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ABSTRACT

Domestic fowl embryonic growth,' oxygen consumption, body

dimensions and organ (including pectoral and leg muscles)

dry/wet mass, heart rate, respiratory rate and growth

abnormalities were studied at altered incubation temperatures

(36 °C,40 °C) and after exposure to 2.0, 1.0 and 0.5 gauss (G)

electromagnetic fields (EMF), from the seventh day of

incubation to hatching.

Embryonic organ growth was promoted when incubation

temperature was increased from 38°C (control) to 40 °C, but

organ growth was significantly retarded when incubation

temperature was decreased from 38°C to 36 °C. Evidence was

obtained that some tissues (eyeballs and heartj were "spared"

the reduction in growth at 36°C, while the lungs, eyeballs

and pectoral muscles were spared the accelerated growth at 40

°C. The maturity of the organs (as assessed by their dry/wet

mass ratios) was, like their growth, less at 36°C than at 38

°c and this was particularly evident in leg muscle and liver.

Organ maturity was enhanced at 40°C especially in the

pectoral muscles and stomach. The hatchability of eggs

incubated at 36°C was impaired.

Embryonic growth and oxygen consumption were increased after

exposure to a 2.0 G EMF but inhibited in the 1.0 G EMF group.

There were no significant biological effects of 0.5 G EMF on

embryonic growth and oxygen consumption. Deformities were

found in the 2.0 G and 1.0 G EMF groups but cnly in the 2.0
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G group did reach a statistically significant level. There

were no deformities in the 0.5 G EMF group or any of the

control groups. The heart and lungs were spared the enhanced

overall growth induced by exposure to a 2 G EMF while the

intestine was spared the repression of growth at an EMF of I

G. Enhanced organ growth was associated with increased tissue

maturity, particularly in pectoral muscle and the intestine.

The effects of a 1 G EMF on organ maturity were small but,

paradoxically, lung maturity increased. A number of

deformities was noted in embryos exposed to 2 G EMF.

Incubation at 40°C and exposure to a 2 G EMF both increased

embryonic growth while incubation at 36°C and exposure to 1

G EMF both repressed growth, overall. However, there were few

similarities in the specific effects of the two growth

promoting/repressing agents on organ growth and maturity. A

major difference between temperature ,and EMF was that they

exerted their effects at different stages of embryonic life.

No significant effects of either temperature or EMF were

observed on heart rates, respiratory rates or tissue

histology.
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1

CHAPTER 1

INTRODUCTION

The work described in this dissertation was inspired by an

earlier report by Pettit and Whittow (1981) of an embryonic

monster in a naturally incubated tropical seabird egg. This

led to conjecture about the factors that might contribute to

aberrant growth under natural and experimental circumstances.

Because the low frequency electromagnetic fields (EMF) has

no heating, ionizing effects, few scientists believe that the

EMF has any biological effects on the living system (Marino

and Becker 1977). In recent years, the link between high

voltage power lines and leukemia led to more and more people

concerned about the possible biological effects of

electromagnetic fields (Wertheimer 1979). However, the effect

of EMF on the embryonic organ growth and oxygen consumption

of the domestic fowl is still unknown. In addition, many

Hawaiian seabirds lay their eggs in the shadow of huge u.s.

Coast Guard and Navy antennae, exposing the embryos to

powerful electromagnetic fields. Are such electromagnetic

fields capable of altering avian embryonic growth and

producing deformities?

It is known for centuries that the incubation temperature

is critical for the embryonic growth in a fertilized egg

(Romanoff 1967). smith et al., (1969) reported that the

influence of high altitude on the embryonic growth resembled

to incubation of eggs at a lower temperature. If EMF has any
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effect on the embryonic growth, could it associate or resemble

the effect of changing incubation temperatures?

1.1. Review of the literature

1.1.1. Embryonic growth

Much is known about the patterns of overall growth of the

avian embryo. The growth pattern differs in embryos that

hatch in a mature state (precocial) and in altricial species

that hatch in an extremely helpless condition. In the former,

embryo mass approaches hatchling mass well before hatching and

growth rate declines towards the end of incubation (Vleck and

Kenagy 1980). In altricial species, embryo mass and growth

rate increase continuously throughout incubation.

There are substantial differences in the relative size of

organs and tissues between altricial and precocial hatchlings.

Thus, in precocial hatchlings, the brain represents a greater

proportion of the hatchling's body mass than it does in

altricial species (Welty, 1975). However, the intestinal

tract is a greater percentage of the body mass in altricial

hatchlings (Welty, 1975), ostensible to process the large

amount of food dispensed by the parent birds during the rapid

growth of the nestling. In precocial hatchlings, the limbs

are larger and heavier than in altricial species, in keeping

with the greater mobility of precocial hatchlings. The

significance of differences in leg size goes beyond

considerations of mobility, as the skeletal muscle in the legs
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is believed to be the primary site of thermogenesis (Ricklefs,

1983) .

These differences in the proportions of organs in hatchl ings

of different degrees of maturity reflect different rates of

growth of the embryonic organs. Different organs grow at

different rates even in the same embryo. For example, in the

embryo of the domestic fowl, which is one of the few species

for which information on the growth of embryonic organs is

available, there is early development of the eyeball during

embryonic life but the liver reaches its maximal size, in

relation to other organs, during late incubation (Romanoff,

1967). As far as the heart and lungs are concerned, in both

the precocial domestic fowl (Romanoff, 1967) and the altricial

pigeon (Abs, 1983), the heart develops early in embryonic

life while the lungs reach their maximal percentage of body

mass midway through incubation.

There is compelling evidence (Ar and Rahn 1985) for a

relationship between embryonic growth rate and the gas

conductance of the eggshell (GHzO). A relationship between

the gas conductance of the egg shell and the overall growth

of the embryo was first suggested by Tazawa et al. (1971) who

showed that experimental restriction of the gas conductance

of the shell retarded embryonic growth. That this effect was

related to an effect on the diffusion of oxygen into the egg

was implied by the experiments of Wangansteen et al. (1974)

in which embryonic growth was slowed by incubation of eggs at
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reduced barometric pressure, and by the earlier observations

that embryonic growth is stimulated by incubation in 60%

oxygen (Temple and Metcalfe, 1970), but retarded at high

altitude (Smith et ale 1969). Later studies by Metcalfe et

ale (1981) confirmed the greater growth of embryos incubated

in 60% oxygen and the retardation of growth in eggs in which

the shell was partly covered by an impermeable neoprene

membrane. Burton and Tullett (1983) showed that the overall

growth of the embryo of the domestic fowl, duck and turkey was

limited by the gas conductance of the shell. The limiting

factor appeared to be the oxygen uptake. The significance of

their work is that in an egg with a naturally low shell gas

conductance, embryonic growth may be slowed because the 02

uptake by the egg is curtailed. The "throttling" of oxygen

consumption and growth is most evident during later stages of

incubation when the embryo is quite large and its oxygen

demand high, whereas the gas conductance of the eggshell has

remained constant since the egg was laid. stock and Metcalfe

(1987) produced additional evidence that growth is enhanced

by making more oxygen available to the embryo and slowed by

incubation of the egg in a hypoxic atmosphere.

The previous analysis has provided evidence that the ga~

conductance of the eggshell has an important influence on the

overall growth of the embryo mediated by the supply of oxygen

to the embryo. There is also evidence that the availability

of oxygen affects the growth of individual organs and that it
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may induce differential growth among individual organs. Thus,

McCutcheon et al. (1982) reported that in eggs in which the

gas conductance of the shell had been reduced by covering part

of the shell, there was stunting of the growth of the liver

but the brain and heart were "spared" ie. their growth was not

reduced as much as that of the embryo as a whole.

In contrast to what is known about the growth of the embryo

and its constituent organs, little or no work has been done

on the maturity. of the organs and on their function. Freeman

(1964) produced evidence for a metabolic response to cooling

in the late embryo of the domestic fowl (Gallus G. Domesticus)

and Dawes (1981) showed that cooling the pipped egg increased

the amplitude but decreased the frequency of embryonic

respiratory movements. Dawes (1974) had shown previously that

restriction of the gas exchange across the eggshell by coating

part of the shell with paraffin was resulted in a diminution

in the partial pressure of oxygen and increased the partial

pressure of carbon dioxide in the blood of the embryo of the

domestic fowl. Coating the eggshell of pipped eggs with

liquid paraffin also resulted in a sustained increase in the

amplitude of respiratory movements (Dawes 1979). Cain et al.

(1967) reported that the heart rate of the embryo of the

domestic fowl increased to a maximum midway through incubation

and this was followed by a slight decline. Barnes and Hasson

(1983) found an increase in oxidative enzymes in the leg
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muscles of fowl embryos pointing to their functional maturity

and the likelihood of their being a thermogenic tissue.

During the period prior to hatching, the egg pips. The

sequence of events during pipping and their duration differ

in different species. In general, the duration of the pipping

process is prolonged in tropical seabirds (Whittow 1980, 1984)

but in some species, ego the Sooty Tern (Whittow, 1985), the

initial event is star-fracture of the shell (external pipping)

while in others, ego the Laysan Albatross (Diomedea

immutabilis) penetration of the air cell (internal pipping)

occurs first, followed by external pipping (Pettit et ale

1982b). When the egg pips, the gas conductance of the shell

no longer "throttles" the growth and metabolism of the

embryo; the fracture of the shell and penetration of the

aircell provide enhanced opportunities for an increase in

oxygen consumption and growth. Al t.houqh it is known that

considerable overall growth of the embryo occurs during the

pipping period (Pettit and Whittow, 1983), it is uncertain

what the relationship is, if any, between the separate events

during pipping and the growth of individual organs in the

embryo. The period prior to hatching, i.e. the pipping

period, is a critical stage in the life history of the embryo.

It is when growth rate differences began to appear between

species (Matthew, 1983) and when thermoregulatory ability

appears (Freeman, 1964, Whittow and Tazawa 1991).
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1.1.2. Embryonic oxygen consumption

The changes i.n embryonic oxygen consumption during

incubation of the egg have been documented in many species of

birds. In precocial species, the oxygen consumption increases

to reach a plateau just before pipping of the egg (Vleck et

al. 1980). A further increase occurs after pipping

(Visschedijk, 1968). In altricial species, the oxygen

consumption increases continuously throughout incubation, like

the embryonic growth, but it is not apparent how pipping

affects the oxygen consumption. In general, growth rates in

late incubation can account for much of the differences in the

patterns of oxygen consumption between precocial and altricial

species but the relationship Detween organ growth and oxygen

consumption during the late part of incubation remains to be

determined.

1.1.3. Growth and metabolism affected by temperature

During natural incubation, adult birds often leave the egg

unattended for some time resulting in cooling of the embryo,

or heating of the egg from direct solar radiation. There is

much evidence that such short-term fluctuations in egg

temperature have an immediate effect on the embryo's oxygen

consumption (see, for example, Kuroda et ale 1990), the egg's

metabolism varying with egg temperature. Presumably such

transient changes in egg temperature also temporarily affect

the growth process. There is in fact evidence that periodic

cooling of the eggs of the Japanese Quail resulted in a delay
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in embryonic growth (Spiers and Baummer, 1990). Incubation

at temperatures above or blow the optimal temperature could

lead to anomalous development (Romanoff, 1960), but little is

known about the effects of such incubation temperatures on the

growth of individual organs.

1.1.4. Effects of electromagnetic fields (EMF)

1.1.4.1. Electric and magnetic fields

Electric fields are produced by electric charges. The

electric field, E, is defined by the magnitude and direction

of the force it exerts on a static unit charge, E = F/g, Where

E is the electric field (at the location of g), F is the

force, and g is the charge. E has units of newtons/coulomb,

or volts/meter. The magnitude of E describes the voltage

gradient, or the difference in voltage between two points in

the field. Electric field levels near high-voltage

transmission lines are in the range of kilovolts per meter

(kV/m) .

Magnetic fields are created by moving electric charges.

The magnetic field is defined by the magnitude and direction

of the force exerted on a moving charge or current, F =g(v x

B), where F is the force, g is a unit charge, v is the vector

describing the magnitude and direction of the relative motion

of the field and the charge, and B is the magnetic flux

density. The magnetic flux density has units of newton-
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ABBRE.

Power
Lir..es

Radio

Television

Radar

Microwaves

Radiant
Heating

Visible
Light

Sun Lamps

Extremely low
frequency

Very low frequency

Low frequency

Medium frequency

High frequency

Very high frequency

Ultra high frequency

Super high frequency

Extremely high
frequency

30 Hz ELF
300 Hz

1,000,000 m
100,000 m

VLF
30,000 Hz 10,000 m

LF
1,000 m

M
3 x 106 Hz 100 m

H
10 m

3 x 108 Hz VHF
1 m
10.1 m UHF

10-2 m SHF
3 x 1010 Hz

EHF

10.3 m
3 x 1012 Hz 10.4 m

10-5 m
3 x 1014 Hz 10.6 m

10-7 m

3 x 1016 Hz 10.8 m
10.9 m

3 x 1018 Hz 10.10 m
10.11 m

Table 1.1. The electromagnetic spectrum shown by frequency,
wavelength and abbreviations. At a frequency of 60 Hz and
wavelength of 5,000,000 ro, power transmission is at the top
of the table. Frequencies between 30-300 Hz are designated
as the El,P (extremely-low-frequency) range. The 60 Hz
frequency was used in this experiment (Modified from Gandhi
1990).



10

second/coulomb-meter, or weber/meter2
, or tesla, T. One tesla

is 10,000 gauss (G) or 1,000,000 ~T. One gauss equals 100 ~T.

The earth's static magnetic field is about 0.5-0.67 gauss.

Electric charges create electric fields that exert forces

on other charges. Electric fields may cause charges to flow,

thus creating electric currents. Electric currents generate

magnetic fields. Magnetic fields exert forces on electric

currents and changing magnetic fields generate electric

fields.

The electromagnetic field applied in this study has a

frequency of 60 Hz which is commonly used for power

transmission lines. Table 1. shows the frequency and

wavelength of radiation produced by many familiar electrical

appliances in our environment.

1.1.4.2. Harmful effects of EMF on people

A variety of symptoms has been reported following exposure

to EMF in the soviet Union during the late 1960's and early

1970's. These symptoms include headaches, poor digestion,

cardiovascular changes, and loss of sleep, after prolonged

exposure to EMF fields (Gandhi 1990). People living near

power lines experienced more headaches, lethargy, and memory

loss. Wertheimer and Leeper (1979) first reported a

correlation between childhood cancer and high EMF exposure

from power lines. These researchers concluded that children

from high-exposure homes were two to three times as likely as

those from low-exposure homes to develop cancer, particularly
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leukemia, lymphomas, and nervous system tumors. Because of

the sUbjective nature and simple methods of those reports, it

was not possible to conclude that the pathological changes

resulted only from exposure to EMF (Wellborn 1987). However,

these findings led to increased research on the biological

effects of EMF throughout the world (Anderson 1990).

1.1.4.3. Effects of EMF on embryonic development in chickens

Delgado et al. (1982) exposed Leghorn chicken eggs to

rectangular waves of 0.5 msec pulse duration produced by a

magnetic field of 10, 100, or 1000 Hz at intensities of 0.12,

1.2, and 12 J.LT. They opened the eggs after 48 hours of

incubation, examined the embryos for their gross form, and

rated the eggs for stage of development based on Hamburger and

Hamilton's method (1951). significant abnormalities were

found in exposed embryos, with the cephalic nervous system

being the most affected. The effects occurred at 0.12 and 12

J.LT but not at the 1.2 J.LT level. They found both frequency and

intensity "windows" of EMF effect, ie. only parts of the

spectrum of frequency and intensity were effective in

producing changes.

Ubeda et al. (1983, 1985) continued the investigation on

chicken embryos. They (Ubeda et al. 1983) used four different

pulse shapes at 100 Hz and intensities of 0.4 to 104 J.LT. The

100 ueec pulse rise time at intensities of 1 and 13.9 J.LT

produced changes, but no alterations were observed at the

lower or higher intensities. At 1 J.LT changes were observed
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in the truncal nervous system, whereas at 13.9 ~T the changes

were in the circulatory system and the foregut. The authors

found that their results agreed with Delgado et aI's (1982)

in that the changes were dependent upon certain frequency and

intensity windows.

Maffeo et ale (1984) repeated Delgado's experiments but did

not find significant changes. The magnetic fields were the

same in amplitude, pulse rise time, pulse length, and pUlse

frequency as in the study reported by Delgado et ale (1982).

The eggs were of the same kind of Leghorn chicken. Leal et

ale (1986) later suggested that the horizontal component of

the earth's magnetic field may playa role in the effects on

embryos. It was sugge~ted that the orientation of the eggs:

long axis in the horizontal plane in the east-west magnetic

orientation, was critical to the success of the experiment.

These controversial results led to of a 4-year research

project (Berman et ale 1990) of the EMF effect~ 0n chicken

embryos. The purpose of the proj ect was to conduct; six

indepertdent studies with p:::-ocedures that were as close as

possible in each laboratory. The incubators used in each

laboratory were made by the same manufacturer. The eggs were

exposed to unipolar pulsed magnetic fields with pulse

durations of 500 ~s and pulse rise and fdll times of 2 ~s, at

intensities of 1 ~T and a frequency of 100 Hz. The

developmental stage, structure, and maturity were evaluated

for each egg. Two of the six laboratories found a significant
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increase in the proportion of abnormal embryos in the exposed

group, three showed more abnol~alities in the exposed group

without reaching statistical sj.gnificance, and one reported

fewer abnormalities in the exposed group. When the data of

the six laboratories were pooled together, the results showed

a significant increase in the proportion of abnormal embryos.

The final conclusion of tile 4-year project was that the

results supported the positive results reported by Delgado et

al. (1982).

Juutilainen et ale (1986) exposed chick embryos during the

first 52 hours of development to 100 Hz fields with average

field strengths of 0.1 to 80 Aim (Aim is the unit of true

magnetic amplitude and 80 Aim equals about 1 gauss). They

found that the results obtained with bipolar waveforms did not

support the ~xi~tence of an intensity window. The results

seemed to indicate a threshold-type dependence on field

strength. No effect was found below 1 Aim, and above this

level the percentage of abnormalities was approximately

constant. However, the author noted that the number of

embryos used was too small to det~rmine an exact relationship

between the effect and field strength. Juutilaj.ne:a-l and Saali

(1986) carried out another similar study that seemed to

support this threshold dependence. Juutilainen (1986) later

found associations of incubation temperature with storage

procedures and suggested a possible relationship between
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field strength and abnormal development (Juutilainen ~t al.

1987).

Sisken and Fowler (1986) reported the effects of two

clinical-type signals of pulsed electromagnetic fields (PEMF)

tested on a large sample of developing chick embryos by two

independent laboratories. The embryos were examined after

seven days of incubation to avoid the early stages when most

spontaneous abnormalities occur. The data were pooled and

analyzed statistically. Neither signal, when administered

continuously for the first seven days of development, or for

the first 24 hours, produced a significant increase in the

incidence of malformations. Thus, conflict remains over the

results of studies investigating the effects of EMF exposure

on avian reproduction and development. There is clearly a

need for carefully designed, statistically competent

experiments to resolve these discrepancies.

1.1.4.4. Cardiovascular responses to EMF

Cardiovascular function has been studied by measuring blood

pressure and heart rate and performing electrocardiographic

measurements. Early investigations indicated as possible

effects a decrease in heart rate and cardiac output in dogs

exposed to 15 kV/m (Gann, 1976), and increased heart rate in

chickens exposed to 80 kV/m (Carter and Gaves, 1975). Hilton

and Phillips (1980) reported that rats exposed to 100 kV/m

showed no such effects of exposure, even when the animals were

subjected to cold stress. Hilton and Phillips (1980) were
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unable to confirm a report by BIanchi et al. (1973) of

electrocardiographic changes in animals exposed to 100 kVjm.

Magnetic field exposure of dogs (50 Hz, 2 T) caused a

stimulation of the heart, with ectopic beats appearing in the

recordings (Silney, 1985). Graham et al. (1987) reported that

humans exposed to combined electric and magnetic fields showed

a longer cardiac beat interval than sham-exposed SUbjects.

1.2. Objectives of the present study

The research that will make up this dissertation had two

objectives:

To attempt to induce changes in embryonic organ growth in

eggs of the domestic fowl in the laboratory by (a) exposing

the embryos to electromagnetic fields, (b) changing the

incubation temperatures.

To relate the patterns of organ growth to the oveLal1 oxygen

consumption.

Three underlying hypotheses guided the work: (1) the

susceptibility of embryonic growth and metabolism to EMF and

temperature varies with the stage of development, depending

on other constraints on growth and metabolism. For example,

just prio~ to prior to pipping, the growth and metabolism of

the embryo are restricted by the gas conductance of the shell,

which limits the amount of oxygen available to the growing

embryo. It is unlikely that increase in growth and oxygen

consumption can be induced during this period. (2) In the

absence of changes in overall growth there can be induced
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variations in the relative growth of different organs, as in

the sparing of heart tissue during hypoxia (McCutcheon et al.,

1982). (3) To resolve the controversial as to whether the

EMF has biological effects on living systems; and whether or

not a "window" effect exists.
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CHAPTER 2

MATERIALS M~D METHODS

2 . 1. Egg.§.

Fowl eggs were used in all studies; fertilized eggs of

White Leghorn hens were obtained from a local hatchery. All

the eggs were refrigerated before they arrived in Honolulu

from the Mainland USA on Monday afternoons. All the eggs were

4-5 days old by the time that they were purchased. The eggs

were incubated at 38 °c unless otherwise stated. Two forced

draft commercial incubators (GQF, model 1202) were used. When

the effect of temperature changes on embryonic growth were

being studied, the inCUbating temperature was set at 36 or 40

°C. The relative humidity ir. the incubator was 60%. The eggs

were turned twice daily.

2.2. Electromagnetic field experiments

In the EMF experiments, two similar incubators were used to

contain the control and experimental groups of eggs. Periodic

switching of the inCUbators, by changing the connections of

the power source from one incubator to the other, reduced

possible effects caused by using different incubators. The

eggs were turned twice a day by gently rolling the eggs

through 360 degrees, to prevent embryo adhesion to the shell

membranes. The humidity inside the incubator was kept at 55%

± 5 and monitored by a hygrometer at all times.

The eggs were divided into control and experimental groups

randomly and matched by weight to a differ~Hee ot less than
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0.5 gram. The numbers of eggs used in both control and

experimental grol~ps were the same. Three replicate

experLnents were reQUired since only 20 eggs could be placed

in either incubator at a given time.

The electromagnetic field was generat:ed by two parallel

coils in a Helmholz configuration (Sisken et al., 1986), each

with a diameter of 45 em, made by a local electrical

technician. The distance between the two parallel coils was

25 em. The strength of the electromagnetic field within the

space between the two coils was similar at all locations and

monitored by a gauss meter which was constructed by a

multimeter and a electromagnetic sensor head. The Helmholz

pairs were orientated in the incubators so that the field

produced was parallel with the NS orientation of the earths

local mag~etic field. As reported by Hawaii local

geographical agency that the intensity of the earth field at

the experimental site is 0.3 Gauss, 11 degree east of north,

inclination 39 degree, variations, 1000 Gamma. The eggs were

exposed to the electromagnetic field by placing them in the

middle of the space between the parallel coils (Plate 2.1.).

The two coils were connected to the 60 Hz power source with

a variable transformer for ease of control of the

electromagnetic field strength. Another pair of identical

coils was placed in the control incubator without connection

to the power source. In the experimental group, EMF strengths

of 0.5, 1 or 2 gauss were selected. The reason for selecting
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Plate 2.1. Coils used to generate electromagnetic field.
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2 gauss (4 x natural ambient static field) as the highest EMF

exposure level in this study was to reduce the possibility of

overlooking positive effects at high levels.

In each part of the experimental study, 1 egg from the

control group and 1 egg from experimental group was removed

from the incubator at the same time for the study. Four pairs

of eggs were studied each day.

2.3. Oxygen consumption

The oxygen consumption was measured by a modified Scholander

respirometer (Pettit et al., I982b). One egg was placed in

a chamber and immersed in a water bath at the temperature

mentioned for incubation of eggs. Ascarite II was used as a

CO2 absorbent in the egg chamber. The egg and its connected

compensation chamber were left unsealed to the atmosphere

(room air) for 60 min to permit thermal equilibratior. and

saturation of the air in both chambers with water vapor.

During this period a Metaframe air pump was used to supply

room air to the chamber to replace the metabolic oxygen loss.

At the end of the I-hour equilibration period, the chambers

were sealed off from the air. The meniscu~ in the manometer

tube that connected the two chambers was ketJt constant by

supplying measured amounts of oxygen through a syringe into

the respirometer chamber. Oxygen consumption was recorded for

50 min for each egg. Values of oxygen consumption were

corrected to standard temperature and pressure, dry conditions

(STPD) . The first 20 minutes of the mea.surement period were
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discarded in order to eliminate any errors consequent upon

sealing off the chambers. Younger embryos required a period

of up to 30 minutes in order to get a stable reading from the

manometer. All of the eggs had their oxygen consumption

determined before dissection of the embryo.

2.4. Dimension of embryo body parts

The dimensions of the embryo were measured by a precision

Craftsman calipers. The following measurements were done:

Whole embryo length: The embryo was measured from the top

of the head to the tip of the tail with the embryo in a

moderately relaxed position;

Culmen length: The bill was measured with a ruler from the

tip of the upper mandible to the edge of the nasal skin

covering the bill;

Wing length: Wings were measured with the wing straightened

and extended perpendicularly to the axis of the body, from the

most anterior point of the humerus at the shoulder joint to

the tip of the phalanges;

Leg length: The whole leg length was measured from the tip

of middle toe to the head of the femur;

Toe length: The middle toe length was measured from the

tip of the claw to the proximal fold in the webbing between

the middle and lateral toe.
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Head length: The head length was measured from the left

side of the eye to the right side of the eye.

Neck length: The neck length was determined from lower

mandible to the thirteenth cervical vertebrate.

2 . 5. Body« organ and_ muscle mass

The mass of each egg was measured after the eggs arrived in

our laboratory and each egg was individually marked with an

identification number. A Mettler PM-400 precision electronic

digital balance which was accurate to 0.0001 gram was used to

measure the embryo wet and dry mass. The whole-egg mass was

taken prior to dissection and the eggs then carefully opened

at the air-cell end. The embryo was carefully taken out from

the egg shell and its mass was measured. The pectoral and leg

muscles of both sides were dissected from the embryos and

their weights were taken. 'rhe internal organs (I i ver ,

intestine, stomach, brain and eyeball mass) were also

dissected and their wet organ mass determined. After weighing

each organ, the wet organ was placed in an oven with a

temperature of 60°C to obtain the dry organ mass. Six days

later (a stable weight was obtained), the dry mass of the

organ was measured. The difference between the wet and dry

mass of the organ revealed the water content of the tissue

which is inversely related to tissue maturity (Sotherland and

Rahn, 1987).
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2.6. Deformities

Eggs from the temperature and electromagnetic fields

experiments were carefully examined before performing the

dissections. Special attention was given to the appearance

of the whole embryonic body and internal organs. Any

abnormalities were recorded and a picture was taken.

2.7. Heart rate and respiratory rate

The embryo heart rate and respiratory rate were determined

by a Grass polygraphic recorder through a very low pass

filter to which a microphone was connected (Rahn et al.,

1990). The microphone was fixed in the airtight cover of a

chamber containing the egg. The heart rate could be detected

as early as 15 days of incubation. After pipping, the heart

rate could not be determined as a result of the overwhelming

respiratory movements of the embryo's lungs. At this time,

the respiratory frequency was recorded.

2.8. Histology of muscle cells

Chicken embryos collected from both control and experimental

groups at the 14th day of incubation were fixed in formalin

solution and delivered to Straub Clinic to stUdy the

histologic changes of muscle cells after exposure to different

strengths of EMF. Hematoxylin & Eosin (H & E) stain was used

for the slides.

2.9. statistical analysis

The basic procedure for presentiug data on organ growth was

to plot the individual data points for organ mass (or other
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dimension) against the duration of incubation. In some cases,

the data could be represented by a linear regression, and in

others by a second order regression line. The statistical

departure from linearity was tested by analysis of variance.

The regression line and the regression coefficient were

generated from a Sigmaplot 4.0 computer program.

Paired t-tests were used to compare the control and EMF

groups (Schefler 1984). The significant level was set to p

< 0.05 for all experimental groups.

The influence of temperature on embryo growth was studied

by incubating eggs in the same incubator at different

temperatures. In these three groups, the weight of eggs were

balanced as a whole but not paired exactly for differences in

each pair of eggs, so that an independent t-test was applied

using 38°C group as control compared with 36 °c and 40°C

groups. Because this was a comparison between three groups,

the Dunnett's test which involving a severe significant level

for t values was used to reduce type 1 error rate (Dunnett

1955).

A x2 test was used to determine the significance level of

the percentage of deformities in the control and experimental

groups with different levels of EMF exposures (Hassard 1991).

2.10. Presentation of growth data

The exact age of the embryos was not known. However, the

eggs were obtained from a hatchery which kept the eggs cool
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(and therefore not developing). Essentially the first day of

incubation was when the eggs were placed in the incubator.

Oxygen consumption and organ growth data are presented in

the four line of graphs plotted with individual data points

against the day of incubation and tables are used to present

statistical data. Curves were fitted to the data using the

Sigmaplot program.
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CHAPTER 3

THE INFLUENCE OF TEMPERATURE

3.1. Results

A total of 120 eggs were used in this part of the study with

40 eggs in each group. Twenty seven eggs were either

infertile or dead before completion of the experiments so that

the total number of eggs successfully tested eggs was 93 eggs

in three different temperature groups. There were no

statistical differences in egg mass between these three

groups, as analyzed by t-tests (Table 3.1). In the following

tables, Days equals incubation days, n equals number of

observatjons.

TABLE 3.1. Whole-Egg Mass t-test Results

Temperature Means (g) ± so n t* P=t).05

36°C 63.021 ± 2.300 34 1.694 >
38°C 61.911 ± 2.818 29
40°C 61.842 ± 2.067 30 1.055 >

* Results of independent t-test with 38°C group as control
and the t-value sUbjected to Dunnett's test.

3.1.1. Oxygen consumption

It is clearly demonstrated in Fig. 3.1. that incubation

temperature did not significantly change the pattern of oxygen

consumption in the three groups incubated at 36, 38 40°C. The

second order regression line was a good fit to the raw data

points. The regression coefficients for 36, 38 and 40°C is

0.97, 0.96 and 0.96 respectively. The oxygen consumption of

eggs was significantly affected by increasing and decreasing
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Fig. 3.1. Oxygen consumption plotted against incubation

duration for eggs incubated at different temperatures.

The regression coefficients for the solid lines are given

in the text.
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the incubation temperature, as shown in Fig. 3.1. The higher

the incubation temperature, the greater was the oxygen

consumption (Table 3.2). Lowering the incubation

temperature by 2 °c caused the oxygen consumption to be

reduced in half from 900 ml to 300 ml at the time of hatching

(Table 3.2). There was a significant difference in VOz

between incubation temperatures of 36°C and 38 °c even during

the first 10 days of incubation (Table 3.2).

TABLE 3.2. Mean VOz over the first 10 days, the next
5 days, and the final 6 days of incubation

Days Temperature Mean (ml) ± SD n t* P=0.05

-10 36 °c 20.884 ± 3.834 6 2.287 >
38 °c 40.308 ± 19.114 9
40 °c 58.873 ± 30.636 8 1. 424 >

-15 36 °c 59.770 ± 28.562 16 4.617 <
38 °c 162.983 ± 75.486 8
40 °c 280.269 ± 111.571 10 2.398 >

-21 36 °c 223.245 ± 82.834 11 6.803 <
38 °c 576.165 ± 145.614 12
40 °c 904.975 ± 371.088 16 2.775 <

Overall 36°C
mean 38 °c

40°C

107.192 ± 98.079
297.124 ± 262.312
522.155 ± 453.167

33
29
34

3.801

2.321

<

<

* Results of independent t-test with 38°C group as control
and the t-value subjected to Dunnett's test.

3.1.2. Whole-embryo wet mass

The whole embryonic body wet mass in the three experimental

groups is given in Fig. 3.2. statistical differences between

the three temperature groups were apparent after the firs~ 10

days of incubation (Table 3.3).
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Fig. 3.2. Whole-embryo mass plotted against the duration

of incubation for eggs incubated at different temperatures.

The regression coefficients for the solid lines are given

in the text.
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The second order regression lines fitted the embryonic mass

well in the three groups (Fig. 3.2). The regression

coefficients for 36, 38 and 40°C is 0.98, 0.99 and 0.99

respectively.

3.1.3. Organ wet mass

The relationship between organ mass and duration of

incubation was different, depending upon the incubation

temperature used (Fig. 3.2, 3.3 and 3.4). In the three groups

of experiments, most of the organs showed a curvilinear mass

increase. Pipping began at 20 days of incubation for normal

eggs incubated at 38°C. Differences in embryo mass between

different temperatures were apparent after the first 10 days

of incubation (Table 3.3).

Heart Heart mass increased nonlinearly at the three

incubation temperatures (Fig. 3.3) . The :t'egression

coefficients for 36, 38 and 40°C is 0.96, 0.95 and 0.99

respectively. The statistical analysis of heart-mass changes

in the three groups is shown in Table 3.4. The effect of

temperature was most marked in the older embryos.

Lungs The lungs had the same nonlinear mass growth as in

the heart when incubated at 36, 38 and 40°C, with the

difference that incubation at 36 °c caused retardation of

growth whereas 40°C had no significant effect on embryonic

lung mass (Fig. 3.4). The regression coefficients for 36,38

and 40°C is 0.95, 0.95 and 0.91 respectively. As the
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TABLE 3.3. Embryo Wet mass At Different stages of
Incubation and Different Temperatures

Days Temperature Mean (g) ± SD n t* P=0.05

-10

-15

-21

.577 ±
1. 078 ±
1. 758 ±

2.725 ±
5.229 ±
9.129 ±

9.599 ±
25.710 ±
33.565 ±

.187

.578

.938

1..244
2.269
3.707

3.677
8.226
8.332

6
9
8

16
8
10

12
12
16

1.915

1. 707

3.340

2.461

5.925

2<392

>

>

<

<

<

<

Overall 36°C
mean 38 °c

40°C

4.772 ±
12.416 ±
18.894 ±

4.343
12.522
15.341

34
29
34

3.279

2.321

<

<

* Results of independent t-test with 38°C group as control
and the t-value sUbjected to Dunnett's test.

TABLE 3.4. Heart Wet mass At Different stages of
incubation and temperatures

Days Temperature Mean (g) ± SD n t* P=0.05

-10

-15

-21

.00683 ±

.0133 ±

.0206 ±

.0378 ±

.0545 ±

.0874 ±

.139 ±

.181 ±

.228 ±

.00177

.00604

.0116

.207

.0176

.0259

.0473

.0277

.0428

6
8
8

16
8
10

11
12
16

2.336

1.488

1.871

2.892

2.526

3.206

>

>

>

<

<

<

Overall 36°C
mean 38 °c

40°C

.0658 ±

.097 ±

.138 ±

.0612

.0774

.0945

33
28
34

1. 726

1.813

>

>

* Results of independent t-test with 38°C group as control
and the t-value sUbjected to Dunnett's test.
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pipping began at 20 days of incubation~ the lung mass at 38

and 40°C increased dramatically from 0.26g to 0.42g. The

statistical differences between the three temperature groups

are shown in Table 3.5. The effect of lowering the

temperature was most marked between 10 and 15 days of

incubation.

Brain The brain mass increased steadily throughout

incubation but changing the temperature from 38 to 40°C

(Fig. 3.5), did not result in a statistical significant

difference (Table 3.2). The regression coefficients for 36,

38 and 40°C is 0.97, 0.96 and 0.98 respectively. In

contrast, the brain mass was significantly lower at an

incubation temperature of 36°C (Table 3.6), particularly

after the first ten days of incubation.

Eyeball Eyeball mass increased curvilinearly with body mass

in both unpipped and pipped eggs at 36, 38 and 40°C. There

was no evidence of a plateau in the growth curve for the

eyeball in pipped eggs (Fig. 3.6). The regression

coefficients for 36, 38 and 40°C is 0.97, 0.99 and 0.9/

respectively. Altering incubation temperature from 38 to 40

°c had little effect on the eyeball mass (Table 3.7), but

lowering the temperature by 2 °c from 38°C had a significant

effect on the eyeball growth. The retardation of eyeball

growth at 36°C was evident at all stages of incubation.
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TABLE 3.5. Lung Wet Mass At Different Temperatures
and stages of Incubation

Days Temperature Means (g) ± SD n t* P=0.05

-10 36°C
38°C .0180 ± .00294 3
40°C .0233 ± .0135 6 .598 >

-15 36°C .0324 ± .0156 10 2.232 >
38°C .0525 ± .0205 8
40°C .115 ± .0589 10 2.717 <

-21 36°C .0985 ± .0271 11 5.634 <
38°C .232 ± .0707 12
40°C .249 ± .0567 16 0.667 >

Overall 36°C .0670 ± .0399 21 2.908 <
mean 38°C .142 ± .109 23

40°C .165 ± .104 32 .784 >

* Results of independent t-test with 38°C group as control
and the t-value sUbjected to Dunnett's test.

TABLE 3.6. Brain 'Wet Mass At Different Temperatures
and stages of Incubation

Days Temperature Means (g) ± SD n t* P=0.05

-10 36°C .0445 ± .00830 6 1.437 >
38°C .0751 ± .00810 9
40°C .1297 ± .0528 8 2.096 <

-15 36°C .177 ± .0604 16 2.798 <
38°C .264 ± .0828 8
40°C .392 ± .102 10 2.705 <

-21 36°C .396 ± .0991 11 4.911 <
38°C .727 ± .191 12
40°C .868 ± .102 16 2.423 <

Overall 36°C .226 ± .148 33 2.734 <
mean 38°C .397 ± .316 29

40°C .554 ± .324 34 1.910 >

* Results of independent t-test with 38°C group as control
and the t-value subjected to Dunnett's test.
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TABLE 3.7. Eyeball Wet mass At Different Temperatuz2s
and Different stages of Incubation

Days Temperature Means (g) ± so n t* P=0.05

-10 36°C .0883 ± .0227 6 2.150 >
38°C .205 ± .122 9
40°C .309 ± .141 8 1.529 >

-15 36°C .397 ± .133 16 3.283 <
38°C .587 ± .117 8
40°C .673 ± .0909 10 1.647 >

-21 36°C .719 ± .0963 11 4.540 <
38°C .887 ± .0728 12
40°C .925 ± .0923 16 1.136 >

Overall 36°C .448 ± .247 33 2.024 >
mean 38°C .593 ± .305 29

40°C .706 ± .267 34 1.546 >

* Results of independent t-test with 38°C group as control
and the t-value sUbjected to Dunnett's test.

TABLE 3.8. Leg-Muscle Wet mass At Different
temperatures and stages of incubation

Days Temperature Means (g) ± SO n t* P=0.05

-10 36°C ±
38°C .0195 ± .00910 4
40°C .0480 ± .0485 6 1.038 >

-15 36°C .0786 ± .0624 16 3.307 <
38°C .293 ± .233 8
40°C .573 ± .260 10 2.233 <

-21 36°C .504 ± .226 11 6.426 <
38°C 1.485 ± .432 12
40°C 2.066 ± .512 16 3.061 <

Overall 36°C .252 ± .259 27 3.869 <
mean 38°C .843 ± .729 24

40°C 1.221 ± .948 32 1.595 >

* Results of independent t-test with 38°C group as control
and the t-value subjected to Dunnett's test.
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Leg muscl~ The leg muscles increased in mass as the embryo

grew but the incremental increases at 36 °c were significantly

less than at 38 and 40 °c (Fig. 3.7). The regression

coefficients for 36, 38 and 40 °c is 0.96, 0.98 and 0.98

respectively. At the time of hatching (20 days of incubation) ,

the mass of the leg muscles at 38 and 40 °c was three times

greater than that at 36 °C. Leg muscle growth was

significantly affected by increasing and decreasing incubation

temperature between embryonic ages of 10-21 days (Table 3.8).

Pectoral muscle The pectoral muscle was too small to be

measured before 10 days of incubation and therefore that part

of the data are missing from Table 3.9. Nonlinear growth of

pectoral muscle was found in all three experimental groupE

(Fig. 3.8). The regression coefficients for 36, 38 and 40 °c

is 0.94, 0.98 and 0.97 respectively. No statistical

differences was found between the overall means at 38 and 40

°c groups but differences existed between 36 and 38 °c groups

(Table 3.9). Differences in temperatures were especially

effective at embryonic ages of 15-21 days.

Stomach The stomach mass at 38 and 40 °c increased

exponentially during incubation (Fig. 3.9). The regression

coefficients for 36, 38 and 40 °c is 0.94, 0.97 and 0.97

respectively. After 15 days of incubation, the stomach mass

was about o. 5g and then dramatically increased its mass 5

times, to 2.5-3g, within 5 days. This was not seen in most
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other organs. The ability to double the stomach mass rapidly

was lost when the incubation temperature was lowered from 38

to 36 DC. statistical analysis indicated that the overall

mean stomach mass in the 38 DC group was not sign~ficantly

different from the 40 DC group but it was significantly

different from the 36 DC group (Table 3.10). However, at

embryonic ages of 10-15, 16-21 days there were significant

effects of an incubation temperature of 40°C (Table 3.10).

Intestine The growth pattern of the intestine resembled the

stomach-mass growth in that there was little increase early

in incubation, hut a dramatic increase after 16 days of

incubation (Fig. 3.10). The regression coefficients for 36,

38 and 40 DC is 0.91, 0.95 and 0.98 respectively. It is

clearly demonstrated in Fig. 3.10. that intestine growth was

severely affected by lowered incubation temperature.

statistic analysis indicated that the overall means of 38 and

40 DC had no significant difference, but it was significant

between 38 and 36 DC (Table 3.11).

Liver A second order regression line was fitted to the

liver mass data which showed a curvilinear growth curve (Fig.

3.11). The regression coefficients for 36, 38 and 40 DC is

0.92, 0.97 and 0.98 respectively. continuous growth of the

liver was the main trend in unpipped and pipped eggs.

Lowering the incubation temperature had considerably greater

effects on the liver mass growth than did the temperature

increase (Table 3.12). However, the effects of both
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temperatures were statistically significant from day 10 to

hatching (Table 3.12). The embryonic liver mass before 10

days of incubation for the 36°C was too small to be

determined, therefore they were replaced by dashes in Table

3.12. for the missing data.

3.1.4. Organ Maturity

The dry mass of embryonic organs decreased significantly

after incubation at 36 °c, compared with 38°C except the heart

and eyeball dry mass (Table 3.13, 3.14). The organ dry mass

increased after incubation at 40°C (Table 3.15). The

increase in brain dry mass was statistically significant at

the p < 0.05 level (Table 3.15).

The mean dry masses as a percentage of wet mass (dry/wet x

100) of embryonic organs at the three temperatures are shown

in Table 3.16. All the organs showed a highest dry/wet mass

ratio at 40°C and the lowest at 36 °C. The data are a measure

of organ maturity.
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TABLE 3.9. Pectoral Muscle Wet mass At Different
Temperatures and stages of Incubation

Days Temperature Means (g) ± SD n t* p=0.05

-10 36°C ±
38°C ±
40°C .0233 ± .00531 3

-15 36°C .0325 ± .00871 6 1.687 >
38°C .0834 ± .0681 8
40°C .173 ± .0915 10 2.181 >

-21 36°C .132 ± .0755 11 8.563 <
38°C .353 ± .0383 12
40°C .399 ± .0513 15 2.523 <

Overall 36°C .097 ± .0774 17 3.729 <
mean 38°C .245 ± .279 20

40°C .279 ± .152 28 0.752 >

* Results of independent t-test with 38°C group as control
and the t-value sUbjected to Dunnett's test.

TABLE 3.10. Stomach Wet mass At Different
Temperatures and stages of Incubation

Days Temperature Means (g) ± SD n t* P=0.05

-10 36°C .00550 ± .0005 2 2.199 >
38°C .0200 ± .00787 5
40°C .0315 ± .0181 6 .119 >

-15 36°C .0366 ± .0236 16 4.014 <
38°C .1004 • • 0508 8-
40°C .235 ± .139 10 2.454 <

-21 36°C .239 ± .156 11 5.090 <
38°C 1.252 ± .613 12
40°C 1. 842 ± .664 16 2.318 >

Overall 36°C .111 ± .139 29 3.735 <
mean 38°C .637 ± .729 25

40°C 1.000 ± .969 32 1.534 >

* Results of independent t-test with 38°C group as control
and the t-value subjected to Dunnett's test.
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TABLE 3.11. Intestine Wet mass at Different
Temperatures and stages of Incubation

Days Temperature Means (g) ± SD n t* P=0.05

-10 36°C ±
3SoC ±
40°C .0183 ± .0111 6

-15 36°C .0231 ± .00615 8 2.078 >
3SoC .0546 ± .0396 8
40°C .126 ± .0987 10 1.803 >

-21 36°C .110 ± .0717 11 5.7e2 <
38°C .656 ± .291 12
40°C .933 ± .435 16 1.838 >

Overall 36°C .0733 ± .0694 19 3.842 <
mean 38°C .415 ± .372 20

40°C .509 ± .528 32 .680 >

* Results of independent t-test with 38°C group as control
and the t-value sUbjected to Dunnett's test.

TABLE 3.12. Liver Wet Mass At Different
Temperatures and stages of Incubation

Days Temperature Means (g) ± SD n t* P=0.05

-10 36°C ±
3SoC .0226 ± .00554 5
40°C .0268 ± .0170 8 .486 >

-15 36°C .0449 ± .0231 16 3.172 <
3SoC .0855 ± .0365 8
40°C .164 ± .0707 10 2.703 <

-21 36°C .170 ± .0933 11 5.389 <
3SoC .451 ± .139 12
40°C .667 ± .242 16 2.667 <

overall 36°C .0958 ± .0873 27 3.729 <
mean 38°C .248 ± .219 25

40°C .368 ± .333 34 1.546 >

* Results of independent t-test with 38°C group as control
and the t-value subjected to Dunnett's test.
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3.1.5. Relative organ growth

The proportions of organ to body mass (organ/body x 100) at

incubation temperatures of 36°C, 38 °e and 40°C are shown in

Fig 3.12, 3.13, 3.14. The eyeball had the highest organ to

body mass ratio at about 4-5 days of incubation, followed by

the brain. The pattern of growth was similar at 36, 38 and

40°C.

Table 3.17 shows that the effect of temperature on organ

growth was by no means uniform. Thus, the mass of the

eyeballs, heart, brain and lungs of embryos incubated at 36

°e were all more than 50 % (56.9-75.6%) of their values at 38

°e although the mass of the entire embryo was only 38.4% of

that at 38 °e. On the other hand, the mass of the stomach and

intestine was only 17.4-17.7% of the control value.

Incubation at 40 °e had the least effect on the eyeballs and

lungs and the most effect on the stomach and leg muscles.

TABLE 3.13. Embryonic dry mass for 36°C group

Mean (g) ± SD n t* P=0.05

Pectoral .00941 ± .00896 17 3.299 <
Leg mass .0263 ± .0326 25 3.306 <
Lungs .00619 ± .00504 21 2.778 <
Heart .00752 ± .00760 33 1.805 >
Liver .0177 ± .0179 27 3.188 <
Stomach .0128 ± .0205 29 3.316 <
Intestine .00700 ± .00719 19 3.009 <
Eyeballs .0215 ± .0123 33 2.207 >
Brain .0227 ± .148 33 2.581 <

* Results of independent t-test were compared with 38 °e
group. The t-values sUbjected Dunnett's tests.



TABLE 3.14. Embryonic dry mass for 38°C group

Mean (g) ± SD n

Pectoral .0300 ± .0234 18
Leg mass .122 ± .138 22
Lungs .017 ± .0167 21
Heart .0121 ± .0114 26
Liver .0619 ± .0679 23
Stomach .0786 ± .102 23
Intestine .0481 ± .0574 18
Eyeballs .0311 ± .0206 27
Brain .0451 ± .0754 27

50

TABLE 3.15. Embryonic dry mass for 40 °c group

Mean (g) ± SD n t* P=0.05

Pectoral .0573 ± .00989 29 .990 >
Leg mass .216 ± .198 32 1.873 >
Lungs .0238 ± .0190 32 1. 308 >
Heart .0206 ± .0163 34 2.233 >
Liver .114 ± .116 34 1.886 >
Stomach .161 ± .16~ 32 2.~24 >
Intestine .0727 ± .084 32 1. 086 >
Eyeballs .0418 ± .0209 34 1. 954 >
Brain .0754 ± .0542 34 2.289 <

* Results of independent t-test were compared with 38 DC
group. The t-values sUbjected Dunnett's tests.



TABLE 3.16. Effect of Temperature on Organ Maturity

Dry / Wet mass x 100
organ 36°C 38 °c 40°C

Heart 11. 429 12.474 14.928

Lung mass 9.239 11. 972 14.424

Pectoral muscles 9.701 12.245 20.538

Leg muscles 10.437 14.472 17.690

Liver 18.4:76 24.960 30.978

Stomach 11. 532 12.339 16.100

Intestine 9.550 11.590 14.283

Eyeballs 4.799 5.245 5.921

Brain 10.044 11. 360 13.610

51



TABLE 3.17. Effect of Temperature on organ Growth

Incubation temperature (oC)
36 38 40

52

Whole embryo
mean mass (g)
% of control*

Heart (g)
% of control

Lung mass (g)
% of control

Pectoral 1-f. (g)
% of control

Leg M. (g)
% of control

Liver (g)
% of control

stomach (g)
% of control

Intestine (g)
% of control

Eyeballs (g)
% of control

Brain (g)
% of control

4.772
38.4

0.0658
67.8

0.067
67.8

0.097
39.6

0.252
29.9

0.0958
38.6

0.111
17.4

0.0733
17.7

0.448
75.6

0.226
56.9

12.416
100.0

0.097
100.0

0.142
100.0

0.245
100.0

0.843
100.0

0.248
100.0

0.637
100.0

0.415
100.0

0.593
100.0

0.397
100.0

18.894
152.2

0.138
142.3

0.165
116.2

0.297
121.22

1.221
144.8

0.368
148.4

1.000
157.0

0.509
122.7

0.706
119.1

0.554
139.5

* using the 38°C group as a control.
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Fig. 3.12. Proportion of organ to body ma~s plotted

against the duration of incubation for eggs incubated at

36 ~.
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Fig. 3.13. Proportion of organ to body mass plotted

against the duration of incubation for eggs incubated at

38 °e.
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Fig. 3.14. Proportion of organ to body mass plotted

against the duration of incubation for eggs incubated at

40°C.
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3.1.6. Body dimensions

Overall length The overall length of the embryo increased

at a steady pace throughout incubation. Linear growth of

overall length was seen at 36,38 and 40°C (Fig. 3.15). The

regression coefficient for 36, 38 and 40°C is 0.99, 0.99 and

0.99 r€spectively. Pipping did not result in any dramatic

changes in embryo length in relation to embryo mass. The

incubation time difference between temperatures of 38°C and

40 °c was considerably less than that between 38°C and 36 °c

and only the difference between 38°C and 36 °c was

significant.

Culmen length Culmen length increased with embryo mass in

all three groups (Fig. 3.16). The regression coefficient for

36, 38 and 40°C is 0.96, 0.98 and 0.96 respectively. The

eggs incubated at 40°C showed rapid growth early in

incubation but gradually fell off to meet the growth curve of

the 38°C group. The length of the 36 °c group was

significantly less than at 38°C (Tables 3.18, 3.19, 3.20}.

Head length Head length in all three groups appeared to

have reached a maximal value at only 10 days of incubation,

and then a plateau between 13 to 21 days was seen (Fig. 3.17).

The regression coefficient for 36, 38 and 40°C is 0.96, 0.92

and O. 92 respectively. Incubation at 40°C significantly

increased head length but the effect of incubation at 36 °c

was not significant (Tables 3.18, 3.19,3.20).
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Neck length Neck length showed a simple linear

relationship to incubation duration for the eggs incubated at

36, 38 and 40°C groups (Fig. 3.18). The regression

coefficient for 36, 38 and 40°C is 0.97, 0.96 and 0.98

respectively. The final neck length in the 36°C group

reached 1.0 cm - significantly retarded when compared with 2.0

and 2.2 cm in length in the 38 and 40°C groups.

Leg, toe and wing length Leg, toe and wing length all had

linear growth relationships with incubation time (Fig. 3.19,

3.20, 3.21). The regression coefficient for leg at the 36,

38 and 40°C is 0.96, 0.98 and O. 98 respectively. The

regression coefficient for toe at the 36, 38 and 40°C is

0.98, 0.97 and 0.99 respectively. The regression coefficient

for wing at the 36, 38 and 40°C is 0.98, 0.97 and 0.99

respectively. All three parts similar at 38 and 40°C but

significantly shorter in the 36 °c group.
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TABLE 3.18. Mean Lengths for 36 °c group

Mean (em) ± SD n t* P=0.05

Whole 4.088 ± 1.531 33 2.879 <
Culmen 0.731 ± .399 27 2.068 >
Leg 2.092 ± 1.288 33 3.913 <
wing 1.442 ± .848 33 3.338 <
Toe 0.699 ± .435 27 3.596 <
Head 1. 338 ± .308 33 0.595 >
Neck 0.652 ± .296 33 3.502 <

* Results of independent t-test compared with 38 °c group.
The t-values sUbjected to Dunnett's tests.

TABLE 3.19. Mean Lengths for 38 °c group

Mean (em) ± SD n

Whole 5.619 ± 2.523 29
Culmen 1.000 ± .517 25
Leg 3.985 ± 2.311 26
wing 2.386 ± 1.281 26
Toe 1.466 ± .989 25
Head 1.389 ± .320 29
Neck 1.059 ± .576 29

This group was used as control.
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TABLE 3.20. Mean Lengths for 40 °c group

Mean (em) ± SD n t* P=0.05

Whole 6.906 ± 2.523 34 1.986 >
Culmen 1.244 ± .473 32 1.820 >
Leg 4.568 ± 2.544 34 0.899 >
Wing 2.761 ± 1. 347 34 1.071 >
Toe 1. 739 ± .984 33 1.028 >
Head 1.582 ± .264 34 2.625 <
Neck 1.446 ± .534 34 2.720 <

* Results of independent t-test were compared with °c group.38
The t-values subjected to Dunnett's tests.
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3.1.7. Deformities

Neither body nor organ deformities were found in any of the

three experimental. Very slight liver cirrhosis around the

lower edge of the liver was seen in two embryos at 14 days of

incubation.

3.1.8. Heart and respiratory rate

The results of the heart and respiratory rates determined

at different incubation temperatures are shown in Table 3.21

and 3.22 below. Heart rates were significantly lower at 40

°c; no other differences were significant. The respiratory

movements were difficult to determine in the 36°C group

because the retarded embryonic growth and early death of the

embryos. In 40 °c groups, the respiratory movement was

determined earlier and most of embryos hatched at day 20 of

incubation.
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TABLE 3.21. Heart Rates of Embryos
rncubated at 36, 38 and 40°C

Age (days) 36 °c 38°C 40 °c
Mean ± SO Mean ± SD Mean ± SO

17 230.2 ± 10.2 237.0 ± 7.9 221. 3 ± 14.9*
(n = 12) (n = 14) (n = 16)

18 225.8 ± 9.7 232.7 ± 9.3 217.1 ± 15.2*
(n = 12) (n = 15) (n = 19)

19 225.4 ± 9.1 229.3 ± 11.6 227.8 ± 13.1
(n = 13) (n = 14) (n = 18)

20 226.2 ± 12.1 230.0 ± 10.4
(n = 13) (n = 13)

* significantly different (t-test) from the 38°C group.

TABLE 3.22 Respiratory Rates of E~rlos

Incubated at 36, 38 and 40 C

Age (days) 36 °c 38°C 40 °c
Mean ± SO Mean ± SO Mean ± SD

19 41.3 ± 11. 7 36.9 ± 38.4
(n = 8) (n = 11)

20 30 81.0 ± 22.6 88.3 ± 18.5
, -- . , in 10) (n = 18)pI J.)

21 40 93.6 ± 26.4
(n = 1) (n = 11)
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3020 Discussion

The pattern of embryonic organ growth in the eggs incubated

at 38°C should represent a control pattern that might be

compared with the data presented by Romanoff (1960, 1967).

Romanoff's data reveal that most organs increased their mass

exponentially during incubation. The eye was an exception,

the rate of growth diminishing with age. In general, the data

obtained in the present study coincides with Romanoff's

findings and provides the additional information that the

pectoral muscles, like the eye, grew logarithmically other

than exponentially. In terms of the proportion of the body

mass that each organ represented, both the present

investigation and Romanoff's (1967) report indicate early

growth of the brain and eyeballs and later growth of the

gastro-intestinal tract.

The pattern of growth was not changed qualitatively by

changing the incubation temperature. That is to say that the

overall growth of the embryo was exponential at all three

incubation temperatures.

The oxygen consumption, mass and overall length of t.he

embryo were all greatest at an incubation temperature of 40

°c and least at the lowest incubation temperature used (36°C).

Romanoff's (1967) data also show a diminution in overall

growth at a lower incubation temperature. The diminution in

growth in the later stages of incubation, at higher incubation

temperature seen by Romanoff was not discovered in the present
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study. Eggs of the domestic fowl are essentially

poikilothermic until just before hatching (Freeman, 1964;

Tazawa et al., 1989). Consequently, although egg temperatures

were not measured in the present investigation, it is safe to

assume that they reflected the incubation temperature.

Therefore the most likely explanation for the higher growth

rates and oxygen consumption at the higher temperatures is a

van't Hoff-Arrbenius effect - the direct effect of temperature

on chemical reaction rates. However, the differences between

values at the control incubation temperature of 38°C and at

36 °c were much larger, in general, than the differences

between incubation temperature of 38°C and 40 °C. This is not

the expected effect of the Van't-Hoff relationship, which is

exponential. The effects of different incubation temperatures

was more pronounced later in incubation when the constraints

on gas exchange imposed by the shell conductance would be more

in evidence. I'hus, the relatively small effects of increasing

incubation temperature from 38°C to 40 °c may partly reflect

the "throttling" effect of the shell conductance on gas

exchange and growth. As McCutcheon et al. (1982) so aptly put

it in connection with their studies of the effect of hypoxia

and hyperoxia on avian embryonic growth, "The

reaproportionment of embryonic mass in accelerated growth is

not the mirror image of that seen in retarded growth".

Increasing the incubating temperature may also promote

hormonal secretion, especially thyroid hormone. It has been
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reported by Tazawa et al., (1989) that the thyroid hormone

antagonist thiourea was effective in canceling the

homeothermic metabolic response in the prenatal chicken

embryos indicating that the thyroid gland was very important

in embryonic development. But hormonal effects are probably

not important in the early embryos since the endocrine glands

are not developed. Alternatively, the accelerated growth may

reflect increased enzyme activities in the embryos. Most of

the enzymes probably worked best between temperatures of 38

and 40°C. Thirdly, increased temperature may reset the

growth-controlled information contained in the embryos. There

is no direct evidence that altered incubation temperatures

have any genetic influence on the embryos. The embryonic

organ growth was accelerated or retarded but no deformities

were found when incubated at a higher or lower temperature.

All the changes seem to be quantitative rather than

qualitative. Metabolic compensatory responses seem not very

likely as Tazawa et al., (1988) reported that the metabolic

compensatory response appeared only around 18 days of

incubation and the response was strengthened after external

pipping.

Temperature changes could also alter the humidity inside the

incubator. Romanoff (1949) reported that significant changes

in the humidity could affect the rate of embryonic growth.

The humidity in our experiments was maintained between 55 to

60% at all times. Therefore, we consider that the difference
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in humidity in the present experiments was not responsible for

the differences found in the embryonic organ growth.

There were not only differences in overall growth at the

different incubation temperatures but also differences in the

relative growth of organs. Thus, at 36°C, the overall growth

of the embryo was only 38.4% of that at 38°C, but the

eyeballs, and heart were "spared" this reduction in growth

while the leg muscles, stomach, and intestine, increased a

greater reduction than did the embryo as a whole. At 40 °c,

the embryo mass was 152.2 % of the value at 38°C. Only the

stomach growth exceeded that of the entire embryo. The growth

of other organs was spared this increase to varying degrees,

the lungs, eyeballs, and pectoral muscles being particularly

resistant to enhanced growth at high temperature. The organ

that followed the whole embryo most closely, in terms of its

proportional changes at the three incubation temperatures, was

the liver.

smith et al., (1969) had compared the repressive effects of

hypothermia and hypoxia on the developing avian embryo and

indeed, in many respects, the effects of incubation

temperature on embryonic organ growth are analogous to the

effects of hypoxia and hyperoxia on organ growth. Thus, in

eggs of the domestic fowl, the heart and brain are "spared"

the diminution in embryonic growth that occurs during hypoxia

(McCutcheon, 1982). Liver growth on the other hand was

stunted in excess of that of the embryo as a whole. In
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hyperoxic eggs, embryonic growth was enhanced, the

acceleration of growth of the heart exceeded that of the

embryo as a whole, but the brain was spared this increased

growth and liver growth was not affected by hyperoxia.

In general, the effect of incubation temperature was more

evident during the latter part of the incubation period, and

the magnitude of the difference between the control incubation

temperature (38 °C) and 36 °c was greatest just before

hatching, including the pipping period. Presumably the embryo

is able to respond to stimuli that induce variations in growth

to a greater extent when it is larger and free of the

constraints imposed by the shell.

Internal pipping occurred at 19-20 days of incubation when

incubated at 38 °C. The oxygen consumption increased

dramatically at the time of pipping but the growth of most of

the organs was not significantly affected by the pipping

events (Fig. 3.1 and Table 3.2). The limiting factor for the

oxygen availability was the egg shell. When the eggs pipped,

the egg shell was broken and it no longer "throttle" the

embryo's oxygen availability. At the time of internal

pipping, the embryos had already reached or was near to their

maximal weight and dimensions. Therefore, the pipped eggs

significantly increased their oxygen consumption but did not

show dramatic organ mass growth.

In many instances, the relationship between organ mass and

the duration of incubation was curvilinear. This is not
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unexpected, as oxygen consumption, whole embryo mass and heart

mass have been reported to be curvilinear in the embryo of the

domestic fowl (Freeman and Vince, 1974). For the most part,

the dimensions of the embryo were linear in relationship to

the duration of incubation and there is precedence for this,

ego in Common Guillemot embryos (Mahoney and Threlfall 1981)

and in northern bobwhite embryos (Williams and Swift 1988).

In general, the maturity of the organs, as evidenced by

their percentage water content, was less in the embryos

incubated at 36 oC than in those at 38°C (Table 3.16). The

immaturity was most marked in the leg muscles and liver and

least marked in the stomach, heart and eyeballs. In embryos

incubated at 40 °C, maturity was higher than in controls but

not uniformly so. Thus, the most mature were the pectoral

muscles and the stomach, and the least difference from

controls was seen in the eyeballs, heart and brain.

The organ-to-body ratio in Fig. 3.12, 3.13, and 3.14, seem

not to be dramatically different for each temperature. These

three graphs showed basically the same organ to body growth

ratios as in Romanoff' report (1967). The only difference is

that in Romanoff's study, the brain had the highest organ to

body ratio. In my study, the eyeball showed the highest organ

to body ratio. I also found some variations in the shape of

the curves compared with Romanoff's graph. The reasons for

the discrepancies are not known but could be caused by

different graphical methods. In Romanoff's study (1967), the
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curves were drawn on the raw data points but the curves in

this study were generated by a computer program as regression

lines.
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CHAPTER 4

THE INFLUENCE OF ELECTROMAGNETIC FIELDS (EMF)

4.1. Results

In each part of the investigation the number of eggs in the

control and EMF group was the same. All of the eggs were

obtained at the same time and the eggs were divided into pairs

matched by their mass. There were no statistical differences

between egg mass in any of the control and experimental

groups.

4.1.1. 2 Gauss EMF

A total number of 104 eggs (52 pairs) were used in this

experiment. Eight pairs of eggs were either infertile or dead

before completion of the experiments, so that the total number

of successfully tested pairs was 44. Paired t-tests and x2

test were based upon the 88 eggs. The average whole egg mass

(mean ± SD) in the control group was 61.963 ± 1.920 gram and

in the experimental group was 62.177 ± 1.938 gram. There was

no statistical differences between these two groups as

analyzed by a paired t-test (t = 1.549, P > 0.05).

4.1.1.1. Oxygen consumption

A second order curve described the oxygen consumption in

both the control and the 2 Gauss EMF group as shown in Fig.

4.1 •. The oxygen consumption increased slowly during the

first 10 days of incubation, rapidly from day 10 to day 16,
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Fig. 4.1. Embryonic oxygen consumption in controls and

eggs exposed to 2 Gauss EMF. The regression coefficients

for the solid lines are given in the text.
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and more slowly thereafter. The regression coefficient for

the control and experimental groups are 0.93 and 0.91. There

was a large increase at the time of hatching. statistical

analysis showed that there was a significant increase of

oxygen consumption in the experimental group during the first

10 days of incubation (Table 4.1). However, the difference

was not significant between 16 and 21 days. Overall, EMF

exposure significantly increased oxygen consumption.

TABLE 4.1. VO~ In The Control and EMF Group
At D1fferent stages of Incubation

Age Means (ml/day) t p=O.05
(days) n Control EMF

-10 10 32.772 55.949 6.472 <
-15 16 213.833 270.597 4.438 <
-21 18 661.446 588.596 1.525 >
Overall 44 269.872 298.696 2.073 <

n = number of observations.

4.1.1.2. Embryo wet mass

The relationship between embryo mass and duration of

incubation was significantly different for the control and 2

gauss experimental groups (Table 4.2). The increase of whole

err~ryo mass under the influence of 2 Gauss EMF is plotted

against incubation time in Fig. 4.2. The regression

coefficients for the control and experimental groups are 0.99

and 0.99. The embryo grew very slowly during the first 11

days and then showed accelerated mass increase from day 12

to hatching. There was no plateau in embryonic growth. Growth

was significantly greater in the experimental group, the
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effect of EMF being apparent during the first 10 days of

incubation.

TABLE 4.2. Embryo wet Mass in the Control
and Experimental (2 G EMF) Group at

Different stages of Incubation

Age Means (g) t p=0.05
(days) n Control EMF

-10 10 1.217 1. 624 8.149 <
-15 16 7.098 9.062 4.576 <
-21 18 27.318 28.691 1. 765 >
Overall 44 10.486 12.167 4.632 <

n = number of observations.

4.1.1.3. Organ wet mass

Heart The increase of heart mass was closely associated

with the duration of incubation as shown in Fig. 4.3. The

regression coefficients for the control and experimental

groups are 0.93 and 0.97. The sigmoid shape of the data

points corresponded to the S shaped curve of oxygen

consumption. A statistically significant difference between

the control and experimental groups at different stages of

incubation existed only during the first 10 days, the least

being larger in the experimental group (Table 4.3.).

TABLE 4.3. Heart wet Mass in Control and EMF
Exposed Embryos at Different

stages of InCUbation

Age Means (g) t p=O.05
(days) n Control EMF

-10 10 .0136 .0175 2.355 <
-15 16 .0728 .0737 0.206 >
-21 18 .179 .159 1.871 >
Overall 44 .103 .0961 1.419 >

n = number of observations.
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The lung mass in both control and 2 G gronps

increased curvilinearly (Fig. 4.4) . The regression

coefficients for the control and experimental groups are 0.97

and 0.97. The lung mass was not affected by pipping and lung

mass was significantly greater after exposure to 2 G EMF only

during the first 10 days of incubation (Table 4.4).

TABLE 4.4. Lung Wet Mass in Control and EMF
Groups at different stages of incubation

Age Means (g) t p=0.05
(days) n Control EMF

-10 6 .0108 .0222 4.312 <
-15 16 .0730 .0793 1.351 >
-21 18 .217 .202 0.983 >

Overall 40 .135 .126 1.419 >

n = number of observations.

Brain The brain mass increased linearly throughout

incubation in both groups, as shown in Fig. 4.5. The

regression coefficients for the control and experimental

groups are 0.98 and 0.98. statistical analysis indicated that

the brain mass growth was significantly increased after

exposure to the 2 G EMF between 0 and 15 days but not from

16 - 21 days (Table 4.5).

TABLE 4.5. Brain Wet Mass in Control and EMF-exposed
Eggs at Different stages of Incubation

Age Means (g) t p=0.05
(days) n Control EMF

-10 10 .0843 .119 4.112 <
-15 16 .323 .373 5.789 <
-21 18 .739 .755 0.710 >

Overall 44 .439 .471 2.083 <

n = number of observations.
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in the control and 2-Gauss EMF group. The regression

coefficients for the solid lines are given in the text.
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Eyeball Eyeball mass increased very rapidly early in

incubation (7 days to 12 days) and then at a lower rate (Fig.

4.6) • The regression coefficients for the control and

experimental groups are 0.99 and 0.98. The eye ball mass in

the control and 2-G EMF were different at all stages of

incubation (Table 4.6).

Leg muscle An exponential-shaped growth curve of leg

muscle was seen in both groups (Fig. 4.7) and statistically

significant differences were found in the 0-10 and 11-15 day

age groups but not in the 16-21 day group (Table 4.7). The

regression coefficients for the control and experimental

groups are 0.97 and 0.98. Embryos had much higher leg muscle

mass after pipping than had the unpipped embryos.

Pectoral muscle Pectoral muscle grew in a nonlinear fashion

reaching a plateau at day 18 of incubation (Fig. 4.8). The

regression coefficients for the control and experimental

groups are 0.88 and 0.92. The 2 G EMF group had a

significant mass increase over the control group overall but

this seemed to occur early in incubation (Table 4.8). The

pectoral muscle was too small to be determined accurately

before 10 days of incubation and therefore this part of the

data is missing from Table 4.8.

Stomach The stomach mass increased sloWly early in

inCUbation, adding only 0.1 gram from day 7 to day 13, but

increased rapidly after day 14 to a mass of 2.6 gram at day

21 (Fig. 4.9). The regression coefficients for the control
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regression coefficients for the solid lines are given

in the text.
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and experimental groups are 0.97 and 0.96. The stomach mass

was significantly increased after exposure to the 2 G EMF

between 0-10 and 11-15 days (Table 4.9).

TABLE 4.6. Eyeball Wet Mass in Control and EMF
Group Embryos At Different stages of Incubation

Age Means (g) t p=0.05
(days) n Control EMF

-10 10 .210 .269 2.281 <
-15 16 .615 .657 2.937 <
-21 18 .856 .905 2.829 <

Overall 44 .604 .653 4.663 <

n = number of observations.

TABLE 4.7. Leg Muscle Wet Mass in Control and EMF
Group Embryos At Different stages of Incubation

Age Means (g) .... p=0.05I-

(days) n Control EMF

-10 10 .0317 .0489 6.392 <
-15 16 .386 .505 3.247 <
-21 18 1.562 1.538 0.196 >

overall 44 .780 .824 0.850 >

n = number of observations.

TABLE 4.8. Pectoral Muscle Wet Mass in Control and
EMF Embryos at Different stages of Incubation

Age Means (g)
(days) n Control EMF

-10
-15 16 .114 .197
-21 18 .353 .363

Overall 34 .234 .288

n = number of observations.

t p=0.05

3.909 <
0.337 >
2.145 <
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TABLE 4.9. Stomach Wet Mass in Control and EMF
Embryos At Different Staqes of Incubation

Age Means (g) t p=0.05
(days) n Control EMF

-10 10 .0132 .0215 7.776 <
-15 16 .159 .201 2.135 <
-21 18 1.509 1.653 1.114 >

Overall 44 0694 .754 1.428 >

n = number of observations.

Intestine The intestine mass also increased very slowly in

the early incubation period but increased dramatically after

day 17 (Fig. 4.10). The regression coefficients for the

control and experimental groups are 0.96 and 0.87. The

intestine mass was not affected by exposure to 2 G EMF (Table

4.10), although the data for the first 10 days were lost.

TABLE 4.10. Intestine Wet Mass in Control and EMF
Embryos At Different staqes of Incubation

Age Means (g) t p=0.05
(days) n Control EMF

-10
-15 16 .077 .0906 1.430 >
-21 18 .774 .757 .170 >

Overall 34 .434 .443 .0469 >

n = number of observations.

Liver A second order linear regression line was fitted to

the liver-mass data which showed a relatively slow initial

growth followed by accelerated growth (Fig. 4.11). The

regression coefficients for the control and experimental

groups are 0.99 and 0.99. Pipped embryos seemed to have

greater liver mass than the unpipped embryos.
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statistical analyses indicated that the liver mass in the

experimental group was affected by exposure to the 2 G EMF

only in the first part of incubation (Table 4.11).

TABLE 4.11. Liver Wet Mass in Control and EMF
Embryos At Different stages of Incubation

Age Means (g) t p=0.05
(days) n Control EMF

-10 9 .0188 .0216 2.567 <
-15 16 .129 .150 1.172 >
-21 18 .535 .504 1.177 >

Overall 43 .282 .271 0.386 >

n = number of observations.

4.1.1.4. Organ Maturity

Data for the embryo dry mass were shown in Table 4.12. Most

of the organs were not significantly higher after exposure to

2 G EMF than in the control group, except the leg, pectoral

muscle, brain and eyeball.

TABLE 4.12. Mean Dry Organ Mass After
Exposure to 2 Gauss EMF

Means (g) n t p (0.05)
Control EMF

Pectoral m. .0247 .0374 34 3.785 <
Leg m. .0985 .1190 44 2.775 <
Heart .0130 .0115 44 0.727 >
Lung .0150 .0151 40 0.139 >
Liver .0638 .0629 43 0.297 >
Intestine .0484 .0599 34 1.044 >
Stomach .0796 .0865 44 1.202 >
Gallbladder .00438 .00568 34 1.582 >
Eyeball .0305 .0341 44 5.980 <
Brain .0473 .0522 44 2.766 <

m = muscle.
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The mean dry masses as a percentage of wet mass (dry/wet x

100) of embryonic organs at 2 G group are shown in Table 4.13.

Compared with control group, all of the organs showed a higher

dry/wet mass ratio after exposure to 2 G EMF, except the

heart. The dry/wet ratio was not increased significantly as

found in 40°C group.

4.1.1.5. Relative organ growth

The proportional growth of organs of the control and 2 G EMF

groups are illustrated in Fig. 4.21. and Fig. 4.22. The

curves are regression lines for the original data points.

There are no significant differences in these two graphs

indicating that the proportional growth of organs were not

affected by 2 G EMF.

The effect of 2 G EMF on organ growth was computed as

percent of control mass shown in Table 4.14. Most of the

organs showed higher organ mass in the EMF than in the control

group except heart, lung and liver.



TABLE 4.13. Effect of 2 G EMF on Organ Maturity

Organ Dry / Wet mass x 100
Control 2 G EMF

Heart 12.621 11. 967

Lung mass 11.111 11. 984

Pectoral muscles 10.556 12.986

Leg muscles 12.628 14.442

Liver 22.624 23.210

Stomach 11.470 11.472

Intestine 11.152 13.521

Eyeballs 5.050 5.222

Brain 10.774 11. 083

TABLE 4.14. Effect of 2 G EMF on Organ Growth

98

Control 2 G EMF
(g) (g)

Whole. embryo
mean mass 10.486 12.167

Heart 0.103 0.0961

Lung mass 0.135 0.126

Pectoral m, * 0.234 0.288

Leg m.* 0.780 0.824

Liver 0.282 0.271

Stomach 0.694 0.754

Intestine 0.434 0.443

Eyeballs 0.604 0.653

Brain 0.439 0.471

m = muscle.

% of Control

115.936

93.301

93.333

123.077

105.641

96.099

108.646

102.074

108.113

107.289



99

Fig. 4.12. Proportion of organ to body mass plotted

against the duration of incubation for the 2 G control

group.
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Fig. 4.13. Proportion of organ to body mass plotted

against the duration of incubation for the 2 G EMF group.
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4.1.1.6. Body dimensions

Overall length The overall length of the embryos increased

linearly throughout incubation (Fig. 4.14). Pipping did not

result in any dramatic changes in embryo length in relation

to incubation time. After exposure to 2 G EMF, the overall

length of the embryos in the experimental group was

significantly increased compared with the control group (Table

4.15) •

Culmen length A linear curve of culmen lengths of both

control and experimental groups are shown in Fig. 4.15. There

was a significant increase of length after exposure to 2 Gauss

EMF (Table 4.~5).

~ead length Head length reached a maximal value at only

the 16th day of incubation with a plateau to 21 days of

incubation (Fig. 4.16). The regression coefficient for the

control and experimental groups are 0.99 and 0.99. The head

length was not significantly affected by exposure to 2 G EMF,

compared with the control group (Table 4.15).

Neck length Linear growth of neck length was seen in both

groups, as shown in Fig. 4.17. The regression coefficients

for the control and experimental groups are 0.99 and 0.99.

The neck length increased significantly after exposure to 2

G EMF compar~d with the control group (Table 4.15).

Leg, toe and wing length Leg, toe and wing lengths all

showed linear growth in both control and experimental groups

(Fig. 4.18, 4.19, 4.20) and were significantly affected by 2-



G EMF (Table 4.15).
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The regression coefficients for the

control and experimental groups in leg, toe and wing length

are 0.99 and 0.99, 0.99 and 0.99, 0.99 and 0.99 respectively.

TABLE 4.15. Embryonic Length After
Exposure to 2 Gauss EMF

Means (em) n t p=0.05
Body Part Control EMF

Whole Body 5.635 6.225 42 5.751 <
Culmen 0.691 0.767 42 3.799 <
Leg 3.452 3.957 42 4.480 <
Wing 2.346 2.518 42 3.696 <
Toe 1.173 1.297 42 4.345 <
Head 1.524 1.537 42 4.005 >
Neck 1.316 1.536 42 5.395 <

The means are calculated from day 7 to day 21 of the
incubation period.

n = number of observations.

4.1.1.7. Deformities

Several deformities were found in the experimental group

exposed to 2 G EMF but no deformities were found in control

groups. The abnormalities included an open abdominal cavity,

missing eyeball (Plate 4.1), wing deformities (Plate 4.2) and

liver cirrhosis (Plate 4.3). Five deformities were found

among the 88 eggs used in the control and experimental groups

with a x2 test value of 5.301 which is larger than the x2 p <

0.05 critical value of 3.84 indicating a significant increase

of deformities in the experimental group. The percentage of

deformities compared with normal embryos is shown in Fig.

4.21.
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4.1.1.8. Histology of muscle cells

In both control and experimental groups muscle cells showed

no significant differences under the light microscope. It

seemed that the ground substance in the experimental group

was less than in the control group and had more mitotic

figures.

4.1.1.9. Heart and respiratory rate

The results for heart and respiratory rates are shown at

Tables 4.16 and 4.17 below.
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TABLE 4.16. Heart Rates of Embryos
After Exposure to 2 Gauss EMF

Age (days) Control Experimental
Mean ± SO Mean ± SO

16 233.3 ± 9.428 235.7 ± 7.284
(n = 6) (n = 7)

17 232.5 ± 10.104 232.5 ± 7.217
(n = 12) (n = 12)

18 233.3 ± 11.055 232.5 ± 5.951
(n = 12) (n = 12)

19 231. 7 ± 6.872 227.5 ± 10.104
(n = 12) (n = 12)

20 226.7 ± 8.498 227.0 ± 9.487
(n = 12) (n = 10)

No significant differences were found between control and
experimental groups as analyzed by paired t-tests.

TABLE 4.17 Respiratory Rates of Embryos
After Exposure to 2 Gauss EMF

Age (days) Control Experimental
Mean ± SO Mean ± SO

20 58.3 ± 32.872 57.5 ± 14.790
(n = 6) (n = 4)

21 91.7 ± 14.044 90.8 ± 13.202
(n = 12) (n = 12)

No significant differences were found between control and
experimental groups as analyzed by paired t-tests.
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Fig. 4.14. Overall length plotted against duration of

incubation in the control and 2-Gauss EMF group. The

regression coefficients for the solid lines are given

in the text.
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incubation in the control and 2-Gauss EMF group. The
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Plate 4.1. Missing left eyeball in an embryo after

exposure to 2 gauss EMF.
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Plate 4.2. This embryo had a deformed left wing after

exposure to 2 gauss EMF.
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Plate 4.3. This embryo had a hard and yellow liver

indicative of liver cirrhosis after exposure to 2

gauss EMF.
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Fig. 4.21. Deformities found in the embryos after

exposure to 2 gauss EMF. The number of observations

was 104 eggs.



4.1.2. 1 GAUSS EMF
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A total of 106 fertilized eggs wer~ l1sed in this experiment,

with 53 in the control and 53 in the experimental group. The

mean egg mass (mean ± SD) for the control eggs was 62.557 ±

2.254 g, and 62.995 ± 2.306 g for the experimental group.

There was no significant difference between these two groups

at the p < 0.05 level.

4.1.2.1. Oxygen consumption

The influence of 1 Gauss EMF on the embryonic oxygen

consumption is shown in Fig. 4.22. The regression

coefficients for control and experimental groups are 0.91 and

0.96. In both control and experimental groups the oxygen

consumption increased in nonlinear fashion. From day 15 to

day 20 of incubation, a plateau was present with flat oxygen

consumption. Pipped eggs (day 20 and day 21) had much higher

oxygen consumption than unpipped eggs. The regression lines

divided from day 14 until hatching indicating that the embryo

growth was inhibited by 1 gauss EMF. statistical analysis

showed that significant differences existed between the

control and 1 G EMF groups before 15 days of incubation (Table

4.18) •

4.1.2.2. Organ wet mass

Embryonic wet mass was significantly different for the

control and 1 gauss experimental groups at all stages of

incubation (Table 4.19). The decrease of whole embryo mass

under the influence of 1 Gauss EMF is illustrated in Fig.
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The regression coefficients for control and

experimental groups are 0.99 and 0.99. The embryos grew very

slowly in the first 10 days and then showed accelerated mass

increase from day 12 to hatching. Pipped eggs on day 20 and

21 had a much higher embryo mass then 19 day old unpipped

embryos.

TABLE 4.18. Oxygen consumption in Control and EMF
Groups at Different stages of Incubation

Age Means (ml) t p=0.05
(days) n Control EMF

-10 19 54.996 42.475 3.216 <
-15 22 210.888 159.616 6.314 <
-21 12 577.632 486.976 1.620 >

Overall 53 238.039 191. 742 3.455 <

n = number of observations.

TABLE 4.19. Embryonic Wet Mass in Control and EMF
Groups at Differant stages of Incubation

Age Means (g) t p=0.05
(days) n Control EMF

-10 19 1. 737 1.292 4.226 <
-15 22 7.382 5.452 6.131 <
-21 12 27.104 24.512 3.347 <

Overall 53 9.824 8.276 6.265 <

n = number of observations.

Heart Heart mass increased curvilinearly as shown in Fig.

4.24. The regression coefficients for control and

experimental groups are 0.97 and 0.96. Heart mass was

significant~y less in the experimental group during the first

15 days of incubation (Table 4.20).
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TABLE 4.20. Heart Wet Mass in Control and EMF
Groups at Different staqes of Incubations

Age Means (g) t p=0.05
(days) n Control EMF

-10 19 .0181 .0153 2.377 <
-15 22 .0660 .0526 5.578 <
-21 12 .156 .141 1.940 >

Overall 53 .0692 .0594 2.912 <

n = number of observations.

Lungs The lung mass in both control and 1 G groups

increased about linearly from the 7th day of incubation until

hatching (Fig. 4.25). The regression coefficients for control

and experimental groups are 0.95 and 0.95. Pipping had no

effect on the growing lung mass. The lung mass was

significantly decreased after exposure to 1 G EMF from the 7th

day to 15th day but between 16 and 21 days the difference was

not significant (Table 4.21). The overall lung mass was

significantly inhibited after exposure to 1 G EMF.

TABLE 4.21. Lunq Wet Mass in Control and EMF
Groups at Different staqes of Incubations

Age Means (g) t p=0.05
(days) n Control EMF

-10 12 .0254 .0151 3.141 <
-15 22 .0849 .0573 6.780 <
-21 12 .198 .187 0.567 >

Overall 46 .0988 .0800 3.444 <

n = number of observations.
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The brain mass increased linearly throughout

incubation in the control group as demonstrated in (Fig. 4.26)

but the relationship was curvilinear in the experimental

group. The regression coefficients for control and

experimental groups are 0.98 and 0.98. statistical analysis

indicated that the brain mass growth was significantly

decreased after exposure to the 1 G EMF both for the pooled

data as well as before 15th day of incubation.

TABLE 4.22. Brain Mass in Control and EMF
Groups at Different stages of InCUbations

Age Means (g) t p=0.05
(days) n Control EMF

-10 19 .126 .0896 5.245 <
-15 22 .325 .267 5.183 <
-21 12 .756 .734 0.936 >

Overall 53 .350 .309 5.386 <

n = number of observations.

Eyeball Eyeball mass increased nonlinearly very fast in

early incubation from 7 days to 12 days, reaching a maximal

value at 15 days of incubation (Fig. 4.27). The regression

coefficients for control and exp~rimental groups are 0.94 and

0.98. One of the 20-day old embryos had the deformity of

having only one eyeball which (data point in the lower right

corner of Fig 4.27. The eyeball mass in the control and 1-G

EMF groups were significantly different at the p < 0.05 level

except between 16 and 21 days of incubation (Table 5.23).
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TABLE 4.23. Eyeball Mass in Control and EMF
Groups at Different stages of Incubations

Age Means (g) t p=0.05
(days) n Control EMF

-10 19 .292 .233 3.878 <
-15 22 .627 .552 6.678 <
-21 12 .838 .825 0.240 >

Overall 53 .555 .499 3.877 <

n = number of observations.

Leg muscle Curvilinear growth of leg muscle in both groups

is seen in Fig. 4.28 and a statistical significant difference

was found between days 11 and 15 (Table 4.24). The regression

coefficients for control and experimental groups are 0.97 and

0.97. Embryos after pipping had much higher leg muscle mass

weight than the unpipped embryos.

TABLE 4.24. Leg Muscle Mass in Control and EMF
Groups at Different stages of Incubations

Age Means (g) t p=0.05
(days) n Control EMF

-10 8 .0474 .0365 1.162 >
-15 22 .368 .249 4.599 <
-21 12 1.513 1.338 1.572 >

Overall 42 .634 .520 3.382 <

n = number of observations.

Pectoral muscle Curvilinear growth of pectoral muscle was

found in control and 1 G groups (Fig. 4.29). The regression

coefficients for control and experimental groups are 0.95 and

0.91. A statistical difference was found between the two

groups between the ages of 11 and 15 days meaning that 1 G EMF

inhibited the pectoral muscle growth (Table 4.25).
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Groups
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Pectoral Muscle Mass in Control and EMF
at Different stages of Incubations

Age Means (g) t p=0.05
(days) n Control EMF

-10 3 .0317 .011
··15 22 .117 .0788 4.696 <
-21 12 .369 .352 0.791 >

Overall 37 .192 .162 3.516 <

n = number of observations.

stomach The stomach mass increased slowly early in

incubation but increased rapidly after day 14 (Fig. 4.30).

The regression coefficients for control and experimental

groups are 0.96 and 0.97. The stomach mass was significantly

decreased after exposure to the 1 G EMF compared with the

control group (Table 4.26), between the ages of 0-10 and 11-

15 days.

TABLE 4.26. Stomach Mass in control and EMF
Groups at Different stages of InCUbations

Age Means (g) t p=O.05
(days) n Control EMF

-10 15 .0288 .0209 3.152 <
-15 22 .192 .127 3.781 <
-21 12 1. 399 1.219 1.306 >

Overall 49 .438 .362 2.170 <

n = number of observations.

Intestine The intestinal mass also increased exponentially

(Fig. 4.31). The regression coefficients for control and

experimental groups are 0.97 and 0.95. The intestinal mass

was not affected significantly by exposure to the 1 G EMF

except between 11 to 15 days (Table 4.27).
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TABLE 4.27. Intestine Mass in Control and EMF
Groups at Different stages of Incubations

Age Means (g) t p=0.05
(days) n Control EMF

-10 8 .0158 .0116 1.542 >
-15 22 .0889 .0589 3.737 <
-21 12 .672 .651 0.326 >

Overall 42 .242 .219 1.205 >

n = number of observations.

Liver A second-order linear regression line was fitted to

the liver mass data (Fig. 4.32). The regression coefficients

for control and experimental groups are 0.97 and 0.97. Pipped

embryos had greater liver mass than the unpipped embryos.

statistical analyses indicated that the liver mass in the

experimental group was significantly lower than in the control

group (Table 4.28), between embryonic ages of 0-15 days.

TABLE 4.28. Liver Mass in Control and EMF
Groups at Different stages of Incubations

Age Means (g) t p=0.05
(days) n Control EMF

-10 14 .0299 .0219 3.462 <
-15 22 .121 .0922 5.451 <
-21 12 .449 .413 1.002 >

Overall 48 .177 .152 2.660 <

n = number of observation~.

4.1.2.3. Organ maturity

The embryonic dry mass of organ are shown in Table 4.29.

Most of the mean dry organ mass values at 1.0 G were not

significantly different from the control group except the leg,

heart, liver, eyeball and brain.
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TABLE 4.29. Dry Embryo Organ Mass After
Exposure to 1 Gauss EMF

Means (g) n t p (0.05)
Organs Control EMF

Pectoral .0246 .0217 37 1.299 >
Leg .104 .0819 42 2.442 <
Heart .00906 .00800 53 2.912 <
Lung .0121 .0115 46 0.596 >
Liver .0474 .0401 48 2.105 <
Intestine .0348 .0314 42 0.617 >
Stomach .0655 .0568 49 1.276 >
Eyeball .0295 .0264 53 3.119 <
Brain .0433 .0378 53 5.688 <

n = number of observations.

The mean dry masses as a percentage of wet mass (dry/wet x

100) of embryonic organs at 1 G group are shown in Table 4.30.

Compared with control group, some of the organs showed a

higher dry/wet mass ratio after exposure to 1 G EMF, eg.

heart, lung and pectoral muscles, but some of the organs

showed a decreased dry/wet ratio as in the leg muscle, liver,

eyeball and brain.

4.1.2.4. Relative organ growth

The proportional growth of organs in control and 1 G EMF

groups were illustrated in Fig. 4.33 and Fig. 4.34. The

curves are regression lines for the original data points.

There are no significant differences in these two graphs

indicating that the proportional growth of organs were not

affected by 1 G EMF.
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TABLE 4.30. Effect of 1 G EMF on Organ Maturity

Dry / Wet mass x 100
Organ Control 1 G EMF

Heart

Lung mass

Pectoral muscle

Leg muscle

Liver

stomach

Intestine

Eyeballs

Brain

13.092 13.498

12.247 14.375

12.8J3 13.395

16.088 15.750

26.780 26.382

11.470 11. 472

14.380 14.338

5.315 5.291

12.371 12.233

TABLE 4.31. Effect of 1 G EMF on Organ Growth

Control 1 G EMF
(g) (g)

Whole embryo
mean mass 9.824 8.276

Heart 0.0692 0.0594

Lung mass 0.0988 0.0800

Pectoral m, * 0.192 0.162

Leg m.* 0.634 0.520

Liver 0.177 0.152

Stomach 0.438 0.362

Intestine 0.242 0.219

Eyeballs 0.555 0.499

Brain 0.350 0.309

* m = muscle.

% of Control

84.243

85.838

80.972

84.375

82.019

85.876

82.648

90.496

89.910

88.286
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Fig. 4.33. Proportion of organ to body mass plotted

against the duration of incubation for the 1 G control

group.
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Fig. 3.34. Proportion of organ to body mass plotted

against the duration of incubation for the 1 G EMF group.
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4.1.2.5. Body dimensions

Overall length The overall length of chicken embryos

increased linearly throughout incubation (Fig. 4.35). The

regression coefficients for control and experimental groups

are 0.99 and 0.99. Pipping did not result in any dramatic

changes in embryo length. The embryos exposed to 1 G EMF were

significantly shorter than the control embryos (Table 4.32) .

Culmen length Culmen length of both control and

experimental groups is shown in Fig. 4.36 as a linear growth

curve. The regression coefficients for control and

experimental groups are 0.99 and 0.99. There was a

significant decrease of length after exposure to 1 Gauss EMF

(Table 4.32).

Head length Head length reached a maximal value after only

13 days of incubation and then sustained a plateau between 13

and 21 days of incubation (Fig. 4.37). The regression

coefficients for control and experimental groups are 0.99 and

0.99. The head length in the 1 G group was significantly

lower than in the control group (Table 4.32).

Neck length A simple linear growth curve of the neck

length was seen in both groups as shown in Fig. 4.38. The

regression coefficients for control and experimental groups

are 0.99 and 0.99. The neck length was decreased after

exposure to 1 G EMF compared with the control group (Table

4.32) .
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Fig. 4.35. Embryonic overall length in the control and 1

Gauss EMF group. The regression coefficients for

the solid lines are given in the text.
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Fig. 4.36. Embryonic culmen length in the control and 1

Gauss EMF group. The regression coefficients for

the solid lines are given in the text.
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Gauss EMF group. The regression coefficients for
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Fig. 4.38. Embryonic neck length in the control and 1

Gauss EMF group. The regression coefficients for

the solid lines are given in the text.



Br-----r-------,.-----;-------.

6
0 Control
V 1 G EMF-S

C)-
~ 4
~

~

R
Q)-
~ 2
Q)

...:I

o

-J------'-----l-~
5 10 15 20 25

Duration of incubation (days)
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Gauss EMF group. The regression coefficients for
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Gauss EMF group. The regression coefficients for

the solid lines are given in the text.



Leg, toe and wing length
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Leg, toe and wing length all

showed linear growth curve in both control and experimental

groups (Fig. 4.39, 4.40, 4.41) and growth was significantly

decreased by exposure to 1 G EMF (Table 4.32). The regression

coefficients for control and experimental groups for leg are

0.99 and 0.99, for toe are 0.99 and 0.99, for wing length are

0.99 and 0.99.

4.1.2.6. Deformities

only one embryo with exposed abdominal organs (no abdominal

wall) was found after exposure to 1 Gauss EMF but no

deformities were found in control groups (Plate 4.4). A X2

test did not show a significant increase of deformity in 1

Gauss group, 2 p > 0.05.X = 1. 010,

TABLE 4.32. Embryo Length After
Exposure to 1 Gauss EMF

Means (em) n t p=0.05
Body Part Control EMF

Whole Body 5.366 4.875 53 7.081 <
Culmen 0.934 0.861 49 3.527 <
Leg 3.215 2.888 52 6.950 <
Wing 2.031 1.873 52 4.962 <
Toe 1.124 1.020 49 5.424 <
Head 1.472 1.394 53 4.852 <
Neck 1.053 0.916 53 8.466 <

The means of above tables are calculated from day 7 to day
21 of inCUbation.

n = number of observations.

4.1.2.7. Histology of muscle cells

There were no significant differences between control and

experimental groups, under the light microscope. However,
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more mitotic figures, smaller cell bodies and less ground

substances was seen in the experimental groups.

4.1.2.8. Heart and respiratory rate

The results of heart and respiratory rates determined under

1 Gauss EMF are shown at Table 4.33 and 4.34 below.

TABLE 4.33. Heart Rates of Embryos
After Exposed to 1 Gauss E~J

Age (days) Control Experimental
Mean ± SD Mean ± SD

17 236.7 ± 8.5 236.0 ± 10.8
(n = 12) (n = 15)

18 234.2 ± 7.6 * 228.7 ± 8.3
(n = 12) (n = 15)

19 230.0 ± 11.3 230.7 ± 8.5
(n = 11) (n = 15)

20 229.1 ± 10.8 230.8 ± 6.2
(n = 11) (n = 13)

* paired t-test result of comparison of control and
experimental groups indicating a statistic significance at p
< 0.05 level.

n = number of observations.

TABLE 4.34. Respiratory Rates of Embryos
After Exposure to 1 Gauss EMF

Experimental
Mean ± SD

60.0 ± 10.0
(n = 6)

104.0 ± 23.9
(n = 10)

found between control and

Control
Mean ± SD

70.0 ± 7.1
(n = 4)

93.6 ± 19.9
(n = 11)

20

21

Age (days)

No statistic differences
experimental groups.

n = number of observations.
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Plate 4.4. Deformed embryo showing open abdominal wall.
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4.1.3. 0.5 Gauss EMF

A total number of 78 eggs were used in this experiment, with

39 eggs in each group. The average whole-egg mass in the

control group was 61.955 ± 1.780 g (mean ± SO) and in the

experimental group, 62.219 ± 1.807 g (mean ± SO). There was

no statistical differences between these two groups as

analyzed by a paired t-test (t = 1.719).

4 . 1. 3 . 1. Oxygen c~)nsumption

The influence of 0.5 Gauss EMF on the chicken embryonic

oxygen consumption is shown in Fig. 4.42. The regression

coefficients in control and 0.5 G EMF groups are 0.97 and

0.92. The curve describing oxygen consumption was sigmoid in

shape. The oxygen consumption was significantly lower in the

experimental in the last part of incubation, but, overall, the

difference was not significant (Table 4.35).

TABLE 4.35. oxygen consumption After
Exposure to 0.5 Gauss EMF

Age Means (ml) t p=0.05
(days) n Control EMF

-10 9 59.634 61.386 0.454 >
-15 15 252.536 265.329 1.151 >
-21 15 571. 549 481. 077 2.210 <

Overall 39 330.717 302.014 1. 653 >

n = number of observations.

4.1.3.2. Whole-embryo wet mass

The increase of whole embryo mass under the influence of

0.5 Gauss EMF was plotted against days of incubation in Fig.

4.43. The regression coefficients in control and 0.5 G EMF
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Fig. 4.42. Embryonic oxygen consumption in the control

and 0.5 Gauss EMF group. The regression coefficients for
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The embryo mass increased very

slowly in the first 11 days and then showed accelerated

growth from the day 12 to hatching. For the 21 days of

hatching period, the embryo mass was only 7 grams before 11

days but reached 41 grams during the last 10 days of

incubation. No statistical differences were found in the

embryonic body mass between control and 0 . 5 Gauss groups

(Table 4.36).

TABLE 4.36. Embryonic Wet Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 9 1. 728 1. 748 0.222 >
-15 15 7.900 8.846 1.812 >
-21 15 24.033 23.368 0.697 >

Overall 39 12.68l 12.793 0.267 >

n = nUF~er of obser~ations.

4.1.3.3. Organ wet mass

Heart Heart mass increased curvilinearly after exposure

to 0.5 gauss EMF. There were no statistically significant

differences between control and experimental groups (Fig.

4.44; Table 4.37). The regression coefficients in control

and 0.5 G EMF groups are 0.96 and 0.95.

TABLE 4.37. Heart Wet Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 8 .0204 .0215 0.830 >
-15 15 .0726 .0731 0.0438 >
-21 15 .161 .145 1.489 >

Overall 38 .0966 .0907 1.065 >
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Fig. 4.44. Embryonic heart mass in the control and 0.5

Gauss EMF group. The regression coefficients for the solid

lines are given in the text.
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The lung mass in both control and 0 . 5 G groups

increased with incubation time (Fig. 4.45), but the data

points were scattered after 15 days of incubation. The

regression coefficients in control and 0.5 G EMF groups are

0.94 and 0.83. Pipping had no effects on growing lung mass.

Between day 11 and 15, lung mass was significantly greater in

the experimental group.

TABLE 4.38. Lung Wet Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 8 .0209 .0226 0.884 >
-15 15 .0987 .122 2.247 <
-21 15 .218 .198 0.885 >

Overall 38 .129 .131 0.166 >

n = number of observations.

TABLE 4.39. Brain Wet Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 9 .123 .123 0.0525 >
-15 15 .344 .364 1.650 >
-21 15 .739 .719 0.576 >

Overall 39 .445 .444 0.0157 >

n = number of observations.

Brain The brain mass was increased steadily and

curvilinearly throughout incubation without being affected by

the 0.5 G EMF (Fig. 4.46). The regression coefficients in

control and 0.5 G EMF groups are 0.98 and 0.97.
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Eyeball mass increased asymptotically very fast

in early incubation from 7 days to 12 days, and then the rate

of growth slowed from day 14 to day 21 (Fig. 4.47). The

regression coefficients in control and 0.5 G EMF groups are

0.97 and 0.97. The regression lines for the control and 0.5

G EMF were very close and even overlapped on part of the line.

None of the differences between the control and experimental

groups was significant (Table 4.40).

Leg muscle curvilinear growth of leg muscle is seen in

Fig. 4.48. and no significant differences were found between

the control and experimental groups (Table 4.41). The

regression coefficients in control and 0.5 G EMF groups are

0.92 and 0.96.

TABLE 4.40. Eyeball Wet Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 9 .327 .323 0.161 >
-15 15 .638 .658 0.518 >
-21 15 .867 .865 0.0886 >

Overall 39 .654 .660 0.458 >

n = number of observations.

TABLE 4.41. Leg Wet Muscle Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 8 .0324 .0356 0.618 >
-15 15 .521 .591 1.418 >
-21 15 1. 397 1.353 0.477 >

Overall 38 .764 .775 0.274 >

n = number of observations.
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Pectoral muscle Curvilinear growth of pectoral muscle was

found in the control and 0.5 G groups (Fig. 4 .49) . The

regression coefficients in control and 0.5 G EMF groups are

0.95 and 0.81. No statistically significant differences were

found between the two groups (Table 4.42).

TABLE 4.42. Pectoral Wet Muscle Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 2 .0245 .0110 0.931 >
-15 15 .139 .270 1.162 >
-21 15 .352 .331 1.089 >

Overall 32 .231 .282 0.948 >

n = number of observations.

stomach. The stomach mass increased slowly early in

incubation but increased rapidly after day 14, with a mass

increase from of 0.3 gram to 2.3 grams (Fig. 4.50). The

regression coefficient in control and 0.5 G EMF groups are

0.98 and 0.96. This was a 10-fold increase in mass in only

6 days. There were no consistent differences between the

control and experimental groups (Table 4.43).

TABLE 4.43. Stomach Wet Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 8 .0263 .0263 0.000 >
-15 15 .216 .263 2.577 <
-21 15 1.109 1.003 2.171 <

Total 38 .529 .506 1.002 >

n = number of observations.
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Fig. 4.48. Embryonic leg muscle mass in the control and

0.5 Gauss EMF group. The regression coefficients for the

solid lines are given in the text.
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Gauss EMF group. The regression coefficients for the solid
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Intestine The growth pattern of the intestine resembled the

stomach mass growth in that there was little mass increase

early in incubation, but a dramatic increase after 16 days of

incubation (Fig. 4.51). The regression coefficients in

control and 0.5 G EMF groups are 0.96 and 0.98. It is clearly

indicated from Fig. 4.51 and Table 4.42 that 0.5 G EMF had no

effect on the embryonic intestine growth.

TABLE 4.44. Intestine Wet Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 6 .0132 .0135 0.107 >
-15 15 .0985 .0960 0.244 >
-21 15 .539 .470 2.105 >

Overall 36 .286 .265 1.624 >

n = number of observations.

Liver Liver mass also showed linear growth (Fig. 4.52).

continuous growth of the liver mass was the main trend from

unpipped to pipped eggs. The regression coefficients in

control and 0.5 C EMF groups are 0.96 and 0.95. No

influences of 0.5 G EMF were found on the liver mass growth

(Table 4.45).

TABLE 4.45. Liver Mass After
Exposure to 0.5 Gauss EMF

Age Means (g) t p=0.05
(days) n Control EMF

-10 9 .0261 .0271 0.407 >
-15 15 .138 .150 1.212 >
-21 15 .437 .389 1.755 >

Overall 39 .227 .214 1.171) >

n = number of observations.
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Fig. 4.51. Embryonic intestine mass in the control and

0.5 Gauss EMF group. The regression coefficients for the

solid lines are given in the text.
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Fig. 4.52. Embryonic liver mass in the control and 0.5

Gauss EMF group. The regression coefficients for the

solid lines are given in the text.
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4.1.3.4. Organ maturity

The embryonic dry mass was determined after exposure to 0.5

G EMF and the results are shown in Table 4.44. None of the

organ dry masses in the EMF group are significantly different

from the control group. Therefore, no further analysis was

done on the proportion of organ growth and dry/wet mass

ratios.

The mean dry masses as a percentage of wet mass (dry/wet x

100) of embryonic organs at 0.5 G group are shown in Table

4.47. Compared with control group, the organs after exposure

to 0.5 G EMF showed no significant changes in dry/wet mass

ratio which is a indicator of organ maturity.

TABLE 4.46. Dry Embryo Organ Mass After
Exposure to 0.5 Gauss EMF

Means (g) n t p (0.05)
Organs Control EMF

Pectoral m. .0291 .0288 32 .118 >
Leg m. .116 .114 38 .216 >
Heart m. .0125 .0119 38 1.065 >
Lung .0156 .0159 38 .237 >
Liver .0603 .0565 39 1. 034 >
Intestine .0342 .0299 36 1.510 >
Stomach .0825 .0778 38 .687 >
Eyeball .0350 .0358 39 .993 >
Brain .0542 .0532 39 .532 >

m. = muscle.
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TABLE 4.47. Effect of 0.5 G EMF on Orqan Maturity

Dry / Wet mass x 100
Organ Control 0.5 G EMF

Heart 12.940 13.120

Lung mass 12.093 12.137

Pectoral muscle 12.597 10.213

Leg muscl e 15.183 14.710

Liver 26.564 26.402

Stomach 15.595 15.375

Intestine 11.958 11. 283

Eyeballs 5.352 5.424

Brain 12.180 11.982

TABLE 4.48. Effect of 0.5 G EMF on Orqan Growth

Control 0.5 G EMF
(q) (g)

Whole embryo
mean mass 12.681 12.793

Heart 0.0966 0.0907

Lung mass 0.129 0.131

Pectoral m. * 0.231 0.282

Leg m.* 0.764 0.775

Liver 0.227 0.214

Stomach 0.529 0.506

Intestine 0.286 0.265

Eyeballs 0.654 0.660

Brain 0.445 0.444

m = muscle.

% of Control

100.883

93.892

101.550

122.078

101.440

94.273

95.652

92.657

100.917

99.775
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4.1.3.5. Body dimensions

Overall length The overall length of the embryos increased

linearly throughout incubation (Fig. 4.53). The regression

coefficients in control and 0.5 G EMF groups are 0.99 and

0.97. Neither pipping nor 0.5 Gauss EMF resulted in any

dramatic changes in embryo length in relation to incubation

time (Table 5.49).

Culmen length Rapid culmen length growth was seen early

in incubation with slowed growth from day 15 (Fig. 4.54).

The regression coefficients in control and 0.5 G EMF groups

are 0.96 and 0.94. There was no significant influence of 0.5

Gauss EMF on culmen length growth.

Head length Head length reached a maximal value after

only 15 days of incubation, following which there was a

plateau until 21 days of incubation (Fig. 4.55). The

regression coefficients in control and 0.5 G EMF groups are

0.85 and 0.92. No effect of 0.5 G EMF was found in head

length growth.

Neck length A simple linear growth curve of neck length

is shown in Fig. 4.56. The regression coefficients in

control and 0.5 G EMF groups are 0.95 and 0.95. The two

regression lines were parallel and close to each other,

indicating a small differences in the two means in the control

and experimental groups, but a statistically significant

difference was found for the overall neck length in the two

groups (Table 4.49).
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Leg, toe and wing length Leg, toe and wing length all had

linear growth relationships (Fig. 4.57, 4.58, 4.59) but no

differences were found between control and experimental groups

(Table 5.49). The regression coefficients in control and 0.5

G EMF groups for leg length are 0.99 and 0.98, for toe length

are 0.98 and 0.98, and for wing length are 0.98 and 0.97.
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0.5 Gauss EMF group. The regression coefficients for

the solid lines are given in the text.
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4.1.3.6. Deformities

Deformities were not found in either control or experimental

groups.

TABLE 4.49. Embryo Length After
Exposure to 0.5 Gauss EMF

Means (cm) n t p=0.05
Body Part Control EMF

Whole Body 6.056 6.097 39 .470 >
Culmen 1.098 1.134 38 1. 749 >
Leg 3.776 3.845 39 1.064 >
Wing 2.428 2.428 39 .000 >
Toe 1.476 1.445 38 .819 >
Head 1.507 1.537 39 1.936 >
Neck 1.213 1.262 39 2.145 <

n = number of observations.
The means of above tables are calculated from day 7 to day

14 of incubation period.

4.1.3.7. Histology of muscle cells

The muscle cells in both control and 0.5 G EMF groups

showed no significant differences under the light microscope.

The individual cell body size was not distinguishable in this

study. The ground substance did not show any changes in the

experimental group. Mitotic figures were seen in both the

control and the experimental groups.

4.1.3.8. Heart and respiratory rates

The results of heart and respiratory rate measurements

after 0.5 Gauss EMF exposure are shown at Table 4.50 and 4.51

below.
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TABLE 4.50. Heart Rates of Embryos
After Exposure to 0.5 Gauss EMF

Age (days) Control Experimental
Mean ± SO Mean ± SO

16 221. 7 ± 20.3 212.0 ± 17.2
(n = 6) (n = 5)

17 212.2 ± 25.7 214.4 ± 15.0
(n = 9) (n = 9)

18 217.5 ± 13.6 214.0 ± 18.0
(n = 12) (n = 10)

19 224.5 ± 13.7 226.0 ± 12.0
(n = 11) (n = 10)

20 240.0 ± 8.9 226.3 ± 13.2
(n = 5) (n = 8)

No statistical differences found between control and
experimental groups.

TABLE 4.51. Respiratory Rates of Embryos
After Exposure to 0.5 Gauss EMF

No statistical differences
experimental groups.

Age (days)

20

21

Control
Mean ± SO

66.7 ± 34.2
(n = 9)

94.0 ± 16.2
(n = 9)

Experimental
Mean ± SO

86.7 ± 38.6
(n = 3)

97.8 ± 16.2
(n = 9)

founti between control and
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4.2. Discussion

In these experiments, chicken embryos were exposed to 2, 1

and 0.5 G EMF with a frequency of 60 Hz, which is commonly

used throughout the United states for power transmission. The

responses of the embryos to EMF exposure varied widely in the

three groups.

For the 2 G EMF group, the embryonic body mass and oxygen

consumption increased significantly compared with the control

group. Although the whole-embryo mass increased, the

individual organs were affected differently. For example, the

heart and lung wet mass increased significantly from 7 to 10

days of incubation (p < 0.05) but not from 11 to 21 days (p

> 0.05). The overall growth of the heart and lungs was not

significantly affected by exposure to 2 G EMF (p > 0.05).

The intestine, stomach and liver mass were also not changed

after exposure to 2 G EMF. The brain and eyeball wet and dry

mass were increased significantly after exposure to 2 G EMF.

The pectoral muscle mass was increased significantly but leg

muscle mass was unchanged. It appears that the brain, eyeball

and the pectoral muscle mass contributed to the overall

significant embryonic mass increase in the experimental group

because those organs accounted for a larger proportion of the

embryonic mass at most of the developing stages. Pipping did

not have very much effect on embryonic organ development,

possibly because pipping in the domestic fowl's egg is of

relatively short duration.



184

Chacon et al., (1990) reported that a 30-Hz EMF can stop

early embryonic development. In this study, we found that the

embryonic growth was inhibited after exposure to 1 G EMF.

The overall body mass and embryonic oxygen consumption were

reduced in the experimental group. As in the 2 G EMF group,

the developmental pattern was different for individual organs.

A common feature of embryonic organ growth after exposure to

1 G EMF was that a significant inhibition of organ growth

occurred in the earlier developmental stages. For instance,

the heart and lung mass were reduced before 15 days of

incubation but not in the 16 to 21 day-old embryos. The

overall heart and lung mass were significantly inhibited in

the experimental group. Although significant differences were

found from 7 to 10 days and from 11 to 15 days of incubation,

the greatest changes were between 11 and 15 days of

incubation, often with p < 0.001. As was seen above, 2 G EMF

also affected the early embryos much more seriously than the

older embryos.

The embryos exposed to 0.5 gauss EMF showed little change

in organ growth and oxygen consumption.

For the purpose of studying embryonic organ growth, the

eggs were paired in the control and experimental groups by

matching for mass and the differences of mass in a pair of

eggs was less than 0.5 gram. Other conditions, such as

incubation temperature, humidity and direction of the eggs

toward the orientation of earth field were ylgo controlled.
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Therefore, any embryonic body and organ weight differences

found in this study would most likely be the result of

exposure to the EMF.

Deformities were found in both the 2 G and 1 G groups but

not in the 0.5 G EMF and control groups. Most of the

deformities occurred in the 2 G EMF group and only one

deformity was seen in the 1 G EMF group. This is strong

evidence that the strength of the EMF played a very important

role in its biological effects. Increasing the strength from

0.5 G to 1 G resulted in the appearance of a deformity, but

increasing the strength from 1 G to 2 G resulted in a

statistically significant increase in the incidence of

deformities in various forms. Other evidence was the "window"

effect which was seen in embryonic organ growth but not in

deformities. The mass of the embryos increased when the

embryos were exposed to 2 G EMF, but the mass was decreased

when exposed to 1 G EMF, and there was no effect of 0.5 G EMF.

The relative organ growth was not affected significantly in

the three EMF groups though some variations were found. The

eyeball occupied the highest organ to body ratio at the

beginning of incubation (22% at 5 days of incubation).

However, the other organs normally occupied only 2-8% of body

mass. Brain was also having a much higher organ to body ratio

at the early incubation period (8% at 7 days of incubation).

The early growth of eyeball and brain played a very important

physiological role for the whole embryonic growth and
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adaptation to the environment at hatching. This is typical

for chicken embryos because they belong to precocial birds

that they are capable of walking and finding food for

themselves after hatching (Nice 1962). Contrast to the fast

growth of eyeball and brain, the stomach, liver and intestine

showed growth pattern of consistent from lower to higher ratio

which means these organs were growing as the body mass

increasing. The proportional organ growth is one of the

criterion for bird classification (Nice 1962, Evans, 1980).

EMF seems to have little effect on the relative organ growth

on the domestic fowls.

An EMF field strength of 2 Gauss resulted in embryos that

were 115.9% of control embryos in terms of embryo mass.

Pectoral muscle was particularly susceptible to the effect of

EMF. Heart and lung mass on the other hand were less in the

embryos exposed to a 2 ~ EMF field. Least affected was the

intestine. The repression of overall embryonic growth by a

1 G EMF field was reflected in a similar repression of the

growth of the heart, pectoral muscle and liver. The intestine

was spared this repression more than any other tissue.

Interestingly, an EMF of 0.5 G had no effect on overall growth

but pectoral muscle growth was accelerated and intestinal

growth was inhibited.

Organ maturity was affected differently in the three EMF

groups. Organ maturity was, in most cases, increased when the

embryos were exposed to 2 G, particularly that of pectoral
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muscle and the intestine. However, in the heart, organ

maturity was, if anything, less than in controls. The effects

of 1 G were generally small but lung maturity was notably

increased. A field strength of 0.5 G had little effect on

organ maturity with the exception of that of pectoral muscle

in which maturity was less than in controls.

The reason for investigating the biological effects of EMF

as stated in the introduction, was to answer three basic

questions. First, whether or not EMF has biological effects

on chicken embryonic organ growth and oxygen consumption? The

answer to this question is clearly yes - EMF had a powerful

effect on embryonic growth of chicken embryos by changing

their growth pattern and causing deformities. Secondly,

whether or not EMF has a "window" effect as reported by other

investigators (Delgado et al., 1982). Based on our study, the

answer is yes, EMF does have a window effect. Exposure of the

embryos to 2 G EMF promoted embryonic growth but 1 G EMF

inhibited the growth and o. 5 G had no effect. Thirdly,

whether or not the EMF's effects are strength related? It

appeared quite positive from our experiments that the 2 G EMF

exposure caused more deformities than embryos exposed to 1 G

and 0.5 G EMF. There were no deformities found in any of the

control groups. The lowest strength used in this experiment

was 0.5 G EMF which showed no effect on overall embryonic body

or organ growth and oxygen consumption. The strength of 0.5

G EMF was equivalent to the earth's field strength. Other
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studies (eg. Delgado et al., 1982) have reported that the

biological effects of EMF on living systems could be at a

level that was well below 0.5 G (earth's field).

The remaining question is that, if the EMF exposure causes

78% abnormalities in the early embryos (within 24 hours of

incubation) as reported by Delgado et al., (1982), what will

be the percentage of normal hatchlings with exposure to EMF?

In our experiments, only 20.5% unhatched (dead and infertile)

and 4.1% deformed embryos were found. This is a much lower

rate of abnormalities compared with the Delgado's (1982)

report. The discrepancy could be related to the incubation

period and the time of observation. Al though the embryos

appeared to be abnormal in the very early incubation period,

most of them will hatch if the incubation is continued without

EMF. However, if exposed to continued EMF, these abnormal

embryos tend to become deformed (Berman et al., 1990).

Sisken et al., (1986) reported the effects of pulsed

electromagnetic fields (PEMF) on a large sample of developing

chick embryos by two independent laboratories. The embryos

were examined after seven days of incubation to avoid the

early stages when most spontaneous abnormalities occur. The

data were pooled and analyzed statistically. They found that

neither those treated continuously for the first seven days

of development, nor those exposed only for the first 24 hours,

showed a significant increase in the incidence of

malformations. The environment in which we live has a static
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geomagnetic field of about 0.3-0.5 gauss; magnetic and

electromagnetic pollution from various sources exists. Based

on this assumption, Delgado et al., (1982) and Ubeda et al.,

(1985) reported that chick embryos exposed to very weak, low

frequency electromagnetic fields for the first 48 hours of

development show significantly increased malformations in the

nervous system, somites and blood vessels. Sisken et al.,

(1986) reported no harmful effect of EMF exposure for embryos

incubated for 7 days, whi.ch was the longest reported exposure

for this kind of investigation. other researchers incubated

and exposed the eggs for 24 to 48 hours and observed

abnormalities (Berman et al., 1990). Because in this study,

we were interested in organ growth over the whole incubation

period, we incubated the eggs and exposed them to the EMF from

the first day of incubation until hatching. The data

collection started from the seventh day of incubation which

gave us a complete picture of the biological effects of EMF

on the overall embryonic growth. It was unknown Why so many

observed abnormal embryos could hatCh, but it seems clear that

abnormalities found in the earlier incubation pe~iod were not

necessarily severe enough to prevent the embryo from

developing further. Early abnormalities would have a higher

probability of becoming deformed embryos in the later

inCUbating period especially if exposed to stronger EMF.

The acute biological effects of 0.5 G EMF could not be

detected in these experiments, but it cannot be said that 0.5
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G EMF had no biological effects on living systems. Defected

embryos have been found during 48 hours of incubation after

exposed to below 0.5 G EMF (Berman et al., 1990). But no

effect of below 0.5 G EMF on embryonic growth and oxygen

consumption has been reported. In this study we confirmed

that EMF has biological effects on chicken embryos - as

reported by Berman et al., (1990). The reasons why some

researchers were unable to detect biological effects of EMF

are not understood but some investigators have postulated that

the earth's field may be the cause of the controversial

findings. It seems very important to arrange the eggs

parallel to the earth's field, as it has been suggested by

other researchers that cyclotron resonance may have some

effects on the eggs. Berman et al., (1990) conducted similar

experiments in 6 laboratories using identical incubators and

other instruments without being able to reproduce the same

results in all the laboratories. This indicated that

geographical location or regional earth field were influential

factors.

The mechanisms of the biological effects of EMF are not

known, but several lines of evidences are presented by many

researchers.

Firstly, researchers claimed that ions and ion channels may

play an important role in the EMF effect because ion channels

are involved in embryonic development (Spitzer 1979),

especially sodium and calcium ions in the early embryonic
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processes. The sodium pump activity is a important factor in

neural induction and differentiation (Messenger 1979).

Calcium ions interfere in cell-cell contacts (Shirayoshi

1983), and adhesion at cellular junctions is required for

electrophysiological coupling of cells (Slack 1984» and for

differentiation of gastrula ectoderm. Alteration of calcium

fluxes can prevent neurulation in early chicken embryos

(Smedley 1986). Therefore, if calcium and sodium ions are

targets of the magnetic fields, especially at the gastrula

stage, developmental abnormalities can be expected. Simkiss

(1967) reported that about 80 % of the calcium present in the

chick at hatching is derived from the egg shell. The process

of shell resorption begins at day 10 of 11 of incubation.

Calcium is accumulated rapidly by the embryo for bone

formation between day 13 or 14 of incubation and hatching

(Freeman, 1984). It is not known how much calcium is present

in the embryos before 10 days of incubation. Calcium may be

less likely to be the target of the EMF effect in the early

embryonic period because deposition of calcium occurs in the

middle of incubation period. In this experiment, we also

found that the biological effect of the EMF was significantly

stronger between 10 and 15 days of incubation which is the

period of rapid calcium absorption. This indicated that the

embryos were affected by the EMF exposure at the time that

calcium becomes available to the embryos.
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Ions are also responsible for the electricity that can be

generated by cells and natural electric currents flow through

a wide variety of developing systems (Jaffe and Nucitelli

1977). These currents are believed to have a significant role

in the control of development (Jaffe and Nucitelli 1977). It

is possible that external electromagnetic fields could

influence these electrical control systems.

The ions and ion channels activity are closely associated

with the cell membrane which could possibly be the site of

interaction with ELF magnetic fields. The cell membrane is

believed to have some role in the control of cell division

and growth (Pilla 1987). Some experimental results indicating

changes in the cell membrane due to external EMF have also

been reported (Marron et al., 1983; Batkin et al., 1978).

Secondly, the genetic effect of EMF was suspected.

Juutilainen (1986) postulated that the disturbances observed

in the development of chick embryos could be due either to

genetic defects or to disturbances in the regulation of growth

and differentiation processes. However, Reese et al., (1988)

f~und no significant differences in DNA analysis in either

exposed and sham-exposed cells. Although there were no EMF

effects on DNA, researchers have reported significant changes

in RNA transcription when salivary glands from fruit flies

were exposed to magnetic fields (Goodman et al., 1983, Goodman

and Henderson, 1986). Moor~ (1979) found no effects of 0.3

Hz, 50-900 Gauss magnetic fields on mutation frequency in
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Salmonella typhimurium j although the fields did affect the

growth of the bacteria. Juutilainen and Saali (1986) reported

that the mutation frequency was unaffected by 100-Hz magnetic

fields with two Salmonella strains. In other studies, effects

of low frequency magnetic fields on growth and cell division

in cell cultures have been reported by several investigators

(Goodman et al., 1986; Tabrah et al., 1978; Moore 1979).

Thirdly, the sensitive period concept is suggested. It may

be very important for the understanding how developmental

abnormalities come about. In human and avian alike, certain

structures are sensitive to specific agents only on given

times. For example, the German measles virus causes human

infant blindness only if the mother suffers this disease

between the fifth and eighth week of her pregnancy. The

reason is that the virus must be present when the lens cup

closes. The virus can not enter and destroy the lens if the

lens cup closed (Oppenheimer 1989). These could be one of the

analogous explanations for the fact that embryonic growth and

oxygen consumption were affected most significantly at the

early incubation period. Besides the sensitive period theory,

it was noticed that different locations of the malformations

suggest that the developing nervous system, especially the

anterior part of the neural tube, is an important target of

the magnetic field effects. The anterior part of the head is

typically the most sensitive region in exposure to EMF
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(Balinsky 1970). Eyeball deformities seem to be common in

EMF exposure as found in this experiment.
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CHAPTER 5

GENERAL DISCUSSION

Most studies of the effects of electromagnetic fields on r.he

development of avian embryos have concentrated on the early

stages of incubation and have primarily studied morphological

or biochemical changes. In this study, the embryos were

exposed to EMF or the changes of temperature continuously for

21 days and the embryonic growth, oxygen consumption, heart

rate and respiratory rate were determined in samples of the

eggs at intervals throughout incubation.

Domestic fowl eggs are readily available and they are very

sensitive to induced changes (Krueger et al., 1972). Changes

of incubation temperature or exposure to 2, I, and 0.5 G EMF

greatly affected embryonic growth, oxygen consumption,

maturity, and also resulted in deformities.

Temperature and EMF affected the embryonic growth pattern

of domestic fowls differently. The pattern of organ growth

in the embryos of the domestic fowl has been described by

Romanoff (1967). In the present study, the whole-embryo mass,

the mass of the heart, lung mass, and the mass of the stomach,

intestine and liver increased exponentially, so that the

organs assumed an increasing percentage of the total embryonic

body mass as incubation progressed. The increase in brain

mass was more linear while the pectoral muscles described a

sigmoid curve, unlike the leg muscles, which increased

exponentially. The eyeballs appeared to grow logarithmical,
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their growth tailing off with increasing embryonic age. None

of the pattern of growth was changed qualitatively by

"inducers" - temperature and EMF. Thus, the overall growth

of the embryo was exponential (see Fig. 4.2) and this was

reflected in the growth of many tissues. However, the oxygen

consumption increased sigmoidally reflecting perhaps mainly

muscle growth.

Little information is available on embryonic organ growth

in other species. The data presented by Abs (1983) for the

altricial pigeon overall, when plotted, that these are some

similarities with the precocial domestic fowl, and also some

differences. Whole-embryo mass increases exponentially as do

the liver and intestines. The brain, eyes and lungs increase

logarithmical while there is a linear increase in heart mass.

In the Common Guillomot (U~ia Algae), the linear dimensions

of the body parts increased linearly with age, as they did in

the present study (Mahoney and Threlfall, 1981). In the

altricial Brown Pelican (Pelicans Ouideatalis) the growth of

the culmen was curvilinear " the rate of growth diminif;hing

with age (3artholomew and Goldstein, 1984).

It is evident from these experiments that exposure of the

eggs to 2 G EMF promoted embryonic growth and oxygen

consumption, whereas 1 G EMF inhibited growth and oxygen

consumption. The striking effect of temperature was that

embryonic growth and oxygen consumption were increased at an

incubation temperature of 40°C but iilhibited at 36°C.
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comparison of the effects of incubation at 40°C and

exposure to a 2 G EMF - both of which increase embryonic

growth overall - revealed that they had little in common in

terms of their effect on the growth of individual organs. The

growth of the stomach was most affected by the high

temperature lI!hile pectoral muscle was most altered by exposure

to 2 G EMF. Lung growth was protected from an increase in

growth in both instances. Comparison of the effects of

incubation at 36°C and exposure to 1 G EMF, which both result

in a diminution of growth overall, revealed no common pattern

either. Intestinal growth was most diminished by the low

temperature but it was spared from the repression of growth

by 1 G EMF.

comparison of the effects of 40°C with a 2 G EMF on organ

maturity showed some similarities: increased growth induced

by these two agents was accompanied by increased tissue

maturity of the pectoral muscles in both cases. The least

increase in maturity occurred in the heart. There was little

similarity in the effects of incubation at 36°C and exposure

to 1 G on tissue maturity. Both repressed growth on the whole

but while lung maturity was considerably less than controls

at 36°C it was greater than controls after exposure to 1 G

EMF.

Thus, factors such as temperature and EMF that produce

overall increases and decreases in growth may induce different
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patterns of organ growth and may r.esnlt in different effects

on organ growth and organ maturity.

How do both temperature and EMF promote or inhibit embryonic

growth and oxygen consumption? It seems that they have

different mechanisms as we have discussed in the previous two

chapters regarding the effects of temperature and EMF. But

recent evidence described below demonstrate that they might,

have at least some common pathways for their mechanisms.

It is known that electric currents can move cellular

components (especially ions) in the cell membrane and within

the cell cytoplasm (Jaffe and Nuccitelli 1977). They may also

concentrate the molecules involved in cellular recognition and

the reception of hormone signals in specific regions of cells.

Exactly which molecules are responsible for the growth

inducing effects of temperature and EMF, however, is not

understand.

Tamazawa et al., (1991) reported that potassium ion channels

operated by receptor stimulation can be activated simply by

raising temperature. They found that the ganglion cells of

Aplysia were hyperpolarized with a marked increase in K+

conductance when the temperature of the bathing solution was

raised from 22 to 32°C. They also found that this phenomenon

can hardly be explained from a simple Nernst equation or by

the change in the Na+-pump (Hakozaki et al., 1988). From the

same laboratory, they discovered that the receptor-operated

openings of K+ channels are gene~ally mediated by activation
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of a common G-protein which is sensitive to PTX. regardless

of the kind of transmitter or receptor. Based on these

results, they concluded that the G-protein regulating the

receptor-operated K+ channels could be activated simply by

raising temperature.

Compared with the effect of temperature on the K+ channels,

there are more reports on the effect of EMF on the K+, Ca++,

and Na+ ions and their channels (Teskey et al., 1988, Anderson

1990, Blank 1991, Freake et al., 1989, Liu et al., 1990).

In cell membranes, channel proteins are usually composed of

several subunits in a cylindrical geometry. The cylindrical

pores open and close in response to changes in the chemical

composition of the intra- and extra-cellular solutions with

which they are in contact as well as to physical stimuli

(e.g., electrical-potential changes). One of the specific

proteins that forms a pore and allows many thousands of ions

to flow across the membrane is the acetylcholine receptor

protein. It is composed of five subunits, that fit through

the lipid matrix of the membrane. The Na, K-ATPase associated

with the ion-pump is sensitive to the alternating current.

Blank (1991) reported that alternating current can i.ncrease

or decrease Na, K-ATPase activity in particulate preparations.

This is because the enzyme activity has a biphasic dependence

on both K and Na concentration.

Although both temperature and EMF promoted or inhibited the

embryonic growth and oxygen consumption of domestic-fowl
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embryos, there was a distinctively different pattern for each.

Generally speaking, in the temperature groups, the growtn

promotion and inhibition happened at the late period of

incubation (after 15 days), but for the EMF groups, the

significant growth changes occurred only at the early

incubation period (before 15 days of incubation). This could

be a hint for a different underling mechanisms for the effects

produced by temperature and EMF. Another noticeable

difference is that EMF causes severe deformities in developing

embryos, not found in the temperature groups.

Spiers et al., (1991) has reported that repeated exposures

to microwaves at 5 and 20 mw/cm2 at the same Ta (30 °C)

increased wet-embryo mass on the 16th day by an average,

respectively, of 9% and 61% when compared with predicted

masses for embryos exposed at the same Ta in the absence of

microwave radiation.

The maturity of embryos seems dependent upon the embryonic

mass growth. In our study, the embryos exposed to 2 G EMF and

40°C resulted accelerated embryonic growth, and this also led

to a higher degree of maturity as indicated by the percent of

dry mass versus wet mass ratio. The embryonic maturity was

decreased when the embryos exposed to 1 G EMF or 36°C

incubation temperature. However, the degree of maturity

affected was quite different in EMF and temperature groups.

The temperature showed much stronger effect on the embryonic

maturity than EMF did. This possibly was caused by the
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greater growth promoting effect of temperature. Our findings

is consistent with the report by Smith et al., (1969) and

Temple and Metcalfe (1970) that ambryonic growth is stimulated

by incubation in 60% oxygen and retarded at high altitude.

The difference between our experiments with and those of

Delgado et aI's (1982), and some other investigators (Ubeda

et al., 1983, 1985) in that we studied organ growth and the

deformities during the entire incubation period instead of

o~ly looking at the first 48 hours or 7 days of incubation

(Juutilainen 1986). This gave us more opportunities to study

the overall influence of EMF on chicken embryonic growth.

Juutilainen (1986) reported 17% abnormal embryos in control

groups and 32% in EMF exposed groups. This high abnormal

percentage was not seen over the entire incubation period in

our experiment. The reasons why so many abnormal embryo can

successfully reach hatching stage are unknown. In general,

our study confirmed Delgado et aI's (1982) report that the EMF

does have biological effects on living systems.
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