24; our values were 13.66 ± 1.05 and 6.7 ± 1.72, 

respectively. Our hyperkinetic mutant appeared to be less active than Burnett's 

when compared to the controls, however we used a different conditions and the 

HK-2 strain of hyperkinetic mutant, which may account for the differences. 
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The spontaneous activity paradigm used was slightly different than the 

original paper (Lint, 1987), since the number of observations were less per day 

(48 compared to 72), however the normal circadian rhythms of the male and 

female flies were reproduced as expected. No influence of triethyllead on 

Drosophila spontaneous activity was detected using the Lint Paradigm. Also, 

no influence on circadian rhythm was detected (Fig 10 and 11 ). The male's 

activity was high at the beginning, low in the middle, and highest during the 

end of the twelve hour light cycle. The female's activity varied throughout the 

day, but it generally follows the same activity pattern of the males at elevated 

levels of activity. Compared to the original assay, the activity at the beginning of 

the day for both sexes was slightly higher than expected, but it can be 

explained. The petri-dishes containing the flies were transferred to the 

observation room 30 minutes before the observations began which may have 

excited the flies and elevated the initial observations. This assay tests 

spontaneous activity since the activity is observed for a long period of time (12 

hrs) and since the flies are acclimated to their environment well before the 

experiment began. It is interesting to note that flies which survived the 0.12 mM 

triethyllead chloride still did not differ from control. 
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Since we assumed the heavy metals would cause hyperactivity, we 

chose the three hour period of time,12 p.m. - 3 p.m., from the circadian rhythm 

in which t1e flies activity was lowest and most consistent. For Table 5, flies 

were tested with the same procedure as in Table 4, except that observations of 

activity were every five minutes for three hours ( a total of 36 observations). 

Once again, the three heavy metals failed to cause a difference in the activity 

scores. The Tyr mutant was once again used as a positive control for this 

assay. The Tyr mutant obtained a lower percent activity than control, which ws 

not expected. In Burnell(1982), the Tyr-1 flies had elevated activities. This 

difference in results may be explained two ways. First, Burnell used ether to 

anesthetize all of the flies, which has been shown to decrease the activity 

Drosophila melanogaster (Dijiken, 1977) , and disturbs other behaviors. This 

may have decreased the activity of his controls more than the mutants. Also, the 

tyr - 1 flies, Canton, are a different strain of fly compared to my control, Barton, 

and they may simply have different activities; the Barton strain may be more 

active than the Canton. Our ether treated flies did obtain slightly lower activity 

scores than the controls as expected. 

Since many of the learning studies I had tried to use for the Drosophila 

were fouled by complexities, Dudai (1977) learning model was chosen. Not 

only did it have a striking resemblance to the Benzer phototaxis model, but the 

assay vilas extremely straightforward and easy to carry out, and, by using this 

model, we avoided overhandling the flies. Since the heavy-metal compounds 

at low doses did not cause a significant phototactic response, this allowed the 

Dudai learning paradigm to be used. Dudai's learning paradigm uses basically 

the same apparatus and procedure as the Benzer phototactiC paradigm. Also, 
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the length of each experiment was short, meaning that many tests could be 

accomplished each day while avoiding cicadian rhythm effects., and the assay 

could be used to test both learning and memory. 

The learning assay coupled an odorant with an electric shock during two 

training sessions. Two training sessions were used instead of three, because 

we wanted to minimally train both the control and poisoned groups in order to 

increase the sensitivity for detecting a decrease in learning in the poisoned 

group. Following the training sessions, the flies were tested with two 

compounds, one which was associated with the electrical shock, and one 

which was not. 

No influence of sub-lethal dose of triethyllead chloride, lead acetate, or 

cadmium chloride on Drosophila learning or memory was detected using this 

assay. This may indicate that the heavy metals had no influence on the 

learning of the fruit fly or that the learning assay was not sensitive enough to 

detect any change in learning. The Dudai learning study only achieved 30-40% 

learning at the maximum, so the assay was not terribly sensitive. Perhaps future 

investigators should turn to a new model of learning study, such as the the Tully 

and Quinn paradigm (unpublished). Their model may detect learning in 80% of 

the flies, which would double the base line learning index. However, our 

control groups did not differ significantly dp~' to day which indicates the present 

learning ass~y was at least reproducible. The learning index was calculated as 

the fraction of flies which avoided the shock associated odor minus the flies 

which A.voided the control odor divided by the total number of flies which were 

actually tested. To obtain the number of flies that were actually tested, a 
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phototaxis test was performed to quantitate the number of flies which actually 

traversed the tube and crossed into the second tube. 

The only difference between the first control and the normal learning 

procedure is that no shock is used, so the flies are not conditioned to avoid the 

odor. When the flies are not conditioned to avoid the odor, no learning occurs, 

which is revealed by the learning index, 0.02 ± 0.03. When flies are conditioned 

with the shock they receive a learning index of approximately 0.30 -0.40. The 

second control is to insure that the flies do not prefer one odor to the other. The 

untrained flies are tested with the same procedure as the trained flies. We have 

concluded that the flies do not prefer one odor over the other because the 

learning index was approximately -.01 ± 0.03. 

Since a developmental damage or change was expected in the neural 

tissue of the Drosophila larva, eNS antibody patterning in third instar larval 

ventral ganglion was observed. Two different antibodies,UBX and SeR, were 

used to stain different regions of the ventral ganglion. The antibodies stain 

regions of the ventral ganglion which have active UBX and SeR proteins. 

These proteins are homeobox proteins which play an active role in the 

development of the organism. The UBX locus regulates the proper specification 

of thoracic and abdominal segments, and it is expressed in the imaginal discs 

and in the ventral ganglion. Damage to the neural tissue or alteration in the 

development process may change the normal patterning of the protein stain. 

These changes in patterning can be shown by changes in the size, shape, and 

quantity of cells expressing the gene. 

Triethyllead chloride has been reported to cause behavioral and learning 

alterations in mammals, so we assumed that it may cause developing 
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alterations in the developing larva. Homeobox staining antibodies were used to 

determine the influence of triethyllead chloride on third instar larva brains. If the 

triethyllead chloride caused alterations in the developing 'arval brains, this may 

be detected by alterations in the patterning and intensity of the antibody stains. 

Two different antibody stains were used, Ultrabithorax(UBX) and Sex

combs Recombinant (SCR). These two antibodies stain different regions of the 

ventral ganglion, but not the brain hemispheres. The Ubx antibody bind a 

central band of the ventral ganglion (Fig. # 12-A), while the SCR antibody binds 

a band of the ventral ganglion directly below the brain hemispheres(Fig. #12-8). 

We found no difference between the control and treated larval-brain staining 

patterns nor differences in intensities. 

Finally, we have designed a paradigm to expose larva to a neurotoxin, 

detect developmental alterations, and detect neurobehavioral deficiencies in 

the resulting adult fly. However, we failed to produce a neurobehavioral 

deficiency in the adult fly using triethyllead chloride, lead acetate, or cadmium 

chloride with the chosen behavioral paradigms. If such a neurobehavioral 

deficiency had been produced, many doors would have been opened for the 

elucidation of the neurotoxins mechanism, using the genetic techniques readily 

available in the prosophila melanogaster. One such technique would have 

been to find a behavioral mutant with similar neurodeficiency as the wildtype 

neurodeficiency caused by the neurotoxin. Then the previosly established 

behavioral mutant larva would be reared on the neurotoxin, and the resulting 

adult flies would be tested with the same behavioral paradigms. If the correct 

behavioral mutant is chosen, the neurotoxin may cause an additive, deletive, 

synergistic effect. Also, other techniques could be used to test for teratogenic 
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effects on the flies external morphology or to test for developmental effects on 

the late third instar larva's central nervous system. 

Our paradigm could prove useful for future investigators analysis of 

neuropharmica and neurotoxicants. By using our technique, one can carry out 

a LC50 curve for the chosen drug or compound on the chosen strain of 

Drosophila larvae, and then observed the NOEL dose which produces no 

toxicity. Larvae would then be reared on the NOEL dose of the toxicant, and 

the resulting flies would then be used for behaviorl analysis. New and exciting 

research could be discovered once a behavioral lesion is produced. Perhaps a 

well documented neurotoxin, whose mechanism of action has already been 

elucidated, should be used to futher assess the usefulness of Drosophila for 

neueobehavioral reseach. The difficult step of this research would be to find 

the correct behavioral test and mutants to elucidate the gene whose protein 

product was effected by the neurotoxin. 
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