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Major Professor: RoberL P.

As calcium plays an imporLant role in Lhe action of

hormones and neurotransmitLers, Lhe maintenance of calcium

ion homeosLasls is of special in'Lerest in insect biochemistry

and insecticide toxlcology. DisrupLion of Lhe inLracellular

regulaLion of Ca**, especially in the nervous system, may

contrlbule in some as yet unexpLained manner to the death of

insects poisoned with certain insecticides ' However,

progress in understanding such complex inLeractions has Iong

been reLarded by a dearth of basic information on calcium ion

transporL and iLs regulaLion in lnsecLs, untll recently, the

lack of a good in vi tro sysLem such as synapLosornes and

synapLosome membrane vesicles, to study the neurochemisLry of

insects.

Morphological

synaptosomes and

from the brain of

ty pure and f uncL ionaJ- lY competenL

us lng a modif

Ca**+MgÈ*-ATp*r " ,

synaptosome membrane vesicles were prepared

adult berLha armyvrorm Mantestra cotzfigurata

Íed Ficol I floataLion Lechnique ' A

one of several important outward-direcLed

ca-Lcium transPorL Processes '
was idenLlfied in both
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synapLosomes and synaptosome"

activities of Ca+ + +Mg+ + -ATpase

played vÈry hl-gl: aff trrlLy far free

dependent on ATP and magnesium,

ouabain and potassium.

membrane vesicles. The

and calcium transport dis-

calclurn and were sLr. lctly

and littIe influenced by

The effect of seven major groups of insecticides on

synaptosomal ca+++Mg++-otPase \,sas examined. six of 1B

insect icides examined inhibiLed enzyme/ s activlLy markedly at
1Ø-4 M; four of these six are cyclodiene compounds. Dose

response sLudies showed that Lhese insecticides inhibiLed the

acLlviLies of boLh ca+ ++Mg+ +-ATpase and the carcium pump

under identical condiLions. In vivo lnsecLlcide LreaLment

also significantly affecLed the activity of moth brain synap-

tosomal ca+++Mg++-ATPase. The importance of the inhibition

of ca+++Mg++-ATPase and carcium pump by insecticides is

discussed.
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GENERAL INTRODUCTION

Many groups of modern insecLicides acL by disrupting nervous

system function. Numerous elecLrophysiological studies hawe shov¡n

LhaL many insecLicides affecL acLÍon poLenLlals of the nerve

membrane (Matsumura, L975; Narahashi , L976) . The increased

negatlve afterpoLential, and prolonged repetiLive afterdischarges

caused by neurotoxic lnsecticides such as DDT, pyrethroi.ds and

cyclodienes suggesLed Lhat Lhe ion permeabltity of nerve

membranes was affected (MaLsumura, L975; Narahashi , 7976) .

Electrophysiological experiments have indicaLed that DDT mlghL

attack the sodium inacLivation mechanism of Lhe nerve membrane

which facilitates synapLic and neuromuscular transmission

Similarly, pyrethroids are Lhought to acL by(Narahashi, L97B) .

modifyÍng sodium channels and keeping them in Lhe open

conformaLional state (Lund, 1984). Relatlwely few studies have

been reported on Lhe acLion of cyclodiene insecticides in

relaLion to interference with axonic membrane exciLation,

cyclodiene compounds being regarded as mainly synaptic effectors

(Doherty, 1984). Although electrophysiological studies have

pinpointed possible si Les of insecLicide attack, Lhe manner in

which insecLicides upset ion exchange across the nerve membrane'

i.e. Lhe biochemical mode of acLion of these neuroLoxic

insecLicÍdes, sti I I remains poor.ly understood

Calcium has a stabilizing effect on Lhe

concentratj.ons of calcium anLagonize the

some neuroLoxi c insec L i. c ldes ( MaL sumura

ne rve a><on and h i gh

excit-aLory effecL of

and O'Bri.e¡r, 196rj;
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Matsumura and Narahashi, L97I; Gammon, 1.978a; 198ø). Reducing

the exLracellular calcium concentration around arLhropod nerve

axons elicits repetitive discharges reminiscenL of DDT (O'Brien,

1966). These observaLic¡ns suggested that calcium is al-so intima-

LeIy associated with the toxic reacLion between axon and insecti-

cides, as DDT-induced repetitive discharges are difficult to ex-

plain soleJ.y in terms of sodium and potassium f luxes. Studies of

the biochemical mode of acLion of insecLicides found thaL a

DDT-sensiLive Ca++-ATPase exisLed in an axonic nerve preparaLion

f rom the lobster Hontarus anrer'tcarlus (Gh1"=rrdOrrr and Matsumura,

1-979a,b; Matsumura et âf , 1979). These observaLions lecl to Ll:e

speculation thaL disrupLion of Lhe inLraceLlular regulaLion of

Ca**, especially in the nervous system, might contribute to Lhe

deaLh of insects poisoned with certain insecticides (Beeman,

79A2; Doherty, 1984). Moreover, it has been found Lhat some

insecLicides act by provoking Lhe release of insect neurohormones

(Maddrell and Reynolds, I972> . Insecticides also profoundly dis-

rupt the metabolism of cAMP and cGMP, Lhe second messengers of

hormones and neuroLransmitters (Bodnaryk, 7976; 7977; I9B2;

ButIer et aI, 1977) - These findings also suggest Lhat the

disruption of calcium regulaLion mechanisms could be a major

cause of the e><cessive neurohormone release and of disrupLed

metabollsm.

Calcium plays an i.mportant role in the nervous system.

Calcium entering Lhe nerve Lerminal during depolarization is

essentiaL f or neurotransmitter release (Lllnas, 7979) . Calcit¡m

also a.cts as a second messenger of many hormones and
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neuroLransmi Lt ers (Rasmussen, I97ø) A high concentration of

calcium, however, is cytotoxic. The inLracelLular calcium level

is kepL aL leasL 7ØØØ times lower Lhan that ouLside of the celL

by several calcium regulating sysLems, such as a Na+/Ca++

exchange mechani sm and an ATP-dependenL caI c ium pump ' a

Ca+++MgÊ+-ÀTPase, locaLed in the cell membrane (Penniston, 1983;

ReichardL and KeJ.Iy, !983). DesLructlon of Lhe calcium

regulation mechanisms woutd disrupL calcium homeostasis, possibly

resulting in excessive neurotransmitter and hormone reJ.ease, and

disrupLion of metabolic activiLj-es leading Lo death-

Several studies on biochemical and kinetic properLies of Lhe

Ca+++Mgf++-ATPase and ATP-dependent calcium pump in mammaL ian

brain synaptosome preparations have demonstraterC LhaL the calcium

pump and ATPase are functional Iy coupled (Javors et ãf , 1981;

Ross and Cardenas, 1983; GarreLt and Ross, 1985). These sLudies

compared the biochemical and kinetic properLies of the Lwo

systems using idenLlcally prepared neuraL tissue and identical

substrate and react i.on condi L i.ons , and prowide the mos L usef uI

data for understanding the relationship beLween caLcium Lransport

and ATP-hydrolysis. As yet, no studies have been reporLed on

insecL synaptosomal Ca+ ++Mg+ +-ATPase and the ATP-dependenL

calcium pump.

Ca++-ATpase and Ca+++Mg++-ATPase of Lhe nervous sysLem of

Lhe lobster, Hontarus anericarlus and werLebrates are sensitlve Lo

some insecticides, such as DDT, pyreLhroids and some cyclodiene

compounds (DoherLy and Matsumura, 1975; Ghrasr-rclclin anc-l

MaLsumura, 1979a, b; 1981 ; Matsumura and Ghiasucldin, .l979;
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Yamaguchi eL aI, tgTg; clark, 1981; Clark and Matsumura, 1982;

Doherty et â1, 1981). In addiLion, DDT and the pyrethroids were

shown to affecL ÀTP-dependenL calcium exchange and calcium uptake

by crude homogenaLe of crayfish nerve cord and l-obsLer axon

(Ghiasuddin and Matsumura, 1979a; Doherty eL âÌ, 1986). However,

these studies did not demonsLraLe Lhat the inhibiLi.on of

Ca+++Mg+_+-ATPase activiLy would resulL in the disruption of i.Ls

funcLion. FurLhermore, the biochemical iclenti-Ly of Lhe

DDT- sens i L ive 'Ca+ +-ATPas e ' sLudied by Matsumura's group

(MaLsumLlra and Ghiasuddin, 1979) is open to quesLion' The

biochemical properties of the 'Ca++-ÀTPase' hawe noL been

carefully studied. The only study to imply thaL DDT nighl attack

Ca+ +-ATpase of insec L s used Lhe German cockroach , Blat tel la

gerntanica L. , as the exper imentaL sysLem (Ghiasuddin et al ,

1gB1). The study found that braln Ca++-ATPase of the DDT-resis-

tant strains of the German cockroach Blattella gerntanica L- was

less sensitive Lo DDT than that of susceptÍble strains ' No

sLudles have been reporLed on Lhe effect of i.nsecticides on

insecL synaptosomaL Ca+++Mg++-ATPase. Thus, it is sli I I not

known if insecLlcides inhibiL Ca+++MgÉ+-ATPase activiLy in the

insect nervous system and disrupL 1ts calcium transporL funcLion-

To sLudy the effecL of insecticides on insect neural

Ca+++Mg++-ÀTPase acti.vity and i.ts funcLion, Lwo conditions are

essenLial. First, a well-def Íned insect it¡ witro sysLem, sr-tch as

synapLosomes and synapLosome membrane vesicles, is needed to

avoid compLications caused by factors such as the variations in

Lhe degree of peneLraLion through the cuLicle aucl meLahc'l ic
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activation or deLoxificaLion. Seccrndly, basic information about

biochemical and kineLic properties of calcium ion Lransport and

its regulation of the welI-defined insect i¡t t¡itt'o system is

necessary. A dearLh of basj.c informatlon abouL calcium ion

transporL and iLs regulaLion in insects, as well as the Lack of a

well-defined in vitro sysLem in insects until relatively recenLly

(Donnellan et âI, L976; Breer and Jeserich, 798Ø; Gordon eL

â1, 7982) have reLarded progress in undersLanding Lhe comple>:

effects of insecticides on calcium homeosLasis.

In this thesis I will explore the possibltity that some

neurotoxic insecticides act by disrupLing one of Lhe ÍmportanL

calcium regulat ing mechanisms, Ca*++Mg+ +-ATPase, which is Lhought

to be an ÀTP-dependenL calcium pump exLruding calcium from the

neurone afLer depolarization. I first prepared morphologi.cally

pure and functionaJ-ly competenL synapLosomes and synaptosome

membrane vesicles from the adulL brains of the berLha armyworm

Mantestra configurata WLK. (ChapLer I). Secondly, I studied the

biochemical properties of the Ca+++Mg++-ATPase arrcl ATP-depenclent

calcium pump of these synaptosomes and synaptosome membrane

vesicles (ChapLer I I ) . Finally, based on the results of my

studies, I examined Lhe effect of insecLic ides on synapLosomal

Ca+'þ+Mg+àATPase activity and its function, ATP-dependent

transport of calcium (Chapter III).
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CHAPTER I

SYNÀPTOSOME ÀND SYNÀPTOSOME MÐ,ÍBRÀNE VESICLE PREPARATION FROM

THE MOTH BRAIN OF THE BERÎHA ÀRMY9JORM ¡{AMESTRA CONFIGARATA

WLK.

InLroductlon

SynapLosomes are pinched-off, resealed nerve' endinqs

whlch form during homogenization of nerve Lissue. Since they

display all the essenLial feaLures of intact nerve endings,

synaptosomes provide an lnvaluable system for studing

neurochemical processes jn vitro. Synaptosome preparations

may be further manipulaLed by osmoLic shock to generaLe

synaptosome membrane veslcles. Synaptosome membrane vesicles

devoid of sub-cel lular orga.nel Les can be induced to f orm in

"inslde-out" or "righL-side-out" configuraLions by using

appropriate conditions. These membrane vesicles are useful

for studing membrane Lransport phenomenon because transport

can be sludied in lsolaLion from other confounding processes

such a.s metabolism or sequestration inLo inLernal storage

organelles (6ordon et ãI., 1982).

AILhough synaptosomal preparaLions have long been a

powerful and indispensible tool in neuroctremical research in

the vertebrate nervous system, funcLional synaptosomes from

Lhe nervous system of insects have not been prepared untiL
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recenLly. AtLempLs Lo apply existing LecËniques developed

for Lhe verLebrate nervous system have been limited in number

e.r:d sccrllÉ (TeIf ord atrd MaLsulriui-4, Iç)7Ø ) and hs.ve proved

largely unsatisfacLory. The use of FicoII, rather Lhan

sucrose, to prepare densiLy gradienLs has improved techni.ques

for prepar ing synaptosomes from insecLs . Synaptosome-l ike

sLructures have been obtained from crude fleshfly head

homogenaLes (Donnel lan et af . , L976) - Funct j'onal

synapLosomes and membrane vesicLes from osmotically shocked

synapLosomes from insecL nervous Lissue have been prepared

using a microscale floatation technique based on FicoIl

(Breer and Jeserich, 798Ø; Gordon et âf, 1982; Breer, 1983)-

However, Lhese synaptosomal preparations were eiLher derived

from crude head homogenale instead of pure nerve tisst¡e or

were contaminated by synapLosomal miLochondria. Morpho-

logically pure and functionally competent synaptosomaL

preparaLions derived from pure insecL nerve tissue are

requlred f or the study of insecL neurochrerni sLry and the

biochemical mode of action of neurotoxic insecticides '

This chapter describes Lhe use of a modified microscale

Ficoll floataLion Lechnique to obtaj-n high yields of

relatively pure, f uncLional ly competenL synapLosomes a¡rd

synatosome membrane vesj.cles from the brain of moths of

Manestra configurata WLK. EIecLron rnicroscopy and marker

enzyme assay have been used to examÍne Lhe prrriLy c¡f the

synapLic preparaLions. Two lmportanL neurochemj,caL frlrcrno--
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mena: volLage-dependenL and ATP-dependenL calcium Lransport,

have been studied to demonstrate Lhe funcLional competence of

t}:e synaptosornal prËparat lans -

Materlals end Methode

Insec t s

The bertha armyworm, Mantestra conf tgurata WLK., was

reared in Lhe Iaboratory on an artificial dieL (Bucher and

Bra.cken, L976) at 2Ø + 1 t, 6ø + rØ% rel-ative humidi.ty and a

LZhr light:12h dark photoregime. Diapausing pupae were kept

f or one monLh aL 2Ø "c and then s Lorecl aL Ø T f or 6 Lo ten

months to break diapause. BaLches of abouL 2øØ pupae v/ere

reLurned from sLorage aL ø"c to 2Ø"c aL regular inLervaLs to

generate adults for brain dissections.

Cheml caI s

Beta-NADH, NADPH and the calcium ionophore A23IB7 were

purchased f rc¡m Sigma (St. Louis, Mo. ) and Ficoll r/¿as

purchased from Pharmac ia, UppsaIa, Sweden. The 45Ca+ * was

obLained from Àmersham CorporaLion (OakviIIe, Ontario).

Preparallon of Svnaptosomes

Synaptosomes were prepared according Lo the method of

Gordon et al ( 1982) with modif icati.ons as described below.

Brains from Lo Z-day-oJ.d moLhs were removed by dissecLion
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in Ø .25 M mannl tol buffer , pH 7 .4, conlaining 7 .Ø mM EDTÀ

(buf f er M). Pooled brains ( LypicaJ.Iy, 15ø bra j-ns, approx.

Løø mg wet- wt) were hr:rrioger:1zed 1r'r 5 rnL of 1cÊ-c¡ld buffer ì4

with tø up and down sLrokes of a PotLer-Elvehjem Lissne

grinder having a lfheaLon '2ØØ ' borosilicate glass tube and

TefLon pestle with Ø.I25 mm clearance beLween parts. Al l the

operaLions were done in an ice-bath and centrifugaLion was

done at Ø to "C. The homogenate was centrifuged for IØ

minuLes at 325Ø rpm(L27Øs) in Lhe SS34 rolor of a Sorvall

RC-58 cenLrif uge. The supernaLant v¡as saved ancl the pel let

resuspended by homogenizrng in 5 ml buffer M and centrifuged

as above. The supernatanLs v¡ere combined and centrifuqed

for 15 minutes at 75,ØØØ rpm (27,1,ØØg). The resuJ.ting peIIet

(PZ) vras resuspended in a smalL volume (Ø.5-ø.6 ml) of buffer

M and 6 volumes of a 12% w/v Ficoll soIuLion. To the

resuspended P2, 6 volumes of FicoL l solulion j.n buf f er M were

added to give a finat FicoII concenlration of lø.3% (w/v).

The suspension v¡as Lhoroughly mixed in a narrow centrifuge

tube (7 -5 cm Ionq X Ø -g cm 1.d. ) and cenLrlfuqed for 75

minules at LØ,ØØØ rpm ( L2,ØØØg) . The resulting peJ- let (PZH)

consists mainly of mitochondr j.a and was d j.scarded. The

floating pellicle r,,/as col.[ecLed and resuspended in buffer M,

and cenLrifuged f or 15 mirrutes at 75,ØøØ rpm. The reslllting

pellet (PZL) represents the enrj.ched synapLosome fracLion.
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Preparat lon of Svnaploeo¡ne Memb r ane Vesfcles

Synaptosome membrane vesicles \'¿ere prepared from Lhe

enriched synapLosome fraction by osmotic shock. PeIlet PZL

was suspended in ø-5 mI of buffer M and added to 2Ø ml of 5

mM Tris-HCL buffer, pH 7.4, conLaining 1 mM EDTA. After slow

stirring f or 3Ø minutes in an ice-baLh, the suspension v/as

centrifuged for 15 minutes at 75,ØØØ rpm. The resultlng

peJ.teL was subjecLed Lo a second Ficoll fractlonation as

above to produce pel-let PZHZ which consisLed mainly of

synapLosomal mitochondria and some undisrupted synaptosomes.

The supernatant from the FicoLI fracLionation was LreaLed as

above to produce peI IeL rnvP2l which consisted of inside-ouL

synapLosomal membrane vesi.cles.

Electron Microecopv

FracLions PZH, PZL, mvP2L and PZHZ were fixed as pel-

Iets in ice-coId primary fixative (2.5% gluteraldehyde, Ø.1 M

phosphate buffer, Ø.I M sucrose, and 2 mM CaCl2, pH 7-2) for

t h. The pellets v/ere washed for ø.5 h wiLh two changes of

Ø.7 M phosphate buffer conlaining Ø.I M sucrose (soLuLion N),

postfixed in t% osmium tetroxide (in solution N) for t h in

an ice-bath. After the second fixation, the peJ. leLs were

washed for t h with several changes of soluLion N, dehydrated

in graded series of eLhanols and embedded in Spurr resin-

utLraLhi.n sections were cuL by using ReÍcherL OmU2



ultramÍcrotome. The sections were stained

for 3ø minutes, washed in distilled water,

clLraLe for 5 mlnules-

The stained secLions were examined

electron microscope or an AEl EM8øL electron

Marker Enzvmo Àosav
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in uranyl aceLate

and then Ín lead

in an AE1 EM6B

microscope.

NADH- and NADPH-cyLochrome C reducLase- (EC 1 .6 - 99 - 3 )

were measured essenlialty as described by Duncan and Ma.ckler

( 1966) . The reaction mixLure conLained ø.øL M potassium

phosphate buf f er, pH 7 .4, 1 mM KCN, Ø.1 % NÀD(P)H, ø.I% (w/v)

cytochrome C, 5 ¡¡M roLenone plus sample. The raLe of

lncrease in A55g at 2Ø'C v¡as measured specLrophotometrica.Lly.

Acetylcholinesterase (acetylcholine hydrolase, AChE;

E.C. 3.1.t.7) was assayed basically according to the

coLorimetric method of Ellman et aI. (1961). The 3.ZZ rnL

reaction mixLure conLained 3 ml ø.ø5 M potassium phosphate

buf fer (wlth Ø.4 M NaCI), pH 7.4, LØø ¡:I ø.ø3 rnM DTNB, 2Ø ¡:1

7.5 X Lø-4 M AThchI, and the sample. The increase of À412 was

measured specL rophoLomet r i cal Iy.

VolLage-dependent CaIclum UpLake lnto Svnaptoaomee

A method simi Iar

( 198ø) was employed.

suspended in a Iow-K+

to that of Nachshen and BlausLein

SynapLosomes prepared as above ïtere

soluLion containing 145 mM NaCl, 5 mM
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KCI, 1 mM MgCI2 , Lø mM glucose , LØ mM Hepes, pH 7 .5. The

suspens i on Ìvas warmed f or 3ø min at 3 ø 'C v¡i th gent I e

agiLatlon. Àliquots (2øø pt ) of the wa.rmed synaptosome

suspension were added to equal volumes of either the Iow-K+

solution with ø.5 pCi 45ç"'r + or hlgh-K+ solution composed of

73 mM NaCl, 77 ml{ KCI, 1 mM MgCI2 and tø mM glocose in tø mM

Hepes buf f er , pH 7 -S trith ø .5 ËCl 456"+ +. The entry of

Ca+{' lnto synaptosome was terninaLed by rapidty dlluting the

lncubation ¡nedla with 4.5 ml of 1ce-coId low-K+ solution

containing 2.ø mM CaC12 . For brief <2 to 5 seconds )

lncubaLlon tlmes, the plpettlngs were timed wlth a metronome-

Af ter the entry of 45g"+'r had been terminated, the diluted

suspensions were filtered by suction Lhrough ø.45 micron

millipore filters to collect synaptosomes. The filters vrere

washed 3 times with 4.5 mI of cold Iow-K+ soluLlon, dried at

6ø C and placed ln vials containing tø mI of Scintl Verse II

(Fisher SclenLific) scintillation cocktail for radioactivity

measuremenL in a Packard Tri-Carb 46ø CD liquid scintilation

counter.

ÀTP-dependent CaIcfu¡n Uptake fnto Svnaptosome Membrane

Veeiclee

Synaptosome membrane vesicles (tØ Ug protein) were

incubated at 3ø"C in I.ø ml f inal volume of an assay medium

conLaining 16ø ¡nM KCL , 3Ø mM lmidazole buf f er, pH 7 .4, 1 nM

MgCl2 , Ø.I nM EGTÀ, Ø.! mM ouabain, ø.ZS mM ATP, 1 FCÍ 45g.++
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and various amounLs of CaCI2 to give Ø to t.Ø nM free calcium

ion concentratlons as compuLed by Perrin and Sayce ( 1967).

Radloactlve ÆC"*+ ( 1 ¡rCi ) was aclded Lo Lhe medium 2 mj.nutes

prior Lo the addiLion of cold ÀTP Lo initiaLe calcium uptake.

Uptake v/as al- lowed to proceed f or 5 minuLes and then

terminaLed by adding 5 mI of stop soLution conLaining 16ø mM

KCI, Lø mM Mg, 3Ø mM imidazole buffer, pH 7.4. The samples

were filtered through Ø.45-¡rM MiLlipore fiLters and the

filLers washed 3 Li.mes with the same sLopping solution (5 ml

each). The f iLters were dried aL 6Ø'C and placed in vials

conLaining 7Ø mI of ScinLi Verse I I scinL j.llaLion cocktaiL

for radioacLivity measuremenL -

Proteln Determinatlon

ProLei.n

(Bradf ord,

bovine serum

Repllcatlon

v¡a s mea su r ecl by a proLein-dye

I976) using the Blo-Rad proLein

albumin as Lhe sLandard.

binding meLhod

assa.y kit and

MeasuremenL s of caL c j.um upLake ac L ivi Ly were made in

duplicaLe for three separate experiments. Since the synapto-

somal preparations vary in activiLy from preparaLion Lo

preparation, data from represenLative experiments are usuaJ.J.y

given.
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ReEulte

Electron Mlcroecopv

ElecLron microscopic examinat ion of various FicoL l

fractions of homogenized brains from.ly'. configuraÉa moths

showed lhat fract ion PZL cons i sted essent ial Iy of

synapLosomes conLaining numerous synaptic vesicles and a few

mitochondrla (FÍ9. 1 and 2). Postsynaplic attachments were

also seen. The P2L fraction also contained some synaptosome

ghosts and a few free mi tochondr ia. The PZH fract ion

contained almost entirely mÍtochondria (Fig.3) . The mvP2L

fraction obLained after osmoLic shock of the PZL

(synapLosome) fraction consisted mainJ.y of synaptosome

mernbrane vesic les and some unsealed membranes (F.ig. 4) . The

vesicles vrere devoid of internal. celluÌar orsanelles. The

PZHZ fraction contained numerous Lwisted miLochondria

resulting from osmotic shock, a few membrane vesicles and

undi.srupLed synaptosomes (Fig. 5 ) .

Marker Enzvme

NÀDPH-cytochrome C

e 1 ther Lhe enr 1 ched

reducLase was not detectable in

synapLosome fractlon (PZL), the

synapLosome membrane vesicle fraction (mvP2L) or the second

mitochondron fracLion (PZHZ) but was readiJ.y detecLable in

Lhe firsL mltochondron fraction (PZH) and the endoplasmic

1)reLiculum fraction (Table The activi Lv of
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Flgure 1. Electron mlcrograph of the enrlched synaptosome
fractlon (PZL) of homogenized moth bralns from Mamestra
configurata.
Àbbrevlat lons : M: m1 tochondr 1a; S : synapLosome; Sg :
synaptosome ghosL; Sv: synaptlc vesicles i Ps,
postsynapti c componenL
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Flgure 2. Electron mlcrograph of typical synaptosomes from
Lhe enrlched synaptosome fractlon (PZL).
Àbbreviations: M: mitochondria; Sv: synapLic vesicles,
Nu: neurosecreLory granule.
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Flgure 3. Electron
fractlon (PzH).
Àbbreviations: M:

micrograph of the flrsL mltochondrial

mi tochondr ia .
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Figure 4. Electron microgra.ph of synapLosome membrane
veslcle fraction (mvP2L). The micrograph shows membrane
vesicular strucLures devoid of ceI lul.ar organel Ies.
There are also some unsealed'membranes (arrow).
ÀbbrevlaLlons : Smv: synaptosome me¡nbrane veslcles.
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TABLE 1. Distribution of three marker enzymes in various Ficol-lfracLions prepared from moth brains of M.'configurata J(

NÀDPH-cyLochrome c NADH-cyLochrome c Acetylcholine
Reductase Reductase Esterase(nmore/min/mg pro. ) (nmole/min/mg pro. ) (umole/min/mg pro. )

P2L

mvP2L

PzH

P2H2

ER

3.24 + 1.93

øø

13.45 + 2.Ø2 2øL.43 + 3'7.48

ø 89.28 + 3Ø.28

14.62 + 1.52 5.7L + 6.72

L27.28 + L22.27

226. t5 + 143. 18

115 .87 + 32.79

34ø .26 + 1 ø9. 16

258.79 + 76.33

P2L: Enriched synaptosome fraction
mvPZL: SynapLosome membrane vesicLe fraction
PZH: First mÍtochondrial fraction
PZHZ: Second mitochondrlal fraction
ER; Endoplasmic reticulum fraction, the supernatant from pZ
å(¡ The results are means and standard deviaLion of four

independenL exper imenLs .
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N.A,DH-cytochrome C reducLase v/as very low in PZL and the

endoplasmic reticulum fraction, undetectable in rnvPZL but

very high in P2H and PZHZ fractions. AceLylcholj.nesterase

activity was found in aLl fractions.

Ylelde and Storage

IniLi¿rl yields of synapLosomes usj.ng a conLinuotrs

gradient with 7Ø.Ø% FicoIl (w/v) were Iow. Quantities of

material present in the f loati.ng pet I icre derived f rom

pel let PZ v¡ere smal I and Lhe peI Iet PZH conLained an

unacceptabJ.y high conLent of synaptosomes (Fig. 6). Thls

synapLosomaL materi.aL, which sedimenLed wi Lh the

the preparation. Ylelds of

a con t inuous g rad i ent wi th

The floating pellicLe was

visibly Lhicker and the pellet PzH conLained litlle if any

synaptosomal material (Fig - 3) .

Typical preparations from 15ø moth brains (dissectlon

time 5h) gave approximaLeJ.y 7ØØ mg wet weighL of brain Li.ssue

which yieJ.ded, after Ficol-l fractionation, 1mg of synap-

tosomar protein or Ø.6 mg of synapLosome membrane vesicle

proLeln. This was sufficient for 6Ø to IØØ assays each of

wh j.ch requi.res Ø.ØI mg protein.

SynapLosomes and synaptosome membrane vesicles could be

stored on ice for up to IØ days with Ij.ttLe Ioss of activity.

Storage in l iqrrld ni t rogen was I es s sat j. sf ac Lory. In thl s

miLochondria, was being losL from

synaptosomes v/ere higher when

LØ.3% FicoLl (w/v) was used.
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Flgure 6. Erectron mlcrograph of the flrst mltochondrlar
fraction (PzH) when using tø% F.ícoII (wlv) conLinuous
gradlent to separaLe synaptosomes and mitochondra. A IoL
of slrnapLosomes can be seen 1n the f ractlon.
AbbreviaLlons: SM: synapLosome; M: mitochondria.
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study, storage on ice vras usually less Lhan Lhree days

VoI[aqe-dependent Calclum Upteke þy Svnaptosomee

Synaptosomes prepared from moth brains of Mantestra

configurata when incubated in a Iow K+ medium took up

IabelLed calcium from Lhe medium in a Lime-dependent manner

(Fig. 7). The rate of uptake was greaLly- increas'ed (up Lo

3-fold) when the synaptosomes v¡ere incubaLed in a

depolarizing, hlgh K* medium- Time-course sLudies of the net

rate of uptake due Lo depolarization (solid line, Fig.7)

lndicaLe Lhat the hiqhesL raLe of upLake of Ca** inLo the

synaptosomes occurred wiLhin the firsL few seconds afLer

depolarizaLion. Àf ter abouL 1'Ø .seconds, the raLe of upLake

felI to Low Ievels (Fig.7).

ÀTP-dependenL Calclum Tranepor[ þy SvnapLosome Membrane

VeslcIes

Inside-out synaptosome membrane vesicles prepared by

osmotic shock of moLh brain synaptosomes, when Íncubated in a

medium conLaining ATP, rapidJ.y Lake up 45Ca+ * f rom the medium

(Fig. B) . Time course experimenLs showed that most of the

upLake occurred

(Fig.8). It is

during prolonged

erraLic patterns

of incubaLion in

wiLhin the firsL few minutes of incubalion

possible LhaL back fluxes of Ca*+ occur

incubaLion of the vesicles, giving rise to

of calcium upLake apparenL afLer L5 minuLes

Fig. B.
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Figure 7. Voltage-dependenL ca.Ìclum uptake by brain
synapLosomes of the bertha armylrorm Manestra conftgurata
9^7LK. The soIld llne is the dlfference beLween high-K+-
Ca++-uptake (close circles) and Low-K*-Ca++-uptake iop"rt
clrcles). ExperimenLal varlablllty is reported as

1510

HtoH-[f,']uPlAKE

Low-[K'] uPTAKE

Error bars are omitted when they
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Flgure 8. The tlme course of ÀTP-dependenL calcium uptake
by synaptosome membrane veslcles of the berLha armyworm
Mamestra configrurata WLK. The arrow marks the addition
of the calclum lonophore A23L87 to the lncubatlon
medlum. The solld Ilne indlcaLes the Llme course of
ATP-dependent calclum uptake and Lhe doLted I ine
indlcates the ÀTP-dependent calcium upLake after Lhe
addltion of }.23L87. Exper imental var iabi I i ty i s
reported as standard deviaLion. Error ba,rs are'omitted
when they are within lhe circle.
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Flgure 9. Effect of free calclum concentraLlon and ATP on
ÀTP-dependent calcium upLake by syneptosome membrane
veslcles of Lhe bertha armyworm Mamest,ra configurata
WLK. The sol id I lne represenLs calcium uptalce in the
presence of ÀTP and the dotted line represents calcium
uptake wiLhout ATP. Experj.menLal variability is
reported as standard deviation. Error bärs are omitted
when they are wiLhin the circle.
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Addition of Lhe Calcium ionphore A23tB7 Lo the

incubaLion medlum afLer l-Ø minuLes of incubation released

mos L of Lhe rad i oac L ivi. ty of 45a"+ + th"t had been Laken up by

the vesicles (Fig. B, arrow) .

Uptake of calcium into synaptosome membrane vesicles was

strongly dependenL on ATP - When ATP was omi. tted, f rom Lhe

incubation medium, the uptake of calcium inLo the vesicle vras

f ive to ten Limes Iower than in the presence of ø.7,5 rnM ATP

(Fig.9).

UpLake of ca-Icium into synapLosome membrane vesicles was

also influenced by the concentraLron of free cal-cium in the

medlum. In the experiments shown in Fig.9, the concenLraLion

of free calcium in Lhe incubaLlon meclj.um was controll.ed by a

Ca++-EGTA buffer sysLem and compuLed by an iterative method

(Perrin and Sayce, 1967) . Maximal uptake of Ca* + into

synaptosome membrane vesicles occurred when Lhe free calcium

concentraLion was Ø.L to Ø.2 nM (Fiq.9).

Dlscusston

This research demonsLraLes thaL high yleIds of

relatively pure, ftorphologically well preserved, funcLionally

competent synaptosomes and synapLosome membrane vesicles cat-ì

be prepared from brains of moths of Mantestra conftgurata

uslng a modif j.caLion of the Ficol I f loatation technique of

Gordon et aI ( 1982). Modif icaticrns Lo the FicolL f loatation
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technique improved the puri ty and yieJ.ds of synaptosomes ancl

synapLosome membrane vesicles from the brains of trlantest¡-a

cottf igurata rnoths in two ways . Fl rst , by lncrea.s 1ng the

FlcolI density from tØ% to LØ-3%, LL was possible Lo obtain

an improved separation of miLochondria and synaptosomes. The

density of insect synapLosomes apparenLly varies from species

to species, Lhus requiring adSusLment of the gradient medium

Lo obtain optimal separation betvreen mitochondria and synap-

tosomes (Breer, 1981). Second J.y, Lhe addi L ion of a Fi coI I

cenLrifugation step after osmoLic shock of Lhe synaptosome

fraction further separated Lhe synaptosomal mitochondria and

oLher sub-cellular organelles from the synaptosome membrane

vesicles. This additional purificaLion step, which is usuar-

ly not parL of estabLished protocols for preparing synap-

tosome membrane vesicl-es from neural Lissues of oLher insects
(Breer, 1981), should be included in the preparaLion of pure

synaptosome membrane ves i c Les oLherwi se mi tochondr ia and

other sub-ce1 lular organel les released from synaptosomes

during osmotic shock contaminate Lhe preparation.

Typical preparations from Manestra configurata yieJ.ded

1Ø mg of synapLosomal protein or 6 mg of synaptosome membrane

vesicle protein per gram of moLh brains. This compares weLl

wiLh Lhe best yields of synapLosomes f rom mammal ian bra j-n,

which vary from 11 mg of synapLosomal proLein per gram of

cerebellum Lo 36 mg proLein per gram of hypothaLamus (Loscher

et al 1985)
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The moth brain synapLosomes and synapLosome membrane

vesicles are virLually free of endoplasmic reticulum and

mitochondrion conLaminants as judged from marker enzyme

sLudies. The actÍviLy of NADPH-cytochrome C reductase, âñ

enzyme specific to the endoplasmic reLiculum (Gurd et al.,

L974) , is undetectable both in the enriched synapt osome

fracLion and in the synapLosome membrane vesicle fracLion.

The acLivity of NADH-cytochrome C reducLase, ân enzyme

Iocated in the outer mi tochondr i on membrane ancl the

endoplasmic reticulum (BeaLtie, 1968; Gurd et âf., tg74) is

Low in the enriched synaptosome fraction and undetectabLe in

Lhe synapLosome membrane vesicle fraction. These resuLLs,

Laken Logether r¿1th the resuLLs of electron rnicroscope

sLudies of the various FicolL f racLi.ons, leave little doubt

Lhat Lhe moLh brain synaptosomes and synapLc¡some membfane

vesicLes are reIaLiveJ.y pure. The electron mi-crographs also

show that the enriched synapLosome fracLion consists of

morphologically weII-preserved synapLosomes and LhaL the

synaptic membrane vesicLes der.ived from the synapLosomes by

osmotic shock are free of intracellular orqanelles and

synaptosomal miLochondrial contamination-

MoLh brain synaptic preparaLions produced by this

modified FicolI floaLaLion technique are ner-rrochemicaJ. ly

active and functì.onaJ"Iy competent. This is Lhe f irst study

of two aspecLs of calcium ion Lransport in insect brain using

synapLic preparaLions, namely the inward movement of calcÍum
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ions into presynapLic terminals Lhrough voltage-sensiLive

channels and the extrusion of calcium ions from Lhe neurone

by an ATP-dependenL calcj.um Lransport mechanism. These

processes are an inLegral parL of synaptic transmissj.on,

since the release of neuroLransmiLLers is dependenL on the

entry of caLcium through voltage-sensitive channeLs (Kaze and

Miledi, L967; 1969; 197Ø; Llinas and Nicholson , 1975) -

Extrusion of calcium from the neurone after the acLion

potentiaJ. is al-so essential Lo mainLaining low j.nLracellular

IeveIs of Lhis highly cytoLoxj.c ion.

The inward movemenL of calcium ions into moLh brain

synaptosomes after chemically-induced depoLarization by hlgh

K+ concenLration has an early (<2 sec) fast phase and a lale

(>LØ sec ) s low phase in v¡hi ch the raLe of i.nward movemenl i s

only a smal-l f raction of the rate of the f asL phase - The

lntervening inLerval (>2<IØ seconds) may consisL of a mlxture

of fast-phase and slow-phase processes. These phases appear

Lo correspond to the phases of uptake of calcium ions into

rat brain synaptosomes (Nachshen and Blaustein, 198Ø;

Gripenberg et ãI -, 198ø; Leslie et ãf -, 1983). LlLtIe is

known abouL the relaLionshi.p of these Þhases to the

physiology of nerve Lransmission other Lhan thaL Lhe fasL

phase encompasses Lhe whole process of calcium enLry and

neuroLransmltter release, a process which may occur in onJ,y

a few hundred microseconds i¡t vivo (Parsegian, 1977). InspiLe

of inherenL nroblems of accuraLe measuremenL of such short
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time intervals, which can only be partiat l-y resolved using a

meLronome and precise manual technique, iL should be possible

using brain synaptosomes Lo obLain much usefut information on

the ef f ects of neurochemical J.y acLive subsLances, including

insecticides, oD vortage-sensitive caLcium channers in the

insecL cenLral nervous sysLem.

The funcLion of ÀTP-dependenL calcium transporL systems

is Lo exlrude calcium ions from Lhe ceLll against a steep

concentration gradienL aL Lhe e><pense of meLabolic energy.

ATP-dependent calcium Lransport can be studied using synap-

Losome membrane vesicles because a certaj.n proportion

(undeLermined in Lhis study of moth brain) of the vesici.es

form in an inside-out configuraLion when lysed in the osmoLic

shock solut ion in the absence o'f magr¡es ium. The Ca+ +-.ATpase

reponsible f or transporL (Dlpolo, L977; I97B; DipoJ.o and

Beauge, L979; CouLinho et aJ -, 1gB3) thus faces the

lncubat i on med ium and cal- c ium t ranspor L can be as sayed as

inward movement of calcium ions Ín response Lo various

incuba.Lion condiLions (GÍll et al -, 1gB1). The movement of

carc j.um ions inLo the interior of the vesicle, as opposed to

bindlng Lo the surf aces of membranes can be tesLed readi.Iv

using a cal-cium ionophore. MoLh brain synaptosome membrane

vesicles, after incubaLion in a medium containinq ATP and

radioact j.ve 45c"+ +, rapi.dry Lost their accumLrlated radio-

ac t ivl ty when the cal- c ium i onophore A23787 rdas added Lo Lhe

medium, leaving I j.LLle doubt thaL the 45a.+ + had been
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acct¡mulated i.n the inLerior of the vesicles.

salienL finding of the sLudy of ÀTP-dependent calcium

transport in moLh b¡'aj.n synapLosome membrane vesicl.es is thaL

maximal caLci.um LransporL occurs in Lhe presence of exLremely

low concentraLions of free ca.Lcium, j.ndicaLing that moth

brain Ct'++yg++-ATPase has a very high aff i.niLy for calcium

lons compared with that from mammals. Synaptosome membrane

vesicles from mammals hawe similar raLes of transporL of

calcium but aL much higher concenLratlons of free calcium.

For example, pltuitary plasma membrane vesicles, from rat

anterior pituiLary celLs Lake up Ca++ at a maximum veÌocity

of 3.4 nmoLes of Ca++/min/mg proLein and display an apparenL

Km of Ø.7 ¡tM f or f ree caLcium- Various estimates of the Km

for raL brain synaptosomal Ca++-ATPase vary from Ø.Ø6 to Ø.Zo

¡:M (Lin and W"y, l9B2; 1984). By comparison, moth synaptosome

membrane vesicLes take up a"l* at a maxima-l velocity of

tØ.8 nmoLe/min/mg protein but aL a free caLcium concentraLion

that is nearly a thousand times Lower (Ø.1 to Ø.2 nM). Il is

generaJ-Iy assumed that the ATPase responsible for calcium

transport should be acLivated by a calcium concentration

approximaLing its intracellular IeveI, which in mammals is

Lhought to be about Ø .1 ¡rM or lower (Kretsinger, 1979) .

EvidenLly, calcium transport processes in the brain of

Manzestra conf igurata are maximal ly acL ivated by much lower

concenLrations of free calcium which might suggesL lower free

intracellular calcium concenLration in insecL svnapLosomes.



It is Lherefore of interesL Lo

synapLosomaL Ca+ ++Mg* +-ÀTPase i,s
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determine wheLher moLh brain

also maximally acLivated by
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CHAPTER I I

PROPERTIES OF À g¡++AY6++_OEPENPENT ATPASE ÀND AN

ATP-DEPENDENT CA++ -PUMP OF SYNAPTOSOMES AND SYNAPTOSOME

MEMBRANE VESICLES FROM THE MOTH BRÀIN OF THE BERTHÀ ÀRMYWORM

MAMESTRA CONFTGURATA gfLK

Introduction

The intracellular concentration of caLcium in neurones

and oLher celLs is maintained at j.ow Levers (Ø -r ¡:M or less)
by Lhe exLrusion of caLcium Lo the exLerior of the ceL l
againsL steep concentraLion gradients. The ouLward-dj.rected,

ATP-dependenL cal-cium transport process, which may mainLain a

1ØØ Lo 1Ø,ØØØ-f old concenLraL ion grad j.ent between the cytosoJ.

and extracel lular space, is LhoughL to be mediated by

Na*/Ca* * exchange and by a high af f ini ty calc j.um-sLimulatecl

magr¡es ium-dependent ATPase l ocated in the cel. I membrane

(Pennlston, 1983; Reichardt and KelJ.y, 1gB3). severaL inde-
pendent sLudies have shown that the kineLic pr.clperties of Lhe

ATP-dependenL calcium pump and ç¿**a¡1n**-ATpase in mama-

I ian brain synaptosome preparat i ons are s imi lar , ind i cat ing a

molecular relatlonship between the calcium pump and ÀTpase

activity (PennisLon, 1gB3) . Many of Lhese studies, however,

have measured either ATP-dependenl uptake of ca** ir¡Lo

inside-out synapLosome membrane vesicles or Lhe activity of
g"+ +.uyn* +-ATPase in synaptosomes or in synapLosome memÌ¡rane

vesicles but not both. Comparisons of Lhe brochemicaL and
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kinetic properLies of the Lwo sysLems using idenLicaJ.ry

prepared neural tissue and idenLical substrate and reaction

condÍLions provide Lhe most usefuL data for undersLanding Lhe

reraLionship beLween calcium Lransport and ÀTp-hydrolysis,

but unforLunately such comparisons have been rare (Javors et

ãl , 1981; Ross and Cardenas, 1gB3; GarreLL and Ross, lgBS ) .

The maintenance of calci.um ion homeostasis in the insect

neuraL sysLem is of special interesL to insect biochemisLry

and toxicology because 1t has been speculated thaL clisruption

of the inLracellular regulaLion of calcium may conLribuLe in
some as yeL unexplained manner Lo the death of insecLs

poisoned with cerLaj.n neurotoxic insecticides (Doherty,

1984). However, progress in undersLanding such complex

inLeract ions has long been reLarded by the lack of a

well-defined in vitra sysLem, such as synapLosomes and

synaptosome membrane vesicles, Lo carry ouL such stud j.es and

a dearth of basic informaLion on calcium 1on Lransport and

1ts regulation in insects.

In Chapler I I described the preparaL ion af

morphorogically pure and functionalJ.y compeIent synapLosomes

and synaptosome nrembrane vesicles from the moth brain of the

bertha armyworm Manestra configurata wLK. I also idenLlfied

an ATP-dependenL calcium ion Lransport sysLem in inside-out

synaptosome membrane vesicles. The calcium transporL svsLem

Look up Ca** from Lhe Íncubation medium into the interior

of the ves j.cres, rrâs strictry dependenl on ATp and had a very
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high affinity for free calcium. In this Chapter, i will

des c r ibe work I ead 1ng Lo an under s Land ing b i ochemi cal

properLies of cal.cium LransporL 1n the cenLral nervous system

of insecLs. I examined the b j.ochemical and kineLic properLies

of a high affinity ca++-stimutated Mgt+-aependenL ATpase of

moth brain synapLosomes , whi ch j. s cons iflered Lo be an

ATP-dependenL carcium pump. Then, I explored Lhe biochemical

and kinetic properLies of the ATP-dependent carcium pump and

the Caii++Mg+*-ATPase in moth brain synaptosome membrane

vesicles under idenLical substrate and reacti.on conditions in

order to el-ucidate the molecular relaLionship beLween the

caLcium pump and Ca*++Mg++-ATPase.

Materlals and MeLhods

Insec t s

BerLha armyvlorm, Mantestra configurata I^/LK. $ras reared in

the laboratory on an arLificial dlet (Bucher and Bracken,

1976). The conditions for rearing and generaLing aduLLs for

brain dissections were the same as described in chapLer I.

Preparat lon of Sv¡raptosomes

Synaptosomes were routinely

Lo seven-day-old moths by a

(Gordon et aI, 1982) modified as

prepared from brains of one-

FicolI floataLion technique

described in chapLer I -
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Preparation of SvnapLosome Membrane Vesicles

SynapLosome membrane vesicLes were obtained from adult
brain synaptosomes by a Flcoll- fLoatation Lechnique (Breer

and Jeserich, 198ø; Gordon et aL, Lgaz) modified Lo incLude

a second Ficolr fractionation step (Luo and Bodnaryk, rg9z).

The preparaLion, vield, puriLy and functional staLus of the

synaptosome membrane vesicles were essenti*rry Lhe same as

described in Cha.pter I.

Ca* *+Mq* +-Att*=. Assav

The actiwity of Ca** +Mg**-ATPase was measured by the

formation of Pi from ATP, using a modified Fiske and subbarow

(1925) procedure. synapLosomes or synaptosome membrane vesi-

cles (7ø uM protein) were preincubaLed at 3Ø "c for 3Ø minutes

in L.ø ml final volume of an assay medium containing L6Ø mM

KCl, 3Ø mM imidazole buffer, pH 7.4, 1 mM MgCl2 , ø.L mM EGTA,

Ø.L mM ouabain, ø.25 mM ÀTP, and various amounts of CaCl2 to

give Ø.L nM Lo ø.L mM free calcium concentrations as computed

by Perrin and sayce (1967). The reaction mixLure excluding

added calclum conLained less Lhan Ø.Ø6 ¡tM LoLal calclum as

measured by atomic absorption specLroscopy. Concentrations

of ATP were 25Ø yM for mosL of the assays. The reaclion was

initiated by the addition of ÀTP, and was alrowed to proceed

aL 3ø b for 2 . The ATPase activity was linear with the

amount of added protein in a range of 1 to 25 FS and with



Page 38

Lime for at reast two hours. The reaction was Lerminated by

rapidÌy cool ing the assay tubes Lo Ø "c and adding rØø ul 3s%

perchloric acid. Àfter 2Ø minutes in an ice-baLh, 2 mI of

ice-coLd distilled water was added and samples v¡ere

centrifuged at Ø Lo 4 "c aL 4,ØøØ rpm f or 15 minutes to remove

precipÍLated proLein. The supernatanL v¡as Lransfered Lo Lest

tubes each conLaining 357 ¡rr of 2.5% ammonium molybdate in 3

N suÌfuric acid aL room Lemperature and mixed Lhoroughly. To

each sa.mple t43 ul of 1Ø% Fiske and subbarow reducer was

added. The absorbance aL 7ØØ nm lras recorded after 2Ø

minutes . Two repl icate deLerminat ions of aL leasL Lwo

separate experiments were performed

ATP-dependent Calclum Uptake

The assay

membrane vesic

Chapter I.

of ATP-dependenL

les was essent

ium uptake by synaptosome

the same as described in

cal.c

iaI ly

Proteln Determlnatlon

Protein was measured by a proLein-dye bindlng meLhod

(Bradford, L976) as described in ChapLer I.

Repllcatlon

Measurements of calc j.um uptake and Ca+ ++Mg+ +-ATpase

activity were made in dupricate for each of three separate

experiments. Since synaptosome membrane vesicLe preparaLions
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vary ln activiLy from preparaLlon to preparatlon, data from

represenLatlve experiments are usually given.

Resul L s

Ä,TP Concentratlon and Ca**+Mq**-À,Tpase Àctivitv of

Svnaptosomes

Moth braln synapLosome Ca**+Mgt*-.A,TPase activlLy was

strlctry dependent on ÀTP (FÍ9. 1ø). The Km for ATp of the

enzyme, derlved f rom the doubte reciprocal pJ.ot (Ff g . LØ,

lnsert), was abouL t22 yl'l ÀTP and the vmax of the reacLion

was abouL 9.63 ¡:M P1/urg protein/hour .

Free cal.clum concentratlon and ca**+Mo**-ATp*r" Activlty of

SvnapLososmes

À Ca*+-gCTe bufferlng system was employed Lo examine the

acLivity of Ca*t +Mgt* -ÀTPase over a wlde range of free

calcium concenLrattons from 1ø-1OLo tø'4U. The activity of

the enzyme was highest at 1ø-lO M free calcium, fell by Sø%

to a plaLeau between tø-8 and 1ø-6 M free calcium and

decreasea further aL hlgher concentratlons of free calcium

(Fig. 11). À double reciprocal ploL of reacLion velociLy

versus free calclum concentratlon revêaled an unusual sub-

strate 1nhlb1 tlon pattern (Fig. 1 1 , lnserL ) .

Since the activity of g¿**.r-yn**-ÀTPase was highest at

sub-micromolar concenLrations of free calcium, additional
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Flgure tø . Ef f ec L of ÀTP concenL rat i on on Ca+ ++MgÊ{'-ATPase
actlvlty of synaptosomes. InserL: Double reciprocal
analysis. Experimental variabiliLy is reported as
standard deviation- Error bars are omitted when they
are within the circle.



Page 4t

-R
10-

cu ?,'1"

Figure 11. Effect of free calcium concentration (1ø-1O-Lø'4M)
on g¿**¡yn**-ATPase activity of synaptosomes. Insert:
DoubIe reclprocal analysis. ExperimenLaL variability is
reported as sta.ndard deviation. Error bars are omiLted
when they a.re wi thin the c i rc le.

4

T
z
H
lrl
t-o
E
TL

ol
E
.rl
TL

r-l
o
E
:l

M

re3.56
Lo€ tt,zcrf.i. I



measurements of enzyme

Lo t.ø nM free caLcium.

a biphasic pattern of

s t lmulaLed ac t ivi ty but h

inhlbiLed activity (Fig.

sis reveaÌed a typical

approximaLe Km=Ø.11 nM

Vmax=tØ.3 pM P1/h/mg proL
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acLivlty were made in Lhe range of ø

In this range, Lhe enzyme displayed

actlv1ty. Free calcium up Lo Ø -2 nM

igher concenLrations of free calcium

LZ). Double reciprocal plot analy-

substraLe inhibition curve with an

for free calcium and an approximate

ein (Fig. 72, inserL).

EGTA ConcentraLion and Ca*++Mq*+-ÀTPase Àctlvity of

Svnap t os ome s

The effect of the EGTA component of Lhe Ca+ +-EGTA

buffering sysLem on enzyme acLivity was determined by keeping

the concentraLion of free caLcium constanL at Ø.3 nM and

varying the concenLration of EGTÀ from 7Ø to 25Ø ¡M.

ConcenLraLj.ons of EGTÀ up to 5Ø ¡:M had litlle effecL on the

ac t lvi ty of the enzyme . Higher concenLrations gradually

inhibi ted Lhe enzyme (F.ig. 1 3 ) .

EGTÀ p r ovi ded an adequa L e I eve l-

havlng much effect on enzyme acLivi

in routine measurements.

c onc ent rat i on of LØØ ¡:M

Ca** buffering wiLhouL

and was therefore used

¡l

of

ty

Maqnesium ConcenLrat ion and Cd ++Mo+ *-ÀTPase AcLlvitv of

Svnaptosomes

The effect

g¿+ +a¡,{g+ +-ATpase

of magne s j.um

ac L ivi Ly was

( as toLal
j-nvesL igated

magnesium ion) on

over a range from
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Ø.1 to 2Ø mM while keeping the free carcium constant at ø.a

nM. The enzyme disptayed a biphasic response to Mg+ +.

ConcentraLions of magnesÍum up to 2 mM stlmulated the enzyme

actlvity whire higher concentrations inhiblted activity (Fig.

L4>. Double reciprocal plol ana.t.ysis reveared a substrate

inhibition type curve (Fig. L4, insert). it appeared that
Lhe ca+++Mg++-ATPase has two binding sites for Mg**, one wiLh

a hlgh affinity for Mg** with Km=85 FM, Vmax=3.9ø l¡M pi/mg

protein/h and the oLher r¡ith a lower af f inity f or Mg* * with
an approx. Km=l mM and approx. vmax= rØ.zg ¡:M p1/mg proleln/h.

Potaeeium and ouabaln and ca+ ++Mg+ +-ÀTpase Àctivltv of
Svnaotoeomes

ca + + +Mg* * -ATPase actlvi

concentrations of ¡ç+ in react
(3Ø% above controls having no

mM K+ Ac L ivi ty returned

concentrations (32ø mM) of K+

ty was stimulated by increasing

i on mixlure s . Maximum ac t ivi ty

added K+ ) occurred at about 4ø

to conLrol levels at hiqher
(Fig. 15).

ouabain from Ø to ø.25 mM had littte effecL on the

ca+ ++¡'Jg+ +-ATPase activity (Fig. 16) but v¡as rouLinely added

Lo the reacLlon mlxture aL ø.L mM as a precautlonary measure

to inhibil Na++K+-ATPase.
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Flgure 15. Effect of
ca+ ++Mgl+ *-ATPase of
represent the change
circles represent
ExperlmentaI varlabll
devlatlon. Error bars
Lhe circle.
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ca+++Mg+*-ATPase acLlvity
variability is reported
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Effecte of Proleln ConcenIrallon on ÀTP-dependenL Ca]c1um

UpLake and Ca++-dependenL ATP Hvdrolvsls þy SvnapLosome

Membrane Vesicles

ÀTP-dependent calcium upLake and Ca+++Mg++-ATpase acti-

vity v¡ere Iinear with amount of added synapLosome membrane

vesicle proLein in the range of 1 Lo 25 ¡rg protein per ml of

incubaLion medium (Fig. 17A,8). À protein concentration c¡f

LØ ¡:g/mJ. of incubaLion medium was used for standard assay

condlLions -

The Tlme Cour see of ÀTP-dependenL Cal c lum Uptalce and

Ca++-dependen[ ATP Hvdrolvsls þ¡ SvnapLosome Membrane

Veelcles

SynapLosome membrane vesicl.es rapidly took up calcj.um

from the incubaLion medium during the first few m,inutes of

incubaLion. Uptake was linear for incubatj.on Limes of <1 min

(Fig- 18.A). ThereafLer Lhe rate of upLake levelLed off, and

afLer about 15 minutes became erraLic, posslbly due Lo back

fluxes of caLclum. The data for calcium uptake during the

fÍrst 15 mrnutes of incubaLion were fiLLed Lo a power curve

(y=58.ø1xO'286 R2=Ø.996, Flg.: 1BÀ) and firsL deriwatives
(y =¿5vb-1) were compuLed at various times of incubaLion Lo

give instaneous upLake raLes. At 7.Ø minute, the raLe of

upLake was 16.6 nmol ct'+lmg protein/min but aL rØ minuLes
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TIME. MÏNUTES TIME, MINUTES

Flgure 18 À. Tlme course of ÀTP-dependenL calclum uptake by
synapLosome membrane veslcles.

B. Time course of g¿* *ayg* LÀTpase act ivi ty of
synaptosome membrane vesicLes .
ExperimenLal variability 1s reporLed as standard
deviation. Error bars are omiLted when they are within
the circle.
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the raLe was only 3 .2t nmol Ca+ +/mg proLein/m j.n. Al I values

for calcium uptake in this study are calcuLaLed rates aL 1-Ø

min.

The activiLy of 6¿**ayn**-ÀTPase in the synapLosome mem-

brane vesicles was linear with tÍme over the ranqe of 1 to

t2Ø mi-nutes (Fiq. 188) .

Efføct of ÀTP Concenbratlon on Cai++Ms+*-ÀTPaae Àcb1vi[v of

and ÀTP-dependenl CaIclum Uptake þy SvnapLosome Membrane

VeeicIeE

Both the upLake of calcium lnLo synaptosome membrane

vesicles and Ca** +Mg+*-ATPase activity were dependenL on

ATP concentraLion and followed Michaelis-Menten kir¡etics in a

concentration rancre of Ø Lo 25ø ¡rM (Fi.gs.19A,B). DoubIe

reciprocal pIoL analysis revealed that both ÀTP-dependenL

cal c ium pump and g¿* *"'¡4n* *-ATPas e have a s ing J. e ATP b ind ing

site (Fig.19A,B, inserLs). The Ca+++Mg+*-ATPase of synapLo-

some membrane vesicles has a Km=116 ¡:M for ATP and a

Vmax=ø .22 ¡:mol pi i mg proLein/min, s imi lar Lo Lhe synapLosome

Ca+++Mg+*-ATPase - The ÀTP-dependenL calcium pump has a

hi gher af f inl ty f or ATP wi th a Km= 74 7:M and a Vmax= Ø . Ø47

¡:moI Ca* */mg proLein/minute.
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The Influence of Free Calclum ConcEntratlon on

Ca+++Mg+ +-ATPase Àct1vltv and ÀTP-dependenL CaIclum

Uptake þy Svnaptosome Membra.ne VeslcIes

ÀTP-dependent caLcium upLake ïras sLudied over a free

calcium concentration range from Ø.Ø22 Lo 5ø nM. The highest

raLe of uptake occurred at aboul ø.t Lo Ø-Z nM free calcium.

AL higher ()2 nM) concentraLions of free calcium, the rate of

uptake was only about a tenLh of the maximal rate (Fig. 2Ø) .

Double reciprocal plot analysis reveaLed a Lypical substraLe

lnhib j.tion Lype of curve with a Km=ø.13 nmol f or f ree calcium

and a Vmax=1 1Ø nmol Ca+ +/mg protein/minut e (Fig - 2Ø, inserL ) .

Ca+++Mg++-ATPase acLiviLy was measured over a wi-de

range of free calcium concenLraLion from ø.7 nM Lo ø -L mM

(Fig - 21À,8). Maximal enzyme actÍvity occurred aL abouL Ø.2

nM free cal c ium. Double reciprocal plot analysis j.n Lhe

range of ø.L nM to 7.Ø nM free calcium revealed a Lypical

subsLrate inhibition type curve wiLh a Km=Ø.Ø72 nM for free

caLcium and a Vmax=Ø. t7 ¡rmol Pi /mg proLein/min (Fig . 21.A,

insert). Àt hlgher concenLraLi.ons of f ree calcium, the

activiLy of Cf++Mg++-ÀTPase decLined by about haLf and

remained relatively constanb to form a plateau of acLivity

over a range of IØ-B Lo 7Ø'5 M free calcium. The acLiviLy of

Lhe enzyme Lhen declined sli.ghlly from 1Ø-5 to IØ-4 M free

caLcium (Fig - 2IB> - Double rec j.procal analysis revealed a

biphasic i.nhlbi Lion curve (Fig . 278, inserL ) -
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Flgure 2ø. Effect of free calclum concenLration on
ÀTP-dependenL calclum upLake by synaptosome membrane
vesicles. Insert: Double reciprocal analysis.
ExperlmenLar variabl r ity is reported as sLandard
devlatlon. Error bars are omitted when they are within
Lhe circle.
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Ffgure 27 À. Effect of free calcium concentration (subnano-
morar) on grt*aygif-ÀTpase acLlvity of synapLosome
membrane vesicles. Insert: Double reciprocar analysis.

B. Effect of free calcium concentration <tø:19-tØ-4
M) on Ca**+yg**-ATPase actiwity of synaptosome membrane
veslcIes. Insert: DoubIe reciprocal analysis.
Experlmental varlabirlty 1s reported as sLandard
devlaLlon. Error bars are omiLted when Lhey are within
Lhe circle.
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ThE Effect of Megnealum Concentratlon on Ca**+Mq**-ÀTPase

Actlvltv of and ÀTP-dependent CaIclum Uptake þy Svnaplosome

Membrane Vesicles

ATP-dependent calcium uptake v¡as maximaL at a magnesium

concenLration of 2 mM. When maqnesium was omiLLed from the

incubation medium, Lhe rate of uplake of cälcj.um was only a

smaII f ra.ction (abouL one LwenLieth) of Lhe maximal raLe.

UpLake was greaLly reduced by hi.gher ()5 ¡nM) concentrations

of magnesium (Fig . 22F.) . A double reciprocal plot revealed

a complex inhibition curve. It appeared that Lhe ÀTp-depen-

dent calcium pump has two binding siLes for Mg** one with a

high aff inlty for Mg+* (Km=1.12 mM and a Vmax=4A.4 nmol Ca**

/mg proLein/min) and the oLher with a much Lower affinity for

Mg++ (approx. Km=3.78 mM ancl a Vmax=11Ø nmol Ca** /mq

proLein/mlnuLe) (Fig . 22A, inseL ) .

Cat * +Mg* * -ATPase $¡as maximal ly act ive at a magnes ium

concenlraLion of 1¡nM- when magnesium was omitted from the

reacLion mixture, Lhe enzyme retained abouL one thlrd of its

maximaL activity. Enzyme activity was partiaJ.ly inhibiLed by

higher ()S mM) concentrations of magnesium (Fig. ZZB). A

doubLe reciprocal plot revealed a complex inhibition curve

simiLar in generaJ. shape to Lhe inhibition curve for ATp-de-

pendenL calcium uptake. It appeared thaL the enzyme has Lwo

bindi.ng slLes for Mg**, one with a higher affinity for Mg++

wÍth a Km=Ø.Ø7 frM, Vmax=Ø.Ø8Ø ¡:mol Pi /rng proLein/min) and
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the other with a much Lower affinlty for Mg** (approx. Km=L

mM and a vmax=Ø.3 ¡rmoI Pi /mg protein/min) (Fig .zzÙ, inset ) -

Effect of EGTÀ concenLraLlon on ATp-dependent calclum

uptake þy and ca+++Mq++-ÀTPaee Àctlvttv of svnaptosome

Membrane Veeicles

The effect of the EGTA component of the Ca+ +-EGTA

buffering sysLem on calcium uptake and ca+++Mg++-ATpase

activity was determined by varying the concentraLion of EGTA

while keeping the concenLration of free calcium consLant at

Ø.3 nM by addltion of appropriaLe amounts of CaCl2.

EGTA 1nhlbi ted ATP-dependenL car c ium uptake in an

exponentlal manner (Fig - 23A). At the LowesL concenLration
(Ø.ø 1 mM) of EGTA tested, Lhe var j.abiLity of calci.um uptake

measurements was high, possibJ.y due Lo Lhe Low bufferj.ng

capacity of the EGTÀ-ca++ sysLem at thj.s dilution, pipeLtlng

error or both. EGTÀ inhibited ç"*-Þayn-F+-ATpase act iviLy in

a. Iinear manner and inhibition was much less pronounced than

inhibit Íon of ca++-upLake (Fig. 234,8). A concentration of

Ø.L mM EGTA was used in rouLine, measurements as a compromise

between adequate calcium ion buffering, r€Liability of
measuremenL and activity of the sysLem being sLudiecl .
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Figure 23 A. Effect of EGTA concentratlon on ÀTp-dependenL
calclum uptake by synaptosome membrane vesicles.

B. Effect of EGTÀ concentration on Ca**+Mg#*-ÀTpase
acLlwity of synaptosome membrane veslcles.
ExperlnenLa.r varlabllLty 1s reported as standard
devlatlon. Error bars are omitted when they are within
Lhe clrcle.
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Effect of PoteeElum and Ouabeln on Ca+++Mq++-ÀTp.r" Àctlvltv
of and ÀTP-dependenl calclum uptake þy svnaptosome Membrane

VeslcIes

Potassium ions over a concentration range of Ø

had Iittle effect on eÍther ÀTp-dependenL calcj,um

Ca+ ++Mg+*-ATPase activity (Fig. Z4A,B) .

Ouabain, over Ø to Ø.25 mM had liLtLe effect

upLake or Ca* *+Mg+ ÈATPase activity (Fì.g.25À,8) .

to 32ø

up Lake

on cal c ium

mM

or

Dlscusslon

The biochemical and kinetic properties of the ATpase in
brain synapLosomes from M. configurata are consistenL with

those of a high af f i.nity ca* *-sLi.mulated Ms++-aependent

ATPase . The responses of the enzyme Lo ATp, cal c ium,

magnesium, potassium and ouabai.n are character'istic of

cer++Mg++-ATPase and distinguishable from oLher ÀTpases

likely presenL in Lhe synaptic membrane.

ca* * +Mg* * -ATPase in the moth brain synapLosomes r^¡as

sLrictry dependenL on ÀTP and had a single, hÍgh af f j.nity

blndlng site for ATP (Km=122 ¡:M)- The affinity of the moth

brain enzyme f or ATP Ï¿as ]ower ,Lhan that of cdt ++¡4n+ +-ATpase

f rom mouse brain (Km= 28 l:14, Javors et af - , 1gg1) or raL brain
(Km=18.9 FM, Mlchaelis et ãf -, 1gB3) -

Moth brain synapLosome ct'++Md+*-ATpase was stimuLaLed

by very Low concentraLions of calcium ion. ÀlLhouqh maximal
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Flgure 24 A. EffecL of poLasslum concentraLion on
ÀTP-dependent calcium upLake by synapLosome membrane
vesicles.

B. Effect of potass ium concentrat ion on
Ca+ ++Mg++-ATPase ac L lvl ty of synapLosome membrar¡e
veslcles.
ExperimenLal variabÍtity is reported as standard
deviaLlon. Error bars are omitted when they are within
Lhe circle.
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Flgure 25À. Effect of ouabain concentratlon on ATp-dependent
calclum uptake by synapLosome membrane vesicles.

B. Effec t of ouabain concentratlon on
act ivl ty of synaptosome membraneca+ ++Mg+ +-ATPase

vesicles.
Experlmentar variabitity is reported as standard
deviatlon. Error bars are omltted when Lhey are wlLhln
Lhe circle.
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stimuration occurred at abouL ø -z nM f ree caLcium, about ha.Lf

of the maximar actlvity of the enzyme was reLajned as a broad

plateau of acLivity over a wide range (1Ø-8 to rØ-5 M) of
free calcium concenLratlons. The data indicaLe that the

enzyme has Lwo kj.netically dlstincL binding siLes for ca++,

one with a very high affiniLy for free calcium in Lhe

nanomorar range (Km=Ø.77 nM) and the other with a lower

affinity for free calcium in Lhe micromolar range. Binding
sites for Ct'+ at subnanomolar concenLrations hawe not been

reported and may represenl an unique crass'of hlgh affiniLy
blnding sltes for calcium in j.nsecL brain synaptosomar

Ca*++Mg++-ATPase. The lower affinity calcium binding site of
moLh brain enzyme appears to correspond to calcium blnding
sites of mammalj.an brain synaptosomal Ct''t-+Mg++-ATpase which

typical ly have Km values in Lhe range of Ø -23 to Ø -BØ ¡:M (Lin

and w"y, L9BZ; Michael is et .aJ . , 1983; Ross and carclenas,

1983).

I aLso investJ.gaLed the effect on Ca+++Mgi+-F-ATpase of
EGTAr a specifj.c ca+*chelator, that was used to conlrol the

concenLration of f ree calci.um in the reacLion mixtures. In

the presence of a consLanL concentraLion of free calcium, the

enzyme \¡¡as inhibl ted by EGTA per se but 1ts ef f ecL was not
pronounced (<tØ% inhibltiton at ø.r mM EGTA). An earlier
report of the inhibitory effect of EGTA on the

ca+++Mg*-LATPase in the reLinal nerve of Lhe squid, LoJogo

pealei (MaLsumura and Clark, 198ø) is difficulL to inLerpreL
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since Lhe concenLration of free calcium was not kept constanL

in the experimenLs. In that case inhibition of enzyme

actÍvity, therefore, courd be aLLributabre in part to
reduction in Lhe concentration of free calcium with
increaslng concentraLions of EGTA in the reaction mixLure.

ca+++Mg++-ATPase from moLh brain synaptosomes was stimu-
laLed by magnesium. The enzyme was maximally active at a

magnesium concentraLion of 2 mM. When magnesium was omitted
from the reactfon mixture, the ca++ +Mg+ +-ÀTpase retained
abouL 2ø% of its maximal acLivity in the presence of ø.g nM

free carcium. The enzyme exhibited a relaLively high
affinity for magnesium (Km=85 pM). Rat brain synaptosome

ca+ ++Mg+ +-ATPase exhibit a higher affiniby for magnesium

(Km=6. Ø FM, Mlchaelis et af . , 1983) than lhe moth brain

synaptosome enzyme.

Ca+++Mg++-ATPase activity from moth brain synaptosomes

rvas sLimulated by potassium. The degree of stimulation
(abouL 3Ø%) and the optimal potassium concentration <4ø mM)

are similar to those observed from mammalian brain synap-

Losome ca+++Mg++-ÀTPase (Blaustein, Lgzs; Lin and w"y, lggz).
Final ly, the moth brain synaptosome enzyme \ras

insensit ive to ouabain, an inhibiLor of Na+ +K+ -ATpase
(Mlchaeris et &1., 1983), leavlng ritLIe doubt that the

enzyme is a Ca+++Mg++-ÀTpase.

The biochemical and kinetic properLies of the moth brain
synaptosome ATPase Lhus indicate that i t i s a LypÍ cal
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synaptic membrane ca** +Mg** -ATp*r" presumabry of similar

funcLion to other brain synapL j.c Ca**+Mg*{--ATpases. The

unusually h j.gh af f lnity of the enzyme f or ca**, however,

appears Lo distlnguish the moLh brain synapLosorne enzyme from

mammal ian bra j.n synapLosome g** *a¡4n**-ATp"r".

The resuLts in chapter I showed that ÀTp-dependent

calcium Lransport in brain synaptosome membrane vesicles from

Mantestra configurata also disprays a very high affinity for
caLcium 1on. Maxlmal LransporL of 45ca+* i.rLo the membrane

vesicLes occurred at a free calcium concenlration of Ø -r Lo

Ø.2 DM, a value Lhat j. s remarkabJ.y simi Iar to the Km=Ø. 11 nM

for the hLgh affiniLy of ca** binding site of the moth

brain synapLosome g"**..¡4n**-ÀTpase. The klneLic properLj.es

of ATP-dependent calcium transport and g"**..¡,¡n**-ATp"r" thus

suggest Lhat the Lwo processes are functionaì. ly coupled in

the synaptic membfane and contribuLe to Lhe maint.enance of

calcium homeosLasis in the brain of l[antestra configut-ata-

However, such sLudies cannot provÍde convincing evidence Lo

demonstraLe tha t ATP-depenclent Ca** LransporL and

g¿**.'yn-F*-ÀTPase are functionally coupled unLess both of Lhem

are studied using identical synapLosomal preparaLions and

under idenLi-caI subsLrate and reaction condiLions.

Therefore, in order to demonstraLe the moLecular relationship

beLween ca+++ud*-ATPase and ÀTp-depencrent caLcium pump, the

biochemical and kinetj-c properties of both ATp-depenclenL

carcium pump and g¿**a¡4g**-ATpase v/ere stuaila using preparecl
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synaptosome membrane vesicles under indentj.cal subsLrate and

reaction conditions.

The nesuLts showed Lhat under such strictJ.y def ined

experimental condiLions ÀTP-dependent cf+-Lransport ancl

ca+++Mg++-ATPase clisplayed many si.mir"rlLies, incJ,uding

respor¡ses Lo ATP, free caJ.cium, magnesium, EGTA, potassium

and ouabain, thereby incl i caL ing thaL the ATp-clependenL

cal-cium pump ancì cei+++Mg++-ATpase are functionally couplecì

1n synapLic membranes in Lhe brain of Mantestra configurata.

Both ÀTP-dependent caLcium pump and g¿*f+yg**-ATpase in

rnoLh brain synapLosome membrane vesicLes were strictly

dependent on ATP and had a singJ.e hrgh affinity bincling site

for ATP. The calcium pump had a higher affiniLy for ATp and

rower maximal reaction veLoclty (Km= r4 pVlj vmax=Ø -Ø4T ¡rmoI

ca++/mg proLe j.n/min) Lhan Lhe ATpase (Km=116 ¡rM; vrnax= Ø -zz

¡:mol Pilmg proteln/min). The var iabl I i ty of var ious

estimates of the Km for ATp for the ATp-depenclenL calcium
pump in mammarian brain synapLosome membrane vesicles (ro. s

¡-tM (Javors et ãf , 1981); 4Ø ¡rM (GiLl et âf , 1981); 12s ¡rM

(Barros and Kaczorowski, 1gB4)) may ref Lect d j_f f erences in
the preparaLion of synaptic vesicles used in ca** uptake

measurements. EstimaLes of the Km for ATp for mammalian

brain synapLic preparations (tz yu (GarreLL and Ross, 19g5);

18-9 ¡M (MichaeLis et âJ, 1983); zB uM (Javors et ãf,1gB1))
lie in a narrower range and are considerably lower Lhan Lhe

Km=116 ¡M for Lhe moLh brain ATpase. In sLucìy c,n ca-lcir-¡m
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LransporL in the brain synaptic membranes of mice in whi.ch

both systems v/ere studied under identicaL substraLe and

react j.on condi L ions , the Km f or ATP f or the cal c ium pump and

ca**+Mgi**-ATP".." were 16.3 and 28 ¡:M, respectiveJ.y, providirrg

support for the concept thaL caLcium transport and ATp

hydrolysis are common functions of the same membrane r:roLein
(Javors et al , 1981 ) .

BoLh ATP-dependent calcium pump and Ct++yn+*-ATp"r" j.n

moLh brain synaptosome membrane vesicles exhibited the same

high affinity for free calcium. The Km for free cal-cium for
Lhe calcium pump was only Ø.73 nM and the Km for free caLcium

f or g"* *.'yg* *-ATP*r" was only Ø.Øzz nM. These varues prowide

sLrong supporti.ng evidence thaL the caLcium pump ancl

cd**+Mg**-ATPase are functiona-rly coupled in synaptic mem-

branes in Lhe brain of Mantestra conf igut-ata. In mammal ian

brain, the Km for free calcium of the ATp-dependent calcium

pump is considerably higher, wj.th a range f rom Ø -II to lZ ¡:M

(Gi.ll et al , 1981; GiIl et ãf , 1gB4; Hincke and DemaiIle,

1984) and Lhe Km for free caLcium of g¿**+yg**-ATpase for

various mammaLian synapLlc preparaLions lies in a range of

Ø.23 Lo Ø.8 ¡:M (Ross and Cardenas, 19B3; Lin and W*y, lgBZ).

EvidenL ly, the ATP-dependenL cal c ium pump in synapL i c

membranes in Lhe braj.n of Manestra configurata has a mr-rch

greater affinity for caLcium Lhan the calcium pump in Lhe

brain of mammals, bt¡L the physiological significance of this

dif f erence remai.ns r¡nknown. Moth brain ç".'* *'.yo* *-ATpase
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signiflcant proportion (at least half) of iLs

activity aL micromolar concentrations of free

calclum, indlcatlng either Lhe enzyme has Lwo bindlng siLes

for calcium (a high affiniLy site at nanomolar free calcium

and a low affinity site at micromolar free calcium) or Lhat

Lhere are Lwo enzymes with high and low affinity for calcium.

Under the same subsLrate and reacLion conditions, Lhe moth

brain ÀTP-dependenL calcium pump displays rela.tively little

a.ctlvlty (about 3% of the maximal ) at mlcromolar concen-

trations of free calcium. However, the acLivity of the pump

is more severely effecLed by EGTA in the reactÍon mixture

retains

maximal

tha.n the enzyme (Fig.23A,B),

calclum transport from ATP

differential effect of EGTA on

Ieads to an underestimate of

possibly due to uncoupling of

hydrolysis by EGTÀ. The

Lhe Lwo experimental systems

ÀTP-dependent calcÍum pump

actÍvity relaLive to Ca**+Mg**-ÀTP*r" activity and IikeIy

accounts for Lhe apparent low activity of Lhe caLcium pump at

mlcromolar concentrations of free calcium.

Both Lhe ÀTP-dependenL ca.lclum pump and Ca+++MgÊ*-ATPase

in moth brain synaptosome membrane vesicles were sLimulated

by magneslum and had similar kinetic properties. The Kn

values for magnesium for Lhe high affinity Mg**blnding slte

f or the calcium pump and ÀTPase \¡¡ere 1.1 and ø.ø7 ftM,

respectively, providing further evidence for the functional

identify of Lhe two systems. As weLI, boLh systems appear Lo

hawe a second, lor+ affinily bindi.ng site for Mg**, with
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approximate Km values for magnesium of 4 mM for Lhe calcium

pump and 1 rnM f or the ATPase.

Some experimenLal differences exisL beLween the twc:

systems on the degree of dependency on magnesium. The

ca-L c ium pump shows a greater dependency on magnes ium and

reLains only one-twentieLh of its maximal transporL rate in

the absence of adcted magnesium. The Ct'++Mg|+-ÀTPase is less

dependenl on magnesium for maxlmal activiLy and reLains

one-third of iLs actiwity in the absence of added magnesium-

The possible significance of this dj.fference for calcium

Lra.nsport has not been explored.

Both the ATP-dependent Ca+ +-p,r*p and Ca+ *+Mg* *-ATPase

were I iltIe af f ecLed by K# in thg reaction medium. K* ha¿ a

sIlghL st imulatory ef f ecL on 3***.'¡4n*#-ÀTP-re in moth brain

synapLosomes and mammal" ian synaptic preparations (Lin and

W"y, 1982; BlausLein, 1975) . The effecL, however, was not

obLained using moLh brai.n synapLosome membrane vesicles,

possibJ.y due to Lhe " inside-out " conf iguration of the

ves i c L es . FinaJ.ly, both the ÀTP-dependenL caI c ium pump and

g***.'¡4g**-ATPase were insensitive to ouabain, an inhibitor of

Na*+K*-ATPase.

These resuLts establ

coupli.ng of the two systems

membranes from the brain of

ish the idenLitv and functional

for calcium LransporL in synaptic

Manestra confiqurata.
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CHAPTER I I I

THE EFFECT OF INSECTICIDES ON SYNÀPTOSOMÀL Ca+++Mg++-ATpase

AND ATP-DEPENDENT CALCIUM PUMP FROM THE MOTH BRÀIN OF THE

BERTHA ARMYWORM MÀMESTRA CONFIGARATA !^TLK.

Inlroductlon

Although it is weIL known that some modern insecticides

acL by disrupting nervous sysLem function, the biochemical

mode of acLion of many classes of j.nsecticides is st itL noL

clear. several possibirit j.es have been proposed concerning

the mode of acLion of these insecLicides. The discovery that
some i.nsecticides induce hormone release in insects as Lhev

cause paralys i s (Maddrel I and Reynolds , 1,972) , suggested Lhat

they mlght disrupt Lhe cenLral nervous system by provoking

the release of insec L neurohormones . Later . i t \,¿as f ound

that in the treated insecLs the meLabolism of cÀMp and cGMp,

second messengers of hormones and neuroLransmitters, vtas also

disrupted by insecLicides (Bodnaryk r9T6; L97z;1982; Butler

and Drowder , 1.977 ) . I t has al so been specuLaLed that the

dlsruption of calcium ion homeostasis in the nervous s]¡stem

might be one of the importanL causes of poisoning by certaÍn
insecticides. This hypoLhesis 1s based on: 1) Lhe j.mporLance

of calcium in Lhe acLion of numerous horrqones ancl

neuroLransmiLters and its imporLance j.n the controL of

neuroL ransmi L Ler and neurohormone re I ease; i i ) the f ind inq
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thaL a high concentration of cal"cium anLagonized the effect

of some neurotoxic insecLi.cides ( MaL sumura and O'Br i en ,

1966; MaLsumura and Narahashi , I97t; Gammon, 1978a; 19BØ) .

Duri.ng the past f ew years, more and more evidence has

appeared Lo supporL this hypoLhesis. Numerous studies showed

that Ca**-ATPase and Ca*t+Mg**-ATP*r" of the lobster, Hontarus

anterical\us and vertebrate nervous svstem are verv serrsiti.ve

Lo some insecticides, such as DDT, pyreLhroids and some

cyclocliene compounds (Doherty arrd MaLsumura, 1,975;

Ghiasuddin and Matsumura, 1979a, b; 19BL; Matsumura and

Ghiasuddin, 1-979; Yamaguchi eL âl , L979; Clark, 1981 ; Clark

and MaLsumura, LgB2; DoherLy et â1, 1981). In addition, DDT

and Lhe pyrethroids were shown to affecL ATP-dependent

caLcium exchange and calcium uptake by crude homogenate of

crayfish nerve cord and lobsLer axcln (Ghiasuddin and

MaLsumura, 1929a; DoherLy et â1, 1986) . Howewer, none of

Lhese experiments demonsLrated that Lhe inhibition of

Ca*#+Mg*àÀTPase activity would resuLL in the disrupLion of

its funcLion, i.ê. extruding caLcium at Lhe expense of ATP.

FurLhermore, none of these sLudies used insect nerve

preparations. Therefore, it remained to be proved thaL

insecLicides lnhiblt Ca*-Þ+Mg**-ATPase act ivity in the insecL

nervous system and dlsrupL j.ts calclum transport funcLion.

Untll recentJ.y, Lhe lack of a good in vitro sysLem, such as

synapLosomes and synapLosome membrane ves j.cles, has been a

major reason that we knew so I i t L le abouL bas i c insec L
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neurochemlstry, includlng calcium ion Lransport and it s

regulatlon in insecLs. This, in turn, rêtarded progress in

undersLanding the mode of acLions of many neuroLoxic

insecLicides.

In ChapLers I and II I described the preparation of

reLat iveJ.y pure and f unct ional ly compeLent synapLosomes and

synapLosome membrane ves ic les from the moLh brain of

Mantestra configurata WLK., idenLlf ied a g¿**ayn**-ATPa.e and

demonsLrated that the enzyme was functional. ly coupled Lo an

ATP-dependent calcium pump j.n these synapLic preparations.

In this Chapter I have examined, firsL, Lhe effect of seven

different groups of neurotoxi c insecticides on Lhe

Ca+++MgÉ*-ATPa=e of moLh synapLosomes and synapLosome mem-

brane vesicLes. Then, I have explored whethgr the inhlbition

of synaptosomal g"**.'yn**-ATPase would affect its calcium

t ransport functi.on; and whether the inhibition of brain

synapLosomal Ca**+Mg**-ATP"re also occurs in living insects

poisoned with insecLicides.

MaLerfals Me thod s

Insec t s

and

The

reared in

Bracken,

generat ing

ber Lha

Lhe

1976).

adul t

configurata

icial diet

rear ing ,

ion r¡ere

WLK - \¡/as

(Bucher and

sLorage and

Lhe same as

armyworm, Mantes t ra

laboratory on an arLif

The condi L ions of

s for brain di ssect
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Chemf cal e

Insecticides

f.iesL ChesLer, PA.

Preparatlon of Svnaptosomee

SynapLosomes were rouL

bralns of about 15ø one- to

floataLion technicrue (Breer

âI, 1982), modlfled as descr
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were obtained from Chemical Servi ce Inc

inely prepared from

seven-day-oId moLhs

and Jeser i ch , 1 98Ø ;

lbed in ChapLer I.

Lhe poo J. ed

by a FicolL

Gordon, et

Preparatlon of Svnaptosome

SynapLosome membrane

brain synaptosomes by a

described in ChapLer I.

Effect of Insectlcides on

Membrane Veslcles

vesicles were

FicolI fIoaLa

obLained from adu

Lion technlque

It

as

ca+ ++Mg+ +-ATPase

Synaplosomes or synapLosome membrane vesicles (7Ø Fg

protein) were incubated at 3ø t in 1.8 ml final volume of an

assay medium containing 16ø mM KCI, 3Ø mM imidazole buffer,

pH 7.4, 1 mM MgCl2 , Ø.t mM EGTÀ, ø.1 mM ouabain, ø.25 mM ÀTP

and CaCl2 to give ø.3 nM free caLcium ion concenLrations as

computed by Perrin and Sayce (1967). Insecticides were added

tØ mlnutes before starting Lhe reactj.on in an aliquot of SØ

tJI eLhanol-waLer or dimethyLsulf oxide-water soluLion (ø,Ø5%> ,
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while an equivalent amount of ethanol or dimethyJ.sulfoxide

ïras added to the control. The reaction was initiated by lhe

addiLion of ÀTP, and was allowed Lo proceed for 2 hours at 3Ø

'C, f oI lowed by the Pi assay procedure as descrlbed in

ChapLer II. Two replicaLe determinations of at least two

separate experimenLs nere performed.

Effect of IngectlcldeE on ÀTP-dependent Calclu¡n Uptake

Synaptosome membrane veslcles (Lø l¡S protein) were

incubaLed at 3ø'C in t.ø ml f inal volume of an assay medium

containing 16ø rnM KCI , 3ø mM imidazole buf f er , pH 7 .4, 1 mM

MgCI2 , Ø.! mM EGTÀ, Ø.L mM ouabaln, Ø.25 mM ÀTP, 1 .¡:Ct 45g"++

and CaCl2 to glve ø.3 nM free calcium ion concentrations as

compuLed by PerrÍn and Sayce ( 1967) . Insectlcldes vrere added

LØ minutes before starting the reaction in an aliquot of 5ø

¡:l ethanol-waLer or dimethytsulf oxide-water solution (ø.ø5%> ,

while an equivalent amount of ethanol or dimethylsulfoxide

was added to the control. Radioactive 45g*+* was added 2

mlnuLes before starting the reacLlon. Olher procedures were

the same as described in ChapLer I.

fn vtvo InsecLiclde TreatmenL

Three insecticides were chosen

experlments, DDT, allethrin and

insecticide treaLments, one- Lo

collected and randomly separaLed

for the in vivo poisoning

chlordane. In the in vivo

seven-day-old moLhs Y¡ere

inLo two groups. The
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experimental group was treated Lopically with insecLicicles

(5 ¡:moI/moth) in acetone around the neck. The controL group

was LoplcaIIy treated w j.th the same amount of acetone.

Brains were dissected from moLhs at an earlv sLaoe of

po1 soning after the appearance of mi ld symptoms ( agi taL ion,

hyperactiviLy, rrncoodinated movements and Lremor) or at a

Iate stage of poisoning when severe symptoms had deveJ.oped

(paralysis, prostration). Optic lobes were separat-ed from

brain during dissection and synapLosomes were separaLeJ.y

prepared from brains and optic lobes by a Ficoll floatation

Lechni.que descr ibed in ChapLer

EffecL of Temperature

The effect of LemparaLure on insecticide inhibiLion of

synapLomal Ca+'l-+Mg++-ATPase was studied r¿sing synaptosome

membrane vesicles. Synaptosome membrane vesicles v/ere

incubaLed at 2Ø "C or 3Ø "C, in Lhre incubation medium described

above for Lhe Ca+++Mg++-ÀTPase assay. Insectlcides \{ere

added tØ minuLes before sLarti.nq the reaction. The

Ct'++Mg+{ATPase activity assay procedure was the same as

described above.

Repl lcat 1on

Measurements of Lhe effect of insecLicides on ATF-depen-

dent calcium uplake and Ca+*+Mg+*-ATPase activiLy were made

in duplicate for each of aL IeasL Lwo separaLe experiments.
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ons vary ln

rom represen-

the in vivo

of four inde-

ResulLs

Prel lmlnarv Screenlng

The effecL of 1B compounds from seven major groups of

insecticides on synapLosomal Ca* + +Mg* {- -ATPase was Lnves-

Ligated at a high concenLraLj.on of 7Ø-4 M (Fig. 26 and ZZ).

Both synaptosomes and synaptosome membrane vesicles r,rere trsed

Ín Lhe exper j.ment s to examine wheLher Lhe ef f ec t of insec-

Lici.des r,'ras influenced by the orientation of the synaptosome

membrane. The mosL potenL j.nhibi Lons of Ca* *+Mo* *-ÀTPase

activity were four cyclodienes (chlordane, hepLachlor, aldrin

and toxaphene which, stricLly speaking, is not a cyclodiene

compound). The cyclodi.enes endrin and dieLdrin, however,

were weak j.nhibiLors of Lhe enzyme. OLher chlorinaLed

hydrocarbons, notably DDT, showed some inhibiLion buL

methoxychLor and L indane \.vere weak inhÍbr Lors . Among the

pyrethroids LesLed, only allethrin showed apprecial:1e

inhibltlon- Carbamates, organophosphates _and formamidines

showed I itLle or no inhibition (Fig . 26,27) - The orien-

Lation of Lhe synaptosome membrane had little effecL on Lhe

lnhibiLion e><cepL in the case of ai. lethrin and DDT which
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Figure 26. EffecL of seven major groups of insecLicides on
Ca+++Mg++ -ÀTPase actlvlty of brain synapLosomes of Lhe
bertha armyv¡orm Mamestra conf igurata WLK.
AbbreviaLions are given in the appendix.
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Flgure 27. Effect of
Cf ++Mg+ +-ÀTPase
vesicles of Lhe
trLK.
AbbreviaLions are

seven maJor groups of lnsecLlcldes on
act ivi ty of synaptosome membrane
ber Lha armyworm Ma.mes t ra conf igurata

given in the appendix.
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displayed higher inhibition on ç¿**ayn**-ATpase from synap-

tosome membrane vesicles.

The mi Lochondr ial respi ratory inhibi Lor poLass ium

cyanaLe showed LiLtIe inhibitlon of g¿**ayg**-À1'pase of
synapt osome membrane vesicres, while Lhe ç¿**+¡4g*{--ATpase

inhibitors lanthanium and orLhovanadate potentty inhibited
the enzyme's acLivity. The gamma-aminobuLyric acid (GABA)

receptor inhlbltor picroLoxinln had no effect on the activity
of ceÞ*+Mg*{--ÀTpase (Fig . zz) .

Dose Reponse Studies of the Effect of Insecticides on

Svna.ptosome Ca* .F+Md|. *-ATp4se

Insecticides which showed the highest lnhibition of
g"**ayg**-ÀTPase in the preliminary screening were furtl¡er
studied for their effect on ca**+Md*-ÀTpase activity of
synaptosomes aL different concenLrations from Lø'9 Lo LØ-4 M.

Five of these insecticides, chrordane, hepLachlor, ardrin,
Loxaphene and DDT, greaLly inhibiLed g"**ayg**-ATpase

actlvity at concentraLions between Lø-6 Lo rØ-4 M (Fig . za to
32> . Al lethrin lvas inhibi Lory only at concentrations between

Lø'5 to tØ'4 M (Fig. 33) .



F igure 28. Effect of DDT on
brain synaptosomes of the
conf igura.ta WLK.
Experlmental variabitity
devlatlon. Error bars a're
the circle.
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Figure 29. Effect of Loxaphene
of braln synaptosomes of
conf igurata lfLK.
Experimental variability
devlation. Error bars are
the circle.
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Flgure 3Ø. Effect of chlordane
of braln synapLosomes of
configurata WLK.
ExperimenLal var iabi I 1 ty
dewiation. Error bars are
the circle.
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Figure 31. Effect of heptachlor
of brain synapLosomes of
conf igurata 9VLK.
Experimental variability
deviatlon. Error bars are
the circle.
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Figure 32. Effect of aldrin on Ca+++Mg+ù--ATPase activity of
brain synaptosomes of the ber tha army\¡/orm Mames t ra
canf igurata IVLK -

ExperlmenLar variabitity is reported as standard
devlatlon. Error bars are omlLLed when Lhey are wlthin
the cÍrcle.
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Flgure 33. EffecL of allethrin
of brain synapLosomes of
conf igurata !{LK.
Exper imental va.r i.ab i I i tY
dewiation. Error bars is
Lhe circle.
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Dose Response Studies of the Effect of Insectlcides on

ca+ ++Mg++-ÀTP*." and ATp-dependenL ca* *-pump of svnaptosome

Membrane Vesicles

since ÀTP-dependenL ca+*-transport activity can be

measured easi ly using inside-out synaptosome membrane

vesicres, I arso studied the effect of insecLicides on

calcium transport f or comparlsons with Czif ++t'lg++-ATpase

lnh1blt1on- InsecLlcldes whlch showed poLent lnhlbitlon on

synapLosomal ca** +Mg*#-ATpase in the preliminary screenrng

vtere chosen f or study. Both Ca+++yg++-ATpase and ATp-depen-

dent calcium pump activities of synaptosome membrane vesicles
Idere measured under identical conditions against different
concentrations of insecticides from Iø'8 to LØ'4 M.

Toxaphene, chlordane, ardrln, hepLachlor and arlethrin
lnhibited the activities of both ca+* +Mg*+ -ATpase and

ÀTP-dependent carclum uptake 1n the synapLosome membrane

veslcles (Fig.34-38). chlordane, aldrin and heptachror sLart
to show inhibltlon of ca+++Mg+*-ATpase acrivity when thelr
concentrations exceed tø'7 M a.nd pronounced inhibition
occurred when the concentratlon was over 1ø-6 M. The

acLivlty of ÀTP-dependenL carciurn transpoit vras potenLly

inhlbited by aldrin and heptachlor when Lheir concentration
r¡as over 1ø'6 M; and chrordane, over tØ-7 M, affected the

ÀTP-dependenL ca.lcium transport acti.vity. Toxaphene inhibi-
ted the activities of both g***.'yn*'l--ATpase and ÀTp-dependenL

carcium pump when its concenLration vras greater than lØ'7 M.
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-LOG M (TOXAPHENE conc.)

Figure 34. Effect of Toxaphene on g¿*+1yg#*-ATpase (dotted
l lne) and ATP-dependenL calcium upta.ke ( sol id I ine)
actlvities of brain synapLosome membrane vesicres of Lhe
bertha armyworm Mamestra con.f igurata WLK.
Experimental variabirity is reported a-s standard
deviation. Error bars are omitLed when they are within
lhe circle.
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.LOG M GLLETHRIN CONC.)

Flgure 35. Effect of allethrln on g¿++ayg++-ÀTPase (doLted
r ine ) and .A'TP-dependenL car c lum uptake ( so I id I ine )
acLiwities of brain synaptosome membrane vesicres of the
berLha armyworm Mamestra configurata WLK
Experimentar varia.bility is reported as standard
dewiation. Error bars are omitted when they are wiLhin
the circle.
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-LOG M (CHLOFDANE CONC.)

Flgure 36. EffecL of chlordane on Ca+++MEf+*-ATPase (dotted
llne) and ÀTP-dependent Calcium uptake (solid Ilne)
acLivities of brain synaptosome membrane vesicLes of the
bertha armyworm Mamestra configurata WLK-
Experimental variability is reporLed as standard
devlation. Error bars are omitted when they are within
fhe clrcle.
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ÍJ765

-LOG M (HEPTACHLOF conc.)

Figure 37. EffecL of heptachlor on Ca+++yg++-ATpase (dotted
rine) and ATP-dependenL carcium upLake (solid line)
acLivities of brain synapLosome membrane vesicles of the
bertha armyworm Mamestra conf igurata IVLK -

Experlmental variability is reported as standard
deviaLion. Error bars are omiLted when Lhey are wiLhin
lhe circle.
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-LOG M GLDRIN conc.)

Flgure 38. Effect of aldrin on Ca+++Mt'+-ÀTpase (dotted
llne) and ÀTP-dependenL carclum uplake ( solld llne)activities of brain synaptosome membrane vesicles of Lhebertha armyworm Mamestra configurata WLK,
ExperimenLal wariability is reported as standarddewiaLion. Error bars are omitted when lhey are withinthe circle.

T
zl-l
lü
t--o
fE
fL

r
E
rl
fL

EI.



Page 93

ÀIlethrin gradually inhibiLed Ca+++MgÊ*-ATpase activity when

its concenLration was increased from rØ-7 to LØ-4 and greatly

affected ATP-dependent calcium LransporL activity when its
concenLration exceeded IØ'8 M.

The effect of DDT on ca** +Mg** -ATpase and the

ATP-dependent calcium pump, however, displayed a different
picture (Fig. 39). At concenLrations between rØ'7 to Lø'4 M

DDT gradually inhibited g¿**ayn**-ATpase activity, but showed

no effecL on ATP-dependent caLclum LransporL unLll its
concenLration reached 1ø-5 M. vJhen DDT concenLration was

greaLer than 1ø-5 M it potentry sLimutated ATp-dependent

caLcium transport act j.vity.

since a previous study (Hayashi and Matsumura, 1g66)

found that dleldrin affecLed the rate of exchange of cal.cium

ion in Lhe abdominal nerve cord of the American cockroach

Peripraneta americana, and since there is a superficial
resemblance beLween dieldrin and DDT poisoning, Lhe effect of
dieldrin on ATP-dependent calcium LransporL was also examined

at concenLrations from 1ø-8 Lo rØ-4 M. The effect of

dieldrin on ATP-dependent calcium transport '¿as very similar

Lo that of DDT (Fig.4ø). up Lo LØ'5 M dieldrin showed titLle
effecL on Lhe ÀTP-dependent carcium pump activiLy. when its
concentration was greater than rØ'5 M dieldrin sLimuLated Lhe

ATP-dependenL calcium LransporL acLivity.
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-LOG M (DDT conc.)

Flgure 39. Effect of DDT on ca+++MgÊ+-ÀTpase (dotLed llne)
and ATP-dependenL calclum upLake (soLid Iine) activitles
of brain synaptosome membrane vesicles of the bertha
armyworm Mamestra conf igurata ç'JLK.
Experimental variability is reported as standard
dewlation. Error bars are omiLted when they are within
the clrcIe.
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fJ765

-LOGM (DIELDRINconc.)

Figure 4ø. Effect of dieldrin on ÀTp-dependenL calcium
uptake by brain synaptosome membrane veslcres of thebertha armyvro rm Mames t ra conf igurata !,iLK.
ExperlmenLar variabitlty is reported as standard
deviaLion. Error bars are omiLted when Lhey are within
the circle.
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In vlvo Polsonlnq ExperfmenLs

MoLhs were treated with various insecticides and after
the onset of symptoms of poisoning their brains were removed

for synaptosome preparation and measurement of Lhe activity

of cdl ++yn+ +-ÀTPase. since prer iminary studies reveared

regional dif f erences in the acL ivi ty of ca+ ++Mg+ +-ATpase

during poisonlng, lhe braln hemispheres were separated from

the optic lobes and each region Ì{as studied separaLery.

T-he ef f ec t of in vivo lnsec L 1c ide t reatment on

synaptosomal ca+++Mg++-ÀTpase depended on the severity of
poisoning. At an early sLage of alrethrln poisoning, the

Ca+++Mg++-ATPase activity of opLic lobe rras inhibiLed signi-
f l cant ly, but the synaptosome ca+ ++Mg* +-ATpase of bra.in was

rittre affected (Fig. 4r>. when the insecLs were dissected

at a late stage of allethrin poisoning, Lhe synaptosome

Ca*++Mg*f-ATPase acLlvities of boLh brain and optic lobe were

inhibÍted (Fig. 42). In an early stage of DDT poisoning,

brain caÊ++MsÊ+-ÀTPase activlty was stimulaLed and the acti-

vity of synaptosome g"**.ryn**-ÀTPase of optic robe vas inhi-

bited (Flg . 43> . Àt a late stage of DDT poiåoning, the

acLivities of synapLosome ca+++MgÊ+-ÀTpase from both brain

and optic Lobe were lnhiblted (F1g - 44>. The situation wlth

respect to chlordane poisoning rdas somewhat dif f erer:L. At an

early stage of poisoning, the synapLosome Ca+++Mg++-ATpase

activlty of optic lobe y¡as stimula.ted significantly, whereas
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BFìAIN OPTIC LOBE

0.1 0.e o.3 0.1 0.2 0.3
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Figure 41. EffecL of In vivo alleLhrin Lreatment on brain
synapLosome Ca** +Mg**-ÀTPase actÍwity of Lhe berLha
armyworm Mamestra configurata WLK. as a funcLion of free
calcium in Lhe incubation medium. Brains were dlssecLed
when insects ltere at an early stage of poisoning. The
error bars are sLandard dewiation of four independenL
measuremenLs.
f---l insecL i c ide t reaLment
f'-t cont ro I

* Significant by studenL "t" Lest at P < Ø.øøL
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Figure 42. Effect of In vivo allethrin Lreatment on brain
synapLosome Cat * +Mg*'F -ATPase act ivi Ly of the bertha
armyv¡orm Mamestra configurata WLK. as a functlon of free
calcium in the incubation medium. Brains were dissected
when insects were at a late stage of poisoning. The
error bars are standard deviation of four independent
measuremenLs.
l-l insecLicide treaLment
72 control

* Signlficant by student "t" test aL P
* SÍgnlficant by student "L" test at P
* Significant by student "t" Lest aL P
O Significant by student "t" LesL aL P
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BBATN OPTIC LOBE

o.1 0.2 0.3 0.1 0.2 0.3
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Figure 43. Effect of In vivo DDT treaLment on brain
synapLosome Ca** +Mg** -ATPase activity of the berLha
armyworm Mamestra configurata WLK. as a function of free
calcium in the incubation medium. Brains were dissected
when insects were at an early stage of polsoning. The
error bars are sLandard dewiation of four independent
measurement s .

1-l insecLicide Lreatment
TconLroI

* Significant by student "t" Lest aL P
* SignifÍcanl by student "t" tesL at P
* Signi.ficant by student "t" test at P
O Significant by studenl "L" test at P
O SignificanL by studenL "t" tesL at P
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BRAIN OPTIC LOBE

0.1 0.2 0.3 o.1 0.2 0.3

FREE Ca** nM FREE ca*t nM

Figure 44- Effect of rn vivo DDT LreatmenL on brainsynaptosome Ca** +Mg** -ATpase activity of ttre bertha
armyvrorm Mamestra. conf igurata wLK. as a function of f reecal'cium in Lhe incubation medium. Brains were dissectedwhen insects rvere at a raLe stage of poisoning. Theerror bars are standard deviation of four independent
measurements.
f-l insecticide treatment
V- control

* Signlflcant by student "t', Lest at p < Ø.øøL
X Signif icanL by student ,,t,' test at prJ Signif icant by student " t " test at p
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Lhe brain ca*r+Mg**-ATPase acLivity was inhibited (Fig. 4s).

As sympLoms of poi soning became more severe, the brain
synapLosome ca+*+Mg+*-ATpase was stlmurated and the opLic
lobe synapLosome ca+++MgÊ+-ÀTPase \ras inhibited (Fig.46). Àt

a late sLage of chlordane poisoning, Lhe brain synapLosome

Ca+++Mg++-ATPase activity was lnhlblted, whereas Lhe activity

of optlc robe synaptosome ca+++MgÊ+-ÀTpase \ras not different

fro¡n that of the control (F.ig. 4Z>.

Vfhen different free calcium concenLrations rrere used in

Lhe experiment, the pattern of the effect of in wivo

insecticide treatmenL on g¿*+a¡4g++-ATpase varles. It appears

LhaL the in vivo insecLicide treatmenL inhÍbiLed the parL of

Ca+++Mg+*-ATPase activity which is sensitive to the change of

free calcium concenLration.

Effect of TemperaLure

Since temperature influences Lhe acLion of many

lnsecticides ln dlfferenL ways, I examlned the effecL of

temperature on Lhe inhibition of f,¿**+yg**-ATPase acLiviLy by

five insecticides, a calmodulln inhibitor Lrifluoperazine and

Lheir mlxLure. Àlthough the g¿**ayg**-ÀTPase activity is
much higher at 3Ø 'C than that , at Zø "C (Tabte Z.) , Lhe

difference in percenL inhibition of g"*#.r¡4n**-ATpase activity

vtas noL rarge. Permethrin, allethrin and decamethrin only

exerted a slighLly higher inhibltion on ç"**a¡4n**-ÀTpase at

zØ "c than at 3ø "c, and so did the mixLure of arlethrin or DDT
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Figure 45. Effect of rn vivo chrordane LreaLment on brain
synaptosorne ca+ + +Mg+ * -ATPase ac t iwi ty of Lhe ber tha
armyworm Mamestra conf lgurata ç,iLK. as a funcLlon of f ree
calclum 1n lhe lncubation medium. Brains vrere dissected
when lnsects rrere at an early stage of polsonlng. The
error bars are standard dewlatlon of four independent
measurement s .
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Figure 46. Effect of rn vivo chrordane treaLment on brain
synaptosome ca* + +Mg# * -ATpase activity of the berLha
armyworm ì{amestra configurata wLK. as a function of free
cal c ium in the incubat i on med ium . Bralns irere d i s sec Led
when Lhe polsoning symptom of insecLs was further
deweloped. The error bars are standard deviat1on of
f our lndependent measr:remenLs.
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* SlgnlflcanL by student "L" test at p
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BBAIN OPTIC LOBE
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F-igure 47. Effect of rn vivo chlordane LreaLment on brain
synapLosome Ca+* +Mg+*-ÀTPase actlwity of the berLha
army\,Íorm Mamestra conf lgurata wLK. as a function of f ree
calclum ln the lncubatlon medium. Bralns were dissected
when lnsecLs v¡ere at a late stage of polsonlng.
l-l lnsecticide treatment
YV1 conLrol

* Signiflcant by sLudenL "t" test at p
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wlth trlfluoperazlne. In conLrast, DDT, toxaphene, trifluo-
perazine and oLher mixtures al I showed s I ighL ly higher

inhibiLion of the activiLy of Ca**+Mg++-ATpase at 3ø'C.

However, upon further anarysis of the resutLs (Tabre z.), it
1s clear Lhat alLhough there 1s llttle difference in the

percent lnhlbltlon of g"**a¡4g*+-ATpase at dlfferenL tempera-

Lures, the toLar enzyme's act ivi ty at zø "c v¡as much lower

Lhan that at 3ø "C.

Because lt 1s thoughL that ca.+++yn++-ATpase 1s regurated
by calmodulin (chueng, lgBø), a calmodulin inhibitor trifluo-
peraz ine v¡as used in the exper imenl lo examf ne i f Lhe

inhlblLion of insecticldes on ca+++Mg++-ÀTpase is via Lhe

disruption of calmodur in reguration system. AL 3ø "c when

trifruoperazine was added to the insectlclde LreaLment, the

effecL were addlLlve excepL in the case of Loxaphene. The

effect of Loxaphene and Lrifluoperazlne on Ca+++Mg++-ATpase

was non-addltive. However, at 2ø'c Lhe effect of trifluo-
perazlne was non-addlt1ve wlLh Lhe effect of permethrtn, was

enhanced when mlxed r+1th allethrin and was additlve to the

effect of the resL of lnsecLlcldes.

DLecueglon

Among 1B compounds from seven major groups of

insecLicldes only s1x lnsectlcldes showed potent inhlbltion

of ca+++Mg++-ATPase from moth brain synaptosomes and synap-

tosome membrane vesicles. Four of these six insecticides
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were cycrodiene compounds. Three of the cyclodiene com-

pounds which showed the most poLenL lnhibition are cyclodiene

compounds containing no oxygen. other cycJ.odlene compounds,

such as endrin and dietdrin which displayed weak inhibition
of ca**+Mg++-ATPas", are cycJ.odiene compounds containing

oxygen. Therefore, it appears LhaL Ca+++Md*-ÀTpase in Lhe

moLh braln nerve endlngs is a. target of some cyclodiene
compounds, especial ly cycrodiene compounds conLaining no

oxygen. The inhibition of ca*++Mg+*-ÀTpase which I have

demonstated Lo be a carcium pump, would increase the

concentraLlon of free calcium in the presynapLic Lerminal,
and therefore prolong neuroLransmitter rerease. This
provides a blochemlcal basis for early observaLions that
cyclodlene insecticides faciLltated transmission across cen-

Lrar synapses in insects (wang et â1, rgrr) and induced

neuroLransml tler release (Beeman, 1gB2 ) .

In addition Lo these cyclodiene compounds, DDT also
inhibited ç¿**çyn**-ATpar" activity of moLh brain synap-

Losomes. High concenLrations of externaL calcium antagonize

DDT- or pyreLhrold-induced nerve excitaLion (MaLsumura and

Naraha.shi , I971; Gammon, 1978a) . Previous sLudies also

showed that DDT i s a potenL inhib j. tor of a ca* *-dependenL

ÀTPase in lobsLer peripheral a><ons (Ghiasuddin ancl Matsumura.

1979a,b,c). However, whether DDT would lnhibi t
g¿**ayg*f-ATPase activiLy of insect nervous system had not

been demonstraLed. using synapLosomal preparaLions from the
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brain of bertha armyworm, I demonstrated for Lhe first time

that DDT inhibited the activity of Ca+++Mgf *-ATpase in Lhe

insecL nervous system.

The effect of pyreLhroids on ca+++Mg++-ATpase of moth

braln synapLosomal preparations appears Lo be different from

their effecL on ca+++yg**-ATpase of squid axons (clark and

Matsumura, 1982). Permethrin, arlethrin and decamethrin

greatly inhibited ca**+Mg* *-ATpase of squid axons (cLark and

MaLsumura, 1982 ) . However, among these Lhree pyrethroids

only allethrin showed lnhibiLion of ç¿**+l'.{g**-ATpase of the

moth brain synaptosomes and synapLosome membrane vesicles.

The allethrin inhibition of g***ayn*f-ATpase was higher when

using synapLosome membrane vesicles- Because the synaptc¡some

membrane vesicles conslsted of inside-ouL membrane vesicles,

righLside-out membrane vesicles and some unsealed membranes,

i t appears Lhat the e)<posure of inner membrane surf ace Lo Lhe

insecticide increased the effectiveness of alreLhrin-

since 6¿**ayn**-ÀTPase and the carcium pump are func-

tlonarry coup.Led in Lhe synapLic membrane, iL has been

assumed in the literature that insecticide inhibiLion of the

ATPase would abolish calcium LransporL. This assumption has

never been tested experimentally. Therefore, I compared the

effect of insecticides on both ca*++Mg**-ATpase and the

ATP-clependenL caf*-pu^p in moth brain synaptosome membrane

vesicLes under identical condiLions. Five of the seven

insectlcides tesLed inhibited boLh the ATpase and calcium
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LransporL However, DDT and dleLdrin inhibited
g¿* *ayg* *-ÀTPase activi ty but st lmulated ÀTp-dependenl

calcium LransporL I Thus, iL is erroneous to assume thaL

insecticides which inhibit g¿**1yn**-ATpase also inhlbiL

calcium transporL in the neurone. The mechanism by which DDT

and dleldrin sLimulated calcium Lransport is unresolved buL

dif f ers f rom that of other insecLicides. The stimul,aLion of

calcium Lransport in moth brain synaptosome membrane vesicles

is consisLent with the effecL of Lhese insecticides on

calcium movement in the nervous sysLem of other insects.

For exampre, when isolated nerve cords of cockroaches were

lncubaLed wlth LØ-5 M DDT, the efflux of 45c"++*"s higher

Lhan in the control (MaLsumura and o'Brien, 1966). DleIcìrin

arso acLivated carcium efflux from the nerve cord of the

American cockroach and from i. solated brain t i ssues of the

German cockroach (Hayashi and Matsumura, 1966) . BoLh of

these observati-ons are now explalned by the Ëact Lhat DDT and

dleldrln sLlmulate ca**-transport in the synapLic membrane.

cycrodiene insecLicides may acL by facj.litaLing synapti.c

Lransmission and ca**-dependent neurotransmitter release
(!{ang et â1 , L97I; Schroeder et af , I)ZT; Beeman, lgBZ )

through disrupLion of calcium regulation in the nerve

Lermlnal (Yamagushi et al-, I979, 198ø). My study has

provided the first direct evidence that some cyclodiene

compounds, especially Lhose cyc-todienes containing no o><ygen,

inhiblt the insect synapLosomal ATP-dependent calcium pump.
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Inhibi t ion of the ATP-dependent cal c i.um prrmp wi I I tend to

increase free calcium concenLration in the nerve terminal and

acceLerate neuroLransmitter release, providing sLrong evi-

dence thaL synapLosome Ca+++Mgl*-ATPase is a Larget of cer-

Lain cyclodiene insectlcides. Cyclodienes conLaining oxy-

gêD, such as diel.drin and endrin, displayed very littLe

inhibition of moth brain synaptosomal Ca**+Mgf*-ÀTPase but

neverLheless are insecticidal. Thi s observat ion can be

understood from the fact thaL dieldrin (and possibJ.y endrin)

has Lo be activaLed metabolicalJ.y in order to be effective

as an insecticide (Wang et âI, Lg71; Schroåder eL âf, t9Z7;

Beeman, 1982> . EvidenLIy, synapLosomes and empty synaptosome

membrane vesicles Iack the cellular machinerv to acLivate

dieldrin which is a weak inhibiLor of Ca**+Mg**-ATpase if it

is noL metabolically actlvaLed.

Of the Lhree pyreLhroids examined, permethrin, allethrin

and decamethrin, only allethrj.ñ signlficantly inhibited Lhe

Ca+ ++Ud *-ATPase and ATP-dependent ca-l c ium t ranspor t ac t ivi. -
Lles of moLh brain synapLosome membrane vesicles. These

results dlffer from those on verLebrate and oLher arthropod

neural Ca**+Mg**-ATPase (Ctark, 1gB1; Clark and MaLsumura,

1982). In Lhose studies al I three pyrethroids potent Iy

inhibited g¿**ayn**-ATP*s" activiLy of squi d. LoJigo pealei

nervous system. The dlfference mighL be due to the dj.f-

ference in Lhe nervous system between insecLs and other

anÍmaIs, or due to dÍfferenL neural preparations and assay
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systems. rn vivo arlethrin poisoning also signlficantry

inhibited moth brain synaptosomal Ca* *+M9* *-ATpase, indi-
cating thaL the inhibition of Ca+++Md*-ATPare and ATp-de-
pendent ca**-transport of moth brain nervous sysLem may

conLribuLe Lo allethrin poisoning in insecLs.

Temperature infruences the effecLiveness of many insec-

ticides in different ways. In some cases, high exLernal tem-

peraLure enhances Lhe LoxiciLy of insecticides, âs in the

ca,se of cycrodiene insecLicide polsoning. In other cases,

Lhe Loxicity of insecLicides is enhanced by low external
temperature, such as in the case of DDT and the pyrethroids
(Eaton and Sternbury, I967; Wang et ãf-, lgZZ; Gammon,

1978a,b; scott and Georghiou, 1984). The laLter are said Lo

have a negative LemperaLure coefficienL. Among factors which

might be related Lo Lhe negaLive temperature coefficienL, the

sensitivity of Lhe LargeL siLe appears to be an important
factor. ElectrophysioroglcaL studies suggested Lhat the

negative Lemperature coefficient of DDT action is the direcL
resulL of dlsrupting synaptic transmission (Gammon, 19zBa).

However, untir no\¡¡ there has been no satisf acLory explanation

for the biochemical basis of Lhe negative Lemperature

coefficienL. My results provide an explanation. FirsL, Lhe

inhibltion of synaptosomal Ca* ++Md *-ATpase, the ATp-depen-

denL calcium pump, would disrupt the calcium regulation

sys L em and evenLual lv Lead Lo disrupted synapLic

Lransmission. second, ca*++Mg**-ÀTpase acLivity aL zØ "c is
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4ø% .lower Lhan thaL at 3Ø "c. This means that the calcium

reguration sysLem is more vuLnerabre to insecticide

disruption at Lower temperature. The same degree inhibition
of g**{'ayg**-ATPase woul.d increase the disruption Lo a

weakened calcium regulation system. Third, Fãising Lhe

temperature would strengthen a weakened calcium regulation

system because of the higher Ca*++Md*-ATPase acLivity at

hlgher temperaLure. This could explain the observation that

symptoms of DDT polsoning are reversible upon changing Lhe

LemperaLure. The positive temperature coefficient of Lhe

Loxaphene courd arso be expra.ined by thls result. Toxaphene

lnhibi ted 7Ø% cC *+Ms+ *-ATPase ac L 1vi ty at gØ "c and at zØ "c

only inhlbi Led 56. 9% 6¿* *+yg* *-ATPase ac t ivi ty. There i s

litLle difference between remaininq

ca+++Md*-l'-ATPase at gØ T and that at zØ T.

ac t ivi Ly of
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SUMMARY AND CONCLUSION

MorphologicalJ.y pure and funcLionally competenL synap-

Losomes and synapLosome membrane vesicles v/ere prepared from

the moth brain of the bertha armyworm Mantestra configurata

l.¡LK.

A ca**+Mg**-ATPase and an ÀTp-dependent carcium pump

9¡ere identified in insect synaptosoma.L preparations and

their biochemical and kinetic properties were studied under

identical experimental condiLions. The results showed that

both f,¿**+tr'1g**-ATPase and the ATp-dependenL cal.cium pump had

much higher affinity for free ca,lcium when compared with that

from vertebrates, displayed simi lar response to ATp,

magnesium, EGTÀ, potassium, ouabain, and v¡ere f unctional ly

coupled in Lhe synapLosome membrane.

Of eighteen compounds from seven major groups of

insecticides, only sj.x (DDT, alleLhrin, chlordane, aldrin,

hepLachror and Loxaphene) displayed potenL inhibition of the

synaptosomar ca* * +¡4g* * -ATPase. Three of Lhese s ix lnsec-

Licides (chlordane, ardrin and heptachlor) were cyclodiene

compounds conLained no oxygen. Dose response studies showed

that five of Lhese six insecticides, (chlordane, hepLachlor,

aldrin, Loxaphene and arlethrin), inhiblted the activities

of both ca** +Md*-ATPase and the carcium pump of moth bain

synaptosomes under idenLical experimenLal conditions. DDT

inhibi ted g¿* *+yq* *-ÀTpase activiLy, buL sLimulated the
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À,TP-dependent calcium uptake aberrantly. fn vivo insecLicide

LreaLmenL aLso signiflcantly inhÍbited moth brain

synapLosomal Cf ++Mg+ +-ATPase activity.

From Lhese findings, it can be concLuded Lhat:

a) a Ca+++Mg++-ATPase which is an ATP-dependent calcium

pump, exists in moLh brain synaplosome membranes;

b) the very high affiniLy for free calcium, lower

affiniLy for ATP and magnesium of Lhe moth synaptosomal

Ca+ ++Mg++-ATPase differenLiate 1t f rom the Ca+++Mgf +-ATpase

of vertebrates;

c) the synapLosomal Ca+'r+Mg++-ÀTPase appears Lo be Lhe

LargeL of some cyclodiene insecticides especial ly those

contalning no oxygen. The inhibition of the synaptosomal

Ca+++Mg++-ATPase activity and 1ts funcLion also appears to be

an lmportant aspecL of DDT and allethrin poisoning.

d) Lhe inhibiLion of brain synaptosomal Ca+++Mg++-ATPase

by insectides may provide an explanaLion for the negaLive

LemperaLure coefficient of some insecLicides.
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APPENDIX I. LIST OF ÂBBREVIÀTIONS

Àdn: aLdr in

ÄIe : aI lÉthr 1n

AThch I : ace tyl Lh i ocho I ine i od ide

CÀBMS: carba.mates

Cam: ca.rbaryl

Cdn: chlordane

CF: chlordlmeform

DCF: dimethylchlordimef orm

Dec: decameLhrin

Dia: diazinon

Drn: dieLdrin

DTNB: 5,5'-dlLhio-lsis-2-nitrobenzoÍc acid

Edn: endrin

EDTA: ethylenediamineLetraacetic acid

EGTA : e thyl eneg I yc o l. -b i s ( be L a-amino-e thyl e the r )

-N,N' -teLraacetlc acid

FMS: formamidines

Hepes : N-2-hydroxyethylpiperazine-N' -Z-ethanesulonic acid

Htc: hepLachlor

INH: inhlbitors

KCN: potasslum cynate

La: lanLhanum

Ldn: benzene hexachloride ( lindane)

MaL: malathion
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Mec: methoxylchlor

NADH: beta -nicotinamide adenine dinucleoLide, reduced form

NADPH: beta -nicotinamide adenine di.nucleotide phosphaLe,

reduced form

OGPOS : organophosphaLes

Ovd

Per

Pdt

Prp

or thovanadate

permethr in

picrotoxinin

p r opclxu r

PYRES: pyrethroids

T: trifluoperazine

Tox: Loxaphene

Tr1: Lrifluoperazine


