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ABSTRACT

In order to protect fish from organophosphorus (OP) insecticide
applications, field monitoring programs for assessing the effects of
OP insecticides on fish have to be developed. Detection of OP in-
secticide pollution in natural water requires knowledge of the sites of
action and the effects of environmental factors on the toxicity of these
chemical in fish. Two OP insecticides} acephate (a phosphoramidothioate
and a direct inhibitor of cholinesterase [ChE]) and fenitrothion (a
phosphorothioate and an indirect inhibitor of'ChE), were tested on

rainbow trout (Salmo gairdneri) fingerlings to study the effects of

temperature stress on acute lethality and ChE inhibition in brain and
skeletal muscle. -Physioiogical responses of cardiovascular and
respiratory systems, ChE inhibition in various tissues and changes in
serum electrolytes in adult fish exposed to each insecticide were ob-
served to provide some more understanding on the sites of action of

- OP insecticide producing death in fish.

Temperature stress affected the acute lethality of each insecticide
but was more pronounced with fenitrothion than with acephate during éhe
first 24 hour period. The effects of temperature stress became less
after 48 hours and no significant effects were observed after 96 hours

of exposure. Expressed as LC_, values (the concentration that produced

50
50 percent mortality), the toxicity of fenitrothion was about 600 to
1000 times greater than acephate depending upon test temperature. There

was no correlation between ChE inhibition levels in the brain and skeletal

muscle of rainbow trout fingerlings and the concentration of acephate
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ana fenitrothion which produced mortality.

Acephate and fenitrothion both produced a decrease in heart
rate, increase in ventilation rate and amplitude in adult rainbow trout.
Fenitrothion produced an increase in cough frequency, but acephate did
not. Acephate and fenitrothion produced differential patterns of
ChE inhibition‘in various tissues of fish. The extent to which this
enzyme was inhibited depends on the physicochemical properties and
probably thé distribution within the fish body of both insecticides.

ChE activities in the tissues of cardiovascular and respiratory systems
especially gills, heart and serum were inhibited to a greater extent

than brain and skeletal muscle by each insecticide. It is suggested that
these tw§ systems are adversely affected by OP insecticides and therefore
could be used to detect exposure to OP insecticides in fish. Aéephate

and fenitrothion produced changes in serum electrolytes chafacterized
especially by an increase in serum potassium and a decrease in serum
chloride concentrations. These changes were considered to be caused by
the movement of electrolytes among fluid compartments to maintain electro-
neutrality.

This study indicates that the cardiovascular and respirétory systems
in fish are very important sites of action for OP insecticide toxicity,
and that this foxicity depends on physicochemical properties, eg. lipid
solubility and degree of ionization of the insecticide, and on environ-

mental factors, eg. temperature.
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INTRODUCTION



Organic compounds containing phosphorus are essential constituents
of protoplasm and play important roles in the maintenance of life. On
the other hand, many organophosphorus (OP) compounds are artificially
produced for use as lubricants, oil additives, plasticizers, and
pesticides (Eto, 1974). The discovery of the insecticidal action of
these compounds was made in Germany during the Second World War from
efforts direcied toward development of chemical-warfare agents (0'Brien,
"1967). In addition to insecticidal activity, a variety of other bio-
logical activities of OP compounds was discovered. For example, these
compounds are used as acaricides, nematocides, anthelmintic agents
and herbicides. It is surprising that such great varieties of chemical,
physical and biological properties of these OP pesticides are governed
by the selection of groups attached to the phosphorus atom.

Owing to the relatively low persistence and high effectiveness of
OP pesticides, their application to agriculture, public health, and
related fields has been growing rapidly in many countries. About 140
organophosphorus compounds are now used as pésticides and more than
60,000 tons a year of OP pesticides are produced in the United States

“alone (Eto, 1974).

Mechanism of action of OP insecticides in vertebrates

The insecticidal activity and mammalian toxicity of OP insecticides
are generally believed to be due to the inhibition or inactivation of
cholinesterases (ChE) which is a group of the hydrolytic enzymes for

acetylcholine (ACh), a nerve transmitter, released in the process of

cholinergic transmission. ACh is a neuro-transmitter operates in



éholinergic synapses which include synapées in the central nervous
system eg. in brain and spinal cord. ACh also operates in the synapses
of the peripheral somatic nervous system eg. the neuromuscular junction
of the motor nerves, sensory nerve endings of skeletal muscle, and also
in the autonomic nervous system eg. all preganglionic, postganglionic
and a few postganglionic sympathetic synapses which consist of nerves,
ganglia and plexuses that provide the innervation to the heart, blood
vessels, glands, viscera and smooth muscle (Koelle, 1970a). The
inhibition of ChE by OP insecticides, therefore, disturbs normal nervous
function and finally results in the death of animals.

Knowledge of the iﬁvolvemeht of ChE in the areas of neurophysiology
(Rauch énd Patton, 1965), neurobiochemistry (Silver, 1974) and neuro-
pharmacology (Koelle, 1970a, 1970b) is extensive. These areas are

well documented in the above text.

ChE inhibition in fish by OP insecticides

Experiments have shown that fish exposed to sublethal and lethal
concentrations of several OP insecticides exhibited a reduced level of
ChE activity in excised brain tissue and the surviving fish removed from
exposure to OP insecticide demonstrated a capacity for regeneration of
this enzyme (Weiss, 1958; 1959). However, brain ChE iniibition in fish
exposed to OP insecticides-showed a broad range qf response. The brain
ChE activity of fishes that died from exposuré to OP insecticides ranged
from zero activity to 98.6 percent of normal level (Weiss, 1961). Fish
surviving such exposures had brain ChE activity as low as 5.4 to 10
percent of normal level (Weiss, 1961; Gibson et al 1969). These

investigators suggested that death usually occurs when fish brain ChE



activity is 40 to 70 percent inhibited as compared to that of non-
exposed, control fish of the same species. Coppage (1972) and Coppage
and Mathews (1974) suggested 80 percent inhibition of the ChE activity
of fish brain is the critical level in short term OP insecticide
poisoning. These investigators also concluded that the‘degree of
inhibition of brain ChE activity by OP insgcticides is a function of
concentrations of the insecticides, exposure time, specific chemical
nature of insecticides, water chemistry conditions and fish species.

Inhibition of brain ChE in fish has been proposed as a means of

- detecting OP insecticide pollution in natural waters and has been used
for monitoring purposes (William and Sova, 1966; Holland et al 1967;
Coppége and Braidech, 1976). Nicholson‘(1967) suggested that a 10
percent depression of ChE concentration in fish brain should be used
as an upper limit for evaluating water quality relative to OP insec—
ticide contamination. Gibson et al (1969) reported that mortality
and recovery from OP insecticide poisoning in fish are not necessarily
related to the degree of ChE inhibition in the brain. The degree of
ChE inhibition in brain has also been reported as not being correlated
with the decline in behavioral and adaptive responses in fish (Rosic
et al 1974).

Many studies have been done on the effect of anti-ChE agents on
the neuromuscular system in other vertebrates, but only recently has
the neuromuscular system in fish received attention. Pharmacological
investigations of neu?omuscular transmission in fish have been reported
by Hidaka and Kuriyama (1969), Diamond and Mellanby (1971); and Mellanby

and Thompson (1972). They reported that the major lethal action of



aﬁti—ChE agents was a blocking of neuromuscular transmission by pfe—
venting both nerve stimulated and spontaneous rélease of ACh from
vpresynaptic terminals. Schneider and Weber (1975) evaluated the
significance of ChE to neuromuscular transmission in the pectoral fin

abductor muscle of largemouth bass (Micropterus salmoides) and reported

the occurrence of ChE inhibition by an OP insecticide, DFP (diisopropyl-
fluoréphosphafe). They concluded, however, that the acute toxic effects
of DFP to largemouth bass are not mediated by a collapse of neuromuscular
function.

Fish skeletal muscle has also been suggested as a useful tissue aé
fish brain in ChE inhibition study in detecting exposure to OP insecticides
and could facilitate sampling for enzyme assays especially with small

fish where brain dissection may be difficult (Benke and Murphy, 1974).

Metabolism of OP insecticides in fish

OP insecticides can be separated into 2 major groups, according to
whether they are activated, as direct inhibitors and indirect inhibitors
(Loomis, 1974). The majority of OP insecticides are indirect inhibitors,
eg. phosphdrothioates, which have the sulphur atom linked to the central
phosphorus atom (P=S) as the basic structure. These compounds have'
little, if any, direct iphibitory activity of ChE and are activated by
the mixed-function oxidase (MFO) enzyme systems in liver to the more
potent inhibitors, eg. the oxygen analogs (P=0). This enzyme system is
one of the major metabolic systems available for eliminating foreign
compounds such as drugs, petroleum products and insecticides (Chambers
and Yarbrough, 1976). Although these metabolic reactions are most often

detoxications, there are some reactions, especially epoxidation and



desulfuration, which can be activations to more toxic compounds
(Chambers and Yarbrough, 1976).

The ability to metabolize OP insecticides and the fact that
the toxicity of OP\inse;ticides is related to hepatic metabolic activity
has been demonstrated in a wide variety of fish species (Buhler and
Rasmusson, 1968). The activation of the indirect inhibitors, eg. the
phosphorothioate (P=S) compounds, to the active ChE inhibitor by 1i§er

preparations has been observed in brook trout (Salvelinus fontinalis),

brown trout (Salmo trutta), pumpkinseed (Lepomis gibbosus), black

bullhead (Ictalurus melas), winter flounder (Pseudopleuronectus

americanus), and shorthorn sculpin (Myxocephalus scorpius) (Potter and

0'Brien, 1964; Murphy, 1966). Liver of pumpkinseed sunfish can both
activate and detoxify parathion and methyl parathion (phosphorothio;te
compounds), but at a slower rate than mouse liver (Benke et al. 1974).
Sesamex, a MFO inhibitor, prevented the activation of parathion in

. mosquitofish (Gambusia affinis) and increased the 48 hr LCs5g value (the

concentration of insecticide that produced 50 percent mortality at 48
hours of exposure) by almost 11-fold (Ludke et al. 1972). A 57 percent
inhibition of brain ChE in the sesamex-treated fish as compafed to 89
percent inhibition in the non-treated groups of the same parathion
concentrations was reported. Activation of parathion by MFO, as
indicated by brain ChE inhibition, was also noted in golden shiners

(Notemigonus crysoleucas), green sunfish (Lepomis cyanellus), and

bluegill sunfish (Lepomis macrochirus) (Gibson and Ludke, 1973).

Effects of temperature on fish and OP insecticides

The effects of temperature on fish are profound. From enzymatic



reactions through hormonal and nervou; control to digestion, respiration,
osmoregulation and to all aspects of performance and behaviour, fish are
influenced by temperature. Temperature always act as a controlling
factor, and may at certain levels act as a directive or lethal factor
for fish (Fry, 1967). .

Temperature affects the Michaelis—-Menten constant; Km (a substrate
concentration for enzyme at which the velocity of reaction is half
maximal), but the relationship between temperature and Km is quite
complex. In general, over an upper temperature range, the Km varies
directly with temperature; at lower thermal extremes the effects of
temperature are often reversed (Somero, 1969; Fry and Hochachka, 1970).

Brain ChE activity of killifish (Fundulus heteroclitus) varies inversely

with the temperature of acclimation (Baslow and Nigrelli, 1964). Hazel
(1969) however, reported that the specific activity of ChE in brains

of goldfish (Carassius auratus) and killifish (Fundulus heteroclitus)

acclimated to 25 C was significantly higher than in fish acclimated to
5 C. Increase in ChE activity with environmental temperature is also

observed in brain tissue of bluegills (Lepomis macrochirus) (Hogan,

1970).

A rapid increase in temperature imposes a stress on fish which
is exhibited by hyperglycemia, hypocholesterolemia, increased blood
hemoglobin and decreased interrenal ascorbic acid (Wedemeyer; 1969;
1973). Acute and moderate thermal shock in rainbow trout (Salmo
gairdneri) is accompaﬁied by decreases in plasma sodium and chloride
levels, a decrease in tissue water, and an increase in extracellular

fluid (Reaves et al. 1968).



A temperature rise in an aquatic environment will cause the rates
of many biological processes in fish inciuding sﬁimming activity (Brett,
et al. 1958), digestion (Hathaway, 1927) and respiration (Hughes and

Roberts, 1970) to increase. The term QlO is a factor by which the

reaction rate is increased by a temperature increase of 10 C (Warren,
1971). 1In general, Q10 values associated with physical processes, such

as diffusion or conductivity, and those associated with photochemical

reactions are less than 1.5, while Q10 for thermochemical (enzymatic)

reactions range from 2 to 3 but can vary widely because the Q10 will

depend on the thermal history and normal temperature range of a fish
(Hoar, 19?5).

With increases in temperature, toxicities of some substances are
increased and ‘the resistance to disease in fish is lowered (Jones,
1964). Toxicity of insecticides to fish is generally thought to be

greater at higher temperatures. Macek et al.(1969) studied the effects

of temperature on the susceptibility of bluegills (Lepomis macrochirus)

and rainbow trout (Salmo gairdneri) to selected pesticides. They found

an increase in the susceptibility of fish to most pesticides tested as

temperature increased. They suggested that a probable mechanism involved
is a higher rate of pesticide uptake at the higher temperature than at
lower temperature by an indirect effect of temperature on metabolism.

Increased temperature may also decrease toxicity of some pesticides to

fish as observed with DDT and methoxychlor, chlorinated hydrocarbon
insecticides, but the mechanism involved is still not clear (Jchnson,
1968; Macek et al. 1969). Increasing temperature can accelerate not

only the penetration and harmful action of insecticides but also



adaptive responses, including their elimination from the body (Wilber,
1969).

Temperature can also affect the metabolic processes of OP insec—
ticides including biotransformation or activation by MFO énzyme system -
in fish liver (Chambers and Yarbrough, 1976). The increased suscep-
tibility of fish to a pesticide could be related to an increased level
of enzymatic activity at higher temperature than at lower temperature.
Macek et al.(1969) suggested that the observed increase in the suscep-
tibility of rainbow trout to Dursbaﬁ, a phosphorothiéate'OP insecticide,
as temperature increases is apparently related to an increase in the
acti&ation process of Dufsban to its phosphate analog which is more

toxic.

Sites of action of OP insecticides in fish

The target sites of action for OP insecticide acute lethal intoxi-
cation in mammals are weil'understood (Koelle and Gilman, 1949; Holmstedt,
1959; Koelle, 1970b). The cause of deatﬁ in mamméls is primarily res-—
piratory failure, usually accompanied by a secondary effect on the
cardiovascular system (Koelle, 1970b). Respiratory failure is caused
by pefipheral paralysis of the diaphragm owing to the blockage of
neuromuscular transmission and by a disturbance of the respiratory
center in the medulla oblongata of the brain resulting in hypoxia
(Koelle, 1970). 1In poikilotherms, especially fish, the target organs
and sites of action of OP insecticides are still not knowm.

Cardiovascular and respiratory éystems of fish are contro}led by
the central and peripheral nervous systems as in other vertebrates

(Campbell, 1970; Randall, 1970). The pacemaker of the fish heart is
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normally located in the sinus ?enosus or at the junctional area between
the sinus venosus and the atrium and is innervated by the cardiac branches
of the vagus nerve (Randall, 1966). It was suggested that the vagal
inhibitory effect on fish heart was essentially the same as that on

the amphibian and mammalian hearts, and that the cardio-inhibitory

effect is mediated by an cholinergic innervation (Cobb and Santer, 1973;
Saito, 1973). ACh at low concentrations is reported to reduce the heart

rate of the eel (Anguilla japonica) and the effect is abolished by

atropine, a cholinergic blocking agent. The inhibition of ChE in the
heart muscle by OP insecticides has been reported in mammals (Holmstedt,
1959; Sharma et al. 1973) but no data are available on the inhibition
of ChE in fish heart muscle.

The heart must be supplied with sufficient oxygen and metabolic
fuels to replace continuously the energy expended both as useful work
and as energy lost because the heart is less than perfectly efficient
as a pump (Nasser, 1970). The placement of the teleost heart far down-
stream of a single-loop circulation presents a problem of oxygen supply.
Two sources of oxygen are available to it: a high volume, 1owvconcen—
tration supply of venous blood going through the lumen; and a low volume,
high~concentration arterial blood diverted from.the dorsal aorta to the
heart through the coronary arteries (Cameron, 1975). Myocardial -
ischemic conditions may occur whenever the coronary blood fldw is in—-
sufficient in relation to oxygen requirement of the myocardium. The
small quantity of oxygen contained within a given mass of water compared
with the same mass of air clearly imposes a limit on the range of

respiratory homeostasis in fish and therefore fish are in a greater danger
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of hypoxia than land vertebrates (Satchell, 1971).

ChE activity in whole or fraction of human blood has been roﬁtinely
used for a number of years as an indicator of exposure to anti-ChE agents
(Gage, 1967). Significant inhibition of ChE activity within either plasma
or red blood cells indicates exposure to an inhibitor of ChE (Witter,
1963; Wills, 1972). The preparation and purification of ChE in serum

and erythrocyte of carp (Cyprinus carpio) and its chemical properties

are reported by Kuwabara and Hayama (1961) and the inhibition of ChE
in both serum and erythrocyte by OP insecticides is reported by Hayama
"and Kuwabara (1962). Investigation of the ChE characteristic in the
blood to assess some of the effect of op inseéticides in other fish

species is also reported in channel catfish (Ictalurus punctatus)

(Hogan, 1971). Serum ChE activity of rainbow trout (Salmo gairdmeri)

is found to be more sensitive than brain ChE activity as an indicator
of sublethal poisoning by fenitrothion, an OP insecticide (Lockhart
et al. 1973).

Since the respiratory and circulatory systems of fish are intimately
‘related, investigations‘on the effect of 0P insectiéides on physiological
function of fish gills could provide useful information. The gills of
freshwater teleosts function as the primary site for the active traﬁsport
of ions or materials from the external media and for the respiratory
exchange of gases. Therefore, any substances that interfere with gill
functions will affect the homeostatic condition of the fish body. Gill
functions in fish are underneural control and are regulated by autonomic
nerve fibers in the gill (Campbell, 1970). The effects of cholinergic
and adrenergic drugs on gill function and histological studies demonstrate

the presence of nerve endings on the pillar cells and filamental vessels
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of the gills (Ostlund and Fange, 1962; Rankin and Maetz, 1971; Randall
et al. 1972). It is suggested that fish regulate vascular resistance

as in higher vertebrates (Satchell, 1971) and ACh increases filamental
sinus blood flow while épineprine increases secondary lamella blood

flow (Richards and Fromm, 1969). The functional surface area of rainbow
trout gills can be regulated by changingvperfusion pathway of the blood
flow and ACh decreases the functional gill surface area and increases
the overall branchial vascular resistance (Bergman et al. 1974).

Several insecticides, including OP, decrease the rate of fluid flow
through isolated perfused rainbow trout gills which indicates that

resistance to fluid flow'through gills is increased (Fromm et al. 1971).

OP insecticides used in the study

Fenitrothion (0,0-dimethyl~O-(3-methyl-4-nitrophenyl) phosphoro-
thioate) an indirect ChE iﬁhibitor, is a broad spectrum OP insecticide
. used extensively throughout the world for éontrolvof_agricultural and
forest pests (NRCC, 1975). It has low toxicity to mammals and has been
used as a replacement for DDT in Canadian forests to control the spruce
budworm since 1969 (NRCC, 1975). In Canada, annual spray operations at
the dosage of 2-4 ounces/acre range have involved millions of acres of
forest (NRCC, 1975). Aerial spraying of fenitrothion causes the aquatic
environment, existing within the ?orests; to be contaminated at levels
which produce lethal and sub-lethal effects to fish species (NRCC, 1975).
Fish mortalities, in and adjacent to areas after aerial spray of
fenitrothion, have been reported (Hatfield and Riche, 1970; Kingsbury,
1973; Coté and Tétreault, 1973). Determination of ChE activity in the

brain of atlantic salmon parr (Salmo salar) (Zitko et al. 1970) and in
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whole body of atlantic salmon fry (Wildish_ggqgl. 1971) exposed to

kﬁown concentrations of fenitrothion established that this compound in-
hibited ChE in fish. Klaverkamp et al. (1975) studied the acute lethality
of fenitrothion to rainbow trout fingerlings and reported the 24 hr

LC50 as 3.8 - 4.6 mg/L. Zitko and Cunningham (1975) reported the toxicity
of fenitrothion to juvenile Atlantic salmon (Salmo salar) at 47 and 92
hour periods of 2.50 and 1.25 mg/L respectively. Other investigators

reported the LC_, values in various fish species in the range between

50
2.0 mg/L at 24 hours of exposure to 1.0 mg/L for 96 hours of exposure
(Sprague, 1966; Bull, 1971; Hatfield and Anderson, 1972).

Many investigators have reported behavioural and activity changes
in various species of fishes exposed to or fed with fenitrothion at
sublethal concentrations. Learning ability to atlantic salmon parr
(Salmo salar) is completely inhibited after 24-hour exposure to fenitro~
thion at 1.0 mg/L (Hatfield and Johansen, 1972) and the parr are more

vulnerable than before exposure to predation by large brook trout

(Salvelinus fontinalis) (Hatfield and Anderson, 1972). The suppression

of hierarchical behaviour is reported in brook trout when fed with 10 mg
fenitrothion/gm of food (Wildish and Lister, 1973). Swimming speed of
brook trout is decreased when fish are exposed to fenitrothion at concen-

trations of 0.5 to 1.5 mg/L (Peterson, 1974). Feeding behaviour of coho

salmon (Oncorhynchus kitsutch) is depressed and fish are unable to maintain
position after 2 hour of exposure to 0.75 mg/L. fenitrothion (Bull and
McInerney, 1974). Most of these investigators have suggested various
patterns of behaviourai changes to indicate physiological impairment

in fishes exposed to sublethal levels of fenitrothion. Howéver, they

cannot identify the specific behavioural parameters, which are sensitive
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indicators of fenitrothion and other OP insecticides, but believe that
the physiological impairments are related to ChE inhibition.
Acephate (0-S—-dimethyl acetylphosphoramidothioate), a direct ChE

inhibitor, is a relatively new OP insecticide and has been tested in the

laboratory as a potential insecticide against forest pests in Canada
(Nigam and Hopewell, 1973). Acephate is a very promising systemic in-

secticide and 'is the N-acetyl derivative of the OP insecticide,

metamidophos. The N-acetyl results in a decrease in mammalian toxicity

(Eto, 1974). Acephate showed effectiveness equal to fenitrothion for

control of spruce budworm larvae and it was therefore recommended for
aerial spfay trials against budworms in 1974 (Hopewell and Nigam, 1974).
It has lower acute lethal toxicity than fenitrothion to mammals, birds
and fish (Chevron Co., 1973).

Only a few studies have been conducted on acephate toxicity in
fish. The acute lethality of acephate to various species of fish for
96 hours ranges from 1,700 to 9,500 mg/L (Chevron Co., 1973). The

24 hr LC_. of acephate to rainbow trout fingerlings is 900-1050 mg/L

50
(Klaverkamp et al. 1975). No data are available on the effect of

acephate on ChE inhibition in fish.

The chemical structures of acephate and fenitrothion are shown

in Figure 1.

Statement of the problem and objectives of the study

Fenitrothion, a lipid-soluble OP insecticide and an indirect ChE
inhibitor, and acephate, a water-soluble OP insecticide and a direct ChE
inhibitor are being used extensively in Canada and in other countries

for controlling agricultural and forest pests. It is evident that the
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Figure 1. Chemical structures of acephate and fenitrothion.
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aquatic environment is contaminated from the application of both in-
secticides which in turn produce effects on fish species.

There are large temperature changes in the aquatic environment
within Canada and other countries. These changes in temperature may,
in turn, influence the toxicity of OP insecticides to fish. There are
very few data, if any, on the effects of environmental factors, especially
temperature, on the toxicity of fenitrothion and acephate to fish.

One of the purposes of this study was to investigate thé effects
of temperature stress on the toxicity of fenitrothion and acephate and

on ChE inhibition in brain and skeletal muscle in rainbow trout (Salmo

gairdneri).

The rates of insecticide absorption, distribution, metabolism and
excretion in fish are dependent on temperature. The effects of temperature
stress on toxicity of indirect ChE inhibitors (ie. fenitrothion) should be
more complicated than thaf of direct ChE inhibitors (ie. acephate)
gince at least two or more enzyme reactions are involved, ie. the activation
process by liver enzyme systems and reaction with target enzyme (ChE).
Therefore, the rate of toxicity of fenitrothion is expected to be more
dependent on temperature than acephate.

The sites of action of OP insecticides in mammals are well under-
stood, however, the physiological target sites in fish are still unknown.
Most physiological studies on the effect of OP insecticides on fish have
investigated ChE inhibition in brain and skeletal muscle since these
are thought to be the target organs in mammals. Very few investigations
have been directed toward broadening the basic understanding of the
ChE inhibition by OP insecticide in different fish tissues.

Another purpose of this study was to investigate the physiological
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target sites of action of fenitrothion and acephate in rainbow trout by
observing the responses of heart rate, respiration rate and amplitude
and cough frequency; and the ChE inhibition in various tissues of the
cardiovascular/respiratbry systems; and changes in serum electrolyte
concentrations.

Since it appears that the cardiovascular and respiratory systems
of fish are affected by substances that cause ChE inhibition in the
nervous system, investigation of physiological responses and ChE in-
hibition in various tissues of both systéms may help to identify the
sites of action of OP insecticides.

This study may provide more useful information on the effects of
temperature on OP insecticide toxicity and on the sites of action that
produce toxicity in fish of two types of OP insecticide; lipid-soluble
and indirect ChE inhibitor represented by fenitrothion, and water-soluble
and direct ChE inhibitor represented by acephate. This information is
needed for the development of OP insecticide pollution control and

monitoring programs for protecting aquatic life.



MATERTALS AND METHODS




20

1. Effects of temperature on*acﬁte lethality and ChE inhibition

1.1 Fish holding and feeding conditions

Fish used in this study were rainbow trout (Salmo gairdneri)

fingerlings of either sex with a mean weight of 8.85 grams (range,

4,90 - 15.40; standard deviation, 2.30) and a mean length of 8.64
centimeters (range, 7.20 - 11.00; standard deviation, 1.21). They were
furnished by The Balmoral Hatchery, Department of the Environment,
Manitoba. The fish were transported from the hatchery and were held

at lOOC in the wet lab at the Freshwater Institute, Winnipeg, Manitoba
until required for the experiment.

Fish were transferred from the wet lab to fhe acclimation room
and were held at 15°C in a 200 liter fiberglass holding tank that
received é contiﬁuous flow of dechlorinated Winnipeg City tap water
(hardness as CaCO3=90 mg/L, conductivity = 190 ﬂmho/cm, pH = 8.0) at
the rate of 6 liters per minute. Dechlorination was accomplished by
passing tap water through an electronic water sterilizer (Armstrong
and Scott, 1974) using ultraviolet lamps (Aquafine Sterilizer Model CSL-8,
Aquafine Corporation, U.S.A.).
| The center of each tank was equipped with two standpipes, con—.
centrically placed (outer standpipe open at the bottom, inner standpipe
open at the top), allowing the feces which accumulated on the bottom to
flow through the standpipe syétem to the drain;
| Water in the tank was cohtinuously aerated through an air stone.
Water temperature in the tank was méintained constant at lSOC, which

. o . . .
varied less than *1°C, by a temperature control unit equipped in the tank
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as described by Harrison et al.(1975). Holding tanks were illuminated
with fluorescent lights, which were electricaily switched on and
off with a timer to keep a photoperiod cycle of 12 hours day-light
and 12 hours darkness.

The fish were fed once daily on a diet of dry pellet trout food
(EWOS No. 3 granule Trout Starter, Astra Chemical Ltd., Ontario, Canada)
at the rate of 0.26 gm of food per day per fish or about 3 percent of
body weight. Fish were maintained in very good health on this diet and
no significant mortality occurred. Feeding was stopped 48 hours before
stérting the experiment. The f£ish were allowed to acclimate to these

holding conditions for at.least 3 weeks prior to use in the study.

1.2 Experimental conditions

1.2.1 Test vessels: The test vessels were circular poly-

ethylene tanks, 23 cm in diameter and 20 liters in volume. Ele?en test
vessels were placed in a temperature controlled water bath (Harrison

et al. 1975). Clean plastic bags were placed in the test vessels at the
start of each experiment, to prevent residual contamination of the test
vessels between experiments and, when secured at the top, to prevent

fish from jumping out of the test vessels. Plastic bags were discarded
after each experiment. The test vessels were rinsed with dilution

water for 24 ﬁours before fish were introduced to the test vessels.
Dilution water was from the same source of water that supplied the
holding tanks. Water in each test vessel was aerated through an air

stone.

- 1.2.2. The insecticide delivery system: A modified Mount

and Brungs (1967) proportional dilution apparatus which delivered ten
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insecticide concentrations and'ailution water control to eléven test
vessels was constrﬁcted and used in the experiment (Harrison et al.
1975). The mixture between dilution water and insecticide from stock
solution produced the highest insecticide concentration and the re-
maining concentrations were produced by 75 percent dilution of
successive concentrations with dilution water. The insecticide
delivery apparatus supplied 250 ml of insecticide solution to each
vessel at each cycle. Th¢ cycle time for each delivery was 4 minutes

which provided 95 percent replacement time in 17 hours (Sprague, 1969).

1.2.3 Stock solutions preparation: Prior to each ex-

periment, a fresh stock solution of insecticide was prepared at the desired
concentration to provide accurate and sufficient amount of insecticide

to the insecticide delivery apparatus during the period of the experiment.

1.2.3.1 Acephate stock solution: Technical grade acephate

(Orthéne, 92 percent soluble powder, Chevron Chemical Companj)_was
dissolved in water (the solubility was approximately 65 percent) to make
up the stock solution that provided the highest concentration of acephate
to the test vessel at 4,000 mg/L and 75 percent dilution series of
successive concentrations at 3,000, 2,250, 1,690, 1,265, 950, 710, 535,
400 and 300 mg/L respectively and also a dilution water to ﬁhe control
test vessel. From preliminary study, this range of concentrations was
found to produce 100 percent mortality in the high concentrations and
partial mortality and no mortality to fish in the 1ower concentrations.
This range of concentrations was selected to test the effect of acephate
on rainbow trout fingerlings in all experiments at different test

temperatures.
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1.2.3.2. Fenitrothion stock solution: Technical grade

fenitrothion (Sumithion, 97 percenf emulsifiable concentrate, Sumitomo
Chemical Company) was dissolved in propylene glycol to provide fenitro-
thion to the test vessel at the highest concentration of 10.0 mg/L. By
diluting this stéck solution with various quantities of dilution water,
the diluter delivered fenitrothion to the test vessels in a series of
concentrations from 10.0, 7.5, 5.6, 4.2, 3.2, 2.4, 1.8, 1.3, 1.0 and

0.75 mg/L respectively and dilution water to a control test vessel. This
range of concentrations was used in all fenitrothion experiments at
different test temperatures.

Stock solutions of both imsecticides for all experiments were
prepared from the same source of technical grade materials using the
same method ofipreparation. Stock solution for each experiment was
prepared-in the ﬁorning prior to beginning the experiment in a glass
container and covered with aluminum foil and kept stirred with magnetic
stirrer to ensure homogeneous solution. At the beginning of each ex-
periment a proper amount of stock solution was added to each test

vessel to make the desired concentrations.

1.3 Experimental procedures

To determine the effects of temperature stress on the acute lethality
of acephate and fenitrothion and on ChE inhibition in rainbow trout finger-—
lings, a series of experiments was designed using the following procedures.

1.3.1. Acute lethality studies. Rainbow trout fingerlings

which were acclimated for 3 weeks in the holding tank to 15°C were

tested with each insecticide at 3 test temperatures at 8, 15 and 22°¢.
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Test temperatures at 8°C and 2200 were defined as cold and heat stresses
respectively.

Experiments with each insecticide at each test temperature were
done in duplicate except-the acephate experiment at lSOC, so that a total
of 20 fingerlings were tested at each insecticide concentration at each
temperature. All data from each insecticide at each temperature were pooled
for statistical analysis.

In each experiment, 110 rainbow trout fingerlings of either sex
were equally distributed in a random manner into 11 test vessels (10 fish
per vessel) containing dilution water at the desired test temperature.
Fish were held in the test vessels at the test temperatufe for 48 hours
before the beginning of the experiment. All tests were run for a 96 hour
period by starting the test on Monday morning and running continuously
until Friday morning. Feeding was withheld after the fish were put in the
test vessels and during the experiment.

Treated fish in each test vessel were checked for mortality at half
hour intervals for the first six hours and hourly intervals up to twelve
hours and at 14, 16, 18, 24, 30, 36, 48, 60, 72, 84 .and 96 hours. Criteria
for death were the cessation éf respiration and lack of respomnse to any
tactile stimuli. Dead fish Wefe removed from test vessels and time of
death, weight and length of each fish were recorded. Brain and skeletal
muscle samples from each fish were excised and frozen using dry ice for
ChE analysis. At the end of the 96 hour perioé, all fish that survived
in each test vessel were sacrificed and weight and length were recorded.
Brain and skéletal muscle samples were also excised from these fish and
frozen for ChE analysis studies.

Water chemistry characteristics of test water in each test vessel

were checked for dissolved oxygen, pH and temperature at 24 hour intervals.
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Dissolved oxygen and temperature were measured with a meter (Yellow
Spring Instrument Co. Inc., Model 54) and pH with a pH meter

(Radiometer Co. Model 29B). Water samples from each test vessel were
collected at 48 hour periods for analysis of insecticide concentrations.
Analyses were done by the Chemistry Laboratory of the Freshwater
Institute, Winnipeg, using gas chromatographic pfocedures'(Grift and
Lockhart, 1974; Anon., 1973).

Median lethal concentration (LCSO’ the concentration of insecticide
that produced 50 percent mortality at a definite time period) and con-
fidence intervals were calculated at 24, 48 and 96 hour periods for
each experiment by using the probit analysis method of Finney (1971).

The prediction of LC., value and its 95 percent confidence interval

50
was based on the conversion of the concentrations tested and the cor-
responding observed percent mortalities to logs and probits, respectively,
and the subsequent mathematical calculation of a linear regression

equation. Comparison of the LC_, value for each temperature was

50
done by an analysis of variance (p < 0.05).

Median survival time (MST, time required to produce 50 percent
mortality for each concentration of insecticide) and 95 percent con-
fidence intervals for each test were calculated according to the method
of Litchfield (1949). A mortality curve for each temperature was con-
structed between log median survival time (MS$) and log concentration;
the slope, the y-interception and correlation coefficient (r) were
éalculated by using reéression analysis. Comparison of slope for each

mortality curve was done by an analysis of covariance (p £ 0.05)

(Snedecor and Cochran, 1967).
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Rate of mortality (the reciprocal of the median survival
time, 1/MST), a rate expression of toxicity (Macieod and Pessah, 1973;
Hodson and Sprague, 1975) for acephate and fenitrothion in each concen-
tration was calculated at each range of temperature changes., QlO’ there-
fore, was calculated to express the ratio of increase of the relative
toxicity with an increase in temperature from the formula given by Hoar

(1975) as follows:

log QlO _ 10(log k1 — log ky)

t, - t
1 2
where kl and k2 are rate of reactions which in this case are
the rate of mortality, at temperatures t, and t, respectively.

1 2

1.3.2. ChE inhibition in brain and skeletal muscle: Brains

from dead fish exposed to insecticide in the acute lethality studies
were obtained by cutting off the top of the skull and snipping the brain
loose at the optic nerves and base of the medulla. Skeletal muscle
samples were obtained from each fish from é lateral section below the
dorsal fin. Brain and skeletal muscle samples from éontrol fish and
treated survivors were obtained immediately after the 96 hour test period.
After weighing, all samples were frozen using dry ice. Frozen brain'and
muscle samples from each test concentration were placed in individual
plastic bags, labelled and stored at -20°C until required for analysis
.of ChE activities. Experiments using fresh and.stored tissues showed that
freezing did not significantly affect ChE activity if the analysis was
performed within two months (Klaverkamp et al. 1976).

Brain and skeletal muscle samples from dead and surviving fish after

96 hours exposure at each concentration and temperature were pooled for
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analysis of ChE activity. Duplicate analyses were determined for ChE
activity for both tissues, Means and standard errors of 4 values
obtained from duplicated analyses of pooled samples from 2 replicated
experiments were calculated and plotted against insecticide concentrations,
ChE activities of brains and skeletal muscles were determined by using
a pH stat method with an automatic titrator (Radiometer Co.) coupled
to a circulating temperature controlled water—jacket as described by
Coppage (1971) and Pickering and Pickering (1971). Homogenates of
brains or skeletal muscles were prepared in a physiological saline
solution (Wolf, 1963), using a Williams Polytron homogenizer. The
millimolar (mM) composition of the modified Cortlands saline solution

was: NaCl 139.4, KC1l 5.1, CaCl, 1.2 and MgSO, 0.9. ChE activities of

2 4
both brain and skeletal muscle samples were determined at 15°C at end
point of pH 8.0 using a final homogenate concentration of 1 mg/ml with
10 mM acetylcholine bromide (AChBr) as the substrate and 0.002 N NaOH
as the titrant.
ChE activity was expressed as micro moles of acetylcholine hydrolyzed
per milligram of protein per hour (umoles ACh hydrolyzed/mg protein/hr)
and also as percent of controi value. Protein determinations of samples

for ChE analysis were conducted on aliquots of the homogenates using a

modification of the Lowry et al. (1951) method.

2. Cardiovascular/respiratory responses and .ChE inhibition

To provide more understanding on the mechanisms and sites of action.
inyolved in the»toxicity of OP insecticides in fish, studies were conducted
on the effects of acephate and fenitrothion on biochemical and pﬁysiological
pargmeters of the cardiovascular, respiratory and central nervous systems

in rainbow trout,
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2.1 Fish holding and feeding conditions

Fish used in this study were 66 adult rainbow trout'(§é;gg
gairdneri) of either sex with a mean weight of 514 érams (range,
280-750; S.D. % 125) and a mean length of 34.7 centimeters (range,

30.0 - 39.0; S.D. *2.5). They were from the same source as the finger-
lings used in acute lethality studies. These fish were held in a
522~1iter fiber glass holding tank and received a continuous flow

of thiosulphate—dechlorinated Winnipeg City tap water (1 to 5 mg/L)

at 10°C for at least 1 month prior to use in the study. These fish were
fed once daily with dry pellet trout food (EWOS No. 7P, Brood stock
food) at the rate of 5.1 gm/day/fish or about 1 percent of body weight.

Fish were not fed 24 hours before and during the experiment.

2.2  Experimental conditions

2.2.1 Restraining chambers: 4 plexiglass restraining

chambers modified from Smith and Bell (1967) were used. The chambers
were constructed of 0.6 centimeter green acrylic sheeting (50 x‘l5 x 14
centimeters) and each chamber was equipped with movable partitions to
restrain the fish. These partitions did not restrict breathing of the
fish or movement of the paired fins but prevented swimming in any
direction and turning. These chambers were placed in a controlled
temperature water bath at 10 * 1°c. overflow water ran through inverted
Y—-tubes at the back of each chamber which kept the volume of water
constant at 8 liters. Dissolved oxygen was maintained at near saturation
level in each chamber by the use of an air stone. The test chamber and

water bath were covered with dark curtains.
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2.2.2. Insecticide delivery system; A 4-channel insecticide

system modified from Harrison'gg;gi. (1975) was constructed, Three
test chambers received the same insecticide concentration and the fourth
chamber received only dilution water at the flow rate of 0.5 liter per
minute which provided 99 percent replacement time of 1.2 hours in each
chamber‘(Sprague, 1969).

The concentration of acephate and fenitrothion selected for testing
were 2,000 mg/L and 2.0 mg/L which are approximately the 48 hour LC50
values obtained from the acute lethality studies in fingerliﬁgs. Stock

solution for all experiments for both acephate and fenitrothion were

prepared in the same manner as in acute lethaiity studies.

2.3 Experimental procedures

Experiments were designed to test the effects of each insecticide
‘on rainbow trout at one concentration but different durations of exposures
ie. 1, 3, 6, 12, 24 and 48 hours. In each experiment 3 treated fish and
a control were tested for each exposure period. Thebresponses of cardio-
vascular, respiratory, serum electrolyte concentrations and ChE inhibition
in various tissues were measured. To obtain additional control data, 2
additional fish exposed to dilution water only wefe tested, and the ‘

responses were measured as the same as the above control fish.

2.3.1. Cardiovascular and respiratory responses: All ex—

periments began between 9 to 10 AM and each fish was anesthetized with
0.33 ml of 2-phenoxyethanol (Sigma Chemical Co.) per liter of dilution
water for approximately 10 minutes at 10°C, After anesthetization, the
weight and length were measured and the fish was transferred to an

operation table for cannulation and surgical procedures. Anesthetization
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was maintained during the surgical procedures by irrigation of the
gills with aerated dilution water containing 0.33 ml of 2-phenoxyethanol/L
at 10°c.

A buccal cannula cbnsisting of polyethylene tubing (Clay Adams,
Intramedic PE 60) was inserted through the snout to obtain buccal
respiratory rate and amplitude as described by Saunders (1961).

Cycles of buccal pressure change were used as a measure of ventilation
rate. Coughing responses were also recognized from the changes in the
respiratory trace response (Schaumberg et al. 1967).

To obtain electrocardiogram (ECG) data, a set of 3 electrodes
(Hewlett Packard model 14060 K) were used and inserted under the skin of
the fish. The first electrode, recording electrode, was inserted
midventrally slightly anterior to the pectoral fins and close to the
heart. The second electrodg, reference electfode, was inserted mid-
ventrally at the abdomen just anterior to the pelvic fins. The third
electrode, grounding electrode, was placed at the side above the lateral

line and below the dorsal fin. All 3 electrodes were sutured in place

with polyethylene suture.

Blood samples were obtained from a cannula implanted in the dorsal
aorta (Smith and Bell, 1964). The blood catheter (30 centimeters in
length) consisting of polyethylene tubing (Clay Adams, Intramedic PE 50)
was introduced into the aorfa between the fourth gill archs by passing
it through a 17 gauge thinwall hypodermic needle. The needle then was
removed leaving the cannula inside the blood vessel. Heparinized saline
was used in this preparation to prevent blood clotting by mixing modified
Cortland saline (Wolf, 1963) with heparin (Sigma Chemical Co.) at 50 units
per ml. The dorsal cannula was sewn to the roof of the mouth and paséed

through the shouf.
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These procedures, required approximately 15 minutes for each fish -
after which they were placed in the restraining chamber at 10°¢C for
recovery. Catheters and electrode cables were vented through the chamber
top and connected to the recordérs.

A physiological recorder (Hewlett Packard model 7754A) was used to
recbrd the electrocardiogram (ECG) as well as the respiratory responses.
ECG wave forms were obtained by connecting electrodes to a patient cable
(HP model 14067 E) which attached to a bioelectric amplifier (HP model
8811 A). The respiratory responses were recorded by attaching the
respiratory catheters to a pressure transducer (HP model 1280 C) in
series with a pressure amplifier (HP model 8805 C).

Buccal respiratory traces, as well as ECG data were observed
immediately after the fish were placed in the chambers. The fish were
allowed to recover for 48 hours from the surgical implantation of ECG
electrodes and cannulae before they were exposed to an insecticide.
Breathing and heart rates and other parameters from each fish were
monitored at time intervals from 48 hours until 0 hours beforé exposure
to establish baseline conditions. ECG and respiratory responses of treated
and control fish were observed every half hour during the first 6 hours
of exposure and hourly until the 12 hour period and then at 24, 36 and
48 hours.

Mean values and 95 percent confidence intervals were calculated
for heart rates, respiration rates, bucéal amplitudes and coughing rates
fof each experimental éroup. For each observation period, the mean
values for each group of fish were compared with that of control groups

using the Students t-test at the significant level of p < 0.05,
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2.3.2. ChE inhibition in fish tissues: At the end of each

experiment blood samples were withdrawn from the’dorsal aorta cannulation
tubing with a syringe, centrifuged and serum was separated and sealed

in glass vacutainers. Red blood cell and serum samples were kept

frozen until required for the analysis of ChE actiyvity. ChE analyses

of red blood cell and serum were done by the method modified from
Aldrich et al. (1969) and Wills (1972).

After blood samples were taken, fish were killed and brain, heart,
gill and skeletal muscle samples were also excised from each fish,
weighed and stored at -20°C until required fo; ChE analyses. Brain
and skeletél muscle samples were prepared as described in the acute
lethality experiment. Heart samples were taken by cutting off the
bulbus arteriosus and lifting the heart out from the pericardium. Heart
homogenates were prepared in the same manner as the skeletal muscle
samples. Gill samples were taken by cutting off the first, second, third
and fourth gills and washing them with saline solution. ©No attempt was
made to flush the blood that was left in the gill arches and filaments.
Gill homogenates ﬁere prepared in the same manner as the other tissues.

The pH stat method as described in the previous expériment was used
for all ChE analyses. The ChE analysis conditions are summarized in
Table 1. The Lowry et al. (1951) method was used for protein determination
of samples. The ChE activity was expressed as micro moles of acetyl-
choline hydrolyzed per milligram of protein per hour and also as the
percent of control value, ChE analyses were done in duplicate, Mean
values and standard errors of ChE activity for brain, gill, heart, red
blood cell, serum and skeletal muscle were calculated for each ex-

perimental group.



Table 1. Summary of cholinesterase analyses conditions in various tissues of rainbow trout.

RBC

Brain Skeletal  Heart Gill (Red Blood Serum
Muscle Cell)
Final Sample Concentration 2,5 2,5 25 200 - -
(mg/L)* ‘
Volume of Sample Used 1.0 1.0 1.0 1.0 1.0 0.2
(ml)
Saline Solution Added 1.0 ‘1.0 1.0 1.0 1.0 1.8
(m1) ‘
Final Volume (ml) 2.0 2.0 2.0 2.0 2.0 2.0
Substrate Concentration
oD 0.05 0.05 0.05 0.05 0.005 0.10
Volume of Substrate Added
(m1) 0.5 0.5 0.5 0.5 0.5 0.2
Final Subsﬁrate Concentration
D . 0.01 0.01 0.01 0.01 0.001 0.009
Strength of Titrant Zase (NaOH)
) 0.002 0.602 0.002 0.002 0.001 0.001

NOTES: Enzyme analyses were done by pH stat method, at 1OOC, pH end point 8.0 using

acetylcholine bromide as the substrate.

£e

* Tissue wet weight
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2.3,3. Determination of serum electrolytes:; To obtain in-

formation on the effects of these OP insecticides on osmoregulation,
serum electrolyte concentrations were determined. After blood samples
from the dorsal aorta were centrifuged, serum samples were kept frozen
until required.

The analyses of Na+, K+, Ca++ and}Mg++ were determined by using
an atomic absorption spectrophotometer (Varian Techtron, Model AA5);
Cl was determined by the microtitration method of Schales and Schales
(Wolf et al. 1972). All analyses were done by Freshwater Institute
Analytical Chemistry Unit, Department of the Environment, Winnipeg.
The concentration of serum electrolytes were expressed as milli-
equivalents per liter (mEq/L) and the mean values and standard errors
were calculated for each group of fish. For each exposure period, the
mean values for each group of fish were compared with that of control

groups using the students t-test at the significant level of p < 0.05.




RESULTS
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1. Effects of temperature on acute lethality and ChE inhibition

1.1. Acute lethality studies

The median 1¢tha1-concentration values (LCSO) and 95 percent confidence
intervals for acephate and fenitrothion to rainbow trout fingerlings
at 3 test temperatures are presented in Table 2. The 24, 48 and 96 hour
LC50 values are expressed as milligram of active ingredient of in-
secticide per liter (mg/ﬁ) according to the analytical results. Size
of tested fish and physical characteristics of test water are also

presented. From these results, it can be seen that the LC50 values

of acephate to rainbow trout fingerlings are approximately 600 to iOOO
times greater than the L050 values of fenitrothion at a given
temperature.

Temperature affected ;he acute lethality of acephate and fenitro-

thion, especially at the 24 hour period. The 24 hour LC50 of 1875 mg/L

for acephate at 22°¢C is significantly different (p < 0.05) from 3162

and 2893 mg/L at 8% and 15°% respectively. Test temperature did not

affect the 48 hour LC50 of acephate, which ranged from 1451, 1602

and 1436 mg/L at 80, 15° and 22°¢ respectively and the 96 hour LC50

which ranged from 724, 852 and 796 mg/L at 80, 15° and 22°¢ respectively.

In fenitrothion experiments, the 24 hour LC., in all 3 test temperatures

50 _
are different with a variation from 4.32 mg/L to 2.74 mg/L and 1.94 mg/L

(o]

at 87, 15° and 22°C_respectively. The 48 hour LC.. at 8°C of 2.37

50
mg/L is also higher than 1.67 and 1.72 mg/L at 15° and 22°%¢ respectively.
There is, however, no significant difference (p < 0.05) for 96 hour

LC50 values in fenitrothion experiments which range from 1.34, 1.44 and



Table 2. Acute toxicity expressed as LCsqg values (mg/L) and 95% confidence intervals of acephate
and fenitrothion to rainbow trout fingerlings at 3 temperatures.
Acephate Fenitrothion
8°¢ 15°C 22°¢C 8°¢ 15°C 22°¢C
24-hour LCs, 3162 2893 1875 4.32 2.74 1.94
(2485-4023) (2146-3899) (1611-2116) (3.32-5.63) (2.32-3.25) (1.56-2.40)
48-hour LC50 1451 1602 1436 2.37 1.67 1.72
’ (1236-1704) (1233-2082) (1290-1598) (1.75-3.21) 1.42—1796) (1.45-2.04)
96-hour LC 724 852 796 1.34 1.44 1.39
(603-868) (598-1213) (650-974) (1.03-1.75) (1.19-1.73) (1.09-1.77)
Fish Length (cm)#*S.D. 7.52i0.28. 10.09+1.11 7.6720.34 9.1510.87 8.18%0.88 ‘ 8.63%1.08
Fish Weight (gm)iS.D.  5.96+0.80 12.89%4.60 6.01+0.81 10f56i3.24 7.63%2.60 8.71%3.35
Dissolved Oxygen (mg/L) 7.93%0.30 7.35%0.09 7.51+1.07 11.26%0.17 9.87%0.94 8.42%0.35
pH 6.86x0.61 6.50+0.80 6.98+0.37 7.63%x0.08 7.69:0.83 7.78%20.16
Temperature (OC) 8.11x0.01 15.14+0.07 21.92%0.02 8.49%0,16 15.17+0.19 22,21+0.34

LE
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1.39 mg/L at 80, 15o and 22°C, respectively. Figure 2 summarizes

the difference in LC_,. values of acephate and fenitrothion at each

50

time period and temperature.

Median survival times (MST) with 95 percent confidence intervals

of fish exposed to acephate and fenitrothion at 3 test temperatures
are presented in Table 3. Temperature does not have much affect on the
MST,which ranges between 18.28, 23.26 and 17.18 hours at 80, 15° and

22% respectively at 4000 mg/L of acephate, the highest concentration

tested. The same trend in results, where MST values at lSOC are the

highest and MST at 22°C are the lowest, is aléo observed in lower
concentrations of acephate. Temperature showed much more effect on MST
values in fish exposed to fenitrothion where MST is decreased as the
temperature in;reases. The MST of rainbow trout exposed to 10.0 mg/L
of fenitrﬁthion decreases from 12.13 to 4.06 and 1.22 hours at 80,

15° and 22°C respectively. The same pattern is also found at other
concentrations tested. 1In general, fish died faster at higher
temperatures than at lower temperature of the same concentration of

insecticide and this effect was more dramatic in fenitrothion ex-

periments.

| Rate of mortality and estimated QlO values for acephate and
fenitrofhion at each concentration for 2 temperature ranges, 8° to 15°
and 15° to ZZOC, are presented in Table 4. The estimated Qlo values for

acephate ranged between 0.68 to 2.02. These values at the temperature

range of 8 to 15°C were lower in all cases than at temperature range
of 15° to 22°C for the same concentrations. The QlO for fenitrothion

ranged between 1.11 to 5.57. These values at the temperature range of
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Figure 2.

The 24-, 48- and 96-hours median lethal concentrations
(LC5g) as mg/L and 95 percent confidence intervals

of acephate and fenitrothion to rainbow trout fingerlings
at 3 temperatures. Numbers within the histogram indicate
test temperatures.
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Table 3.

Median survival
at 3 temperatures.

time (hours) of rainbow trout fingerlings exposed to acephate and fenitrothion

Median Survival Time (hours) and 95% confidence intervals
Acephate ' , Fenitrothion
Conc. (mg/L) 8°¢c 15% 22°%¢ Conc. (mg/L)  8°%C 15°%¢ 22%¢
4,000 18.28 23,26 17.18 : 10.0 12.13 4.06 1.22
(15.66-21.34) (19.14-28.26) (13.90-21.23) (10.37-14.19) (3.19-5.16) (0.95-1.56)
3,000 25.61 33.54 22,65 7.5 17.43 6.52 2.70
(21.70-30.22) (27.61-40.75) (18.38-27.91) (15.21-19,97) (5.22-8.15) (2.18-3.40)
2,250 39.48 45.68 31.66 5.6 26.31 10.35 5.80
(32.90-47.38) (37.59-55.51) (26.38-37.99) (22.68-30.52) (8.68-12.33) (4.79-7.01)
1,690 55.73 70.00 42.68 4.2 32.95 18.59 10;40
(48.88-63.54) (57.62-85.04) (34.59-52.67) (29.03-37.40) (15.67-22.04) (8.53-12.68)
1,265 73.15 87.97 65.58 3.2 48.15 26.47 21.25
(61.99-86.31) (84.01-92.11) (55.34-77.71) (41.16-56.33) (23.12-30.31) (17.07-26.46)
2.4 67.66 40.76 38.02
(54.12-84.57) (34.14-48.66) (28.91-50.01)
NOTE: There were no deaths at lower concentrations of acephate and fenitrothion.

1%




Table 4. Rate of mortality (1/MST in hours) and estimated Q10 values for acephate and
fenitrothion in each concentration for 2 temperature ranges.
Acephate Fenitrothion
v o Rate o Rate
" Conc. (mg/L) Temp( C) of Mortality Q10 Conc. (mg/L) Temp{( C) of Mortality Q10
4,000 8 0.0547 10.0 8 0.0824
15 0.0430 g'ggz | 15 0.2463 §'§§§
22 0.0582 ' 22 0.8197 ‘
3,000 8 0.0390 7.5 8 0.0574
15 0.0298 2'??3 15 0.1534 g'g;g
22 0.0441" : 22 0.3704 :
2,250 8 0.0253 5.6 8 0.0380
15 0.0219 g'gég 15 0.0966 g';gg
22 0.0316 * 22 0.1724 ¢
1,690 8 0.0179 4.2 8 0.0303
15 0.0143 g'ggi 15 0.0538 g'ggé
22, 0.0234 * 22 0.0961 )
1,265 8 0.0137 3.2 8 0.0208
15 0.0114 g'ggg 15 0.0378 i'ggg
22 0.0152 . 22. 0.0470 ‘
2.4 8 0.0148
15 0.0245 i'ggg
o 22 0.0263 )

(44
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8% to 15°C were higher than QlO values at the temperature range of 15°
to 22°% except at the highest concentration and at 4.2 mg/L.

Mortality curves for acephate and fenitrothiom in rainbow trout
fingerlings at 3 test temperatures are constructed using log median
survival times and log concentrations (Figure 3 and 4 respectively).
Each point represents the median survival time in hours of fish at each
concentration and vertical bars represent 95 percent confidence in-
tervals, The regression lines are calculated and constructed through
these points and the slopes of each line are determined.

The slopes of acephate mortality curves are not changed signifi-
cantly (p < 0.05) with temperature and ranged between -0.94, -0.97 and
-1.01 at 8°C, 15°¢ and 22°% respectively. With fenitrothion, the slopes
of the mortality curves are changed significantly (p < 0.05) with in;

creases from -0.88 at 8°C to -1.44 at 15°C and -2.04 at 22°¢C respectively.

1.2 ChE inhibition in brain and skeletal muscle

1.2.1. Acephate: Cholinesterase activity in brains and
skeletal muscles of dead rainbow trout fingerlings after exposure to
acephate in the acute lethality studies are presented in Table 5 and
ChE activity in brains and skeletal muscles of surviving fish after 96
hours exposure to acephate are presented in Table 6. Brain enzyme
activity of dead fish after exposure to acephate varied with concen-~
trations and temperatures tested and ranged from 11 to 24% of control
at 8°C, 17 to 43% at 15°C and 12 to 27% at 22°C. Enzyme activity in
skeletal muscle of dead fish ranged from 17 to 38% at 800, 19 to 47% at
15°C and 19 to 30% at 22°C. 1In general, the brain enzyme activity of dead

fish ranged between 10 to 307 of control except at 2 highest concentrations
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Figure 3.

Mortality curves of acephate to rainbow trout fingerlings
at 3 temperatures. Each point represents median survival
time in hours. The vertical bars represent 95 percent
confidence intervals. The slopes of the best fitted
regression line through these points are also presented.
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Figure 4.

Mortality curves of fenitrothion to rainbow trout
fingerlings at 3 temperatures. Each point represents
median survival time in hours. The vertical bars
represent 95 percent confidence intervals. The slopes
of the best fitted regression line through these
points are also presented.
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Table 5. -

Mean ChE activity (umoles ACh hydrolyzed/mg protein/hr) in brain and skeletal muscle of dead
rainbow trout fingerlings after exposure to acephate at 3 temperatures.

8°¢c 15°¢ 22°%
~ Conc. (mg/L) Brain Skeletal Muscle Brain Skeletal Muscle Brain Skeletal Muscle

J MeantS.E. 5.57x1.24 6.53x0.72 8.71%4,57. 7.48%5.06 2.90%0.74 2,.4520.14

4,000 Range 4.43-7.12 5.76-7.40 4.75-12.75 3.05-12.16 2.26~-3.54 2.29-2.61
%4 Control 23,61 37.94 39.30 39.08 17.13 19.05

Mean*S.E. 4.43%0.18 3.79%0.19 9.44%6.74 9.08+4.26 2.65%0.52 - 3.83%0.45

3.000 Range 4.18~4.56 3.53-3.98 3.55~15.42 . 5,19-13.12 1.98-3.26 3.39-4.40
%4 Control 18.78 22.02 42.60 47 .44 15.65 29.78

Mean*S.E. 3.97+0.62 4.67+0.60 6.38%2.92 4.86%1.43 2.12+0.20 2.83+0.27

2,250 Range 3.30-4.5Q 3.98-5.42 3.65-9.15 3.45-6.41 1.94-2.42 2.50-3.05
% Control 16.83 27.14 28.79 25.39 12,52 22.00

Mean#S.E. 4.31%0.60 4.06%0.51 4.99x2.91 5.21+1.23 1.98+0.58 2.81x1.07

1,690 Range 3.47-4.87 3.39-4.61 2.41~7.52 4.00-6.36 1.16-2.40 1.88-3.81
% Control 18.27 23.59 22,52 27.22 11.69 21.85

MeantS.E. 2.56x0.61 2,95+1.03 3.84+0.72 3.65+0.27 3.18%0.62 3.05%0.09

1,265 Range 1.69-3.10 = 1.96-4.00 3.07-4.54 3.38-4.00 2.51-3.71 2.92-3.11
% Control 10.85 17.14 17.33 19.07 18.78 23.72

Mean *S.E. 4,34%2,61 4.64%1.30 5.51+1.11 4.06+0.21 4.62x1.99 2,89+0.80

950 Range 2.15-7.34 3.25~5.75 4,32-6.64 3.78-4.24 2.62-6.41 2.00-3.82
% Control 18.40 26.96 24,86 21.21 27.29 22.47

8%




Mean ChE activity (umoles ACh hydrolyzed/mg protein/hr) in brain and skeletal muscle of rainbow

Table 6.
' trout fingerlings surviving after 96 hours exposure to acephate at 3 temperatures.

8°c : 15°¢ 22°¢
Conc. (mg/L) Brain Skeletal Muscle Brain Skeletal Muscle Brain . Skeletal Muscle
Mean*S.E. 3.65+0.31 3.32x0.49 7.24%1.52 4.55%0,57 5.11+0.28 2.87%0.24
950 Range 3.20-3.86 2.60-3.72 5.89-8.68 4.00-5.04 4.78-5.46 2.58-3.16
% Control 15.47 19.29 32.67 23.77 30.18 22,32
MeantS.E. 4.88%1.18 4.01%x0.37 7.25+1.80 6.04+0.29 5.21%0.24 3.59+0.52
710 Range 3.47-6.12 3.61-4.32 5.62~8.81 5.70-6.32 5.01-5.49 3.12-4.18
7 Control 20,69 23.30 32.72 31.56 30.77 27.92
MeantS.E. 5.70x0.62 4,15x0.39 6.65%1.61 5.70%1.40 5.92+0.40 4.46%0.34
530 Range 5.09-6.48 3.68-4.58 5.21-8.17 4.40-6.95 5.57-6.27 4.11-4.83
Z Control 24.16 24.11 30.01 29.78 34.97 34.68
Mean *S.E. 6.45+x2.08 5.38+1.41 10.59x0.52 7.77x0.37 6.96+0.79 5.41+0.35
400 Range 4.51-8.94 4.18-6.90 10.24-11.36 7.40-8.26 6,17-7.78 5.06-5.83
% Control 27.34 31.26 47.79 40.59 41.11 42.07
MeantS.E. 8.14+0.82 5.60x0.12 12.20%1.52 10.19%3.25 7.74+0.80 5.90+£0.59
300 Range 7.20-9.03 5.43-5.69 10.85-13.77 7.33-13.44 7.05-8.55 5.20-6.46
% Control 34.51 32.54 55.05 53.24 45.69 45,88
Mean#S.E. 23.59+3.89 17.21+5.39 22.16%0.78 19.14%1.27 16.93+2.22 12.86+1.98
0.0 Range 20.23-27.29 12.12-22.70 21.45-23.18 17.90-20.33 14.55-19.52 11.10-14.92
(Control)

6%
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of acephate at 15°C which haye ChE activity at 39 and 43% of control
(Table 5). Skeletal muscle enzyme activity of dead fish ranged from

20 to 30% except at the highest concentrations of acephate at 8°C and

2 highest concentrations at lSOC which have activities of 38, 39 and

47% of control, respectively. Fish that survived after 96 hours

exposure to acephate exhibited brain enzyme activity ranging from 15 to
35% of control.at 8°C, 30 to 55% at lSOC,and 30 to 46% at 22°C,
respectively. Skeletal muscle enzyme activity of surviving fish ranged
from 19 to 33% of control at 8°C, 24 to 53% at 15°C and 22 to 45% at
22°C. 1In general, ChE activity in both brain,and skeletal muscle of
survivals exhibted an increase as the concentration of acephate decreased
in all 3 temperatures tested. Figure 5 shows the ChE activity as percent
of control in brains and skeletal muscles of dead fish and of those

surviving fish after 96 hours exposure to acephate at.3 temperatures.

1.2.2. Fenitrothion: Enzyme activities in brains and

skeletal muscles of dead and surviving rainbow trout fingerlings after
exposure to fenitrothion are présented in Tables 7 and 8, respectively.
The activity of brain ChE activify in dead fish ranged from 15 to 30% of
éontrol at 8°C, 24 to 32% at 15°C and 17 to 52% at 22°¢. Skeletal muscle
enzyme activity of dead fish ranged from 35 to 51% of control at 8°C,

43 to 51% at 15°C and 28 to 84% at 22°C. Surviving fish after 96 hour
exposure to fenitrothion at lower concentrations exhibited brain enzyme
activity ranging from 23 to 38% of control at 800, 21 to 28% at 15°¢C

and 20 to 297 at 22°C. Skeletal muscle enzyme activity ranged from 26

to 51% of control at 8°C, 32 to 51% at 15°C and 15 to 26% at 22°C. The

enzyme activities of brain and skeletal muscle of surviving fish after
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Figure 5. Cholinesterase activity (percent of control values)
in brain (left panels) and skeletal muscle (right
panels) of rainbow trout fingerlings dead and those
surviving after 96 hours exposure to acephate at 3
temperatures. Each point represents the average of 4
values obtained from duplicated analyses of pooled
samples from 2 replicate experiments.

®— dead fish

O— surviving fish
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Table 7. Mean ChE activity (umoles ACh hydrolyzed/mg protein/hr) in brain and skeletal muscle of dead
rainbow. trout fingerlings after exposure to fenitrothion at 3 temperatures.

8¢ - 15°% 22°¢
Conc. (mg/L) Brain Skeletal Muscle Brain Skeletal Muscle Brain Skeletal Muscle

Mean*S.E. 3,.70%0.34 6.42%2,.29 8.81+4.89 6.91%2,.28 13.69+5.54 14.47x1.83

10.0 Range 3.41~4.08 4.35-8.45 4.32-13.23 4,97-9.36 8.46-18.60 12.10-16.24
% Control 14.59 36.15 32.06 43.93 52.29 83.64
MeantS.E. 4.88+1.59 6.69x3.29 7.97x4.71 6.98+2.39 10.04%3.67 8.51+1.63

7.5 ‘Range 3.42-6.31 3.75-9.60 3.76-12.32 4.62-9.16 6.86-14,13 6.87-10.17

% Control 19.24 37.67 29.00 44,37 38.39 49.19
Mean#*S.E. 4.69%1.11 6.29+0.91 7.97+3.63 7.95%£2.03 9.18%1.44 8.82+1.23

5.6 Range 3.40-5.62 5.44-7 14 4,70-11.22 6.08-10.15 7.93-10.57 7.42-9.97
% Control 18.49 35.42 29.00 50.54 35.06 50.98
MeantS.E. 5.65%1.44 8.10x2.54 6.84+1.01 6.92+1.18 5.16+0.99 6.72+1.22

4.2 Range 4,41-7.01 5.79-10.39 5.67-7.83 5.55-8.02 4.06-6.46 5.45-7.84
% Control 22,28 45.61 24.89 43.99 19.71 38.84
MeantS.E. 6.56%2.17 8.81+3.57 7.32%x1.15 6.99+£0.80 6.54%2.92 6.89+3.15

3.2 Range 4,68-8.61 5.81-11.93 6.05-8.59 6.15-7.86 4,01-9.27 4.11-9.65

% Control 25.87 49.60 26.64 44 .44 24.98 39.83
MeantS.E. 7.25%£2.05 9.09%3.29 7.97+1.48 6.81%+0.50 6.91%1.12 8.81+1.60

2.4 Range 5.48-9.16 6.10-12.00 6.85~10.16 6.41-7.52 5.54-8.19 7.15~-10.91
% Control 28.59 51.18 29.00 43.29 26.39 50.92
Mean*S.E. 7.71%2.26 8.50+2.48 6.68%1.81 7.02x0.21 4.51%0.36 4.87+1.18

1.8 Range 5.59-9.80 6.31-10.68 5.24-9.19 6.74~7.20 4.06-4.94 3.31-5.90
% Control 30.40 47.86 24.31 44,63 17.23 28.15 3




Table 8. Mean ChE activity (Umoles ACh hydrolyzed/mg protein/hr) in brain and skeletal muscle of
rainbow trout fingerlings surviving after 96 hours exposure to fenitrothion at 3 temperatures.
8°¢c 15°¢ 22°¢
~ Conc. (ng/L . Brain Skeletal Muscle Brain Skeletal Muscle Brain Skeletal Muscle
Mean*S.E. 5.96+2.66 4,55%1.97 5.65%2.63 5.07+£1.05 5.30%+2.31 2.60%0.97
1.8 Range 3.03-8.43 2.80-6.34 2.77-8.00 3.72-6.18 3.17-7.65 1.67-3.56
% Control 23.50 25.62 20.56 32.23 20.24 15.03
Mean*S.E. | 7.60%2.17 6.13+0.62 7.53x1.21 7.37x1.16 6.61%+2.33 4.42%+0.33
1.3 Range 5.49-9.53 . 5.45-6.73 6.07-8.56 5.89-8.38 4.47-9.04 4.13-4.89
% Control 29.97 34.51 27.40 46.85 25.25 25.55
MeantS.E. 9.62+2,42 7.30%0.87 7.13x1.87 7.48+1.01 7.51%£3.38 4.54%0.31
1.0 Range 7.37-11.87 6.39-8.13 4.91-9.02 6.28-8.47 4,.37-10.63 4.37~-5.01
% Control 37.93 41,10 25.95 47.55 28.69 26.24
Mean+*S.E. 9.48%2.55 9.12+%2.53 7.70%£1,22 7.96%x0,72 ©7.,49%2.02 4.36%1,36
0.7 Range 6.98-11.68 6.88-11.37 6.56-9.04 7.04-8.65 5.74-9.33 2.90-5.79
%4 Control 37.38 51.35 28.02 50.60 28.61 25.20
0.0 Mean*S.E. 25.36%1.60 17.76%5.45 27.48+1.96 15.73%x1.51 26,18+0.92 17.30x1.69
{(Control) Range 23.78-26.46 12.70-22.53 25.25-29.42 13.67-17.24 25,30-27.47 15.20-19.11

KA
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exposure to fenitrothion are generally in thelsame range as the activity
in dead fish. Figure 6 shows the ChE actiyity (as % of control) in brain
and skeletal muscle of dead and suryiving fish after exposure to
fenitrothion at 3 temperatures.

In summary, both acephate and fenitrothion produced ChE inhibition
in brain and skeletal muscle in rainbow trout fingerlings in all concen-
trations tested. Brain enzyme in rainbow trout fingerlings has higher
specific activity than skeletal enzyme and is inhibited by each in-
segticide to a greéter extent than skeletal muscle enzyme (Tables 6 and 8).
However, the levels of enzyme activity in dead and surviving fish in both
brain and skeletal muscle "are not significantly different, and it is not
possible to distinguish a critical level of enzyme activity which would

indicate death.

2. Cardiovascular/respiratory responses and ChE inhibition

2.1. Cardiovascular and respiratory responses

2.1.1. Acephate: Heart rates, respiration rates, buccal
amplitude and c0ugh'frequency of adult rainbow trout exposed to acephate
at 2,000 mg/L are summarized in Tablev9. No data were obtained for 48
hour period since all fish died after 24 hours of exposure. The average
heart rates of control and treated fish before exposure to acephate are
quite stable and range from 54 to 57 beats/min. When acephate was in-
troduced, the heart rates of treated fish werevsignificantly (p £ 0.05)
slower than control at 32 beats/min at 1 hour, recoyering to 36 and 42
beats/min at 3 and 6 hours after exposure, respectively, but decreasing
again to 36 and 35 beats/min at 12 and 24 hours, respectively. Respiration
rates of acephate-treated fish increased significantly (p < 0.05) from 76

beats/min before treatment to 87 and 88 beats/min at 1 and 3 hours after
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Figure 6. Cholinesterase activity (percent of control values) in
brain (left panels) and skeletal muscle (right panels)
of ‘rainbow trout fingerlings dead and those surviving
after 96 hours exposure to fenitrothion at 3 temperatures.
Each point represents the average of 4 values obtained
from duplicated analyses of pooled samples from 2 replicate
experiments.

@——— dead fish

O—— surviving fish




ACTIVITY ( % control )

CHOLINESTERASE

FENITROTHION — RBT

SKELETAL MUSCLE

; ' { i L} i i i
0-6 0-8 |0 2:0 4-0 6:08-010:0

FENITROTHION

06 0-8 10 2-0 4-0 60 8010-0
CONCENTRATION (mg/ L)




Table 9. Mean and 95% confidence limits of heart rates (beats/min), respiration rates (beats/min), buccal
amplitudes (mm Hg) and cough frequencies (coughs/min) of rainbow trout exposed to acephate
at 2000 mg/L. ’

Exposure Time

Heart Rates

Respiration Rates

Treated

Buccal Amplitudes

Cough Frequencies

(hr) Control Treated Control Control Treated Control Treated

57.0 56.7 79.2 80.2 1.45 1.46 0.88 0.92
-24 hr (51.5~-63.1) (55.7-57.6) (76.0-82.4) (78.9-81.4) (1.34-1.57) (1.39-1.53) (0.67-1.16) (0.79-1.07)

-12 hr 56.5 55.5 77.3 76.2 1.35 1.40 1.19 1.16
(53?6—59.6) 54.3-56.7) 74.4-80.3) 75.5~76.9) (1.26-1.46) (1.35-1.45) (0.99~1.43) (0.99-1.36)

0 hr 54.8 54.2 76.7 76.8 1.37 1,31 1.0Q6 1.01
(51.5-58.3) (53.0-55.5) (74.5-79.0) (75.7-77.9) (1.28-1.47) (1.27-1,36) (0.89-1,25) (0.88~1.16)

+1 hr 55.8 32.1 77.3 86.7 . 1.34 2.73 1.34 1.06
(53.6-58.1) (25.1-41.1) (74.9-79.6) (81.4~92.4) (1.19-1.49) (2.12-3.52) (1.04-1.70) (0.84-1.34)

4+3 hr 56.7 36.0 78.7 87.8 1.44 2.46 1.34 0.99
(54.6-58.8) (27.4-47.2) (77.4~-80.7) (81.9-94.1) (1.31-1.58) (1.66-3.64) (0.99-1.81) (0.79-1.23)

+6 hr 54.9 42.2 77.8 86.6 1.41 2.33. 0.92 1.19
(51.4-58,5) (34.2-52.2) (74.2-81.6) (77.9-96.4) (1.28-1.56) (1.56-3.49) (0.62-1.36) (0.87-1.64)

+12 hr 54.6 36.4 78.8 86.5 1.37 2.23 1.03 1.40
(50.6~-58.9) (28.6-46.2) (77.1-80.6) (74.2~100.8) (1.34-1.39) (1.33-3.73) (0.65-1.64) (1.11-1.76)

+24 hr 55.9. 35.8 79.1 89.3 1.36 1.85 1.18 0.95
(55.7-56.2) (29.5-43.3) (76.7-81.5) (75.8-102.8) (1.32-1.41) (0.41-3.35) (0.58-2.39) (0.46-1.95)

86
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exposure. These rates remained elevated at the range of 86 to 89 beats/min

compared to 76 to 80 beats/min in control fish, 'Acephate also caused

a significant (p < 0.05) increase in buccal amplitude from 1.3 mm Hg
before treatment to 2.7 and 2,5 mm Hg at 1 and 3 hours after exposure
but decreased slightly to the range of 1.8 to 2.3 mm Hg compared to
control fish which range between 1.3 to 1.5 mm Hg. Cough frequency

in treated fish was not affected by acephate which varied in the range
between 0.9 to 1.4 coughs/min as compared to 0.9 to 1.3 coughs/min range
in control fish. Figure 7 shows the effects of acephate on heart rates,
respiration rates, buccal amplitude and cough‘frequency responses of
treated fish compared to control fish at each exposure time. In
summary, acephate produces a decrease in heart rate, an increase in
respiration rate and buccal amplitude, especially during the first 3

hours of exposure, and no change in cough frequency.

2.1.2. Fenitrothion: Table 10 summarizes the effects of

fenitrothion at 2.0 mg/L on heart rate, buccal amplitude and cough
frequency on rainbow trout. Fenitrothion produced a significant

(p < 0.05) decrease in heart rate of treated fish at the first 6 hours
after exposure with a range from 43 to 47 beats/min compared to control
fish which range between 51 and 52 beats/min. Reépiration rates are
significantly (p f_0.0S)lincreased to the range of 84 to 90 beats/min

compared to control fish which range between 68 to 70 beats/min,

Respiration rates of fenitrothion—treated fish return to near normal after

24 hours of exposure. Buccal amplitude of fenitrothion-treated fish are

higher but not significantly different (p < 0.05) from control fish and

“ranged from 1.0 to 1.5 mm Hg range in control fish. Cough frequency
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Figure 7.

-Effects of acephate at 2000 mg/L on heart rates, respiration

rates, buccal amplitudes and cough frequency responses

in adult rainbow trout. Each point represents the mean

and vertical lines represent 95 percent confidence intervals
from at least 3 fish.

@—— treated fish -

O—- control fish



mmHg BEATS / MIN. BEATS / MIN,

COUGHS / MIN.

60

ACEPHATE - RBT

o
o
i

KN
o
}

30

HEART RATE

90 .

RESPIRATION RATE

|
I
l
I
|
I
I
| 1 rl 'f 1 1
|
|
|
I
|
|
|
l
|

2:0_

-0

- § 1 T i
~-24 -12 O+1 +3 +6

EXPOSURE  TIME ( hours )

o
+12

+24




e,

Table 10.

Mean and 95% confidence limits of heart rates (beats/min), respiration rates (beats/min), buccal
amplitudes (mm Hg) and cough frequencies (coughs/min) of rainbow trout exposed to fenitrothion

at 2.0 mg/L.

Exposure Time

Heart Rates

Respiration Rates

- Buccal Amplitude

Cough Frequencies

(hr) Control Treated Control Treatéd Control Treated Control . Treated
-24 hr 51.6 51.1 69.6 69.6 1.06 1.13 1.04 0.87
(49.9-53.3)  (50.2-52.0) (67.1-72.2) (67.4-71.8) (0.99-1.13) (1.04-1.23) (0.83-1.31) (0.76-0.99)
-12 hr 51.6 . 52.2 68.1 69.1 1.08 1.06 0.76 - 0.84
(50.4-52.8) (51,5-52.9) (65.2-71.1) (68.1-70.1) (1.05-1.12) (1.01-1.12) (0.68-0.86) (0.78-0.90)
0 hr 50.7 50.8 69.3 68.3 1.12 1.05 0.86 0.94
(49.9-51.5) (49.8-51.8) (68.2-70.4) (66.5-70.2) (1.06-1.17) (0.99-1.12) (0.71-1.05) (0.85-1.05)
+ 1 hr 50.9 43.8 68.8 84.9 1.08 1.24 0.77  6.46
(49.7-52.2) (40.5-47.3) (68.2-69.5) (78.3-91.9) (0.98-1.19) (1.06-1.44) (0.59-1.01) (4.99-8.37)
4+ 3 hr 51.4 46.4 69.8 89.9 1.15 1.37 0.85 8.36 .
(49.8-53.1) (43.8-49.3) (68.0-71.6) (81.6-99.1) (1.05-1.26) (1.12-1.69) (0.58-1.24) (6.22-11.24)
+ 6 hr 51.6 44,6 69.9 89.3 1.09 1.52 0.99 . 7.80
(49.5-53.7) (40.4-49.2) (68.6-71.3) (78.3-101.8) (0.99-1.21) (1.12-2.06) (0.63-1.55) (5.44-11.18)
+12 hr 51.3 43.1 68.2 87.5 1.08 1.28 1.17 9.62
(49.4-53.2) (34.4-53.9) (65.5-71.1) (77.6-98.6) (1.06-1.09) 1.00-1.64)  (0.74-1.87) (6.40-14.48)
424 hr 51.6 47.6 69.4 75.1 1.12 1.30 1.13 10.88
(47.5-56.1) (42.0-53.9) (66.0-72.9) (68.2-82.6) (1.08-1.17) (0.94-1.79) (0.87-1.46) (6.20-19.09)
+48 hr 51.8 46.9 69.2 74.6 1.09 1.19 0.76 9.89
(50.9-52.9) (38.6-56.9) (68.8-69.6) (56.8-97.8) (1.08-1.10) (0.81~1.72) (0.58-0.99) (6.46-16.95)

[4°,
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of fenitrothion-treated fish is significantly (p < 0.05) increased

from 0.7 to 1.2 coughs/min rahge in control aﬁd range between 6.4

to 10.9 coughs/min. In summary, fenitrothion produces a decrease in
heart rate, an increase in respiration rate and buccal amplitude in
rainbow trout as observed in the acephate study, but also caused an
increase in cough frequency which was not found in acephate experiments.
Figure 8 shows the effect of fenitrothion on heart rate, respiration
rate, buccal amplitude and cough frequency of rainbow trout at different

times of exposure.

2.2  Electrical activity of the heart

Figures 9 and 10, 11 and 12 show examples of electrocardiogram
(ECG) changes recorded from rainbow trout during exposure to acephate and
fenitrothion. From ECG configurations (Satchell, 1971) of fish at O hbur
before treatment) in each figure, it can be seen that three main waves, the
P~wave, QRS complex and the T-wave of mammalian systems are also present
in fish. The P-wave is the first wave in an ECG cycle and corresponds
to electrical activity created by myocardial depolarization of the atrium.
The QRS complex is the wave of electrical activity résulting from de-
polariiation of the ventricle-and repolarization of the atrium. The
beginning of this wave complexvstart about 0.2 seconds after the start
of the P-wave. Repolarization of the ventricle gives rise to the last
wave of ECG, the T-wave. The T-wave began approximately 0.4 seconds
after the start of the QRS complex. No attemp£ was made in this study
to measure the amplitude (voltage) of the ECG waves since the placement
of ECG electfodes within the fish has a large influence on the amplitude
of ECG. If the electrodes were placed deeper into the surrounding

muscle ventral to the heart, the waves were much larger than if placed
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Figure 8. Effects of fenitrothion at 2,0 mg/L on heart rates,
respiration rates, buccal amplitudes and cough frequency
responses in adult rainbow trout. Each point represents
the mean of at least 3 fish and vertical lines represent
95 percent confidence intervals.

o— treated fish

oO— control fish
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Figure 9.

C,D,E and

Examples of electrocardiogram (ECG) changes in adult
rainbow trout during exposure to acephate at 2000 mg/L
demonstratings

A. Normal ECG pattern of fish at 0 hr, (before acephate
was introduced).

B, ECG after 1 hr exposure, showing the changes in
pattern of waveforms and duration, P-wave and
T-wave become larger and with prominent U-wave
(see text).

F, Shows ECG of fish after 3, 6, 9 and 12 hr exposure
respectively, showing the increase in magnitude
of the T-wave.

G. ECG of fish after 24 hr exposure, showing the change
of QRS complex and T-wave still large.
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Figure 10. Examples of electrocardiogram (ECG) changes in adult
rainbow trout during exposure to acephate at 2000 mg/L
demonstrating:

A

ECG at O hr.

ECG after 1 hr exposure, showing missed heart beats.

. ECG after 3 hr exposure, showing irregular heart

beats and changes in QRS complex.

ECG after 6 and 12 hr exposure showing changes in
QRS complex, inverse T-waves and appearance of
U-waves.
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Figure 11. Examples of electrocardiogram (ECG) changes in adult
rainbow trout during exposure to fenitrothion at 2.0
mg/L demonstrating:

A. ECG at O hr.

B and C. ECG after 1 and 3 hr exposure, showing changes
in the waveforms and magnitude.

D. ECG after 6 hr exposure, showing recovery of
ECG and irregular waveforms.

E and F. ECG after 12 and 24 hr exposure, showing changes
in magnitude of QRS complex and inverse T-wave.
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Figure 12.

Examples of elctrocardiogram (ECG) changes in adult
rainbow trout during exposure to fenitrothion at 2.0
mg/L demonstrating:

A,

B.

ECG at QO hr.

ECG after 1 hr exposure, showing changes in duration
of ECG cycle.

ECG after 3 hr exposure, showing the recovery of
ECG.

ECG after 6 hr exposure, showing the irregular
duration of ECG cycle and enlarged T-wave.

ECG after 12 hr exposure, showing the irregular
waveform with large T-wave.




FENITROTHION— RBT




74

just under the skin. The measurement of wave intervals of ECG in
treated fish were also yery difficﬁlt to measure in some cases because
the end of each wave especially the T-wave was not well defined.
The diagnosis of ECG patterns in treated fish depended upon the
changes in the direction and amplitude of each wave form compared to
the ECG patterns before treatment of the same fish.

The cardiac electfical activities of fish exposed to acephate and
fenitrothion both exhibited changes in frequeﬁcy and conduction time,
as measured by intervals between waves, in the same manner. They showed
an initial slowing of the normal rhythm followed by changes in the
wave forms. The T-waves changed during exposﬁre period by becoming
progressively larger both in amplitude and duration. In some fish, the
T-wave changed to a very large upright wave but some fish exhibited
an inverse T-wave or depression of the ST segment. Another major change
observed in ECG ;ecording was the QRS complex which changed in amplitude,
wave form and duration. In some fish, a prominent deflection, called
the U-wave, followed the T-wave and preceded the next P-wave. The exact
cause of the U-wave is unknown but is currently throught to be the
result of the slow repolarization of the intraventricular (Purkinje)
conduction system (Goldﬁan, 1973).

In summary, the major characteristics of changes in ECG wave
forms in fish during exposure to acephate and fenitrothion are the in-
crease in magnitude of the T-wave with the appe;rance of tall and slender
T-wave, prolongation of the QRS duration and changes in amplitude,

transitory ST segment deviation and T-wave inversion.
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2.3 ChE inhibition in fish tissues

2.3.1. Acephate: The inhibition of cholinesterase (ChE)
in brain, gill, heart, red blood cell, serum and skeletal muscle from
réinbow trout exposed to acephate at 2000 mg/L is summarized in Table 11
and Figure 13. Brain enzyme activity decreased to 897% of control after
1 hour of exposure and continuously decreased to 85, 84, 79 and 72%
of control at 3, 6, 12 and 24 hours, respectively. Gill enzyme
activity of treated fish is not much affected at the first hour having
an activity of 98% of control but decreased to 66% of control at 3.
hours and recovered to 80% of control at 6 hours, but decreased again

.to 52 and 63% of control at 12 and 24 hours, respectively. The enzyne
activitf in the heart decreased continuously from 91 to 25% of control
from 1 hour to 12 hours after exposure but increased to 74% of control
at 24 hours. Red blood cell enzyme activity followed the same pattern
as heart enzyme activity and dropped from 99% of control to 407Z of
control from 1 hour to 6 hours and increased to 64 and 90% of control
at 12 and 24 hours respectively. Serum ChE activity decreased from 937%
to 29% after 12 hours and increased to 417 of control at 24 hours.

ChE activity in skeletal muscle varied between 65 to 967Z of control.

In summary, acephate inhibited ChE activity in most tissues of
rainbow trout éspecially in gill, heart, red blood cell and serum but
most enzyme éctivity showed a recovery after 12 hours. Brain and skeletal
muscle enzyme activities were not inhibited by acephate to the degree
seen in other‘tissues. Figure 13 shows‘the enzyme activity of various
tissues of rainbow trout at different times of exposure to acephéte at

2000 mg/L.



Table 1l.  Cholinesterase (ChE) activity (umoles ACh hydrolysed/mg protein/hr) of the mean of 3 fish

* S.E.; in various tissues of rainbow. trout exposed to acephate at 2000 mg/L.

Exposure Time Red Blood

(hx) Brain Gill Heart Cell Serum Skeletal Muscle

Mean*S.E. 13.22+0.20 0.32x0.08 1.66+0.08 2.80+0.19 2.35x0.15 5.06x0.11

0 hr Range 12,55-13.87 0.24-0.43 1.40-1.94 2.33-3.45 2.00-2.76 4.72~5,46

% control 100.00 100.00 100.00 100.00 100.00 100.00

MeaniS.E. 11.79+£0.18 0.31+0.01 1.51%0.11 2.79+0.41 2.18x0.05 3.84%0.10

+1 hr Range 1il.41-12.17 0,30-0.32 1.28-1.74 1.93-3.66 2.,07-2.29 3.62-4.06

% Control 89.20 98.10 91.18 99.60 92.88 75.92

MeantS.E, 11.24x0.36 0.21+0.01 1.16x0.16 1.22%0.01 1.45x0.12 4.85+0.36

+3 hr Range 10.48-12.00 0.19-0.22 0.82-1.49 1.07-1.38 1.19-1.71 4.07-5.62

% Control 85.04 65.93 70.05 43.66 61.68 95.85

MeanzS.E. 11.16+0.57 0.25x0.02 0.89+0.09 1.13+0.25 1.43%0.08 4.84x0.08

+6 hr Range 10.34-12.38 0.22-0.29 0.70-1.07 0.60-1.65 1.26-1.60 4,67-5.00

% Control 84.43 80.17 54.04 40.27 60.93 95.66

MeantS.E. 10.46%0.49 0.16x0.01 0.43+0.04 1.79%0.17 0.68+0.05 3.32%0.15

+12 hr Range 9.41-11.51 0.15-0.18 0.33-0.52 1.43-2.16 0.57-0.79 3.00-3.64

% Control 79.15 51.69 25.87 63.97 28.99 65.64

: MeanzS.E. 9.59+0.37 0.20x0.01 1.23+0.04 2.53%0.04 0.97+0.01 3.73+0.10

+24 hr Range 8.81~-10.37 0.19-0.21 1.14-1.32 2.45-2.62 0.96-0.98 3.51-3.94

% Control 72.56 63.29 74,37 90.42 41.11 73.74

97
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Figure 13.. Cholinesterase activity (percent of control) in brain,
gill, heart, red blood cell, serum and skeletal muscle
of adult rainbow trout following exposure to acephate
at 2000 mg/L. Each point represents mean values of 3
fish with standard errors.
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2,3.2. Fenitrothion; ChE iphibition in brain, gill,

heart, red blood cell, serum and skeletal muscle of rainbow trout
exposed to fenitrothion at 2.0 mg/L is presented in Table 12 and

Figure 14. Brain ChE activity decreased after the first hour of ex-
posure to 87% of control and continuously decreases to 77, 69, 54, 35 and
33% of control at 3, 6, 12, 24 and 48 hours respectively. Gill enzyme
activity decreased to 657 of control after 1 hour and kept decreasing
to 227 of control after 48 hours. Enzyme activity in the heart also
decreased faster at the firsf 3 hours to 34% of control, recovered to
55% at 6 hours, but decreased again to 30, 23 and 187 of control at 12,
24 and 48 hours respectively. Red blood cell enzyme activity followed
the same trend as enzyme in the heart with a relatively fast drop to
59% of control after 1 hour and a continuous decrease to 28% of

control at 48 hours. Serum enzyme activity decreased to 50% and 32%

of control after 1 and 3 hours of exposure and recovered at 6 hours

to 47% of control but decreased afterward to 12% of control at 48 hours.
ChE activity in skeletal muscle was not dramatically affected, having
activity in the range of 71 to 105% of control.

In summary, fenitrothion caused a great decrease in enzyme activity
in most tissues except skeletal muscle after 1 hour of exposure. The
activity of enzyme in gill, heart, red blood cell and serum follow the
same pattern. Figure 14 shows the enzyme activity in various tissues of

rainbow trout after exposure to fenitrothion at 2.0 mg/L.




Table 12.

Cholinesterase (ChE) activity (umoles ACh hydrolysed/mg protein/hr) of the mean of 3 fish * S.E.,

in various tissues of rainbow trout exposed to fenitrothion at 2.0 mg/L.

Exposure Time

(hr) Brain Gill Heart RBC Serum Skeletal Muscle
Mean*S.E. 15.39+0.03 0.24x0.01 l.27i0.04 2.93x0.05 2.45%0.10 5.77+x0.09
0 hr Range 15.30-15.51 0.22-0.27 1.17-1.43 2.79-3.17 2.05-2.79 5.40-6.07
% Control 100.00 ©100.00 100.00 100.00 100.00 100.00
MeanS.E.  13.49%0.30 0.16%0,01 0.92%0.16 1.72%0.24 1.21%0.12 5.21+0.34
+1 hr Range 12.93-14.17 0.14-0.19 0.62-1.28 1.14-2.05 0.96-1.47 4.49-5.94
% Control 87.64 65.44 72.53 ‘ 58.86 49.48 90.32
MeantS.E. 11.81+0.78 0.15x0.02 0.43+0.09 1.52+0.36 0.78+0.09 6.06+0.22
+3 hr Range 10.53-13.68 0.10-0.21 0.21-0.55 0.93-2.38 0.65-1.00 5.70-6.60
7 Control 76.73 63.20 34.04 51.77 31.62 105.0
MeantS.E. 10.63x0.50 0.12x0.02 0.69+0.20 1.71x0.45 1.16x0.04 5.04%0.68
+6 hr Range 9.83~11.84 0.08-0.15 0.41-1.18 0.60-2.31 1.09-1.24 3.76-6.62
% Control 69.06 48.57 54.72 : 58.44 47 .43 87.38
MeantS.E. 8.44%0.26  0.10x0.01 0.38+0.05 1.38+0.47 0.58+0.07 4.12%0.66
+12 hr Range 7.84-8.95 0.09-0.12 0.29-0.50 0.26-2.19 0.41-0.71 2.59-5.35
% Control 54.81 43.06 30.11 47.06 23.75 71.48
Meant*S.E. 5.46%1.34 0.05x0.02 0.30%0.09 1.04%0.18 0.63%0.25 4.31+x0.74
+24 hr Range 2,51-8.20 0.01-0.10 0.08-0.42 0.65-1.41 0.10-1.17 2.49-5.35
' % Control 35.49 21.83 23.43 35.49 25.67 74.72
MeantS.E. 5.03%0.03 0.06x0.01 0.23%0.04 0.84%0.10 0.30x0.06 4.87+x0.19
+48 hr Range 4.98-5.09 0.05-0.07 0.13-0.32 0.62-1.05 0.17-0.43 4.50-5.31
% Control 32.70 22.99 17.94 28.52 12.28 84.49

08
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Figure 14.

Cholinesterase activity (percent of control) in brain,
gill, heart, red blood cell, serum and skeletal muscle

of adult rainbow trout following exposure to fenitrothion
at 2.0 mg/L. Each point represents mean values of 3 fish
with standard errors.
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2.4 Determination of serum electrolyte

2.4.1. Acephate: Concentrations as mEq/L of serum
chloride (C17), sodium (Na+), potassium (K+), calcium (Cé++) and
magnesium (Mg++)vof'control and treated fish exposed to acephate at
2000 mg/L at each exposure time are presented in Table 13. Serum c1”
of the coﬁtrol fish varied between 135.1 * 2.9 mEq/L to 138.6 * 1.5
mEq/L during the exposure period. Serum Cl of treated fish decreaéed
from 135.1 * 1.3 mEq/L after 1 hour to 126.4 * 2.1 mEq/L after 3 hours of
exposure and recovered sligﬁtly to 132.7 = 1.1 mEq/L after 6 hoﬁrs but
decreased significantly than the control (p < 0.05) to 126.4 % 0.9
mEq/L after 24 hours of eXposure. Serum Na+ concentration of control
fish varied between 138.0 * 5.8 mEq/L to 144.8 t 2.9 mEq/L during thé
exposure period. Serum Na+ of treated fish varied inconsistently
between 131.9 * 1.9 mEq/L to 148.7 * 4.0 mEq/L during exposure. The
pattern with respect to Na+ changes appeared to be one of the elevation
and then depression but values were not significantly (p < 0.05) different
from the controls. Serum Kf of the treated fish increased from

1.6 * 0.1 mEq/L after 1 hour to 2.3 * 0.1, 2.6 £0.2, 3.1 £ 0.2 and

4

3.1 * 0.1 mEq/L after 3, 6, 12 and 24 hours after exposure, compared with
controls which varied between 1.9 * 0.2 mEq/L to 2.2 % 0.2 mEq/L during

the exposure period. The trend over the experimental period was clearly
toward an increase in serum level of this ion. Serum Cé++ concentration

of treated fish varied between 5.2 * 0.2 mEq/L to 5.8 * 0.4 mEq/L and was

not significantly (p < 0.05) different from control values which ranged be-
tween 4.4 £ 0.4 to 5.0 £ 0.2 mEq/L. Serum Mg++ concentration of treated fish

appeared to be relatively stable with fluctuations about the control values

and showed no marked tendency to increase or decrease. Figure 15 demonstrates



Table 13.

Concentrations of serum electrolyte (mEq/L) of control and treated fish exposed to acephate at 2000 mg/L (values given are
the mean of 3 fish % S.E. and range)

Exposure

Time

c1”

Control

Treated

Nd+

Control

Treated

Treated

1hr

3 hr

6 hr

12 hr

24 hr

137.0%2.7

(133.1~139.3)

136.,2£1.5

(134.2-137.7)

135.1%2.9

(133.3-136.0)

138.6%1.5

(136.8-140.9)

137.2%1.4

(135.2-138.7)

135.1%1.3

(132.3-138.0)

126.4%2.1

(122.0-130.8)

132.7#41.1

(130.3-135.1)

129.8%2.,5

(124.6~135.1)

126.410.9

(124.5-128.3)

140.1%4.2
136.9-146.1)

141.9%3.9
(136.9-146.4)

138.0%5.8
(136.9-144.8)

144.82.9
(134.9-151.7)

140.74.0
(136.4~146.1)

148.4%4.6
(140.9-149.5)

137.7%3.7
(129.1-144.3)

146.9%3.9
(138.7-155.2)

131.9#1.9
(127.8-136.1)

148.7%1.5
(139.6-150.0)

%8
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Figure 15.

Changes of serum chloride, sodium, potassium, calcium
and magnesium concentrations (mEq/L) in adult rainbow
trout following exposure to acephate at 2000 mg/L.
Each point represents mean values of 3 fish with
standard errors.
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the changes in serum electrolytes of treated and control fish after

exposure to acephate at each exposure time,

2.4.2. Fenitrothion: The concentrations of serum Cl ,

Na+, K+, Ca++ and Mg++ of control and treated fish exposed to fenitrothion

are summarized in Table 14. Serum Cl1 of the treated fish fluctuated

between 134.3 % 0.1 mEq/L to 141.0 * 1.6 mEq/L during the first 12 hour

.

period and then decreased to 126.4 * 2.6 mEq/L and 126.0 + 2.4 mEq/L
after 24 and 48 hours of exposure, but were not significantly different
(p £ 0.05) from the controls which varied between 135.1 + 9.3 mEq/L to
139.2 + 4.3 mEq/L during the exposure period. Na+, like C1~, fluctuated
about the control values from 145.3 + 3.9 mEq/L to 15.0 #+ 1.5 mEq/L for
the firs£ 12 hours and decreased slightly, to 136.7 + 4.2 nEq/L and
139.7 + 4.6 mEq/L after 24 and 48 hours. By contrast, serum K+ of
treated fish increased from 3.1 % O.é mEq/L after 1 hour of exposure to
3.2 £ 0.3, 3.2 + 0.3 and 3.4 * 0.3 mEq/L after 3, 6 and 12 hours
respectively and continued to increase until significantly different
(p < 0.05) than the controls to 4.1 + 0.2 and 4.7 % 0.2 mEq/L after 24
and 48 hours. Serum Ca++ of‘treated fish did not change significantly
(p < 0.05) from the controls and varied between 4.3 + 0.2 mEq/L to
5.3 £ 0.1 mEq/L. Serum Mg++ showed the same pattern as observed in the
acephate experiment with fluctuations about the control values until the
end of the experiment. Figure 16 shows the changes in serum electrolytes
of control and treated fish after exposure to fenitrothion at each ex-
posure time.

In summary, both acephate‘and fenitrothion produced an incréase in
serum K+ concentration and a slight decrease in serum Cl concentration .

“of rainbow trout.



Table 14. Concentrations of serum electrolytes (mEq/L) of control and treated fish exposed to fenitrothion at 2.0 mg/L (values given
are the mean of 3 fish * S.E. and range). .

- + + ++ +

Exposure cl Na K Ca Mg o

Time Control Treated : Control Treated Control Treated Control Treated Control Treated i

1 hr 139,.2%4.3 134.3%0.7 146.9%4,4 148.4%4.6 2.7%0.1 3.1%0.2 4.7%0.2 4.9%10.3 2,2%0.1 1.6%0.2 ?

(135.1-145.7) (132.9-136.0) (140.8-151.2) (137.4-155.6) (2.6-2.8) (2.7-3.5) (4.4-4.9) (4.4-5.7) (2.1-2.4) (1.2-1.9) i

3 hr 135.149.3 141.0%1,6 148.0%4,.8 145.3%3,9 2.7%0.1 3.210.3 4.7%0.4 4.6%0.3 2.2%0,1 1.6%0.1 ;

(123.4-146.2) (138.9-144.9) (142.6-154.5) (137.4-153.9) (2.5-2.8) (2.7-3.8) (4.2-5.2) (4.0-5.3) (2.0-2.3) (1.6-1.7) ;

6 hr 138.2%+4.1 136.9£2,7 143.4%2,2 145.5%5.4 2.8%0.1 3.2%0.3 5.1%0.1 5.3%0,1 1.9%0.1 2.1%0,2 ;

(132.5-142.0) (124.0-146.9) (141.1-146.3) (133.0-155.6) (2.6-2.9) (2.8-3.8) (4.9~5.2) (5.0-5.5) (1.6-2.3) (1.7-2.5) b

12 hr 136.4%3,1 140.1%0.9 146.5%4.4 150.0%1,5 2.8%0.1 3.4%0,3 4,5%0.1 4.330.2  1.8%0.2 1.8%0.2 i
(133.3-140.6) (138.9-142.3) (141.3-152.6) (143.9-153.5) (2.7-2.9) (3.0-4.0) (4.2-4.9) (3.9-4,7) (1.6-2.0) (1.5-2.2) 5

24 hr 136.1+5.3 126.422.6 148.3£2.0 136.7+4.2 2.8+0.1 4,1%0.2 4.820.2 4.7%0.3 1.6%0.1 1.8%0.1 ﬁ
(128.6~140.3) (110.0-137.1) (145.6-150.4) (131.3-146.9) (2.6-2.9) (3.8-4.5) (4.6-5.0) (4.2-5.3) (1.5-1.8) (1.6-2.0) :

48 hr 137.1+3.5 126.0+2.4 150.6%6.4 139.7%4.6 2.8%0.1 4.7%0.2 4.7%0.3 4.6%0.3 1.6%0.1 1.5%0.1 f
(134.0-142.0) (114.9-137.1) (147.2-156.9) (130.0~149.6) (2.6-2.9) (4.6-4.8) (4.3-5.1) (4.0-5.3) (1.5-1.8) (1.3-1.6) ?

88



89

Figure 16.

Changes of serum chloride, sodium, potassium, calcium and
magnesium concentration (mEq/L) in adult rainbow trout
following exposure to fenitrothion at 2.0 mg/L. Each

point represents mean values of 3 fish with standard
error.,

O—— control fish
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1. Effects of temperature on acute lethality and ChE inhibition

1.1, Acute lethality studies

The results from these studies indicate that temperature stress
alters the toxicity of each OP insecticide, especially that of fenitro-

thion, to rainbow trout. The effects of temperature stress on the

‘susceptibility of fish, ‘as indicated by LC50 and MST values, (Table 2

and 3) were observed in the first 24 hour period but were less pronounced
after 48 hours and no significant difference was observed after 96
hours of exposure. The difference in toxicity after 24 hour exposure
may be caused by temperature induced stresses.” In these experiments,
fish were subjected to abrupt temperature changes from the acclimation
temperature of 15°C to test temperatures at 8° and 2200, referred to
as cold and heét Stresses, for 438 hours before starting the experiment.
The same pattern of temperature effects observed in this study
was also reported by several investigators in other toxicants in various
fish species. Toxicity of zinc to rainbow trout is greater at 21.5%
than at 13.5°C in short time intervals but the toxicity is not different
after 3 days (Lloyd, 1960). Thatcher et al. (1976) studying the effects

of chlorine and temperature on juvenile brook trout (Salvelinus fontinalis)

observed the difference ip mortality was exhibited prior to 48 hours of
exposure but there was no significant difference between the 96-hour
mortality values between experiments run at 10° and 15°. They also ob-
served that the grgater the temperature shock, the higher the mortality
during the early exposure periods.

The rate of insecticide uptake by fish can be influenced by tempera-

ture through its effect on the respiratory system. The branchial



93

respiratory surfaces of fish are probably the.most important route of
direct insecticide uptake because they are permeable and have a large
surface area. Toxicant uptake through the gills can increase with an
increase in respiration rate which can be induced by an increase in the
temperature of the aquatic medium (Warrem, 1971). Rainbow trout in-
creased both frequency and amplitude of ventilation with a rise in
temperature (Hughes and Roberts, 1970; Heath, 1973; Heath and Hughes,
1973) and thus increased ventilation volume (Randall and Cameron, 1973).
Many investigators also reported the effects of temperature on the
accumulation of toxic substances froﬁ water by fish in both short and
long term periods. The accumulation of p',p'DDT by mosquitofish

(Gambusia affinis) (Murphy and Murphy, 1971) and mercuric chloride by

rainbow trout (Macleod and Pessah, 1973) increased with an increase in
temperature. Reinert et al. (1974) who studied the effects of temperature
on the accumulation of mercuric chloride and p',p'DDT by rainbow trout
over a long period also found the same result and suggested that the
extent of an increase in accumulatidn would depend on factors such as the
amount of increase in water temperature, the amount of time fish are in the
the warmer water, the initial.concentration of toxic materials in the
fish and the rate of excretion;

From these_observationé therefore, slowing metabolism by lowering
the temperature may have allowed a longer survival time by reducing
ventilation rate and consequently insecticide uptake. Similarly, metabolic
acceleration following an increase in temperature may have shortened
survival timé by accelerating insecticide uptake.

The physicochemical properties of substances that influence their

movement across biological membranes are fairly well established and
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and include lipid solubility, wéter solubility, degree of ionization,
chemical stability and molecular weight (LeFebre, 1972). Many compounds
pass across membranes by passive diffusion at a rate determined by the
lipid solubility of the compound and proportional to its concentration
gradient across the membrane (Schanker, 1962; Korolkovas, 1970). Compoundsv
that are lipid-insoluble and of very small molecular size can pass through
membranes by simple diffusion through minute water-filled pores énd the
rate of passage is proportional to concentration difference across

membrane (Kruhoffer, 1961).

Fenitrothion is soluble in most organic solvents but of low solu-
bility in water (Sumitomo Chemical Company, 1963; Muramoto, 1976). Zitko
and Cunningham (1974) reported the solubility of fenitrothion in water
is of the order of 20 mg/L. On the contrary, acephate which has very
high solubility in water (about 65 percent) and relatively low solubility
in organic solvents (less than 5 percent) (Chevron Chemical Company, 1973)
is a lipid-insoluble substance.

The effects of temperature stress on the respiration rate of fish,
therefore, will have>greater influence on the uptake of fenitrothion which
is a lipid-soluble compound than acephate which is a water soluble com-
pound. Acephate, having pKa of 8.3, was ionized about 97 percent at the
PH level of the tested water (Table 2) would probably penetrate through

membranes at a much slower rate and would require higher concentrations

~ than fenitrothion to produce a significant concentration gradient across

the membranes, This fact was observed on the survival times of fish
exposed to fenitrothion which are more affected by temperature stresses

than acephate (Table 3). 1In general, fish died faster in heat stress

-and slower in cold stress.
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Heat stress shortens the surviyal times of fish exposed to several
toxicants has also been reported by many investigators. A temperature
increase of 1.5°C per 10 minutes reduced the survival time of bluegills

(Lepomis macrochirus) exposed to lethal and sublethal concentrations ef

zinc (Burton et al. 1972). Hodson and Sprague (1975) who studied the
effect of heat and cold stresses on the acute toxicity of zinc to atlantic
salmon (Salmo salar) reported that moderate (8°C) and severe (16°C) heat
stresses shortened time to mortality and the opposite results were
obserQed in cold stresses. They also observed that heat and cold stresses
changed the slopes of the mortality curves.

The élopés of mortality curves in acephate experiments are de-
creased slightly as temperature decreases (Figure 3) but are not signifi-
éantly different (p < 0.05). In fenitrothion experiments, the slopes ,
of mortality curves are decreased significantly (p 5_0.05) when temperature
decreases (Figure 4).

Nonparallelism of the mortality curves observed in fenitrothion
experiments at different temperatures suggests that different mechanisms
of toxic action are involved. The activation of fenitrothion by MFO
enzyme system to fenitrooxon is probably the major factor that causes
the changes in the slopes of mortality curves since fenitrooxon is more
toxic to fish than fenitrqthion‘and thereforé the mortality rate is
changed. The slopes of mortality curves in acephate studies are not
changed indicating that the mode of toxic action of acephate was not
affected by temperature,

The phosphorothioate inéecticides (eg. fenitrothion) having the

basic structure of P=S are not potent ChE inhibitors and usually undergo
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biotransformation processes by MFO enzyme system in the liver to the
more potent ChE inhibitors or their OxXygen analogs having the basic
structure of P=0 eg. fenitrooxon. Klaverkamp et al. (1976) indicated
that rainbow trout can cénvert fenitrothion to a more potent ChE
inhibitor, probably feﬁitrooxon. Therefore, increase in temperéture may
increase the rate of biotransformation of fenitrothion to fenitrooxon
which is more toxic (Eto, 1974) resulting in the increase fish
mortality. Acephate, on the contrary, does not have to undergo the bio-
transformation process by the liver enzyme system and therefore was not
much affected by temperature.

The QlO values of the rate of mortality of acephate ranged between
0.68 to 2.02 (Table 4) with a mean value of about 1.3 (ie. a 10°C increase
in temperature caused a 1.3 fold increase in the rate of mortality).
Shifrer et al. (1974) suggested that QlO values for physical processes
generally range between 1.1 to 1.2, and the QlO values from acephate ex-
periments are close to this range. The physical processes'ie. diffusion
and/or osmotic pressure were probably involved in the effect of tempera-
ture on toxicity of acephate.  The rate that a substance (molecule) moves
through a membrane by diffusion is believed to increase by approximately
10 percent with 10°C rise in temperature (Middlebrooks et al. 1973).

The QlO values for the rate of mortality from difference concen—
trations of fenitrothion ranged from 1,11 to 5.57 (Table 4) with a mean
value of about 3.3 (ie. a 10°% increase in temperature caused a 3.3 fold
increase in the rate of mortality), Shifrer et al. (1974) suggested that
when a chemical reaction is involved in the toxic action, Q10 values
might range from 2 to 4 or higher. Therefore, for fish exposed to

fenitrothion it is possible that fenitrothion toxicity is influenced
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by temperatures in a similar way thaﬁ enzyme kinetics are controlled as
also is suggested from the changes of élope of the mortality curve,

The difference in the acute lethality between acephate and feni-
trothion to rainbow trout fingerlings of about 600 to 1000 times observed
from this study is quite interesting since the in vitro studies of brain
ChE inhibition in rainbow trout by Klaverkamp et al. (1975) indicated
that the difference in potency of acephate and fenitrothion for in-
hibiting brain ChE is relatively small. The pI 50 values (negative log
of the concentration producing 50 percent brain ChE inhibition) for
acephate and fenitrothion were observed at 0.9 and 1.1 respectively.

The difference in the in vivo situation could be attributed to the
variation in the movement of acephate and fenitrothion across biolo-
gical membranes in fish to reach and react with the térget receptor
and/or the capacity of fish liver enzyme system to activate fenitrothion
to fenitrooxon which is very potent ChE inhibitor. The pI 50 value of
fenitrooxon was observed at 5.8 (Klaverkamp et al. 1975) which is about

4.3 x 104 and 0.8 x 105 times greater in potency than fenitrothion and

acephate respectively.

1.2 ChE inhibition in brain and skeletal muscle

The results observed from these studies indicate that the inhibition
of ChE in brain and skeletal muscle in rainbow trout fingerlings‘by
acephaté and fenitrothion are not correlated with mortality. Weiss
(1958, 1959, 1961) suggested that death will occur when brain ChE activity
drops to 40-70 percent.of normal activity. Coppage (1972) and.Coppage
and Mathews (1974) suggested that 80 percent inhibition of brain ChE

activity should be the critical level in fish in short term OP insecticide
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poisoning. The resuylts from this experiment, howeyer, do not support
these suggestions since the brain enzyme activity in surviying fish
were, in some cases, lower than that level while in dead fish brain
enzyme activity was sometime higher fhan that level. Gibson et al.

(1969) observed the same results in bluegill (Lepomis macrochirus) with

parathion and concluded that mortality and recovery from OP insecticide
poisoning are ﬁot necessarily related to the degree of brain ChE in-
hibition.

Coppage (1971) proposed a method for in vivo ChE inhibition study
using a pH stat method which was applied in tests comparing in viyo
brain ChE inhibition and toxicity of several OP insecticides in Sheeps-

head minnows (Cyprinodon variegatus) and found ChE inhibition was correlated

with exposure time and observed toxicity. He concluded that the confusing
relationship between mortality and degree of in vivo ChE inhibition
reported by Gibson et al. (1969) could be in the methodology, since Gibson -
et al. (1969) used the spectrophotometric method which is subject to
several limitations and possible sources of error.

While agreement concerning the so-called critical levels of ChE
activity that will be lethal to fish is lacking, there is a possible:
explanation that anéwers the question of high level of ChE activity in
dead fish, especially thoée exposed to high concentrations of insecticide,
in this study. Recent concepts of cholinergic pharmacology have recognized
that tissue ChE can be diyided into 2 poqls,extracellular and intra-
cellular pools, and that only the former enzyme pool seems related to
pharmacologic function whereas the intracellular pool is the nonfunctional

or reserve enzyme (Koelle, 1970b; Silver, 1974), Previous studies on
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'nerves, brain, striated muscle and iris demonstrated that external ChE

or functional pool of enzyme which regulates responses to cholinergic

drugs constitutes approximately 20 percent and internal ChE or non—

functional enzyme constitutes approximately 80 percent of total enzyme

activity, and that the pharmacologic effect of anti—ChE agents is
apparently achieved by the inhibition of external or functional enzyme
(McIsaac and Koelle, 1959; Hobbiger and Vojvodic, 1967; Harris et al.
1972). Diisopropylfluorophosphate (DFP), an OP insecticide, was found

to have no pharmacologic effect on the diaphragm muscie of mammals if

the external enzyme pool is protected from inhibition even when internal
ChE is almost completely inhibited (Mittag_gg_gi. 1971). Coﬁsequently,
when tissue homogenates are used to study drug effects on ChE, at least

80 percent of the enzyme assayed has no direct connection with cholinergic
function (Ehrenpreis et al. 1970; Mittag et al. 1971). Harris et al.(1972)
also concluded that while tissue homogenates can give more precise kinetic
data, ﬁuch of the enzyme measured in this way is nonfunctional ChE and

it has no relation to drug response. They suggested a new radiometric
technique and used it to study the effect of DFP on ChE activity and
contractility of intact cat iris. They also reported that it is the
inhibition of the surface or extracellular ChE of the iris, constituting
approximately 18 percent of total tissue ChE, which is involved in
potentiation of contractility induced by agonists. Therefore, it seems

that the homogenization of brain and skeletal muscle samples used in the

ChE analysis in this study may allow the nonfunctional ChE or intracellular

pool to become available to the substrate used and may result in high
enzyme activity even when the functional enzyme pool may be completely

inhibited,
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High ChE actiyity in dead fish was observed at high concentrations
of insecticide, especially at 22°C test temperature in the fenitrothion
study. This may be due to the less time that those fish stay in the
test'solutioné, therefore the total ChE activity is still high but the
functional enzyme pool may be inhibited. For the fish that diedvat lower
concentrations and stay longer in the test solutions there is a lower total
enzyme activity because the insecticides have more time to penetrate
and pass through the cell membranes and then inhibit both funcﬁional and
nonfunctional pools of enzyme.

The results observed from this study also demonstrated that surviving
fish may have lower enzyme activity, in some cases, than the fish that
died which suggested that adaptive or tolerance mechanisms may have
developed in those fish. Mechanisms responsible for tolerance probably
exist in fish that are capable of increasing the synthesis or reactivation
of ChE and/or lowering the accumulated acetylcholine (ACh) levels in
spite of a persisting or increasing depression of ChE activity. The
recovefy of skeletal muscle ChE in rat after 1 hour of exposure to
melvinphos, an OP insecticide, is believed to be caused by the syntheses
of new enzyme (Sharma et al. 1973).

The mechanism of tolerance by lowering ACh levels has been suggested
and discussed by several investigators. Brain ACh levels of mammals
were found to return toward normal level within a short time after anti—

' ChE treatment (Bignami et al. 1975), An explanation of this mechanism
is that the high levels of the neurotransmitter (ACh) in the tissue in-
hibit the synthesis of the neurotransmitter itself as propoéed by Kaita
and Goldberg (1969) but the evidence is far from clear., Another possibi-~

lity is that the long~term accumulation of high concentration of ACh
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prébably leads to a reduction of receptor sensitiyity which in tyrn
allows a recovery of function as reported by Overstreet é£1él. (1972),
Therefore, it seems that surviving fish may be capable of using
any or all of these mechanisms to tolerate the accumulation of ACh and
lowering of ChE activity in the brain tissue. It is also known that
after OP insecticide treatment brain ACh levels of animals tested can
return toward ﬁormal level much faster than the ChE activity and it
appears that the return of brain ACh levels correlated fairly well with
the disappearance of intoxication symptoms, but shows little relation-
ship with ChE activity (Bignami, et al. 1975).. However, no attempt was
made in this study to measure the ACh levels in the brain of fish and
the data presently available do not allow a quantitative evaluation of the

relative role of the above mechanisms.

2. Cardiovascular/respiratory responses and ChE inhibition

2.1. Cardiovascular and respiratory responses

The decrease in heart rates in fish exposed to acephate and
fenitrothion is characteristic of ChE inhibitor poisoning as observed
by many investigators (Matton and Lattam, 1969; Majewski and Klaverkamp,
19755 Klaverkamp et al. 1976; Lunn et al. 1976). Acephate and
fenitrothion, by inhibiting cardiac or vagal ChE, may cause an accumulation
of ACh and produce bradycardia in fish. Bradycardia has been suggested
to function as a mechanism that could alter the dynamics of blood flow
at the vicinity of the respiration surface, Holeton and Randall (1967)
indicated that the slower heart rate may facilitate oxygen uptake by
permitting the blood to remain in the gill lamellae for a longer period

of time,
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The occasional "locking!" of heart beat in fish to a specific phase
of the respiratory cycle, a phehomenon known as synchrony (Shelton and
Randall, 1962) was observed in some fish in this study., This relation~
ship has been reported bj several investigators as a response to
stresses, such as anesthetization (Shelton and Randall, 1962), temperature
change (Heath and Hughes, 1971), and recovery from surgery (Sutterlin,
1969). Randall and Smith (1967) reported that both the bradycardia and
the cardiorespiratory synchrony are related to hypoxic conditions at the
respiratory surface and both are maintained by inhibitory activity in the
efferent cholinergic fibers contained within the cardiac ramus of the
vagus. It has been proposed that synchrony functions to assure that’
sufficient oxygen is available to saturate the blood when it passes
througﬁ the gills (Hughes, 1964; Randall and Smith, 1967). The re-~
lationshié might provide synchronization of high flow rates in two
pulsatile systems, blood and water, with the outcome being a moment to
moment balance of ventilation and perfusion resulting in an increased
efficiency in gas exchange. However, this relationship is inexact
and of short duration as observed in this study and was confirmed not
to be a dominent effect in fiéh (Weintraub and Mackay, 1975).

The increase in respiratibn rates and amplitudes and the decrease
in heart rates.in fish exposed to acephate and fenitrothion are similar
to responses of fish exposed to hypoxia (Randall and Shelton, 1963;
Randall and Smith, 1967; Hughes, 1973) . These }esponses indicate that
oxygen uptake may be affected by the insecticides and/or a lack of oxygen
supply is deiivered to the cells or tissues, The increased ventilation
rates in treated fish and amplitudes in this experiment was not due to a

reduction in oxygen concentration of the inspired water since oxygen
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was sqpplied at near saturation leyel in each chambher by the use of an
airstone as described previously. Hughes (1973) suggested that hypoxic
condition in fish may be caused by several factors such as: malformation
or paralysis of the normal ventilatory apparatus; interference with
the diffusion exchange across the gill surfaces; the excessive shunting
of venous blood or by-passing the respiratory exchange surfaces.

It seems likely in this experiment that the excessive shunting of
venous blood or by-passing the respiratory exchange surfaces is the
major process involved. Two filamental shunt models are based on ob-

servations in eels (Anguilla vulgaris) by Steen and Kruysse (1964) and

in rainbow trout (Salmo gairdneri) by Richards and Fromm (1969) where

flow from afferent to efferent filamental vessels was observed to be
via (a) the flat lacuna secondary lamellae (respiratory pathway) and

(b) a central sinus in the filamental body (non-respiratory filamental
shunt). It has been assumed that regulation of vascular resistance

is similar in fish and higher vertebrates (Satchell, 1971) and that the
effects of cholinergic and adrenergic drugs and hormones on branchial
resistance are qualitatively similar. Using different methods, Steen and
Kruysse (1964) and Richards and Fromm (1969) observed that ACh increased
filamental sinus blood flow (non-respiratory shunt) and epinephrine
increased secondary lamellar blood flow which is the respiratory flow.
Fromm et al. (1971) examined the effects of several chlorinated hydro-
carbon and OP insecticides on the rate of fluid flow through isolated
perfused rainbow trout gills and reported a decrease in flow rates at
constant perfusion pressure which means that resistance to fluid flow
through gills was increased. Bergman et al. (1974) also confirmed that

the functional surface area of rainbow trout gills can be regulated by



