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ABSTRACT
+ +

The effects of toxaphene on Na K

ATPase and Mg

2+

ATPase of

plasma membranes were investigated in several tissues of the mouse and
the cockroach, Periplaneta americana (L.).

In vivo effects of an oral

LD^q dose (112 mg/kg) were studied on ATPases of the kidney, brain and
liver of mice sacrificed 60-90 minutes after dosing.
were obtained using 10

A

,10

, 10

6

and 10

7

Effects in vitro

M toxaphene in ethanol on

ATPases of the three mouse tissues and the central nervous system (CNS)
and Malpighian tubules from the cockroach.
Total ATPase was inhibited in all three mouse tissues^ vivo.

+ +

Na K

ATPase of kidney and Mg

2+

ATPase of kidney, brain and liver were

inhibited 12.6%, 15.0%, 8.8%, 10.6%, respectively.

The

not cause a 50% inhibition in any ATPase tested ^ vivo.
ATPase was inhibited 44.0% in vitro.

dose did
"f" "f"
Kidney Na K

"f" "f"
Na K ATPase from CNS and

Malpighian tubules of the cockroach expressed the highest degree of
-4
inhibition in vitro from 10
M toxaphene, giving 58.9% and 52.6%,
respectively.

*1" "I"

Mouse brain Na K

under both conditions.

Mg

2+

ATPase was insensitive to toxaphene

ATPase was inhibited in vivo and in vitro

in almost all tissues tested.
The physiological significance of inhibition of both ATPases was
hypothesized.

Na K

ATPase was probably inhibited secondarily by rising

levels of cAMP in response to toxaphene.

Inhibition, although considered

indirect was substantial in kidney, CNS and Malpighian tubules and could
viii

ix

inflict physiological effects.

Inhibition of this enzjmie in Malpighian

tubules is considered related to inhibition of Malpighian tubules excretion by toxaphene reported by other authors.

Inhibition of Mg

2+

ATPase could be responsible for the proposed excessive acetylcholine
release.

Toxaphene might have inhibited the proposed ATPase mechano-

enzjnne increasing the permeability of the membrane to Na"^; therefore
causing the bioelectrical observations in other investigations.

INTRODUCTION

Chlorinated hydrocarbon insecticides are classified into four
groups:

DDT (l,l,l-trichloro-2,2-bis (p-chlorophenyl) ethane) group;

cyclodienes, e.g., dieldrin (l,2,3,4,10,10-hexachloro-6,7-epoxy-l,4,4a,
5,6,7,8,8a-octahydro-l, 4-endo, exo-5, 8-dimethano-naphtalene);
hexachloro-cyclohexanes, e.g., "lindane (y-BHC) (l,2,3,A,5,6-hexachlorocyclohexane); and polychloroterpenes, which include toxaphene (Brooks,
1974a and Matsumura, 1975).

Toxaphene

is a multi-chlorinated terpene

produced by chlorination of camphene, in presence of certain catalysts
and ultraviolet irradiation.

It has a chlorine content of 67-69% and

conforms to an average empirical formula C^^^

Clg.

The

mixture is

believed to be comprised of at least 177 10-carbon components variously
chlorinated from Clg to CI^q (Ohsawa et al., 1975).

The components are

primarily polychlorobomanes and polychlorodihydrocamphenes (Pollock
and Kilgore, 1976), or are bicyclic compounds that rearrange to bomane
on reduction (Holmstead, Khalifa and Casida, 1974).

Uses of Toxaphene
Insecticidal properties of toxaphene were discovered in 1947 by
Parker and Beacher.

Holmstead et al. (1974) estimated that approxi

mately one billion pounds of toxaphene had been used in the last 25
years for control of crop and livestock pests.

It was effectively used

in combination with DDT against a number of crop pests (Brooks, 1974a).

1

Currently toxaphene is used in combination with methylparathion (0,0dimethyl 0-p-nitrophenyl phosphorothioate) and trichlorfon (dimethyl (2,
2,2-trichloro-l-hydroxyethyl) phosphonate) for control of agricultural
pests (Hercules, Inc., 1970).

Ware, Estesen and Buck (1979) reported

that toxaphene was very effective in extending the residual life of
methyl parathion when used in combination.

Structure and Toxicity of
Toxaphene Components
The complexity of the toxaphene mixture hampered greatly the
progress in research on its toxicological properties.

So far only a few

compounds have been isolated from the toxaphene mixture in pure form and
studied in this regard (Anagnostopoulos, Parlar and Korte, 1974; Casida
et al., 1974; Khalifa et al., 1974; Holmstead et al., 1974; Matsumura,
Howard and Nelson, 1975; Turner, Khalifa and Casida, 1975; Nelson and
Matsumura, 1975; Palmer et al., 1975; Seiber et al., 1975; Landrum,
Pollock and Seiber, 1976; and Chandurkar, Matsumura and Ikeda, 1978).
Khalifa et al. (1974) identified two of the toxaphene components:
an octachloro compound (C _ H _ CI ) and a heptachlorobomane, which was
lU lU
o
identified by Casida et al. (1974) and Palmer et al. (1975) as 2,2,5endo, 6-exo, 8,9,10-heptachlorobomane (C^^^ H^^ Cl^).

The toxicants were

designated toxicant A and toxicant B, respectively. Toxicant A was
reported to contain two closely related isomers (Nelson and Matsumura,
1975, and Turner et al., 1975) as 2,2,5-endo, 6-exo,
octachlorobomane.

8,8,9,10-

These isomers were found to be 14 and 4 times more

toxic to mice and houseflies, respectively, than technical toxaphene
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(Khalifa et al., 1974).

Chandurkar et al. (1978) further purified toxi

cant A by isolating, in pure form, a contaminant of this toxicant which
they called toxicant Ac.

Its empirical formula was reported as C^q Hg

Clg and possesses a bornane carbon skeleton.

Toxicant Ac was found to

be four times more toxic to fish than standard toxaphene and just as
toxic to mosquito larvae as standard toxaphene.

Its toxicity to insects

which is less than that of toxicant A, indicates that toxicant Ac cannot
account for the toxicity of toxicant A.
Toxicant B was reported to be six times more toxic to mice, intraperitoneally (ip), and two times more toxic to houseflies, topically,
than technical grade toxaphene (Khalifa et al., 1974).

However, Turner,

Engle and Casida (1977) reported a toxicity much less than standard
toxaphene and questioned the purity of the isolate of Khalifa et al.
(1974).
In addition to those components, Anagnostopoulos et al. (1974)
isolated substances I, II and III, and reported them to be 3-fold more
toxic, topically, than toxaphene.

Seiber et al. (1975) identified a

7 chloro-dihydrocamphene (2,5,6-exo, 8,8,9,10-heptachlorodihydrocamphene) which was found to be 2 and 1.5 times more toxic to
mice and houseflies, respectively, than standard toxaphene (Landrum
et al., 1976).
The components of toxicant A and toxicant B seem to be the most
important isolates with regard to toxicity.

On the basis of mouse ip

acute toxicity assays. Khalifa et al. (1974) reached the conclusion that
the potency of these two toxicants is such that they may contribute sig
nificantly or almost entirely to the acute toxicity of toxaphene to

4

mammals, assuming that the estimates of their content in the technical
grade were reasonably accurate and there are no synergistic or antago-

I

nistic toxic effects among toxaphene components.

However, the authors

concluded that the toxicity of these components to houseflies relative
to their amount in toxaphene indicates that these toxicants cannot ac
count for the toxicity of the technical material to these insects.
Therefore, other potent insecticidal materials must also be present in
technical toxaphene or there are interactions among components in the
toxicity.
Little is known about the metabolic and environmental fate of
toxaphene, in large part because of technical difficulties in examining
such a complex mixture of polychlorobornanes and other materials
(Holmstead et al., 1974).

To Matsumura and his colleagues (Chandurkar

et al., 1978) the lack of residue data in spite of the extensive use
of toxaphene is due to the difficulty in establishing analytical
procedures because of its chemical complexity, the lack of knowledge
as to which component to study, and the general lability of the major
components via metabolic, photochemical and other processes.
Toxaphene undergoes rapid dechlorination in mammals (Casida
et al., 1974; Crowder and Dindal, 1974 and Ohsawa et al., 1975) and
is metabolized in houseflies (Hoffman and Lindquist, .1952).

No toxa

phene metabolite other than chloride ion was identified in these
studies.

However, Saleh and Casida (1978) reported that toxicant B

(heptachlorobornane) undergoes reductive dechlorination at the termi
nal dichloro group to yield two hexachlorobornane isomers in a variety
of

vitro systems including bovine rumen fluid and rat liver
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microsomes (under anaerobic conditions with NADPH as the critical cofactor), and in rats and houseflies ^ vivo.

The heptachlorobomane

was also dehydrochlorinated in some of the systems in rats and houseflies 3^ vivo.

The authors found products similar in gas liquid chroma

tography (GLC) characteristics to toxaphene in fat from rats treated
orally with toxaphene.

The liver and feces of these rats contained

toxaphene-derived products of greatly altered GLC properties.

Mode of Action of
Chlorinated Insecticides
Despite the theories of the modes of action of chlorinated in
secticides (Martin and Wain, 1944; Lauger et al., 1946; Rogers et al.,
1953; Gunther et al., 1954; Mullins, 1955; Reimschneider, 1958;
O'Brien and Matsumura, 1964 and Matsumura and O'Brien, 1966a,b;
Soloway, 1963; Holan, 1969; Shankland and Schroeder, 1973; Uchida et
al., 1975a,b) the physiological basis for the toxicities of these in
secticides, especially at the molecular level, is far from completely
known.

Theories of the modes of action were reviewed by Winteringham

and Lewis (1959), Roan and Hopkins (1961), O'Brien (1967), Metcalf
(1955, 1973), Brooks (1974a,b), and Matsumura (1975).

Most of the

theories that still have merit are largely based on symptomology,
electrophysiological studies and physiochemical studies.

Symptomology
The sjTnptoms of DDT poisoning in the cockroach, Periplaneta
americana L., were reported by Brown (1963).

Tremors over the entire
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body were accompanied by uncoordinated movements of appendages resulting
in prostration and death.

Although this author stated that lindane

poisoning causes tremors followed by ataxia, convulsions, falling and
prostration in

americana, Harvey and Brown (1951) reported only

spasms, paralysis and death.

Cyclodienes, acting slower than lindane,

produced ataxia followed by convulsions and rapid paralysis.

Toxaphene-

poisoned insects demonstrated excitation, spasms, partial paralysis,
paralysis and death (Harvey and Brown, 1951).

In mammals toxaphene was

found to cause diffuse stimulation resulting in hyperexcitability,
salivation, vomiting, tremors and convulsions culminating in death by
respiratory failure (Conley and Stormont, 1952, and Brooks, 1974a).
Gianotti, Metcalf and March (1956) noted that although the in
itial sjnnptoms of poisoning by DDT and cyclodienes are the same, cyclo
dienes, unlike DDT, failed to show the increased peripheral activity.
The authors concluded that cyclodienes appear to affect the central
nervous system (CNS) and suggested the ganglia of the ventral nerve
cord (VNC) as the primary site of action.

Electrophysiological and
Physiochemical Studies
The interference of these insecticides with ion concentrations
across cell membranes has been reported in neuronal and other tissues
from various animals (Gordon and Welsh, 1948; Narahashi and Yamasaki,
1960; Matsumura and O'Brien, 1966b; Hayashi and Matsumura, 1967;
Narahashi and Haas, 1967, 19;68;
and Blackman 1972).

Wang and l^atsumura, 1969;

Nimmo

Electrophysiological studies revealed a
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correlation between these findings and the symptoms of poisoning
by some of these insecticides.
Administration of chlorinated hydrocarbon insecticides on nerve
tissue was reported to cause repetitive discharges (Yeager and Munson,
1945; Roeder and Weiant, 1946, 1948;
Wang and Matsumura, 1970).

Lalonde and Brown, 1954; and

These discharges were found to be modified

by ion concentrations in the bathing medium (Gordon and Welsh, 1948;
Narahashi and Yamasaki, 1960).
Based on electrophysiological data, Narahashi and Yamasaki
(1960) reported a DDT-influenced repetitive discharge in response to a
rise in the negative after-potential, a reduction in negative afterpotential with a rise in external potassium, and an augmentation in
•J-

negative after-potential with reduced concentration of K
bathing medium.

ions in the

-fThey concluded that DDT blocks the transport of K

ions across the nerve membrane to the inside.
Narahashi (1969), working with the voltage clamp technique and
the squid (Loligo forbesi Steenstrub) giant axon, reported that the
prolonged action potential associated with DDT was due to a slow
turning-off of the initial Na"*" current and inhibition of the turningon of the late k"'" current.
DDT (Matsumura and O'Brien, 1966b; Narahashi and Haas, 1967,
1968) and dieldrin (Hayashi and Matsumura, 1967) were found to cause an
acciamulation of Na"^ inside the nerve cells of
geirmanica L.

americana and Blatella

The authors attributed this accumulation to an increase in

influx that is not accompanied by an increase in efflux. Potassium ion
efflux was found to be increased.

Matsumura and O'Brien (1966a, b)

also reported a decrease in efflux of Ca

resulting in its accumula

tion inside the nerve due to DDT. Dieldrin was observed to decrease
2+

the concentration of Ca

due to increase in efflux and reduction in

influx (Hayashi and Matsumura, 1967).

I

Lalonde and Brown (1954) stated that dieldrin induced repeti
tive discharge of short trains of low voltage spikes (50 yV) which in
creased in frequency with time.

With a latent period of three hours,

toxaphene caused 100 spikes per second (amplitude of 100 pV) for 30
minutes, after which all activity ceased.

Lindane and chlordane

with

latent periods of one and five hours,respectively, also expressed
neurotoxicity.

Von den Berken and Narahashi (1974) observed that

aldrin-transdiol

caused blockage of action potentials in the squid

giant axon membrane, whereas Wang, Narahashi and Yamada (1971) reported
an increase in nerve activity due to dieldrin in sensory neurons.
Recent evidence has indicated that lindane and cyclodienes in
flict their action by enhancing acetylcholine release from the pre
synaptic membrane of cholinergic synapses (Shankland and Schroeder
1973; Uchida et al., 1975a; Uchida et al., 1975b; and Schroeder,
Shankland and Hollingworth, 1977).

Structure-Activity Relationship
Efforts to elucidate the structure-activity relationship by
using only limited members of isomers and/or focusing only on topo
graphic features of molecules (Mullins, 1955; Soloway, 1963; Holan,
1969; and Fahmi et al., 1973) seem to remain entirely speculative.
Mullins (1955) suggested a membrane structure that is still lacking

9

supporting evidence.

He proposed a membrane made of cylindrical sub-

units, of approximately 40 X diameter, stacked in such a way that pero
mits a groove-like space of 2 A between each three subunits. Only
lindane and p,p'-DDT, considering all of their isomers and analogs
have the proper steric fit for this space.

This fit allows a planar

orientation that permits them to exert an equal attraction of all three
cylinders drawing them inside, therefore expanding the pores and re
sulting in efflux of k"* and influx of Na"^.
According to the theory of Holan (1969), which was later ammended
by Fahmi et al. (1973), DDT and its symmetrical analogs form a "molec
ular wedge" when binding the phospholipids causing these latter com
pounds to expand.

Holan (1969) suggested a membrane-structure model in

which the phospholipids can assume two configurations:

an expanded one

rendering the membrane permeable to Na"*", and a compressed one allowing
k"*" permeability.
It has been hypothesized by Soloway (1963) that the cyclodienes'
toxicity depends on three factors:

the geometrical pattern of the in

secticide, the positions of chlorination, and the double bonds or elec
tronegative centers.

He further postulated that the more active

cyclodienes have two electronegative centers, and potency depends on
the interaction of these centers with a biological site for which
Busvine (1964) suggested parts of some vital enzyme.
Kiso et al. (1978) studied 38 lindane analogs, in which some
of the chlorine atoms were replaced by other substituents, in an at
tempt to clarify structure-activity relationship on a mosquito (Culex
pipiens pallens).

A sufficient hydrophobicity as well as a sufficient

stability for spontaneous decomposition
pensible to the activity.

vivo appeared to be indis-

For analogs satisfying these conditions,

the relative insecticidal activity was determined by steric effects of
substituents in a manner highly specific to their positions in the
molecule.

In order to exhibit potent activity, the analogs were

assumed to fit a hypothetical cavity in the wall at the critical site of
action with a proper contact at the meso-position as well as with a
suitable engulfment at the dl-positions. Substituents other than CI at
the dl-positions generally reduced the activity.
The hexachloronorbornane which is the basic and essential
moiety of cyclodiene insecticides is inactive by itself (Brooks and
Harrison, 1964).

The introduction of halomethyl groups and the ring

condensation at methylene carbons of hexachloronorbornene leads to
considerable insecticidal activity due to an increase in size
(hydrophobicity) of the halogen atom (Kiso et al., 1978).

The steric

requirements and/or hydrophobicity of the side (or cyclic) chain moiety
attached to hexachloronorbornene were very important in determining
the insecticidal activity. Kiso et al. (1978) concluded that the fac
tors seem to correspond with those required for the meso-position sub
stituents of insecticidal lindane analogs, i.e., a proper contact
with suitable hydrophobicity with the site of action.

Site of Action

Binding and Uptake
The uptake of chlorinated insecticides by different tissues and
certain tissue components has been studied with the aid of autoradiography.

Robbins and Dahm (1955), using

14
C-DDT, reported high radio

activity in foregut, hindgut, fat body and feces.

As the nerve tissues

showed very little radioactivity, the authors excluded the nervous tis
sue as the primary site of action.

However, evidence in studies that

followed tends to emphasize accumulations of these insecticides about
nerve tissue, yet they do not agree on tissue components.

Accumula

tion of dieldrin about the nerve cord of the German cockroach was
shown by Ray (1963).

Kurihara, Nakajima and Shindo (1970) reported

14
C-dieldrin localizations about the CNS, brain and ganglia.
Telford and Matsumura (1970), seeking to determine in vitro
distribution of

14
C-dieldrin in subcellular fractions of brain and VNC

homogenates of the German cockroach, have shown that the greatest
radioactivity was in fractions containing cellular membranes, espe
cially nerve ending particles.

Electron microscopic autoradiographic

studies revealed ^^C localization outside and inside axonic membranes
14
of sections of abdominal VNC incubated ^ vitro with ' C-dieldrin
(Telford and Matsumura, 1971).

Employing the differential centrifuga-

tion technique, Matsumura and Hayashi (1969) studied the binding pat
terns of five insecticides in the rat and

americana.

They observed

that dieldrin and DDT had the highest binding capacity in nerve cell
membranes.

However, Sellers and Guthrie (1971) reported localization
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of

3

H-dieldrln only about neural lamellar connective tissue of the

thoracic ganglia of houseflies.
36
Cl-DDT was found associated with the cytoplasm of nerve cell
bodies in VNC ganglia of the leech (Webster, 1967).
Guthrie (1972), employing

However, Coons and

3
H-DDT, reported no localizations with nerve

cell bodies or glial cells but found associations with connective tis
sue of neural lamellae in the VNC of

amerlcana.

The work of O'Brien, Matsumura and their colleagues culminated
in a binding theory for DDT and dieldrin with nerve membrane.

As a

result of binding an insecticide-nerve membrane-lipoprotein complex is
formed having a charge transfer nature with first order kinetic
properties (O'Brien and Matsumura, 1964; Matsumura and O'Brien 1966a,
b; and Hayashi and Matsumura, 1967).

The preceding investigations

employed Sephadex column elution and absorbance spectra techniques.
However, Hatanaka, Hilton and O'Brien (1967) later reported artifacts
associated with column elution as non-nerve tissue components as well
as surfactants passed through Sephadex coltimns in a manner similar
to DDT-nerve homogenate complexes, and Wilson, Flshbein and Clements
(1971) noted that DDT alone produced the spectral changes observed.
Recently lecithln-alkane bilayer

S3mthetic

membranes and Torpedo

electroplax phospholipids were used to investigate the mode of action
and structure-activity relationship of DDT with ambiguous, yet in
teresting, findings (Hilton and O'Brien, 1970; Tlnsley, Hague and
Schmeddlng, 1971; Hilton et al., 1973; Reinert and Tlnsley, 1977;
O'Brien, Herbert and Hilton, 1977; and Jackson and Gardner, 1978a).
•f"
valinomycln-lnduced K conductance in a lecithin-decane membrane was

The

markedly decreased by 3X10

DDT.

The anti-biotlc valinomycin was es

sential for DDT-reduction of conductance (Hilton and O'Brien, 1970).
When dieldrin and lindane were added in the same concentration (3X10 ^
M) they produced the opposite effect to DDT,
membrane conductance.

i.e., an increase in

The authors suggested that DDT, dieldrin and

lindane may have the same effects on the axonic membrane.
Tinsley et al. (1971) observed the binding of DDT to lecithin
matrix, and suggested that DDT was exerting its effect by binding to
the lipid bilayer rather than to the K

carrier (valinomycin).

Study

ing the incorporation of different DDT-analogs in the lipid bilayer
with proton magnetic resonance (PMR), Reinert and Tinsley (1977) showed
that the analogs were incorporated in the fluid apolar interior of
the lipid bilayer.

These authors indicated that hydrophobicity of the

molecule was more important in binding than lipophilicity.
Effects of p,p'-DDT and thirteen analogs were investigated upon
the K

conductance induced by valinomycin in a lecithin-octane bilayer

(Hilton et al., 1973).

Eight compounds decreased conductance, four

relatively polar analogs increased conductance, and one had no effect.
However, four of these affecting conductance were physiologically in
active.

The authors indicated that DDT was causing alterations in con

ductance by affecting the fluidity of the membrane. Yet in a more
recent work by the same group (O'Brien et al., 1977), using flat bilayers of Torpedo electroplax phospholipids and florescence correlation
spectroscopy, they reported that neither DDT nor its physiologically
inactive analog p,p'-hydroxy-DDT affected the fluidity of the membrane.
O'Brien and his colleagues admitted that they pursued the effect of

14

-fDDT on valinomycin-induced K conductance to indicate that DDT inter
feres with conductance in membranes. They also acknowledged that the
physiological basis for the toxicity of p,p'-DDT is repetitive firing of
axons, and that this effect is principally due to a prolongation of the
increase in Na

conductance during excitation which they described

pictorially as "holding open the sodium gate".
It should be mentioned that artificial membranes are solely
lipid bilayers devoid of proteins, whereas the axonic membrane is 60%
protein by weight.

The protein is embedded in a phospholipid matrix.

There is evidence of association of DDT and dieldrin with proteins and
lipoproteins.

Barnola, Camejo and Villegas (1971) reported accumula

tion of DDT in nerve fiber plasma membranes associated with the lipo
protein structure of nerve cell membranes. Using dialysis, Jakubowski
and Crowder (1973) noted the interaction of

14
C-dieldrin with neural

protein alone.
In the early 1960's the concept emerged of a (sodium + potassium)

+ +

magnesium activated adenosine triphosphatase (Na -K

ATPase) intimately

involved in the active transport of Na"*" across biological membranes.
Two main groups of workers, one lead by Koch and the other by Matsumura,
suspected this enzjraie system to be the site of action for chlorinated
hydrocarbon insecticides.

These investigators initiated the work on

the inhibition of adenosinetriphosphate phosphohydrolases (ATPases) by
chlorinated insecticides.

This has yielded an enormous number of con

tradicting reports in the last ten years, adding to the ambiguity sur
rounding the mode of action of these insecticides.

However, the

functions, localizations and relationships of all the ATP-related
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systems or the enzyme complexes known as ATPases are far from completely
understood.

ATPases of the Plasma Membrane
ATPases in general are membrane bound enzjraies that split adenosinetriphosphate (ATP) into adinosinediphosphate (ADP) and inorganic
phosphate (Pi) by removing the terminal phosphate (y phosphate) in ATP
by hydrolysis.

The plasma membrane is characterized by the presence of

two ATPase activities:
of Mg

2+

the Mg

2+

ATPase which requires only the presence

+ +
with ATP, and the Na K ATPase activity that requires the

2"t"
simultaneous presence of Mg , Na

"t"
and K with ATP. The latter has, so

far, received the greatest interest and study.

Na"^

ATPase
Animal cells show, with few exceptions, a high intracellular

+
+
level of K and a low intracellular level of Na , whereas the external
environment of these cells show the converse pattern. This asymmetric
distribution of Na

*4"
and K across the plasma membrane is brought about

in eucaryotic cells by their transport against an electrochemical
gradient, a process that requires expenditure of energy (Harris, 1941;
Harris and Maizels, 1951; and Conway and Hingerty, 1948).

It is esti

mated that 20-45% of resting respiration in mammals is used for main
taining these reciprocal concentration differences (Whittam, 1964).
Active transport of Na"*" and k"*" serves many important physio
logical functions in the animal body.

It influences the maintenance

of cell volume (Hodgkin, 1951; and Kleinzeller, 1972), absorption
processes in kidney and intestine (Christensen et al., 1952, and
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Schultz et al., 1970) and excitability in nerve and muscle (Hodgkin,
1964).

The active transport of sugars and amino acids in many animal

"h
"f"
tissues is also dependent on proper distribution of Na and K ions
(Christensen, Liang and Archer, 1967).
The active transport system of Na"^ which requires the presence
of K

in the outer side of the membrane is referred to as the cation

transport or the sodium pump.

The energy supply for the operation

of the pump is believed to originate from a direct linkage to oxidative
phosphorylation (Shanes, 1951; Maizels, 1954; and Hodgkin and Keynes,
1955), or to glycolytic metabolic processes where oxidative metabolism
is absent or virtually absent (Harris, 1941; Danowski,
Maizels, 1951).

1941; and

However, it has been shown by experiments with nerve

(Caldwell, 1956; Caldwell and Keynes, 1957; Caldwell, 1960; and Caldwell
et al., 1960) and with erythrocyte membranes (Dunham, 1957; Whittam,
1958; and Hoffman, 1960) that the energy source for the sodium pump is
an energy-rich phosphate ester, ATP, and that the ptimp is neither linked
directly to oxidative nor to glycolytic mechanisms in the cell.
Skou (1957, 1960) acknowledging the need for an ATPase to
provide the energy of hydrolysis of ATP, sought and found a sodiumstimulated ATPase activity in a membrane fraction of a crab nerve.

He

suggested that this enzyme might be involved in, or is the enzjrmatic
expression of the coupled Na'^'-K— transport system (Skou, 1965a).

Since

Skou's discovery the Na'^'-K"'" ATPase has been extensively studied,
particularly in the nerve and erythrocyte membranes.

These studies

have provided strong circumstantial evidence that this enzyme is the
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molecular requirement that converts the energy of hydrolysis of ATP into

+

vectorial movements of Na

+

and K .

Both the transport system (the sodi

um pump) and the enzyme system (Na"*'-K"'" ATPase) have been frequently re
viewed in the last fifteen years (reviews by Skou, 1965a, 1971, 1973 and
1975; Albers, 1967 and 1976; Glynn, 1968; Bonting, 1970; Whittam and
Wheeler, 1970; Askari, 197A; Repke and Schon, 197A; Dahl and Hokin,
1974; Glynn and Karlish, 1974 and 1975; DeWeer, 1975; Jorgensen, 1975a;
Whittam and Chipperfield, 1975; and Repke, 1977).
The enzyme system does not show absolute specificity for ATP,
although it is the most effective nucleoside triphosphate.

Hegyvary

and Post (1971) reported relative activities of Na'^-K'*' ATPase with
various nucleotides of 100:49:2.3:2.4:0.6 for ATP, dATP, CTP, ITP and
GTP and UTP, respectively, whereas Hokin and Yoda (1964) reported no
ouabain sensitive hydrolysis of UTP. The essential presence of Mg
found to be closely associated with ATP.
when the Mg

2"^"

2+

was

Optimal activity was obtained

concentration was approximately equal to that of ATP

(Bonting, 1970), and when either of them was present in large excess
over the other, inhibition occured (Schoner et al., 1967, and Moake et
al., 1970).

It is still uncertain which of the species (Mg-ATP, free
2+

ATP or free Mg ) combine with the enzyme under physiological conditions
(Glynn and Karlish, 1975).

Probably Mg

-ATP is the true substrate as

supported by a kinetic test showing that K

for free Mg

2+

at a partic-

U•D

ular total ATP concentration was equal to the
same total Mg

2+

^ for free ATP at the

concentration (Hexum, Samson and Himes, 1970, and

Robinson, 1974).

Both Mn^"*" and Co^"*" can substitute for Mg^"*^ with one-

tenth the efficiency (Atkinson and Lowe, 1972).

Fe

^j

, Ca

^j

^j
gi
, Zn , Cu ,

Ba

2+

2+

, Sr

and Be

2+

inhibit the Mg

2+

dependent ATP hydrolysis

(Donaldson, Minnich and Barbeau, 1971; Bowler and Duncan, 1970; and
Robinson, 1973).
Na"*" is an absolute necessity for activation at the inner side
of the membrane or the "sodium site" (Skou, 1974a,b and 1975).
have been found to replace completely internal Na

No ions

in activating the

"4"
"f*
sodium pump, although H may be able to replace Na in activating the
"i" "4"
"4"
Na K ATPase (Fujita et al., 1968), and there is some evidence that H
"4"
may partially replace Na in intact muscle (Keynes, 1962).
"1"

hand, K

On the other

can be replaced by numerous monovalent ions with varying

degrees of efficacy.

Skou (1965b) reported the order of effectiveness

"4"
"f*
"i"
+
"t"
as K > Rb > NH, > Cs > Li .
4

Also T1

"h
can substitute for K and has

been found to have ten times the affinity of K"*" for the enzyme (Britten
and Blank, 1968; and Skulskii, Manninen and Jamefelt, 1973).
Different models have been presented to elucidate the function
ing of the pump by postulating on the molecular events (Glynn, 1968;
Skou, 1965a,b and 1974a,b; Opit and Charnock, 1965; Post, Sen and
Rosenthal, 1965; Jardetsky, 1966; Lowe, 1968 and Stone, 1968).

In view

of the complexities of the steady-state kinetics of the ATPase reaction,
studies of partial reactions and the phosphorelated intermediates were
approached.

The implications of the results of these experiments on the

molecular events of the system were discussed in recent reviews (e.g.,
Skou, 1975; Jorgensen, 1975a; Albers, 1976 and Repke, 1977).
Partial reactions were related to a hypothetical transport
model which integrates a variety of physiological and biochemical
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observations.

The model postulates: (1) at least partial coupling be-

"t"
"t"
tween Na and K transport, (2) physical identity between the transport
system and the Na

*4"
K ATPase, and (3) association of the vectorial

transport events with conformational transitions of the enzyme protein.
The conformation with ionophoric sites oriented inward is designated
and that with ionophoric sites oriented outward, E . In broadest outo
line, the model can be indicated as occurring in four stages per trans
port cycle:
E. + ATP + Na..."^:^ E -PCNa"*") + ADP
1
(i)
i

(1)

E^-PCNa"^) +

(2)

E^-P +

E^(K)^:?S: E. + Mg^"^ +

(4)

The reaction is initiated by ATP binding E^ form of the enzyme
with high affinity for ATP (Jensen and Norby, 1971 and Norby and Jensen,
1971).

The affinity for ATP is decreased by k"*"; conversely, ATP de

creases the k"*" affinity of this form (Swann and Albers, 1975a,b; Skou,
1974a).

Without ATP, affinity for k"*" is 2-3 higher than that for Na"*",

and ATP presence alters this to 3-4 in favor of Na (Skou, 1974a). How
ever, the phosphorylation of the enzyme is strictly dependent on Na"*"
(Kanazawa, Saito and Tonomura, 1970, Mardh and Zetterquist, 1974) or a
"i" "f"
high Na :K ratio (Skou, 1974a,b).

Therefore the first two steps of the

reaction are Na^ dependent, and are responsible for the translocation of
Na"*".
The other two steps are dephosphorylation of the enzyme and the
~i"
"I"
translocation of K . Dephosphorylation is K dependent (Fukushima and
Tonomura, 1973).
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This model, however, is by no means completely acceptable.
There is still controversy on whether only one or two ionophoric sites
exist.

Skou (1975) presented evidence for the presence of more than

one rotating site, while Jorgensen (1975a and 1975b) demonstrated con
formational changes influenced by ATP and the ions, and these changes
were accompanied by changes in affinities for these ions.
The sodium pump was found to operate in five different modes

+ +

under different conditions: (1) Na -K

exchange — the normal mode

(Skou, 1957), (2) a reversed mode s5mthesizing ATP (Garrahan and Glynn,
"t"
1967), (3) Na -Na exchange that requires the presence of ATP but does
not consume it (Baker-et al. 1971 and Beauje and Ortiz, 1973), (4)
"i" "I"
K -K exchange not associated with ATP hydrolysis and observed in

+

erythrocytes with low Na

content (Glynn, Lew and Luthi, 1970, and

Simons, 1974), and (5) uncoupled efflux of Na"*" — i.e., not accompanied

+

by the uptake of Na

+

or K

(Glynn and Karlish, 1974).

The occurrence of Na"^K"^ ATPase is almost universal (Bonting,
1970).

The most convenient sources of the mammalian enzyme are brain

and kidney (Hokin, 1974, and Jorgensen, 1974a,b).

The molecular

structure of the system was reviewed by Jorgensen (1974a, and 1975a).
The most highly purified preparations contain two different subunits by
the criteria of SDS-polyacrylamide gel electrophoresis.

The larger sub-

unit (85,000-100,000 daltons) contains the catalytic site which is phosphorylated in the ATPase reaction (Kyte, 1971; Uesugi et al., 1971,
Collins and Albers, 1972). The smaller subunit (45,000-60,000 daltons)
is a glycoprotein of undetermined catalytic function. Jean, Albers and
Koval (1975) considered it to be an integral component of the enzyme as
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antisera to this component of Electrophorus enzyme inhibit the ATPase
reaction.
Phospholipids are evidently an integral part of the active trans
port complex (Roelofsen and van Deenen, 1973).

Simpkins and Hokin (1973)

obtained evidence that the phospholipid still associated with purified
ATPases possesses bilayer characteristics.
dicate-that

A variety of experiments in

there is some specificity in the requirement for phospha-

tidylserine.

Other studies suggest that cholesterol may be effective

(Noguchi and Freed, 1971, and Jarnefelt, 1972) after lipid depletion.

Mg

2"i"

ATPase
The Mg

presence of Mg
system.

2"1"
2^"

ATPase activity of the plasma membrane requires only the
and ATP.

It was thought to be a part of the transport

However, the evidence now supports it as a separate enzyme

system (Bonting, 1970).
Mg

2"t*

"f* *4"
ATPase differs from Na K ATPase in many ways.

subject to inhibition by cardiac glycosides.
+

by small amounts of Ca

in the presence of Mg

greater concentrations (Skou, 1965b).

It is not

Its activity is increased
2+

, but is inhibited at

2"^
Mg - ATPase can utilize ITP

(Skou., 1960) and ADP (Herbert, 1965) as well as ATP.

This enzyme in

erythrocytes hydrolyses only ATP present outside the membrane (Hoffman,
1962).

While Na''"K'*' ATPase consists of a phospholipid-protein membrane

2"H
complex, Mg
ATPase is primarily a protein present on the outside of
the membrane with a molecular weight of 250,000 daltons (Tanaka and
Strickland, 1965).

However, Skou (1961) and Schatzmann (1962) reported

that the integrity of a phospholipid component is essential for ATPase
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activity in both systems.

It is, therefore, suggested that Mg

2"i"

ATPase

activity of the plasma membrane is a separate enzyme system from that of
the cation pump (Nakao et al., 1963).
Duncan (1965) proposed that Mg
passive transport of ions.

ATPase is responsible for the

He elaborated his theory in 1967 and gave

the enzyme system the name "mechanoenzyme".

The Mg

2+

ATPase activity

of the plasma membrane share some characteristics with the mitochondrial
ATPase and the myosin ATPase.

Both enzymes can use ITP and a variety of

nucleotide triphosphates as well as ATP (Ulrich, 1963; and Kielley,
1961).

The molecular weights of the two enzymes are of the same magni

tude (Gent et al., 1964).

Duncan (1967) suggested that the mitochondrial

ATPase is responsible for the changes in volume and shape of the mitochondria, and the Mg
cal character.

2+

ATPase of the plasma membrane share this mechani

Lehninger (1962) suggested that the mitochondrial re

spiratory enzyme assembly functions both to convert oxidation reduction
energy into the phosphate bond energy and also into mechanical energy.
2+

The mitochondrial Mg

ATPase is characteristically subject to

inhibition by oligomycin and is known as oligomycin-sensitive Mg ATPase
(0-S) -(Kagawa and Racker, 1966) while that of the plasma membrane is
oligomycin-insensitive (O-I).
A Mg

2+

activated ATPase activity was found in synaptic vesicles

of rat brain (Germain and Proulx, 1965) and guinea pig brain (Kadota,
Mori and Imaizumi, 1967).

This activity was activated by Ca"^ as well.

It could use ADP but not AMP as a substrate.
oligomycin or ouabain.

It was not affected by

Germain and Proulx (1965) suggested that this

activity might intervene in the storage and release of acetylcholine.

Apps and Glover (1978) isolated and characterized a Mg
from the chromaffin granule membranes.

ATPase

Electrophoretic analysis sug

gested the presence of at least three types of subunits giving a
molecular weight of 400,000.

They have similar electrophoretic mobil

ity to the major subunits of mitochondrial ATPase (0-S) although they
differ in sensitivity to oligomycin.

The authors speculated that the

two enzymes may possess subunits in common.

They suggested that the

enzyme might be invloved in the release mechanism of the chromaffin
granule's contents.

ATPases Inhibition by Chlorinated Insecticides
Several reports have demonstrated that organochlorine insec
ticides have inhibitory effects on vertebrate and invertebrate ATPase
systems (Koch, 1969a; Koch, Cutkomp and Do, 1969; Matsumura and Patil,
1969; Matsumura, 1970; Davis and Wedemeyer, 1971; Chu and Cutkomp,
1971; Koch, Cutkomp and Yap, 1971; Akera, Brody and Leeling, 1971;
Bratkowski and Matsumura, 1972; Desaiah, Cutkomp and Koch, 1974,
1975; Doherty and Matsumura, 1975; Phillips and Wells, 1974;
Yap et al., 1975; Desaiah and Koch, 1975a,b;

Cutkomp et al.,

1976; Cheng and Cutkomp, 1977; Folmar, 1978; Jackson and Gardner,
1978b,c;

Younis, Telford and Koch, 1978; and Trottman and Desaiah,

1978). ,
Koch (1969a) presented evidence that chlordane, aldrin, dieldrin,
lindane and DDT have an inhibitory effect on rabbit brain ATPase activities.

"f* ^
Na K ATPase was found less sensitive to inhibition by insec-

ticides than Mg

2+

ATPase.

DDT inhibited Mg

2+

ATPase but had only a
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H" +
slight effect on Na K ATPase even though DDT was present in-excess.
2H"
Chlordane was as effective as DDT in inhibiting Mg
ATPase but was more
potent than DDT in inhibiting Na'^K'^ ATPase.
•f"
greater inhibitory effect on Na K

Lindane had a slightly

ATPase than on Mg

2*4"

ATPase.

Koch

(1969a) concluded that the inhibitory effects of chlorinated insecticides
on the ATPase systems of nerve cells could account for the observed
toxic effects of these insecticides.

However, in a similar study Koch

et al., (1969) found that the physiologically inactive p,p'-DDA was as
+ +
effective as p,p'-DDT and more effective than p,p'-DDE as a Na K
ATPase inhibitor in nerve tissue of the American cockroach.

All DDT-

related compounds, except dicofol (Kelthane), produced the greatest
inhibition on Mg

ATPase of both nerve and muscle of the American

cockroach.
The rat brain was also found to contain ATPase activity sensitive
to DDT and its toxic analogs (Matsumura, Bratkowski and Patil, 1969;
Matsumura and Patil, 1969; Bratkowski and Matsumura, 1972; Akera et al.,
1971). A Na'^K^ ATPase preparation from the nerve-ending particle frac
tion was particularly sensitive to DDT and relatively insensitive to DDE
and other noninsecticidal derivatives (Matsumura et al., 1969).
Bratkowski and Matsumura (1972) reported a DDT-induced total inhibition
*4" "t"
of Na K ATPase in a rat brain synaptosomal preparation. However, Akera
et al. (1971) reported that p,p'-DDT, o,p'-DDT, p,p'-DDE and dieldrin
are equipotent as inhibitors of Na'^K*'" ATPase, whereas chlordane is sig
nificantly more potent.

They were unable to observe a correlation be

tween the insecticidal action of these agents and their potency as
inhibitors of rat brain Na'^K*'" ATPase. But, they stated that this lack of
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relationship does not necessarily rule out the possiblity that this is
a target enzyme for insecticides.

Matsumura (1970) disregarded the

possibility as intoxication with ouabain did not show the DDT-poisoning
symptoms.
Cutkomp et al. (1971) detected a prominent inhibition of Mg

2+

ATPase by DDT and DDE in tissue homogenates of fish muscle, brain, kid
ney and liver

vitro.

Less effective, when compared at low concentra

tions, were o,p'-DDT and dicofol.
little effect.

EDA was inactive and methoxychlor had

Dicofol was the only closely related compound to DDT

"f"
which had a greater effect on Na K ATPase of the brain than the Mg
ATPase.

Cutkomp and co-workers reported a synergistic effect when DDT

and dicofol were combined, producing greater inhibition of muscle ATPases.
The Na'''K"'" ATPase enzyme of a brain heavy microsomal fraction
of rainbow trout, Salmo gairdneri, was inhibited ^ vitro by the
organochlorines dicofol, endosulfan and DDT in a dose response manner
with

-6
-5
-A
values of 5 x 10
M, 3 x 10
M and 1 x 10
M, respectively.

Similar effects were observed in kidney and gill ATPase enzjmies (Davis
and Wedemeyer, 1971).
Phillips and Wells (1974) studied the effect of DDT dji vivo upon
ATPases of five turtle species.

4" "t"
24*
Total ATPase, Na K ATPase and Mg

ATPase of liver, intestine and cloacal bladder were significantly
inhibited by 53 yM DDT.

2+

The mitochondrial Mg

ATPase was noted to be the most sensitive

ATPase to DDT in fish (Koch et al., 1971), in American cockroach (Desaiah
et al., 197A; Cheng and Cutkomp, 1977; Younis et al., 1978) and in trout
(Jackson and Gardner, 1978b,c).

The mitochondrial Mg

2+

ATPase

(0-S) was almost totally inhibited by DDT and DDE, while the non2+

mitochondrial Mg
DDT and DDE.

ATPase was only about one-fourth as sensitive to

Aldrin was the least effective inhibitor of total Mg

2+

ATPase, and was inflicting a greater effect on non-mitochondrial Mg
ATPase.

2+

Chlordane had effects similar to aldrin (Koch et al., 1971).
Analogs of DDT (ethoxymethyl- and methoxymethio-derivatives)

compared to DDT for their inhibitory action on the ATPase systems from
tissues of
DDT.

americana, show similar but less inhibitory effects than

2+
Mitochondrial Mg
ATPase from coxal muscle was more sensitive

to DDT than the two analogs; whereas the muscle and nerve cord
showed about equal sensitivity to the biodegradable analogs.
chondrial Mg

2+

Mito-

ATPase from nerve cord was more sensitive to the three

compounds than the Na'^K"*' ATPase activity (Desaiah et al., 1974).
Cutkomp et al. (1976) reported that in jP. americana sublethal doses of
pvp'-DDT over a period of 25 days resulted in a significant reduction

of the (0-S) Mg
on (O-I) Mg

2+

2+

ATPase (mitochondrial) but no significant reduction

ATPase of the coxal muscle.

DDE and solvent control

(ethanol) did not inhibit ATPase activities.
icant inhibition of all ATPases was observed.

In nerve cords, signif
A single high dose of

DDT (7.5 mg/cockroach, approximately LD^^) resulted in a dramatic in2+

crease of both (O-I) and (O-S)Mg

ATPase of coxal muscle, reaching as

high as 132% and 57.2% in the ATPases, respectively.
changes were small

In the nerve cord

and the only significant change occurred in (0-S)

Mg^"*" ATPase.
Cyclodiene insecticides were found to cause inhibition of
ATPase, Yap et al. (1975) reported an in vitro inhibition of fish brain
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ATPase activities by aldrin and chlorinated naphthalenes.

Cyclodiene

+ +
2+
insecticides have been reported to inhibit both Na K and Mg
ATPase
activities, but in general, were more effective than DDT as inhibitors
of Na'^K'^ ATPase (Koch et al., 1969; Chu and Cutkomp, 1971; Cutkomp et
al., 1971; Desaiah and Koch, 1975a; and Folmar, 1978).
Toxaphene has been the least tested of all chlorinated insecti
cides on ATPase activities.

Desaiah and Koch (1975b) investigated the

effects of toxaphene on the ATPase activities of the kidney, brain and
gill tissues from the catfish, Ictalurus punctatus.

Toxaphene in

hibited all three ATPases in all three tissues tested.

Toxaphene

+ +
2+
2+
inhibited Na K , (0-S) Mg
and (O-I) Mg
ATPase activities in fish
brain to the extent of 50% with a pronounced effect on (O-I) Mg
ATPase.

2+

Toxaphene had lesser inhibitory effects on kidney than on brain

ATPases.

(O-I) Mg

2+

ATPase of kidney showed increased inhibition with

increasing concentration of toxaphene; the effect on (O-S) Mg

2+

ATPase

was biphasic.
Effects of toxaphene on ATPase of kidney, brain and liver of the
mouse both
(1978).

vitro and ^ vivo were studied by Trottman and Desaiah
"I" "I"

Na K

ATPase in brain and kidney was inhibited by toxaphene

in vitro with an estimated
ATPase was inhibited
brain and liver with
I) Mg
Mg

2*4*

2+

of 7.5 yM.

Oligomycin-sensitive Mg

2+

vitro in a dose dependent manner in kidney,
values of 15, 15 and 20 yM, respectively. (0-

ATPase showed less sensitivity to toxaphene as compared to (O-S)

ATPase in all tissues examined.

For

vivo effects ICR mice were

fed with toxaphene in corn oil at 10, 25, and 50 mg/kg/day for
three days.

Forty percent mortality was observed at 50 mg/kg/day dose.

Animals were sacrificed 36 hr after the last treatment.

ATPase activ

ities of kidney and liver were significantly decreased in toxaphenetreated mice.

Brain ATPases were not affected.

The authors suggested

that this insecticide may be interfering with hepatic and renal func
tions rather than nervous functions.

Objectives
The ATPases were suspected as possible sites of action of
toxaphene.

Therefore the effects of toxaphene on the plasma membrane

+ +

ATPases(Na K

ATPase and Mg

liver of the mouse both

2+

ATPase) were studied in kidney, brain and

vivo and ^ vitro.

In vitro effects of

toxaphene on ATPases of the central nervous system and the Malpighian
tubules of the American cockroach, P^. americana, were also determined.

MATERIALS AND METHODS

Exparlmental Animals
Mice used in the first

vivo experiment were male Swiss mice

obtained from Charles River Laboratories, Inc. and maintained in the
Department of Entomology's rearing room.
and Purina

R

Rat Chow.

They had free access to water

Male Swiss Webster mice used in both the second

in vivo and in vitro investigations were obtained from the University
of Arizona Department of Veterinary Science and maintained on Wa3me's
T>
Lablox and water ad libitum in the rearing room. Adult male cock
roaches, Periplaneta americana (L.), were removed from cultures and held
separately in the rearing room

with free access to water and food con-

R
sisting of honey and glycerin-coated Purina Dog Chow (1:1:12 v/v).
The rearing room was kept at 24 + 3°C, 40% relative humidity and a
light:dark cycle of 9:15 hours.

Experimental Design

First ^ vivo Experiment
Male mice were used at twenty- to thirty-weeks of age and
weighing approximately 38 g.

Eighteen mice, each constituting a repli

cate, were dosed by oral gauge with 112 mg/kg of toxaphene (obtained
from Hercules, Inc. batch number XI6189-49) in 0.16 cc of Mazola
oil.

corn

Toxaphene was first dissolved in acetone, then added to corn oil

followed by evaporation of acetone.

Mice surviving the dose were
29
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sacrificed 60-90 minutes later i.e., during the poisoning sjmiptoms
period as described by Butler (1976).

The first symptom occurred within

45 minutes; mice would lie motionless in a prone position with labored
breathing.

The second symptom, which occurred between 60 and 90 minutes

after dosing, consisted of hyperactivity Illustrated by kicking, chewing,
and uncoordinated jerky movements with rapid breathing tremors. If death
occurred within the first hour, mice were immediately processed.

Con-

trols (N = 18, 1 mouse/replicate) were dosed with 0.16 cc Mazola

com

oil and sacrificed 60~90 minutes later.

Second

vivo Experiment
Male mice were employed when nine- to eleven-weeks old and

weighing approximately 28 g.

Treated (N = 35, 1 mouse/replicate) and

the control mice (N = 28, 1 mouse/replicate) were exposed to toxaphene
and corn oil, respectively, in the same manner described above.

In vitro Experiments
Twenty mice (each constituting a replicate) were used to study
the effects of in vitro toxaphene exposure on mouse tissues.
tissue was subjected to four treatments and two controls;
10 ^M, 10

and 10

Each

-4
10 M,

toxaphene; 10 yl ethanol and untreated controls.

Three subsamples were run for each treatment in each of the three tis
sues.
Tissues from three cockroaches were combined to constitute a
replicate.

Fourteen replicates were performed in the same manner de

scribed above for mice.
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Tissue Collection and
Homogenate Preparation
Brain, whole liver and the right kidney were dissected immedi
ately after sacrificing the mouse, washed with ice cold homogenization
solution (pH 7.6) containing 0.25 M sucrose, 10 mM Tris ((hydroxymethyl)
amino-methane) and 0.5 mM EDTA (ethylene diamine tetraacetic acid)
(Clark and Nicklas, 1970), and cut into small pieces with scissors.
Each tissue was then transferred to a pre-weighed beaker containing 2
ml ice cold homogenization solution and weighed.

Average weights of the

three tissues of both strains are presented in Table 1.
Adult male cockroaches were selected ad libitum and the
Malpighian tubules and central neirvous system were dissected and trans
ferred immediately to ice cold homogenization solutions.
The method used in tissue fractionation was after Koch <1969b)
except for modification of the homogenization solution previously de
scribed.

All tissues were homogenized by a motor-driven homogenizer

at 500 rpm for 2 minutes.

The liver was homogenized in 15 ml homogen

ization solution, brain and kidney in 10 ml each, and cockroach tissues
in 5 ml each.

The whole homogenate was centrifuged for 10 minutes,

with two washings, at 0°C and 900 g in a Sorvall RC2-B refrigerated
centrifuge.

The supernatant from cockroach tissues was retained as

the homogenate fraction.

Mouse tissues were further centrifuged for 20

minutes at 0°C and 13,000 g; the resulting pellet was resuspended in
homogenization solution to a volume of 5 ml and used as the homogenate
fraction.

Glassware used in the fractionation procedure was maintained

ice cold with crushed ice.
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Table 1.

Average weights of organs and tissues in the two strains of
mice (in grams) + S.E.

Strain

Body
Weight

Liver
Weight

Kidney
Weight

Brain
Weight

Swiss

37.58+0.31

1.65+0.10

0.29+0.02

0.33+0.03

Swiss Webster

27.71+0.13

1.04+0.06

0.19+0.02

0.18+0.0
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Electron Microscopy
The pellets of homogenate fractions for liver, brain and kidney
were prepared as previously described and immediately fixed in 0.1 M
sodium cacadylate buffer (pH 7.4) containing 2% glutaraldehyde for 2
hours.

The tissues were post fixed in the same buffer containing 2%

OsO^ (osmium tetraoxide) and dehydrated in ethanol.

They were then

embedded in Epon 812 and silver-sectioned with a Sorirall MT-2 microtome.
The sections were examined on a Philips EM 200 electron microscope at
a magnification of 11,600.

This technique was performed by Dr. W. R.

Ferris, Professor, Department of Cell and Developmental Biology,
University of Arizona, in his laboratories.

Enzyme Assay

First ^ vivo Experiment
The reaction mixture was prepared as a stock solution and kept
refrigerated.

It contained (as final concentrations in the stock solu

tion) 5 mM ATP (Adenosine 5'-tri-phosphate Disodium salt; Eastman
Kodak Co.), 5 mM Mg
22 mM

2+

+
(as CI salt; from Merck Chemical Co.), 90 mM Na ,

(both Na and K as CI salts; Matheson Coleman and Bell

Manufacturing Chemists), 118 mM imidazole buffer (pH 7.5; J. T. Baker
Co.), 0.19 mM NADH (Diphosphopyridine Nucleotide "Reduced NADH Di
sodium"; ICN Pharmaceuticals, Inc.), 0.5 mM PEP (phospho enol pyruvate;
Sigma Chemical Co.) and three units of pyruvate kinase (ICN Pharmacenticals. Inc.). Another stock reaction mixture was prepared as above ex
cept for the addition of 1 mM ouabain (ICN Pharmaceuticals, Inc.).
"f" "f"
ouabain is a cardiac glycoside which specifically inhibits the Na -K
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ATPase (Mcllwain, 1963).

One hundred microliters of each homogenate

fraction were added to 3 ml of reaction mixture.

Enzyme activities

were measured at 37°C for 40 minutes using a Napco model 220 water
bath.

Stoppered 12 ml centrifuge tubes were used as reaction vessels.

The reaction was stopped by addition of 100 yl ice cold 30%
trichloreacetic acid (TCA).

Second ^ vivo Experiment
The enzyme activities were determined by the procedures of Skou
(1957, 1960).

The reaction mixture (3 ml) contained, in final concen

trations, 5 mM ATP, 5 mM Mg^"*", 90 mM Na"^, 19 mM K^, 120 mM imidazole
buffer (pH 7.5), and 100 yl homogenate fraction.

Ouabain, where added,

was 3 mM and 1 mM for mouse and cockroach tissues, respectively.

The

reaction was stopped by the addition of 200 ml ice cold 30% TCA and the
enzyme activity measured at 37°C for 30 minutes.

In vitro Experiments
The reaction mixture used was identical to that of the second
in vivo experiment except for the addition of toxaphene.

Toxaphene

stock solutions were prepared in ethanol in such a way that when added
in 10 yl aliquots they would give a final concentration of 10~^M, 10~^M,
10

or 10
Mg

2+

toxaphene in 3 ml reaction mixture.
- ATPase activity was measured in the presence of ouabain

in the reaction mixture.

•f"
Na -K

ATPase activity was calculated as the

difference between total ATPase and Mg

2+

- ATPase measured activities.

ATPase activities were obtained in terms of quantities of inorganic
phosphate (Pi) released during the reaction.

One milliliter of the

sample was treated according to the method of Ohnishi, Gall and Mayer
(1975) for ATPases and read at 750 ym in a Bausch and Lomb Spectronic
20.

The Pi concentration of the sample was then determined from a

standard curve (Figure 1) prepared from 1-2 readings for each concentra
tion.

Concentrations were prepared using a phosphate standard aqueous

solution (Harlco Chemical Co.)» with concentrations ranging from 0.0010.1 mg Pi.

This method was found unreliable for concentrations beyond

0.1 mg Pi.
Samples of homogenate fractions were treated according to the
method of Lowry, Rosebrough, Farr and Randall (1951) and read at 750
um.

Protein concentrations of the samples were determined from a

standard curve (Figure 2) prepared from bovine albumin (Sigma Chemical
Co.).

The points shown are averages of duplicate preparations.

Statistical Analysis
Enzyme activities were calculated for all experiments as mgs
Pi released/1 mg protein/1 hour.

Data were then analysed using the

SPSS Statistical Package for Social Sciences (Nie et al., 1975) avail
able on the University of Arizona Computer Center's CDC-6400 computer.
A two-way analysis of variance followed by mean separations by the LSD
procedure was performed on data of each experiment at an alpha level
of 0.05.

Correlations and regression programs available on the same

package (SPSS) were used, when significance was established, to examine
the degree to which variation (or change) in one ATPase activity was
related to variation (or change) in dose of toxaphene.
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RESULTS

Electron Microscopy
Electron micrographs for kidney, brain and liver homogenates
are presented in Figures 3, 4 and 5, respectively.

Electron microscopy

was carried out to insure that the homogenate fractions were rich in
plasma membrane vesicles.

The micrographs shown demonstrate this point.

The kidney homogenate was the richest in membrane vesicles and had
the lowest protein content per ml.

The brain homogenate fraction seems

to contain larger vesicles than the kidney homogenate and some structures
similar to what Koch (1969b) termed nerve endings.

The liver fraction

had the highest protein content, but the lowest specific activity for
ATPases.
debris.

It was densely contaminated with blood cells and other cellular
As this fraction is a crude mitochondrial fraction it was very

rich in mitochondria.

In yivo Experiments
In in vivo experiment I, Swiss mice 20-30 weeks old, weighing
37.58 + 0.31g were used, and only the total ATPase activity was meas
ured in a continuous reaction mixture.

Homogenates from toxaphene-

treated mice exhibited significant decreases in total ATPase activity of
the kidney, brain and liver (Table 2).

The

dose (112 mg/kg) did

not show 50% inhibition of the activity; the highest inhibition reached
was 32.5% in kidney homogenates (Table 3).
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Figure 3.

Electron micrograph of the kidney homogenate at
magnification 11,600 and enlarged 1.5 x.—
p = plasma membrane vesicle
m = mitochondria
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Figure 4.

Electron micrograph of the brain homogenate at
magnification 11,600 and enlarged 1.5 x.—
P = plasma membrane vesicle
m = mitochondria
n = nerve endings

Figure 5.

Electron micrograph of the liver homogenate at
magnification 11,600 and enlarged 1.5 x.—
p = plasma membrane vesicle
m = mitochondria
b = blood cells and cell debris
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Table 2.

Means of total ATPase specific activity + S.E. in kidney,
brain and liver of control and toxaphene-dosed mice used in
in vivo experiment I. — Specific activity expressed in yM
Pi/mg protein/hr.

Kidney

Brain

Liver

Control (corn oil)

66.61 + 1.07 b*

36.12 + 0.64 b

10.78 + 0.23 b

Toxaphene (LD^q)**

45.01 + 1.71 a

31.57 + 0.30 a

9.26 + 0.15 a

* Means followed by the same letter in each tissue are not significantly
different (LSD, a = 0.05)
** 112 mg/kg of toxaphene
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Table 3.

Percentage of inhibition of ATPase activities due to toxaphene
(112 mg/kg) in mice
vivo.

Total ATPase

ATPase

2H~
Mg
ATPase

Experiment I
Kidney

32.4

-

-

Brain

12.6

-

-

Liver

14.1

-

-

Experiment II
Kidney

14.0

12.6

15.0

Brain

5.2

0.6

8.8

Liver

7.5

0.2

10.6

In Iji vivo experiment II Swiss Webster mice 9-11 weeks old
weighing 27.71 +

g were used, and the ATPase activities were

+ +

further differentiated into Na K

ATPase and Mg

2+

ATPase.

ATPases were more sensitive to toxaphene than others.

The kidney

"4"
Na K

was inhibited significantly only in the kidney, and the Mg
inhibited significantly in all three tissues (Table 4).

2+

ATPase
ATPase was

The highest

inhibition percentage was observed in the kidney for both Na'^^K^ and
2+

Mg
Mg

ATPases, 12.6% and 15.0% respectively (Table 3).

2"f*

In general, the

*4" "f"
ATPase activity was more sensitive to toxaphene than the Na K

ATPase in all tissues.
The mice used in the first experiment gave lower specific
ATPase activities in all tissues, and their ATPases were more vulner
able to inhibition by toxaphene than of those used in the second ex
periment.

However, the

dose did not exhibit more than 32.4%

inhibition.

In Vitro Experiment

Mouse
The solvent control treatment (10 Pi ethanol) reduced the
*f" "J"
activity significantly in all ATPases tested except the Na K ATPase
of the brain, and displayed an insignificant stimulation of the liver
Mg

2+

ATPase (Table 5).

The highest inhibition due to ethanol was In

+ +
the Na K ATPase of liver (10.9%) and the only stimulation was a 2.2%
Increase in Mg

2+

ATPase of the same tissue (Table 6).

Table 4 .

+ +
2+
Means of Na K ATPase and Mg
ATPase specific activities in kidney, brain and liver from
control and toxaphene-dosed mice used in in vivo experiment II. — Specific activity ex
pressed in UM Pi/mg piTotein/hr.

Kidney
•

Na K

1

Brain
^I

ATPase

Mg

•

ATPase

Ma K

Liver

I

"4"

ATPase

Mg

ATPase

Na K

^<

ATPase

Mg

ATPase

Control
(corn oil)

36.30+0.96 b*

47.30jj0.74 b

16.75+0.38 a

21.15+0.34 b

4.15+0.12 a

10.03+0.31 b

Toxaphene
(LD^Q)**

31.71+0.45 a

40.21+0.58 a

16.65+0.31 a

19.29+0.29 a

4.14+^0.10 a

8.97+0.23 a

* Means followed by the same letter in each tissue are not significantly different (LSD, a = 0.05)
** 112 mg/kg of toxaphene

Table 5.

Means of Na K and Mg
ATPase specific activities in homogenates of kidney, brain and liver,
from mice, subjected
vitro to various concentrations of toxaphene. — Specific activity
expressed in yM Pi/mg prdtein/hr.

Kidney
Na^"*"
ATPase
activity
+ S.E.

Brain
M
Mg
ATPase
activity
+ S.E.

Liver
M 2+

ATPase
activity
+ S.E.

Mg
ATPase
activity
+ S.E.

Na^"*"
ATPase
activity
+ S.E.

ATPase
activity
+ S.E.

Controls
Untreated

36.694j3.72e*

48.19+0.51d

16.914j3.26a

21.05+0.2Ad

4.33+p.llbe

10.20+0.19b

Solvent*

34.81+0.55d

45.05+0.47c

16.89+0.21a

19.97+0.26b

3.86+0.09a

10.42+0.13b

-4
10

20.55+p.59a

40.25jj3.58a

16.30+0.36a

19.52+0.23a

4.02+p.llac

8.37jj3.23a

-5
10

27.68jjD.40b

40.16+0.51a

16.28+0.17a

20.61+0.26c

4.03+p.llac

10.05+0.14b

10

27.71+0.32b

42.60+0.30b

16.43+0.14a

20.43+0.29c

3.80+0.08a

10.10+0.15b

-7
10

32.46+0.63c

42.78+0.28b

16.84+0.23a

20.54+0.25c

4.54+0.lib

10.29+0.13b

Toxaphene (M)

-6

* Means followed by the same letter in each tissue are not significantly different (LSD, a - 0.05)
** Solvent control is 10 yl ethanol
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Table 6.

Tissue

Kidney

Brain

Liver

Percentage of reduction or increase in activity of the ATPases
of mouse tissues tested in response to ethanol and various
concentrations of toxaphene ^ vitro. — Minus and plus signs
indicate reduction and increase, respectively.

ATPase

Solvent*

activity

control

Toxaphene concentration (M)
10

10

10

10

Total

-5.9

-28.9

-20.8

-17.7

-12.0

*4"
Na K

-5.1

-44.0

-24.6

-24.5

-11.6

Mg

-6.5

-16.5

-16.7

-11.6

-11.2

Total

-2.9

-6.0

-2.9

-2.9

-1.6

NaV

-0.1

-3.6

-3.8

-2.8

-0.4

Mg^^

-5.1

-.73

-2.1

-2.9

-2.4

Total

-.17

-14.7

-3.0

-4.3

+2.0

"i" "f"
Na K

-10.9

-7.0

-6.9

-12.2

+4.8

+2.2

-18.0

-1.4

-1.0

+0.9

Mg

* 10 M1 ethanol
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•f" *4"
Na K

ATPase activity was significantly inhibited only in the

kidney homogenates by all levels of toxaphene concentration when com
pared to either of the controls (Table 5).

The highest concentration

(10 ^M) exhibited the highest degree of inhibition and the lowest con
centration showed the lowest percentage of inhibition (Table 6).
ever, the tnaximum inhibition observed was 44.0%.

How

This activity was not

inhibited in the brain homogenates when compared to both controls. In
liver homogenates this enz3Tne activity displayed variability in re
sponse to toxaphene with a significant reduction caused by 10

con

centration when compared only to the untreated control, whereas the
higher concentrations (10

and 10 ^M) inflicted no significant re

duction when compared to both controls (Tables 5 and 6).
Mg

2+

ATPase activity was significantly reduced by all toxaphene

concentrations in both the kidney and the brain where the highest dose
demonstrated the highest degree of inhibition (Tables 5 and 6).

How-

-4
-5
ever, in the kidney the higher concentrations (10
and 10 M) were
equipotent whereas the lower concentrations (10 ^ and 10

were equi-

potent; and in the brain the three lower concentrations (10
and 10 ^M) had the same effect.

10 ^

In the liver homogenates only the

highest concentration exhibited a significant reduction in Mg
activity compared to both controls (Table 5).

2+

ATPase

The total ATPase activ

ity was inhibited 28.9%, 6.0% and 14.7% in kidney, brain and liver,
respectively, by the highest concentration which gave the highest degree
of inhibition.
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jP. amerlcana
The solvent control treatment (ethanol) inhibited the activity
+ +
in Na K ATPase of the CNS (Table 7).

Otherwise, it did not have a sig

nificant effect (Table 8) with the exception of the total ATPase activ
ity of the Malpighian tubules which showed a slight stimulation of the
Mg

2+

ATPase activity by 9.6 percent (Tables 7 and 8).
Na K

ATPase activity was significantly reduced by all toxaphene

concentrations used in the CNS (Table 7).

The 10 ^ concentration gave

the highest inhibition (58.9%); 10 ^ and 10 ^ were equipotent giving
48.7% and 48.4%, respectively; and the lowest concentration (10 ^M)
gave 17.9% inhibition (Table 8).

++

In Malpighian tubules, the Na K

-4
-5
ATPase activity was significantly reduced by 10
and 10 M; was not
affected by 10

and was significantly stimulated by 10

concentra

tion (Table 7).
Mg

2+

-4
-5
ATPase activity of the CNS was reduced by 10
and 10 M.

The lower concentrations (10 ^ and 10 ^M) had no effect.
tubules, Mg

2+

In Malpighian

ATPase activity was not inhibited but showed a trend of

stimulation which reached statistical significance at 10 ^M when com
pared to the untreated control.

However, the initial increase in this

activity in this tissue was as high as 9.6% due to ethanol alone (Table
8).

The higher dose (10~^M) inflicted a significant reduction on the

stimulation by ethanol (Tables 7 and 8).
to nullify the ethanol effect.

The lower doses were unable

Table 7.

+ +

2+

Means of Na K and Mg
ATPase specific activities in homogenates of
americana CNS and
Malpighian tubules subjected ^ vitro to various concentrations of toxaphene. — Specific
activity expressed in pM Pi/mg protein/hr.

CNS

Ma]j)ighian tubules
2+

+ +

2+

Na K ATPase
activity + S.E.

Mg
ATPase
activity + S.E.

Na K ATPase
activity + S.E.

Mg
ATPase
activity + S.E.

Untreated

73.40 + 2.13 e*

40.07 + 1.88 c

48.34 + 1.89 c

48.82 + 1.45 a

Solvent**

63.05 + 1.70 d

39.30 + 1.31 c

45.96 + 1.42 c

53.51 + 1.55 ab

10"^

30.18 + 0.61 a

28.35 + 1.07 a

22.93 + 0.92 a

48.88 + 1.45 a

10~^

37.66 + 0.98 b

36.79 + 1.31 b

27.83 + 1.44 b

50.73 + 1.19 ab

O
' 1

+ +

37.88 + 1.61 b

37.36 + 1.16 be

46.74 + 1.22 c

53.30 + 1.43 ab

10 ^

60.24 + 1.46 c

38.79 + 1.33 be

52.24 + 1.44 d

55.23 + 1.56 b

Controls

Toxaphene (M)

* Means followed by the same letter in each tissue are not significantly different (LSD, a = 0.05)
** Solvent control is 10 yl ethanol
Ul
o
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Table 8.

Percentage of reduction or increase in ATPase activities of P^.
americana tissues tested in response to ethanol and various
concentrations of toxaphene ^ vitro. — Minus and plus signs
indicate reduction and increase, respectively.

ATPase

Solvent*

Toxaphene concentrations (M)

control

10

10

10

10

Tissue

activity

CNS

Total

-9.8

-47.8

-34.5

-34.0

-12.5

NaV

-14.1

-58.9

-48.7

-48.4

-17.9

Mg^"^

-1.9

-29.2

-8.2

-6.8

-3.2

Total

+2.4

-26.8

-19.9

+1.1

+9.6

"h "i"
Na K

-4.9

-52.6

-42.4

-3.3

+8.1

Mg^"^

+9.6

+0.1

+3.9

+9.2

+13.1

Malpighian tubules

* 10 vl ethanol
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Regressions
Two regression analyses were conducted to determine the signif
icance of the dose response of each ATPase activity in each tissue of
both animals.

The linear regression included the solvent treatment

(ethanol) as the 0 toxaphene treatment, but the linear

i^egression

was made for the four toxaphene concentrations only. The significance
of dose response based upon both regressions is presented in Table 9.
Figures 6 to 10 plot activity of the ATPase against log^Q
the toxaphene concentrations; the lines were drawn according to the
prediction equations provided by the linear log^Q regression for each
ATPase.

The linear regression indicated that there was a dose response

in all ATPases of the kidney, all ATPases of the Malpighian tubules,
"f" "4*
"t" "f"
total and Na K ATPases of the CNS and the Na K ATPase of the liver.
With linear logj^Q regressions, where data for control treatment were
*4" "f"
omitted, only the Na K ATPase of the brain did not show a statistically
significant dose response to toxaphene.

Table 9.

Significance of linear and linear-log regressions of the dif
ferent ATPases with the treatments. — S = significant,
NS = not significant.

Tissue

ATPase
activity

Linear
regression

Total

S

S

Na'^'K*'"

S

S

Mg

S

S

Total

NS

S

+ +
Na K

NS

NS

Mg^"^

NS

S

Total

NS

S

•f" 4"
Na K

S

S

Mg

NS

S

Total

S

S

•f" "f"
Na K

S

S

M
Mg 2"'"

NS

s

Total

S

S

"t" H"
Na K

S

s

w 2+
Mg

S

S

Linear-log
regression

Kidney

Brain

Liver

CNS

Malpighian tubules
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Total ATPase

100
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cl.
Na -K

ATPase
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ATPase
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Si.
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dose)

Negative Log „ Molar Concentration of Toxaphene
Figure 6.

Kidney ATPase activities in response to various
concentrations of toxaphene administered
vitro.
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concentrations of toxaphene administered in
vitro.

a

Total ATPase

a

ATPase

Na -K

ATPase

6
5
4
7
Negative Log^^ Molar Concentration of Toxaphene

Figure 8.

Liver ATPase activities in response to
various concentrations of toxaphene
administered in vitro.
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Figure 9.

CNS ATPase activities in response to various
concentrations of toxaphene administered
in vitro.
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Figure 10.

Malpighian tubule ATPase activities in
response to various concentrations of
toxaphene administered ^ vitro.

DISCUSSION

Methodology
The study of ATPase activities with fragmented preparations
has been frequently criticized.
cellular systems.

ATPases are integral parts of closed

Skou (1965a) pointed out that Na"*" and

in such

preparations will have access to both sides of the membrane, a situa
tion that causes interference with the activation capacity of each ion
on its activation site.

Glynn and Karlish (1975) suggested that access

of ions and ATP to both sides might have other unknown effects.
The fraction used in this study was essentially a crude mito
chondrial fraction (Koch, 1969b).

The presence of mitochondria and

other cellular components which possess ATPase activities might increase
or decrease the Pi content depending on the response of these ATPases to
toxaphene.

However, my study was intended to investigate the degree of

response to toxaphene and not the kinetics of the enzymes in toxaphene's
presence.
The uncertainty surrounding the identity and the nature of ATPrelated systems in the cells is also a disadvantage of using fragmented
preparations.

Doherty and Matsumura (1975), for example, were able to

isolate six ATP-utilizing enzymes in the lobster peripheral nerve.
The modified fractionation method used (Koch, 1969b) was in
adequate in separating a plasma membrane-rich mitochondrial fraction
from the mouse liver.

ATPase activity of this fraction was extremely
59
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low (Tables 2, 4 and 6).

The protein content of the samples from the

liver fraction was very high, resulting in the lowest specific activity
encountered in spite of the fact that these homogenates gave the highest
Pi spectrophotometric readings.

The small variations in specific activ

ities were exaggerated when transferred to percentage inhibition due to
these low specific activity values.
Electron microscopy seemed to provide an explanation for the
liver homogenate behavior.

Electron micrographs of the liver fraction

revealed the presence of blood cells and cell debris in large quantities
compared to plasma membrane vesicles, which resulted in the high protein
content, thus, lowering the specific activity.

Electron micrographs of

kidney and brain fractions (Figures 3 and 4) seemed to show resemblance
to fraction B in these tissues as presented by Koch (1969b).

Probably

the amount of homogenization solution for the liver was too small for
the weight of tissue used.
The sensitivity of the spectrophotometric determination method
for Pi (Ohnishi at al., 1975) contributed considerably to the persistent
variability among sub-samples and animals.

The method has a short

critical time interval for color development which was difficult to
adhere to in processing large numbers of fresh samples.

In this study

the enzyme preparations were used immediately; however, the considerably
large number of replicates and the use of subsamples was intended to
minimize this effect.
Ethanol was reported to have no effect on the ATPase activities
when used as a solvent for pesticides at 10 ul or less per assay reaction
mixture (Desaiah and Koch, 1977).

But ethanol at this quantity caused
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significant reduction in most of the ATPase activities tested in my in
vitro experiments.

However, Mg

2+

ATPase activity of the Malpighian

tubules exhibited a significant stimulation that reached 9.6% (Table
8).

The highest toxaphene concentration used (10

-4

M) gave an increase

of 0.1%; this means, if not for the initial stimulation by ethanol,
toxaphene might have displayed significant inhibition.

Effects of Toxaphene on ATPases
In vivo, toxaphene (LD^^, 112 mg/kg) inhibited significantly
-l- -J-

the Na K

ATPase in the kidney, and the Mg

tissues tested.

The

dose

2"^"

ATPase in all three mouse

did not cause a 50% inhibition of

activity in any of the ATPases tested. ^ vivo experiment I was run
with a continuous enzymic assay mixture (Pullman et al., 1960) by which
(0-S) Mg

2+

ATPase was activated, while ^ vivo experiment II wets not.

Experiment I was conducted with mice approximately 20-weeks older and
weighing approximately 10 g more than those used in experiment II
(Table 1).

Yet, the specific activity for total ATPase was higher in

experiment II, perhaps an effect of age.

Also, the older mice exhibited

a greater degree of inhibition by toxaphene in total ATPase activity
for all three tissues, again probably an effect of age.
However, toxaphene's inhibitory effect on total ATPase is ev
ident irrespective of differences in age, weight or the reaction mixture.
But, the statistical significance is not necessarily a physiological
significance as far as toxaphene poisoning is concerned.

It seems

that the reduction in activity in the range 10-20% as shown by the

t
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brain and liver ATPase would have no direct physiological implications
leading to death.
An abstract of a presentation by Trottman and Desaiah (1978)
"I" "t*

reported inhibition of Na K

ATPase in both liver and kidney with 15,

25 and 50 mg/kg/day of toxaphene administered for three days.
were sacrificed 36 hrs after last application.

Mice

However, in my study

mice were sacrificed not later than 90 minutes after administration if
death had not occurred.

The inhibition of Mg

2+

ATPase of kidney and

liver reported by Trottman and Desaiah is in agreement with results ob
tained in my study.

However, they were unable to detect significant

inhibition in brain Mg

2+

ATPase.

In vitro administration of toxaphene was reported (Trottman and
"i" "f*
Desaiah, 1978) to have inhibitory effect on Na K ATPase activity of
mouse brain, kidney and liver with an
inhibition) values of 7.5 yM toxaphene.

(concentration causing 50%
In my study the highest in

hibition obtained was 44.0% in Na'^K**' ATPase of kidney and an insignif-4
icant decrease of 3.6% in brain; both caused by 10 M toxaphene.
inhibition did not reach 50%,

values were not calculated.

also reported inhibition by toxaphene but did not provide

As

They
values

for (O-I) Mg^"*" ATPase.
My study agreed with theirs that toxaphene had no effect in
vivo on brain Na'^'K*^ ATPase and that those of the kidney are the most
sensitive ATPases to toxaphene inhibition.

Further agreement was the

in vivo toxaphene inhibition of kidney ATPases which was considerable and
could have physiological effects.

Differences in the results reported

between the two studies, otherwise, are considerable.

The materials
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and methods of Trottman and Desaiah (1978) were not available to me for
comparison, and there might be some differences in the chemicals used in
homogenization solution, enzymic assay mixture

or Pi and protein deter

mination procedures as well as differences in the fractionation proce
dure that could account for differences between the results.
Desaiah and Koch (1975b) had very different results investi
gating the effect of toxaphene on ATPases of kidney, brain and gill of
the catfish, Ictalurus punctatus.

They reported lesser inhibitory ef-

feet on kidney than on brain ATPases. (O-I) Mg
showed a dose response to toxaphene.

2+

ATPase of kidney

Toxaphene inhibited all three

ATPases in brain to the extent of 50% with a pronounced effect on (O-I)
Mg

2~f"

ATPase.

These results are of interest since toxaphene is a potent

piscicide.
Toxaphene effects ^ vitro with cockroach ATPases displayed a
different picture from that of the mouse.
in a dose-response fashion.

All ATPases were affected

Na^K"*" ATPase of both tissues tested ex-

-4
hibited inhibition by 10 M toxaphene slightly exceeding 50%.
ATPase of the CNS was significantly inhibited.

Mg

2+

Results of ^ vitro ad

ministration of toxaphene on different tissues of the mouse, cockroach
and catfish in the preceding three studies seem to indicate that ATPases
differ in their response to toxaphene depending on the tissue and the
animal.
Most of the ATPases tested in my study show a significant dose
response to toxaphene (Figures 6 to 10 and Table 9).

However, the

degree of inhibition, with the exception of Na'^k'^ ATPase of kidney, CNS
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and Malpighian tubules, was very low and probably would not have a
physiological significance (Tables 6 and 9).

Significance of the Results

Na"^K^ ATPase
It seems reasonable to consider that the active transport process
"I" "f*
and Na K ATPase may be subject to a variety of regulatory influences.

A

possible feedback role for cAMP on ATPase is supported by reports of the
inhibition of Na K

ATPase via cAMP (Mozsik, 1969; Chaudhary and Frenkel,

1970 and Tria et al., 1974).

On the other hand, ouabain has been shown

to elevate cAMP levels in rat brain slices (Shimizu, Creveling and Daly,
1970 and Huang, Shimizu and Daly, 1972).

It was hypothesized that these

enzymes may be reciprocally coupled (Sheppard, 1972).
Butler and Crowder (1977) reported an increase in cAMP levels
in several tissues of the cockroach and the mouse following treatment
with toxaphene ^ vivo.

The

"h
inhibition of Na K

ATPase observed in my

study may be due to high levels of cAMP caused by toxaphene, or the in
crease in cAMP observed by Butler and Crowder (1977) was due to the
inhibition of Na K
coupled.

ATPase as these two enzymes are reciprocally

But there is evidence that toxaphene does not inhibit directly

the Na"^K^ ATPase.

Whitson (1978) reported that toxaphene was respon+

sible for a significant increase in K
on Na"^.

and Ca

2+

but had little effect

The poisoning s3miptoms by toxaphene (Lalonde and Brown, 1954)

do not seem to implicate the Na K

ATPase.

Therefore, it is suggested

•f* "h
that toxaphene is probably affecting Na K ATPase indirectly by up
setting a regulatory mechanism, e.g., cAMP levels.
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Koch (1969a) reported an inverse relationship for protein con•f* "i"
tent of the homogenate and inhibition of Na K ATPase by chlordane.
Bratkowski and Matsumura (1972) made the same observation with DDT and
dicofol, stating that this is interesting since ATPase is a protein.

If

these observations are not due to coincidence or artifacts, they are
indeed significant as they indicate that the purer the enzyme prepara
tion, the greater

the inhibition;

viz., the enzyme is protected from

inhibition when it is associated with other proteins.

In my study, the

highest inhibition was observed to occur in cockroach ATPases followed
by that of the kidney, whereas the protein content of the homogenates
for these tissues followed the converse pattern.
the trend outlined by Koch (1969a).
increased inhibition in Na K
25% in vivo).

This seems to follow

This would probably explain the

ATPase of the kidney in vitro (44.0% to

Also, in the liver this enzjmie was inhibited signific

antly ^ vitro, but not ^ vivo.
This inverse relationship casts doubt on ^ vitro studies of
inhibition of Na K

ATPase by organochlorines.

In the normal con

ditions this system is associated with many proteins

which seem to

give it protection from inhibition, and therefore the inhibition in
vitro cannot be considered as representing normal physiological conditions.

*4"
However, in this study the inhibition of Na K ATPase of the

kidney is evident both

vivo and ^ vitro, and that of the brain was

not affected by toxaphene under either condition.
Whether the inhibition of Na K

ATPase is direct or indirect,

when substantial it could have pronounced physiological effects.

For

4"
"f"
example, Na and K have been found to affect many vital processes and

I
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mechanisms.

The reuptake mechanisms of several neurotransmitters are

dependent upon Na"*" (Bogdanski

and Brodie, 1969).

•f*
and amino acids is influenced by Na .

Absorption of sugars

The activation of Na K

ATPase

seems to intervene in the uptake of certain amino acids such as aaminobutyrate (GABA) (Weinstein et al., 1965).
that Na K

Baker (1972) stated

ATPase affects the rate of oxygen consumption and electron

transport through levels of ADP, and that levels of Pi govern the rate
of glycogenolysis.

In a variety of cultured cells a fall in

inside,

'
+
coupled presumably to a rise in Na inside, reduced the incorporation
of precursors into DNA, RNA and protein (Lubin, 1967 and Kuchler, 1967).
It has been postulated in insects that small changes in ions affect the
transcription of individual genes (Kroeger, 1963 and Lezzi, 1966).
Therefore, it seems that the implications of a substantial inhibition
•i"
of Na K

ATPase are far reaching, whether the inhibition is primary or

secondary.
Roan and Hopkins (1961) reported that toxaphene inhibited ex
cretion by Malpighian tubules in

americana.

In my ^ vitro study,

"4" "i"
toxaphene inflicted a high inhibition on the Na K ATPase of the
Malpighian tubules in this same species (52.6%).

Therefore, the in-

"4" "t"
hibition of Na K ATPase may explain the reduced excretion seen in
toxaphene poisoning.

Mg

2+

ATPase
A number of substances exerting their effect on the nerve tis-

sue also influence the activity of Mg
erythrocytes.

2+

ATPase in membranes of human

Activity of this enzyme changes in the presence of
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adrenaline and noradrenaline (Mircevova and Simonova, 1969), glutamate
and aspartate (Mircevova, Simonova and Morky, 1970), pyridoxine and aaminobutyric acid (Mircevova and Simonova, 1971a), serotonin, atropine,
physostigmine chlorpromazine

(Mircevova and Simonova, 1971b) and

barbiturate- (Mircevova and Simonova, 1973). Probably the Mg

2+

ATPase

is involved in nerve functioning and toxaphene exerts its effect through
the Mg

2+

ATPase.

Indeed, the mechanoenzyme theory of Duncan (1967) provides an
explanation of toxaphene's role.

Duncan proposed that the membrane of

excitable tissue is one in which the pores of the membrane have a
mechanoenzyme system localized on their walls.
an ATPase system activated by Mg

This mechanoenzyme is

2+
, has myosin-like characteristics,

and is capable of undergoing changes in its physical conformation and/
or change distribution as a function of the balance between the ATPase
and its substrate, ATP, and other nucleotides.

According to Duncan,

availability of ATP in excess inhibits the ATPase.

This implies that

under resting conditions, ATPase has optimal substrate concentration
and is hydrolyzing ATP at its maximum rate.

Both increase or decrease

of ATP supply would tend to displace the enzyme reaction to a lower
rate.

Excitation and change of membrane configuration and permeability

would then be related to reduced ATPase activity, i.e., ATP is consumed
to keep the "sodium gate" closed.
Although Duncan pictured it as inefficient since ATP would be
hydrolyzed maximally at resting conditions, this hypothesis might ex
plain the effects of toxaphene and DDT.
hibited the Mg

2+

Toxaphene in my study, in-

ATPase in vivo and in vitro in all ATPases of the
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three tissues of mouse and iji vitro inhibited the Mg
tissues of the cockroach.

The inhibition of the Mg

2+

2+

ATPase of both

ATPase according

to the mechanoenzyme theory would lead to an increase in permeability of
the membranes causing excitation, and probably hyperexcitability as ob
served by Wang and Matsumura (1970).

DDT was reported to inhibit the

(0-S) mitochondrial ATPase (Koch et al., 1971).

This will eventually

lead to decrease in ATP content which would cause inhibition of the
mechanoenzyme, resulting in keeping the "Na''"-gate" open (Narahashi and
Haas, 1967).
A Mg

2+

ATPase activity insensitive to oligomycin was identified

in brain synaptic vesicles in rat and guinea pig and is thought to be
involved in the process of acetylcholine release (Germain and Proulx,
1965 and Kadota et al., 1967).

A similar ATPase activity was isolated

from chromaffin granules membranes and considered to be involved in
release of its content (Apps and Glover, 1978).

Doherty and Matsumura

(1975) and Younis et al. (1978) isolated similar ATPase activities,
having myosin-like characters, in lobster peripheral nerve and mito
chondria, respectively.
inhibiting this Mg

2+

Toxaphene might be exerting its effects by

ATPase activity releasing acetylcholine.

There is evidence that cyclodienes and lindane express toxic
ity by excessive release of acetylcholine (Shankland and Shroeder,
1973; Uchida et al., 1975a and Uchida et al., 1975b).
well as lindane, were reported to inhibit (O-I) Mg
1971).

2+

Cyclodienes, as

ATPase (Koch et al.,

Since Soloway (1963) stated that toxaphene resembles cyclodienes

in toxicity, it seems possible that toxaphene might be able, through
inhibition of Mg

2+

ATPase, to cause excessive release of acetylcholine.

This would result in the continuous low frequency discharge observed by
Lalonde and Brown (1954) and Dary and Crowder (1979).

SUMMARY

A study of the effects of toxaphene on the plasma membrane
ATPase systems of mouse kidney, brain and liver in vivo was undertaken.
Effects were also studied in vitro for the cockroach, P^. americana, and
-4
-5
the preceding same three tissues of the mouse employing 10 ,10 ,
10 ^ and 10 ^M concentrations.
Toxaphene inhibited total ATPase in all three tissues ^ vivo.
"t" "4"
2"^*
Na K ATPase of the kidney and Mg
ATPase of all three tissues were
inhibited in vivo.
of the mouse.

In

Na'^'K*'" ATPase was inhibited 44.0% in vitro in kidney
americana, CNS and Malpighian tubules expressed

maximum inhibition percentages of 58.9% and 52.6%, respectively.

Na'''K"^

ATPase of mouse brain was found insensitive to toxaphene both ^ vivo
and ^ vitro.

Mg

2+

ATPase was inhibited in almost all tissues with low

percentages.
+ +

The significance of Na K
was discussed.

ATPase and Mg

2+

ATPase inhibition

Na'^'K*^ ATPase inhibition was probably indirect and due

to increases in levels of cAMP, but this inhibition would still be able
to influence the physiology of the animal.

Inhibition of Mg

2"4"

ATPase

could be responsible for possible excessive release of acetylcholine
causing the sjmiptoms of poisoning observed.
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