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EFFECT OF PARATHION AND ITS METABOLITES
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Abstract--The insecticide parathion and its potent anticholinesterase metabolite paraoxon induce skele-
tal muscle necrosis when administered in viro to rats. In the present study the effects in vitro of
parathion and its metabolites on microsomal (sarcoplasmic reticular) calcium uptake activity in rat
diaphragm skeletal muscle are examined. Parathion (0-05mM) is a potent inhibitor of this calcium
uptake. The inhibition is apparently competitive with calcium in the system. Parathion (0-05 mM)
is also shown to inhibit calcium-dependent ATPase activity associated with the microsomal calcium
uptake. Paraoxon, the active anticholinesterase metabolite of parathion. and p-nitrophenol, a hydrolytic
metabolite of paraoxon, have no inhibitory effects at this level. At 1-5mM levels they do inhibit
the skelctal muscle microsomal calcium uptake. Eserine, a chemically unrelated anticholinesterase agent,
also has inhibitory effects at 1-5mM. When these same compounds are incubated with isolated rat
hemidiaphragms they antagonize the muscle contraction elicited by direct stimulation of the muscle.
The skeletal muscle necrosis caused by parathion and paraoxon appear to relate to the anticholinester-
ase activity in vivo. The relatively potent inhibition of calcium uptake activity of sarcoplasmic reticulum
in vitro seen with parathion appears to be an independent action and not related to cholinesterase

inhibition.

The actions of most organophosphorus agents on the
neuromuscular junction have been attributed primar-
ily to their anticholinesterase properties [1, 2. Highly
purified parathion is not a potent inhibitor of cho-
linesterase but must be oxidized to its corresponding
oxygen analog, paraoxon, to exhibit potent cholines-
terase inhibition [3 7). Paraoxon behaves predomi-
nantly as a phosphorylating agent whose inhibitory
potency is quantitatively predictable by the magni-
tude of the electron-withdrawing properties of the
aryl substituent [8] and rate of release of p-nitro-
phenol [9].

The effects of parathion in vive on cholinesterase
may account for some of the skeletal muscle toxicity.
Daily injection of parathion or of paraoxon produce
a progressive neurally mediated necrosis of skeletal
muscle fibers in the rat [10]. A significant increase
in frequency of miniature end plate potentials
(MEPPs) is also seen in diaphragms from paraoxon-
treated rats [11]. This represents an increased release
of acetylcholine (ACh) [12]. ACh release in the pres-
ence of paraoxon may be plausibly attributed to an
increase in entry of Ca®” into the nerve terminal,
which in turn accelerates release of the transmitter
[13].

The possibility that parathion and paraoxon exert
direct effects unrelated to acetylcholine is less well
supported. Parathion causes irreversible tonic con-
traction in crustacean (Carcinus maenas) skeletal
muscle [14]. In this system the neuromuscular
transmission is noncholinergic. The main neurohu-
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moral agents are probably glutamate and -aminobu-
tyric acid [15-18]. Excess acetylcholine is ruled out
in this instance as a cause of the tonic contractions
that are induced. There is evidence in Carcinus
maenas that parathion blocks the uptake of calcium
in vitro by membrane vesicles of sarcoplasmic reticu-
lum, augments the superprecipitation of actomyosin
in vitro and causes the contracture of skeletal muscle
[19]. Skeletal muscle utilizes metabolic energy (ATP)
to sequester calcium from the cytoplasm and thereby
relaxes the skeletal muscle. This activity may be stud-
ied in rvitro by isolating sarcoplasmic reticular mem-
brane vesicles (skeletal muscle microsomes). A direct
effect in vivo of parathion or paraoxon on mammalian
skeletal muscle is probably obscured by the striking
consequences of the cholinesterase inhibition.

In the following study in vitro, an intracellular ac-
tivity of skeletal muscle is studied independently of
effects deriving from cholinesterase activity. The study
examines the calcium uptake in vitro of sarcoplasmic
reticulum of rat diaphragm muscle as modified by
paraoxon. its metabolite p-nitrophenol and its parent
compound parathion. Parathion, considerably less
potent as a cholinesterase inhibitor than paraoxon,
1s a relatively potent inhibitor of the caleium uptake
activity of rat skeletal muscle sarcoplasmic reticulum.

MATERIALS AND METHODS

Animals employed for this study were male Spra-
gue-Dawley albino rats weighing between 250 and
350 g. Parathion and paraoxon were synthesized in
the laboratory of Dr. Robert A. Neal (Dept. of Bio-
chemistry and Center of Toxicology. Vanderbilt Uni-
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versity). Stock solutions of parathion were prepared
in absolute methanol (0-5M) and paraoxon in water
(0-0056 M). Eserine SO, was obtained from Nutri-
tional Biochemical Corp. and p-nitrophenol was
obtained from Fisher Chemical Co. **CaCl, was
obtained from New England Nuclear Corp.

For muscle contraction studies. animals were sacri-
ficed by decapitation and both hemidiaphragms were
removed and bathed in Tyrode solution (NaCl. §-0:
KCL 02: CaCl,, 0-2: MgCl,. 0-1; NaHCO,, 1-0:
NaH,PO,. 0:05; and dextrose. 2:0g/l) oxygenated

with 95, O,-5", CO, at 37 . An imtial tension of

10 g was placed on the muscle which was mounted
on a rod containing two ¢lectrodes for direct muscle
stimulation and attached to an isometric force trans-
ducer. The muscles were stimulated with 24 single
rectangular pulses/min of 30 msec duration at supra-
maximal voltage (30- 50 V). The preparations were
allowed to stabilize for 20 min with constant stimu-
lation. When drugs were added. stimulation was
stopped and only elicited every 10 min for 2 min to
determine the size of the contractions. The tension
developed by contracture of the muscle was recorded
on a physiograph (Narco Biosystems, Inc.). One hemi-
diaphragm from cach animal was used for a control
and the other was drug-treated.

For the calcium studies, animals were sacrificed by
decapitation and the sarcotubular vesicles were pre-
pared from whole rat diaphragm. Each diaphragm
was placed in cold (4 ) 0-32 M sucrose, cut into small
pieces and homogenized with a Potter homogenizer
and Teflon pestle. Homogenates were centrifuged at
4 at 1500 ¢ for 10 min and the precipitate was dis-
carded. The supernatant was centrifuged at 4 at
34,800 ¢ for 30 min and the pellet was discarded. The
supernatant was then centrifuged at 4 at 105,000 ¢
for 30 min, and the precipitate consisting of light sar-
cotubular membranc fragments and vesicles was sus-
pended in 0-32 M sucrose. The protein concentration
of the preparation was approximately 09 mg/ml.

Deionized triple-distilled water was employed for
all solutions. This is essentially calcium-free to less
than 02 uM. Acid-washed glassware was employed
where appropriate. Incubations for caleium uptake
activity were carried out in the following medium:
imidazole- histidine  buffer. 30mM. pH 6851 KCL
100 mM; ammonium oxalate, 5mM: sodium azide.
5mM: Mg-ATP. 4 or 5mM; and **CaCl,, 5 uM. The
total volume of incubation was 3ml. Whenever par-
athion was included in an incubation. an equal
amount of methanol was included in the control incu-
bation. The incubations contained 0-3 ml of microso-
mal protein. The final microsomal protein concent-
ration of the mcubation solution was 015 1o
0-20 mg/ml. The assays were started with the addition
of ATP. Incubations were carried out at 8 in order
to achieve a lincar uptake of calcium over an
extended time interval. The light microsomes sedi-
menting between 35.000 and 105,000 ¢ had 40 per cent
of the activity of heavy microsomes sedimenting
between (2000 and 35.000¢y. This was also advan-
tageous in slowing the reaction rate for casier
measurements of calcium uptake. At 37 the uptake
of calcium is virtually complete in 1 or 2 min.

The procedure employed for preincubation of mic-
rosomes with the tested compound was as follows.
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Microsomes were added to the incubation medium
with ATP absent. The incubation was held at room
temperature for 10 min and at 35 for 30 min. The
temperature was then returned to 8 and the calcium
uptake reaction was started by the addition of ATP.
Controls were preincubated in similar fashion in the
absence of the tested compound.

Calcium uptake was determined by taking 0-5-ml
aliguots of the incubation and filtering through
0-45-pam membrane filters (Millipore Corp.). Measure-
ments were made at 50100 15 and 25 min.

Filters were prepared with a wash of 0-25M Kl
(2 ml) followed by water (10 mh. Samples were filtered
with the aid of a vacuum apparatus and were washed
with 0-25 M sucrose (2 mi).. The filtration i general
followed the procedure described by Palmer and
Posey [20]. Filters were dried and radioactive cal-
cium was determined by liquid scintillation spectro-
phometry in 2.5-diphenyloxazole (6 g/1) in toluenc.
Less than 200 cpm appeared on the filters in the
absence of microsomes as filter blanks. Microsomal
calcium uptake in the presence of ATP typically
reached 70,000 cpm.

Calcium-stimulated ATPase activity was assayved in
an incubation medium identical to that employed for
measuring calcium uptake except for the omission of
oxalate. Baseline activity for the absence of calcium
was measured with the addition of EGTA (01 mM).
The reaction was carried out at 32 for 20 min. The
incubation reaction was terminated with an cqual
volume of cold 5", TCA. and the liberated morganic
phosphate was measured by the procedure of Lown
and Lopez [21]. Protein content was measured by
the procedure of Sutherland er al. [227 for all exper-
iments.

RESULTS
Figure 1 shows the caleium uptake of rat dia-
phragm microsomes in the presence of §mM
Mg-ATP and oxalate as a trapping agent at 8 . There
Is a progressive. easily measured ATP-dependent.
oxalate-dependent calcium uptake/mg of protein over
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Fig. 1. Effect of parathion (0-:05 mM) on ATP-dependent
calcium uptake of rat skeletal muscle microsomes. The in-
cubation mixture contained: imidazole histidine buffer
(pH 685). S0mM: KCL 100 mM: ammonium oxalate.
SmM: sodium  azide. SmM: Mg-ATP. SmM: and
+CaCls, 5 M. The incubation volume was 3ml. Incuba-
tions were started with the addition of ATP. Results are
mean + S F. for nine incubations, Control (O [SIN
0-08 mM parathion (@ o).
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Table 1. Effect of parathion on ATP-dependent calcium
uptake of rat skeletal muscle microsomes*

Parathion (nmoles/S min/mg Per cent
(mM) protein) of control
00 638 + 37
0-01 560 + 22 87
002 313 £ 20 55
003 253+ 14 40
0-04 2011 + 06 31
0-05 205 + 10 32
015 215+ 15 34

* The incubation is described in Table 1. The data rep-
resent mean + S. E. for six experiments.

a 25-min period. In the absence of ATP. only 1 nmole
calcium is taken up per mg of protein. In the absence
of oxalate as a trapping agent, only 5nmoles cal-
cium/mg of protein is taken up. The addition of
0-05 mM parathion at the start of the incubation in-
hibits the calcium uptake approximately 60 per cent.
The effect of increasing levels of parathion on the
first 5 min of calcium uptake by rat diaphragm micro-
somes is shown in Table 1. There is increasing inhibi-
tion between 0-01 and 0-04 mM parathion. A maximal
inhibition of more than 60 per cent is reached at
0-04 mM parathion. A further increase in the inhibitor
level up to 0-15mM failed to increase the inhibition.
If the parathion is preincubated with the microsomes
prior to addition of ATP, the inhibition of calcium
uptake is further increased to 80 per cent; this is illus-
trated in Fig. 2. This level of inhibition is seen follow-
ing preincubation with 0:05 mM parathion and with
1-5mM parathion.

The stimulating effect of increasing levels of ATP
on the initial calcium uptake rate of rat diaphragm
microsomes is shown in Fig. 3. Parathion inhibition
appears to be unchanged at all ATP levels tested.
The stimulatory effect of increasing levels of calcium
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Fig. 2. Effect of preincubating parathion with microsomal
protein on the ATP-dependent calcium uptake of rat skele-
tal muscle microsomes. Microsomes were added to the in-
cubation medium (legend Fig. 1) with ATP absent. The
incubation was held at room temperature for 10 min and
at 35" for 30 min. The temperature was then returned to
8" and the reactions were started by the addition of ATP.
Control microsomes were preincubated without the addi-
tion of parathion. The final concentration of parathion is
0-05 mM. Results are mean + S. E. for nine experiments.
Control (O—-—0); 005 mM parathion (@ — @).
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Fig. 3. Effect of increasing levels of ATP on parathion in-

hibition of ATP-dependent calcium uptake by rat skeletal

muscle microsomes. The incubation is as described in Fig.

1 except for the ATP levels, which are indicated on the

chart. Results are mean + S.E. for six experiments. Con-
trol (@— -@); 0-05 mM parathion (@ —@).

on the initial rate of calcium uptake of rat diaphragm
microsomes is illustrated in Fig. 4. At high calcium
levels the parathion inhibition diminishes markedly.
When these data are plotted in accordance with
Michaelis-Menten kinetics, the parathion inhibition
appears to be directly competitive with calcium.
ATP-dependent calcium uptake of skeletal muscle
microsomes is associated with an extra splitting or
hydrolysis of ATP in the presence of calcium. The
effect of parathion on the calcium-induced ATP hy-
drolysis is presented in Table 2. In the presence of
20 uM calcium both at 327 and at &, there is a 70
per cent inhibition of the ATP splitting. In the pres-
ence of a high level of calcium (100 £M) this inhibi-
tion was markedly reduced just as the parathion effect
on calcium uptake was reduced at high calcium levels.
Paraoxon and p-nitrophenol at levels of 0-05 mM
had no detectable inhibitory effects on calcium uptake
of rat diaphragm microsomes. At 1-5mM, paraoxon
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Fig. 4. Effect of increasing levels of calcium on parathion
inhibition of ATP-dependent calcium uptake by rat skele-
tal muscle microsomes. The incubation is as described in
Fig. 1 except for the calcium levels. which arc indicated
on the chart. Results are mean + S. E. for six experiments.
Control (O-—0): 0-05 mM parathjon (@~ —@).
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Table 2. Effect of parathion on calcium-stimulated ATPase activity of rat skeletal muscle microsomes*
Calcium Control 5% 10 * M parathion No. of Per cent
1My Temperature {imoles Pirmin mg protein) experiments inhibition
20 N 0014 + 00007 0-004 + 0-0006 N it
20 a2 0-14 + 0-008 0-044 + 0016 6 O
100 32 021 + 0011 018 4+ 001 3 4

in the table, Results are mean + S. F.
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Fig. 5. Effect of paraoxon (I'5mM) on ATP-dependent
calcium uptake of rat skeletal muscle microsomes. The in-
cubation is described in legend of Fig. 1, except that ATP
is 4 mM. (A) Without preincubation of enzyme and para-
oxon (11 experiments): (B) paraoxon preincubated with
microsomes as described in legend of Figo 2 (12 exper-
iments). Results are mean + SCE. Control (O Ol para-
oxon. 'S mM (@ - @i

inhibited the ATP-dependent calcium uptake about
20 per cent as shown in Fig. SA. When the paraoxon
was preincubated with the microsomal vesicles for 30
min. the inhibition was markedly enhanced. The ac-
tivity following paraoxon preincubation is 45 per cent

Table 3. Inhibition of muscle contraction by parathion. paraoxon. p-nitrophenol and physostigmine

*The incubation medium is the same as that in Fig. 1. except that oxalate is omitted and calcium levels are indicated

of the control (Fig. 3By p-Niwophenol, -3 mM, s
like paraoxon. This inhibition. however, is not further
enhanced with additional preincubation of the micro-
somes and the compound.

A cholinesterase mhibitor (eserine) chemically unre-
lated to paraoxon was tested in the caleium uptake
system. Addition of 1'5mM cserine inhibits activity
15 per cent. If eserine and the microsomes are prein-
cubated for 30 min. the nhibition of the calcium
uptake 1s enhanced 10 42 per cent. This is similar
to the results obtained with paraoxon. Eserine. like
paraoxon, requires a higher concentration for inhibi-
tion when compared to parathion.

Rat diaphragms were incubated in the presence of
these agents and the cffect on direct clectrical stimu-
lation of contraction was measured. A different pro-
perty of the compounds was noted in these exper-
iments. A time-dependent inhibition of muscle con-
traction clicited by direet stimulation of the rat dia-
phragm could be obtained with all the agents. Table
3 reveals that after 30 min paraoxon. p-nitrophenol
and physostigmine inhibited the muscle contraction
more than 30 per cent. Parathion was. however. rela-
tively weak as an inhibitor. It only clicited 19 per
cent inhibition. The apparent mhibition of contrac-
tions is tentatively interpreted as an effect similar o
that of local anesthetics on ion fluxes across the cell
membrane.

DISCUSSION

Irreversible inhibitors of ChE such as parathion
and paraoxon arc known to produce pathologic
changes in muscle [10.23.247. The muscle directly
benecath the subsynaptic fold has lost its evtouarchitee-
tural organization and often contains large vacuoles.
whereas the area away from the motor end-plate is
relatively unaffected. The number of lesions produced
is greatly reduced by prior nerve section or pretreat-
ment with hemicholinium [10]. In addition to its mhi-
bition of AChE. paraoxon produces a transient in-

Time after drug addition (mini

Inhibitor 10 20
Parathion (10 * M) 799 + 4-37% 124 + 530
Paraoxon (10 * M) 329 + 533 490 + 654
Paranitrophenol

(5 x 10 3 M) 13-8 + 2:34 350 + 502
Physostigmine
SO (3 x 107 M) 304 + 306 471 + 229

30 40 30
187 71 47'9[)7 ”257';1 < (38 28+ 0017 217 ;V 671
57-3 4+ 588 651 4 717 TO3 4+ 572 737 = 700
587 + 370 755 4 632 838+ §73 S6-8 4+ 628
54-3 + 1-80 S9-0 = S23 626 4 522

647 + 468

* Per cent inhibition of muscle contraction. Values represent the mean of N = 5 + S 17
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crease in ACh release from motor nerve terminals
[t1].

The present investigation relates to possible direct
effects of parathion on rat skeletal muscle indepen-
dent of the anticholinesterase action. Parathion in
vitro inhibits the calcium uptake activity of rat dia-
phragm sarcoplasmic reticulum and the associated
calcium-dependent ATPase activity. The inhibition of
calcium uptake increases with the parathion concent-
ration and becomes maximal with 0-04 mM parath-
ion, resulting in a 6070 per cent inhibition. Preincu-
bating parathion and the sarcoplasmic reticular (mic-
rosomal) fraction increases the mhibition to 80 per
cent of the original activity. The inhibition of the cal-
cium pump and of calcium-dependent ATPasc ac-
tivity appears to be reversible with high levels ol cal-
cium. Paraoxon, the active metabolite of parathion,
is a weaker inhibitor of the skeletal muscle sarcoplas-
mic reticular calcium uptake. At 1-5mM it inhibits
24 per cent. Similar findings were obtained with the
paraoxon metabolite p-nitrophenol and with the
reversible cholinesterase inhibitor eserine. Escrine has
been shown previously to inhibit calcium uptake of
sarcoplasmic reticulum in lobster skeletal muscle
[25]. Preincubation of rat skeletal muscle microsomes
with 1:5mM escrine or 1'5mM paraoxon increases
the mhibition to about 50 per cent.

In the British shore crab Carcinus maenas. inhibi-
tion of sarcoplasmic reticular calcium uptake by par-
athion may be the cause of a tonic contracture. This
crustacean  has  noncholinergic  neuromuscular
transmission so that one can dissociate the anticho-
linesterase activity from other effects of parathion and
paraoxon in the skeletal muscle. Within seconds of
direct perfusion (0-05 mM parathion) of the claw clo-
sure muscle in Carcinus there is a strong irreversible
tonic contracture [19]. This occurs even in the
absence of potassium. The depolarizing effect of par-
athion, like that of quinine, is much slower and occurs
over a period of 8-10 min. Parathion in rirro inhibits
calcium uptake by sarcoplasmic reticulum of Carcinus
[19]. It also potentiates superprecipitation of acto-
myosin [19]. These effects could well play a role in
the observed contracture.

Caffeinc is an inhibitor of calcium uptake in vitro
in mammalian skeletal sarcoplasmic reticulum [26].
It has been shown to induce contracture in frog skele-
tal muscle but not in rat skeletal muscle unless it
is first denervated [26, 27]. Parathion, the potent in-
hibitor of sarcoplasmic reticulum in rvitro. also does
not induce a contracture in the isolated rat dia-
phragm.

Parathion and its metabolites have an apparent
local anesthetic-type action on clectrically stimulated
contraction of the isolated muscle and reduce the con-
tractile response. The relatively weaker activity of
parathion in this respect may reflect an additional
action on the sarcoplasmic reticulum calcium uptake
system. These results may not be totally in contradic-
tion. Parathion is a potent calcium antagonist in the
isolated sarcoplasmic reticulum. Parathion and its
metabolites may, in blocking the contractile response
of the electrically stimulated skeletal muscle, anta-
gonize calcium channels of the excitable membrane.
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It may be concluded that parathion has direct
effects on calcium uptake of sarcoplasmic reticulum
in rat skeletal muscle and in crab skeletal muscle that
are unrelated to anticholinesterase activity. The mag-
nitude of the effect on the sarcoplasmic reticulum in
vitro is sizable and of potential significance even if
complicated by anticholinesterase activity. The cal-
cium uptake ctfect is much weaker with the parathion
metabolite paraoxon. The anticholinesterase activity
of paraoxon in turn is much greater. The present evi-
dence would link the myopathy seen with parathion
or paraoxon to the anticholinesterase activity rather
than to its action on Ca®” uptake,
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