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Abstract---The insecticide parathion and its potent anticholinestcrase metabolite paraoxon induce skele- 
tal muscle necrosis when administered in ri1.0 to rats. In the present study the effects ill rifro of 
parathion and it\ metabolites on microsomal (sarcoplasmic reticular) calcium uptake activity in rat 
diaphragm >hcletal muscle are examined. Parathion (0.05 mMj 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, hale no inhibitory effects at this level. At 1.5mM levels they do inhibit 
the skeletal muscle microsomal calcium uptake. Eserine. a chemically unrelated anticholinesterase agent. 
also has inhibitory etl’ects at I.5 mM. 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 irk biro. The relatively potent inhlbition of calcium uptake activity of sarcoplasmic reticulum 
in ~.irr.r, seen with parathion appears to be an indcpendcnt 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. 21. 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 73. 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 [S] and rate of release of p-nitro- 
phenol [9]. 

The effects of parathion irk I’~NI on cholinestorase 
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 [lo]. A significant increase 
in frequency of miniature end plate potentials 
(MEPPs) is also seen in diaphragms from paraoxon- 
treated rats [l I], This represents an increased release 
of acetylcholine (AC%) [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 

c131. 
The possibility that parathion and paraoxon exert 

direct effects unrelated to acetylcholine is less well 
supported. Parathion causes irreversible tonic con- 
traction in crustacean (Cm~inus nzuenas) skeletal 
muscle 1141. In this system the neuromuscular 
transmission is noncholinergic. The main neurohu- 
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moral agents are probably glutamate and ;*-aminobu- 
tyric acid [I%181. Excess acetylcholine is ruled out 
in this instance as a cause of the tonic contractions 
that are induced. There is evidence in Curcirnrs 
IIIW~IKS that parathion blocks the uptake of calcium 
irk ~‘irro by membrane vesicles of sarcoplasmic reticu- 
lum, augments the superprecipitation of actomyosin 
in rirro and causes the contracture of skeletal muscle 
1191. Skeletal muscle utilizes metabolic energy (ATP) 
to sequester calcium from the cytoplasm and thereby 
relaxes the skeletal muscle. This activity may be stud- 
ied ir? vitro by isolating sarcoplasmic reticular mem- 
brane vesicles (skeletal muscle microsomes). A direct 
effect in rim of parathion or paraoxon on mammalian 
skeletal muscle is probably obscured by the striking 
consequences of the cholinesterase inhibition. 

In the following study ill d-o, 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, 
is a relatively potent inhibitor of the calcium uptake 
activity of rat skeletal muscle sarcoplasmic reticulum. 

11.4TERIALS AhD blETHODS 

Animals employed for this study were male Spra- 
gue_Dawley albino rats weighing between 2.50 and 
350g. Parathion and paraoxon were synthesized in 
the laboratory of Dr. Robert A. Neal (Dept. of Bio- 
chemistry and Center of Toxicology. Vanderbilt Uni- 



wrsity). Stock solutions of parathion wcrc prepitrcd 
in absolute methanol (0.5 M) and paraoxon in watel 

(00356 M). Eserine SO, was obtained frotn Nutri- 
tional Biochemical Corp. and I’-nitrophenol W;IS 
obtained from Fisher Chemical Co. “CaCII was 
obtained from New England Nuclear Corp. 

For muscle contraction studies. animals were sacrt- 
ficed by decapitation and both hcmidiaphragtns wrc 
removed and bathed in Tyrodc solution (NaCI. X.0: 
KCI, 0.2: CaCI,. 0.2: M&IL. 0.1 : NaHCO,. 1.0: 
NaH?PO,. DO5: and dcxtrosc. 2.0 g,‘l.) oxygenated 
with 05”,, O2 Y,, CO, at 37 ,411 initial tension 01 
IGg was placed on the muscle which was mounted 

on a rod containing two elcctrodez for direct tii~i~clc 

stimulation and attached to an isometric force trans- 
ducer. The muscles were stimulated with 24 Gnglc 

rectangular pulses.min of 30 mscc duration at supra- 

maximal voltage (30 50 V). The preparation\ ~vcre 
allowed to stabilize for 20 min with constant 5titnu- 

lation. When drug were added. stimulation was 

stopped and onI> elicited e\cr\ IO tnin for 7 min to 
determine the sire of the contractions. The tension 

drielopcd by contracturc of the muscle was recorded 
on a physiopraph (Narco Biosystetns. 1nc.1. One hcmi- 
diaphragm from each animal wa:, used for a control 

and the other wah drug-treated. 
For the calcium studies, animals Lverc sacriliccd b> 

decapitation and the sarcotuhular Lesicles were prc- 

pared frotn whole rat diaphragn~. Each diaphragm 
was placed in cold (4 ) 0.31 M sucrose. cut into small 

pieces and homopcnizcd with a Potter homopeniret 

and Teflon pestle. Homogenates uerc ccntrifugcd at 

4 at 1SXq for IO min and the precipitate u’a3 dis- 
carded. The supernatant \\ab centrifuged at 4 at 

34,800 q for 30 min and the pellet MX discarded. The 
supcrnatant was then centrifuged at 4 at lO,OOOq 
for 30 min. and the precipitate consisting of light bar- 
cotubular membrane fragments and lest&s was XI\- 
pended in 0.32 M sucrose. The protein concentration 
of the preparation was approximately 0.9 iiip~tiil. 

Deionized triple-distilled water was employed fot 
all solutions. This is essentially calcium-free to Icss 
than 0.2 /tM. Acid-washed glassware was employed 
where appropriate. Incubations for calcium uptake 

activity were carried out in the foIloh ing medium: 
imtda/olc histidine hulfcr. 30 mM. pH 6SS: KU. 
100 mM : ammonium oxalatc. 5 mM ; sodium a/idc. 
j tnM; Mg-ATP. 4 or j tnM ; and “CaC12, 5 LIM. The 
total volume of incubation was 3 ml. Whcncicr par- 
athion was included in an incubation. an cqual 
amount of methanol was included in the contt-ol incu- 
bation. The incubations contained 0.3 ml of microso- 
mal protein. The final microsomal protein conccnt- 
rntion of the incubation solution was 0.15 to 
0~20mg;ml. The assays were started with the addition 
of ATP. Incubations were carried out at X 111 order 
to achieve a linear uptake of calcium over an 
extended time interbal. The light tnicrosomcs sedi- 
menting between 35.H) and IO5.000 g had 40 per cent 
of the acti\ it) of hca\ 4 niicrovmc\ vzdinienting 
between I2.000 and 35.000 q. Thi\ I\ ;I\ al\<) ad\ all- 
tageou\ in slowing the reaction rate for easier 
tneasurements of calcium uptake. At 37 the uptake 
of calcium is \irtuall\ complete in I cv 7 min. 

The procedure cmplobed for prcincubation of mic- 
rosomes with the tested compound was as follows. 

Microsomcs wore added to the tncubation medium 
with ATP absent. The incubation ~+a\ held at room 
tcmpcrature for I(1 min and at 35 for 30 mm The 
temperature was then returned to 8 and the calcium 
uptake reaction was started by the addition of ATP. 
Controls wcrc prcincubated in Gmilar fashion in the 
absence of the tested compound 

Calcium uptake was dctertnincd hl taking 0.Sml 
aliquots of the incubation and liltcring through 
0.45-L(tn mcmbranc liltcrs (Milliporc Corp.). Mcasurc- 
mcnts were made at 5. IO. IS and 3 min. 

Filters were prcparcd with a v.~h of 0.75 M KC.1 
(2 ml) followed by water I IO ml). Samples wet-c filtered 
with the aid of a vacuum apparatus and wcrc v,ashcd 

with 0.25 M sucrose (7 ml).. The liltration in general 
followed the proccdurc dczcribcd hq Palmer and 
Posey [N]. Filters wcrc dried and t-adioa&c cal- 
cium wax determined by liquid scintillation spcctro- 
phometry in 2.5.diphenyloxa/oIc (6 g, I.) in tolucnc. 

Less than X0 cpm appcarcd on the filterx ~ii the 
absence of tnicrosomcs as tilter hlank~. Micro\omal 
calcitn-n uptake in the presence of .ATP typicall> 
reached 70.000 cpm. 

Calcium-stimulated ATPase actiltty was assay~i in 
an incubation medium identical to that ctnployed for 
measuring calcium uptake cxccpt li>r the omission 01 
oaalatc. Baseline acti\ it) for the ahscncc of calcium 
was measured with the addition of T(;T.A ((1.1 mM). 
The reaction \vas carried out at 32 for 70 min The 

incubation reaction \\as tcrminatcd with an cclual 

wlutnc of cold Y’,, TCA. and the lihct-atcd inorganic 

phosphate was mcasurcd by the procedure of LOM r! 
and I.opc/ [21]. Protein content wa\ nicasurcd h! 
the procedure of Sutherlatid or trl. [ 231 for all cxpcr- 
imcnts. 

Kt’SI I IS 
I- tgurc‘ I \how the ~;~lctum uptahc of ~-at d~a- 

phrapm niicrosonie~ in the prchencc of 5 mM 

Mg-ATP and oxalatc as a trapping apcnt at S There 
is a progressive. easily measured ATP-dependent. 
oxalate-dependent calcium uptahc mg of protein ovet 



Parathion and calcium uptake of sarcoplasmic reticulum X.37 

Table 1. EiTect of parathion on ATP-dependent calcium 
uptake of rat skeletal muscle microsomes* 

Parathion Inmoles; min;mg 

(mM) protein) 

0.0 63.8 I 3.7 
0.0 I 56.0 * 2.1 
002 31.3 jI 2.0 
0.03 25.3 i_ I.4 
0.03 20.1 5 0.6 
0.05 20.5 + I.0 
0.15 21.5 4 I.5 

Per cent 
of control 

x7 
55 
40 
31 
32 
34 

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

a 25min 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 5 nmoles cal- 
cium/mg of protein is taken up. The addition of 
0,05mM parathion at the start of the incubation in- 
hibits the calcium uptake approximately 60 per cent. 
The ef%cct of increasing levels of parathion on the 
first 5 min of calcium uptake by rat diaphragm micro- 
somes is shown in Table I. There is increasing inhibi- 
tion between 0.01 and 004 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 0.15 mM 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 
1.5 mM 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 

Fig. 3. Effect of increasing levels of ATP on parathion in- 
hibition of ATP-dependent calcium uptake b> rat akelctal 
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 hix expcrimenth. C‘on- 

trol (+ -0): 0.05 mM parathion (e --0). 

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 
MichaelisMenten 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 
20lM calcium both at 32 and at 8 , there is a 70 
per cent inhibition of the ATP splitting. In the pres- 
ence of a high level of calcium (lOO/tM) 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 1.5 mM. paraoxon 
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Fig. 2. Eflect of preincubating parathmn 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 premcubated wlthout the addi- 
tion of parathion. The final concentration of parathion is 
0.05 mM. Results are mean _t S. E. for nine experiments. 

Control (o- -0); 0.05 mM parathion (+ ~-0). 

Fig. 4. Effect of increasing levels of calcium on parathion 
inhibition of ATP-dependent calcium uptake I~! rat skcle- 
tal muscle microsomes. The incubation is as descrlbetl in 
Fig. I except for the calcium levels. which arc indicated 
on the chart. Results are mean + S. E. for six experiments. 

Control (O-O): 0.05 mM parathion (e ~-~o). 



MINUTES 

inhibited the ATP-dependent calcium uptake about 

20 per cent as shown in Fig. 5A. When the paraoxon 
was preincubatrd with the microsomal vesicles for 30 
min. the inhibition \\;ts markedly enhanced. The ac- 
tivity following paraoson prcincubation is 35 per cent 

A cholincstcrasc inhibitor (cscr~ncl clicmlcall\i tiiiw 

latcd to pat-aown has tehxi 111 the calcium uptake 
system. Addition of 1.5 mM cwinc inhibit5 actI\ it\ 
15 per cwt. If cscrinc and tlic mitt-oxomch arc‘ prcit;- 
cubated for 30 min. the inhibition of the calcium 
uptake is cnhanccd IO 12 pc’r cwt. Thi\ ih Gmdal- 

to the results obtamcd with paraown. Iyscrinc. like 
paraoxon, rcquireh a higher concentration lili- inhibt- 
lion when compared to parathion. 

Rat diaphragms wet-c incuhatcd III the prwnce 01 

thcsc agents and the cf‘cct on direct electrical stlmu- 
lation of contraction wth mcasurcd. A ditl’ercnt pro- 
pert) of the compound\ \4’;1\ notcd in thczc cxpcr- 
imcnts. A time-dependent inhibition of niuwlc cow 
traction elicited by direct xtimulation of the rat dia- 
phragm could bc obtained \+ith all the agents. Table 
3 rrwils that after 30 min paruown. /I-nitrophcnol 
and phqsostigminc inhibttcd the ~nuvAc contraction 
more than 50 per cent. Parathion wax. htwc\cr. rcla- 
timely weak 3s an inhibitor. It onI!, clicltcd 19 pet- 

cent inhibition. The apparunt lnhtbttion ol’ contrac- 
tions is tentatively interprcted 25 an ctfect similar to 
that of local ancsthctics on ion Huxcs acrow the ccl1 
mcmbranc. 



crease in AC‘h release from motor nerve ternk~la 

II 11. 
The present investigation relates to possible direct 

efl‘ects of parathion on rat skeletal muscle indcpen- 
dent or the anticholinesterase action. Parathion irl 
c?wo inhibits the calcium uptake activity of rat dia- 
phragm sarcoplasmic reticulum and the associated 
calcium-dependent ATPase acticity. The inhibition of 
calcium uptake increases with the parathion concenr- 
ration and becomes maximal with 0.04 mM parath- 
ion, resulting in a 60 70 per cent inhibition. Preincu- 
bating parathion and the sarcoplasmic reticular (mic- 
rosomal) fraction increases the inhibition to 80 per 
cent of the original activity. The inhibition of Ihc cal- 
cium pump and of calcium-dependent ATPase ac- 
tivity appears to be re\crsible with high levels of cal- 
cium. Paraoxon, the active mctabolilc of parathion, 
is a weaker inhibitor of the skeletal muscle sarcoplas- 
mic reticular calcium uptake. Al 1.5 mM it inhibits 
14 per cent. Similar iindings were obtained with the 
paraoxon metabolitc p-mtrophenol and with the 
rwersible cholinesterasc inhibitor eserine. Escrinc has 

been shown preciously to inhibit calcium uptahe of 
sarcoplasmic rericulum in lobster skeletal muscle 
[‘S], Preincubation of rat skeletal muscle microaomes 
with 1.5 mM escrine or 1.5 mM paraoxon increases 
the inhibition to about 50 per cent. 

In the British shore crab Crvc~i~7rt.s IHLI~LIS. inhibi- 
tion of sarcoplasmic reticular calcium uptake by par- 
athion may be the cause of a tonic contracture. This 
crustacean has noncholincrgic neuromusculai 
transmission so lhal one can dissociate the anticho- 
linesterase acli\it! from other elfccls of parathion ild 

paraoxon in the skeletal muscle. Within second\ of 
direct perfusion (0.05 mM parathion) of the claw clo- 
sure muscle in C‘rwcirw there is I strong irreierbible 
tonic contracture 1191. This occurs e\en in the 
absence of potassium. The depolarizing effect of par- 
athion, like that of quinine. is much slower and occurs 
over a period of X-10 min. Parathion irl vitro inhibits 
calcium uptake by sarcoplasmic reticulum of Crrr~c~irm~ 
1191. It also potentiates superprecipitation of acto- 
myosin [19]. These effects could well play a role in 
the observed contracture. 

Caffeine is an inhibitor of calcium uptake i/l ritro 
in mammalian skeletal sarcoplasmic reticulum 1261. 
It has been shown to induce contracture in frog skele- 
tal muscle but not in rat skeletal muscle unless it 
is first denervated [76.27]. Parathion, the potent in- 
hibitor of sarcoplasmic reticulum irk ~?tro, also does 
not induce a contracture in the isolated rat dia- 
phragm. 

Parathion and its metabolites have an apparent 
local anesthetic-type action on electrically stimulated 
contraction of the isolated muscle and reduce the con- 
tractile response. The relatively weaker activity of 
parathion in this rcspcct maq: reflect an additional 
action on the sarcoplasmic reticulum calcium uptahe 
sysfem. These results ma! not be totall! 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. 

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 irl 
r+tlo is sizable and of potential significance even if 
complicated by anticholincsterase activity. The cal- 
cium uptake cllcct i\ much waker with the parathion 
metabolite paraoxon. The anticholinestcrasc a&it) 
of paraoxon in turn is much greater. The present evi- 
dence would link the tn)opathy seen with parathion 
or paraoxon 10 the anticholinesterase acti\,it) rather 
than to its action on Ca’- uptake. 

.-l[~~rro,~~/r~/y~,/ti~,~lr\ This study was supported by Clnltrd 
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10175 and HL 146X1. and by a grant from the Muscular 
Dystrophy Association of America. 
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