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ABSTRACT 
Effects of the organochlorine insecticides chlordecone, mirex. 1-
(2-chlorophenyl)-1-(4-chlorophenyl)-2.2,2-trichloroethane and 
1, 1-bis(4-chlorophenyl)-2,2,2-trichloroethane on free intrasynap
tosornal Ca2+ ((Ca++1). synaptosornal 45C8 uptake and synapto
somal plasma and mitochondrial membrane potentials in vitro 
were studied. Chlordecone (10-50 µM) increased [ca++1 from 
the resting level of 370 nM in a dose- and time-dependent manner 
to above 1.5 µM. This took place in the presence of 1 mM 
extrasynaptosomal ca++ but not in nominally ca++ -free medium. 
Verapamil, a voltage sensitive ca++ channel blocker, inhibited 
the initial increase of [Ca++1 caused by chlordecone, by 400/o. 
Chlordecone also elevated [Ca++1 in synaptosomes in which 
mitochondrial ca++ uptake had been abolished by valinomycin. 
Chlordecone depolarized partially the synaptosornal plasma 
membrane and, to a lesser extent, the potential of mitochondria 

The neuroto:ricity of many organochlorine and pyrethrin 
insecticides is believed to be due at least in part to modulation 
of ion fluxes across the neuronal plasma membrane. In the case 
of p,p' -DDT and pyrethrins, there is reliable evidence for a 
delayed closing of the sodium channel after depolarization 
(Vijverberg and van den Berken, 1982; Woolley, 1982; Nara
hashi, 1985). There is other evidence that some organochlorine 
insecticides may cause neuronal hyperexcitability by a different 
mechanism. Whereas an intraventricular injection of CaCl2 
diminishes tremor in p,p' -DDT-treated rats, tremor is exacer
bated in chlordecone-treated rats (Herr et al., 1987). 

The anticonvulsant phenytoin is believed to act primarily by 
inhibition of the sodium channel (MacDonald, 1983; Willow et 
al., 1984). This drug alleviates p.p' -DDT or permethrin-induced 
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within synaptosomes. However, chlordecone appeared to inhibit 
synaptosornal K+ -stimulated and unstimulated 45Ca++ uptake by 
20 to 30o/o. Inasmuch as chlordecone also stimulated release of 
45Ca++ and the fluorescent dye fura-2 from preloaded synapto
somes, the apparent inhibition of uptake might be due to lysis of 
some synaptosomes by chlordecone. The effect of chlordecone 
on cca++1 decreased when the total amount of tissue in incu
bations was increased. cca++1 was only elevated marginaffy by 
mirex at the same concentration range. The results suggest that 
chlordecone increases free intrasynaptosornal ca++ mainly by 
increasing influx of extrasynaptosornal ca++. The principal mech
anism appears to be a nonspecific leakage of ca++ through the 
plasma membrane but some ca++ may pass through voltage
sensitive ca++ channels due to chlordecone-inducect membrane 
depolarization. 

tremor but aggravates chlordecone-induced tremor (Tilson et 
al., 1985), again suggesting chlordecone does not act at the 
same locus as p.p'-DDT or permethrin. Alteration of calcium 
homeostasis by chlordecone has been postulated (Carmines et 
al., 1979; End et al., 1979, 1981; Hoskins and Ho, 1982; Philips 
and Eroschenko, 1985). There is also evidence that other or
ganochlorine insecticides may affect Ca++ distribution. Lindane 
h-hexachlorohexane) (Woolley et al., 1985; Lievremont et al., 
1984), toxaphene (Trottman et al., 1985) and dieldrin (Singh 
and Singh, 1984) have been suggested to alter free levels of 
Ca++ within the neuron. Many of these studies utilized 46Ca++ 
in order to examine the uptake and release of Ca++ by mito
chondria or synaptosomes. The prevention of damage in the 
presence of high concentrations of Mg++ also implies indirectly 
that organochlorine insecticide neuroto:ricity may be Ca++ -
related (Singh and Singh, 1984; Woolley et al., 1985). 

However, no direct evaluation of the effects of these insecti
cides upon the concentration of free ionic Ca++ within neuronal 
cytoplasm has hitherto been made. Fluxes in 46Ca•• do not 

ABBREVIATIONS: p,p'-ODT, 1,1-bis(44llorophenyl)-2,2,2-tric:hloroethane; [C&++l, free intrasynaptosomal calcium concentration; o,p'-ODT, 112-
chlorophenyl)-114-chlorophenyl)-2,2,2-trlchloroethane; HEPES, 4-(2-hydroxyethyl)-1-piperameethaneonlc acid; ful'&-2/AM, acetoxymethyl ester 
of fura-2; DMSO, dimethylsulfoxide; EGTA, ethylene glycol bis(P-aminoethyl ether)-N,N'-tetraacetic acid; TPP, tetraphenylphosphonium; CCCP, 
carbonylcyanide m-chlorophenylhydrazone; ATPase, adenoslne trlphosphatase. 
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reflect this critical parameter accurately. These Ca++ values are 
less than 0.1 % of extracellular calcium concentration or total 
mitochondrial calcium content (Brinley, 1980). The small size 
of this free ca++ pool enables it to undergo rapid changes in 
concentration and these values cannot be determined readily 
by indirect means. Recently, methods have become available 
that allow the direct quantification of Ca++ within undisrupted 
living cells (Tsien et al., 1982; Grynkiewicz et al., 1985). These 
methods have been adapted to synaptosomes (Ashley et al., 
1984; Nachshen, 1985; Komulainen and Bondy, 1987a). 

This report deals with the effects of various organochlorine 
insecticides upon [Ca++];. Such data have been contrasted with 
results derived from the use of 45Ca++ in order to study fluxes 
across the plasma membrane. Changes in mitochondrial or 
plasma membrane potential have also been determined. The 
results suggest that the mechanism of action of chlordecone 
toxicity may be distinct from that of mirex, p,p'-DDT or o,p'
DDT. 

Materials and Methods 

Preparation of sy-ptollomes. Adult male Fisher 344-strain rats 
(Charles River Breeding Laboratories, Inc., Wilmington, MA), 4 to 5 
months old weighing 290 to 330 g were used. Rats were decapitated, 
the brains excised quickly on ice and the whole brain except the 
cerebellum and pons-medulla dissected out. Synaptosomes were made 
by the modification of Dodd et al. (1981) of the method of Gray and 
Whittaker (1962). Briefly, after homogenization in 10 volumes of cold 
0.32 M sucrose, the homogenate was centrifuged (1500 x g, 10 min, 0-
4 °C) and the supernatant laid over 1.2 M sucrose (8 ml). After high 
speed centrifugation (50,000 rpm, 10 min, Beckman model I..5-65, rotor 
Ti 60) the layer at the interface was collected, diluted 2.5-fold with 0.32 
M sucrose and laid over 0.8 M sucrose. After centrifugation again at 
high speed, the synaptosomal pellet was suspended in HEPES buffer, 
pH 7.4, to give the tiBBue concentration 0.15 g-equivalent/ml (about 
1.6 mg/ml of protein). The composition of HEPES buffer was (milli
molar): NaCl, 125; KCl, 5; NaH2P04, 1.2; MgC12, 1.2; NaHC08, 5; 
glucose, 6; CaCl2, 1; and HEPES, 25. 

Aaay of [Ca++],. [Ca++]; was measured using the fura-2/AM; 1-ml 
aliquots of the synaptosome suspension were incubated with 5 µM fura-
2/ AM added in DMSO (final concentration of DMSO, 0.53) at 37°C 
for 20 min. HEPES buffer (9 ml) at 37°C was then added and the 
incubation continued for 25 min. Synaptosomes were sedimented 
(12300 x g, 5 min), resuspended in 5 ml of HEPES buffer and kept on 
ice. For fluorescence measurement 500-µl aliquots of the suspensions 
were centrifuged rapidly in Eppendorf-tubes in a microcentrifuge 
(13000 x g, 30 sec) and the synaptosomal pellet was resuspended in 2 
ml of warm (37°C) HEPES buffer, pH 7.4. This buffer did not contain 
NaHCOa or NAH2PO• in order to prevent precipitation of high levels 
of Ca++ used subsequently. The emitted fluorescence of the sample was 
measured in a thermostatted (37°C) cuvette using Aminco SPF-500 
spectrofluorometer at the excitation wavelengths of 340 and 380 nm 
(bandpass, 1 nm) and at 510 nm for emiBBion (bandp8BB, 8 nm). Samples 
contained 140 to 160 µg of protein and were allowed to equilibrate for 
10 min before addition of chemicals. Mixing was carried out with a 
magnetic stirrer 30 to 60 sec before reading fluorescence. Extrasynap
tosomal fura-2 was quenched by 40 µM MnCl2 at the end of each 
incubation. It was added 15 to 20 sec before recording the fluorescence. 
This Mn++ concentration corrected for extrasynaptosomal fura-2 (Ko
mulainen and Bondy, 1987a). In order to calculate [Ca++]; before 
addition of insecticides, a separate average Mn++ correction was made 
for each batch of synaptosomes. This correction was around 63 of the 
fluorescence at 340 nM and was very stable from one synaptosomal 
suspension to another (table 2). Autofluorescence of synaptosomes was 
always recorded and subtracted before calculation of fluorescence ratios 
of fura-2. This constituted around 153 of total fluorescence. For 
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calibration of the synaptosomal fura-2-Ca++ signal (R), Rm1n (the ratio 
of fluorescence at 340 nm/380 nm in the absence of ca++) and R.
(the ratio when all fura-2 of the sample was saturated with Ca++) were 
determined for each batch of fura-2-loaded synaptosomes. In order to 
determine~ synaptosomes were lyzed with 0.13 sodium dodecyl 
sulfate and ea++ and Mn++ chelated with 5 mM alkaline EGTA and 10 
µM diethylenetriaminepentaacetic acid. R,,,.. was determined by the 
addition of 7 mM CaCl2. [Ca++]; was calculated using the formula 
(Grynkiewicz et al., 1985): 

[C ++] · = u. (R - Rmin) (Sf2) 
a ' L'<I (R,,,.. - R) (S"2) 

where K,, (224 nM) is the diSBociation constant of fura-2-Ca++ -complex 
and Sf2 and S"2 denote fluorescence of fura-2 at zero ea++ and Ca++ 
saturation, respectively, at the excitation wavelength 380 nm. 

"'Ca++ transport 

K•-stimulatecl uptake. A synaptosomal (0.1 ml) suspension (150-
170 µg of protein) was mixed with 0.9 ml of the Tris-buffer, pH 7.4, 
containing (millimolar): NaCl, 150; KCl, 5; CaCl2, 1.5; MgS04, 1.4; 
glucose, 25; and Tris-HCI, 40 and incubated at 37°C for 12 min. Then 
0.1 ml of "Ca++ (0.5 µCi, 55.9 Ci/mol) in either 0.5 M KCl or 0.5 M 
NaCl was mixed into the suspension and incubation continued for a 
further 15 sec. When indicated, the insecticides were added in DMSO 
(the final concentration not exceeding 13) 15 min or 15 sec before 
"Ca++. DMSO was also present in control tubes. "Ca++ uptake was 
stopped by the addition of 5 ml of ice-cold wash buffer (Tris-buffer 
omitting eaCI2 and containing 1 mM EGTA) followed by rapid filtration 
on glaSB fiber filters (Type A/E, Gelman Sciences, Inc., Ann Arbor, 
MI) (Wu et al., 1982). The filter discs were washed with 2 x 5 ml of 
buffer and accumulated label counted in 10 ml of Aquasol (New 
England Nuclear, Boston, MA) in a liquid scintillation counter. The 
difference in "Ca uptake between incubation in the presence of 50 mM 
KCl or 50 mM NaCl was taken to represent depolarimtion-triggered 
ea++ entry. Blank tubes contained synaptosomes that had been soni
cated and heated to 1oo·c for 10 min and were thus incapable of Ca++ 
transport. These blanks representing binding o£ 411Ca++ into membranes 
were subtracted from the results. 

Unstimulated uptake. In other experiments, synaptosomes (about 
80 µg of protein) were incubated simultaneously with "Ca++ (added in 
Tris-buffer) and chlordecone for 10 min without preincubation with 
chlordecone and incubation terminated as described above. 

Spontaneous release. Synaptosomes were preloaded with "Ca++ 
by incubating 3.0 ml of the synaptosome suspension in Tris-buffer with 
"Ca++ (7.5 µCi) at 37°C for 30 min. Particulate material was then 
centrifuged down (12300 x g, 10 min) and the supernatant removed. 
The synaptosomal pellet was then resuspended in 3.0 ml of Tris-buffer 
and 0.1-ml aliquots (about 70 µg of protein) were incubated with 
chlordecone in Tris-buffer at 37°C for 10 min. 411Ca++ remaining in 
synaptosomes was then assayed by filtration and washing of the syn
aptosomes as described above. 

Memb1'8De potential. Membrane potential was assayed by esti
mation of the concentration gradient of a lipophilic cation, TPp+, that 
is accumulated by organelles with a potential acroBB their external 
membrane (Lichtenstein et al., 1979). This method has been applied 
successfully to synaptosomes (Ramos et al., 1979). 

Synaptosomes in HEPES buffer were incubated (10 min, 37°C) in a 
1.0-ml volume containing 120 µg of synaptosomal protein, 2 µM TPp+ 
containing 0.2 µCi of (phenyl-8H]TPp+ (35.5 Ci/mmol) and 5 µM 
valinomycin in order to eliminate the mitochondrial contribution to 
membrane potential. Synaptosomes were then collected by filtration 
through glaSB-fiber filters (Type A/E, Gelman Sciences, Inc.), washed 
three times with 5 ml of 0.2 M NaCl and counted. By ascertaining 
input counts and by taking intrasynaptosomal fluid volume to be 3.6 
µI/mg of protein (Marchbanks, 1975), it was then possible to calculate 
the ratio of TPp+ concentration within synaptosomes (TPp+;) to that 
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remaining in the extrasynaptosomal medium (TPP•o). The membrane 
. (TPp+i) al. 

potential 1" was calculated as -61 log (TPP•o) (Ramos et , 1979). 

Synaptosomes subjected to l00°C for 10 min and to sonication were 
used as blanks. 

The membrane potential of mitochondria within synaptosomes was 
determined by a similar incubation to that described above, with the 
omission of valinomycin. The additional radioactivity taken up under 
these circumstances represented mitochondrial change. By taking a 
value of 12% as the proportion of synaptosomal volume occupied by 
mitochondria (Scott and Nicholls, 1980), it was possible to determine 
the concentration of TPp+ within mitochondria over that in the syn
aptic cytoplasm when valinomycin was present. The ability of free 
mitochondria prepared from the Pa fraction of brain homogenates 
(Dodd et al., 1981) to accumulate TPp+ was estimated to be only 
around 2% of synaptosomal mitochondria. This is probably due to their 
being damaged by the preparative medium which is not designed for 
mitochondrial stabilization. Thus, the contribution of any contaminat
ing free mitochondria in the synaptosomal preparation to calculated 
mitochondria potential could be discounted. The substitution of 1 µM 
of the oxidative phosphorylation uncoupler CCCP for valinomycin, 
gave essentially identical inhibition of TPp+ uptake, confirming that 
mitochondrial potential had been disrupted selectively by either agent. 

Protein determination. Protein content of synaptosomal suspen
sions were assayed with the method of Lowry et al. (1951) using bovine 
albumin as a reference. 

Statistics. Results were analym:I using Fisher's Least Significant 
Difference Test after one-way analysis of variance. Throughout the 
results, the symbol (*) means P < .05 or lower using a two-tailed t 
distribution. 

Chemicals. Fura-2/ AM was obtained from Molecular Probes (Junc
tion City, OR) and 4ACaCl1 and [phenyl-8H]TPP bromide from New 
England Nuclear. Chlordecone was obtained from Radian Corp. (Aus
tin, TX) and other organochlorine insecticides from Aldrich Chemical 
Co. (Milwaukee, WI). All other chemicals including valinomycin and 
CCCP were from Sigma Chemical Corp. (St. Louis, MO). 

Results 

The resting level of [Ca++]i was 368 ± 5 nM (n = 75) when 
1 mM Ca++ was present in the incubation medium. When 
calcium was omitted from the medium [Ca++]; was significantly 
depressed to 208 ± 8 nM (n = 23). Incubation of synaptosomes 
together with chlordecone elevated [Ca++]i in a dose-dependent 
manner (fig. 1). At 10 µM chlordecone [Ca++]; was raised 
significantly by 40% and at 30µM chlordecone by 320%. In 
contrast, mirex increased [Ca++]; by only 30% (fig. 1) at the 
highest concentration studied (30 µM). o.p'- and p.p'-DDT at 
10 µM were ineffective in raising [Ca++]i (table 1). 

The effect of 20 µM chlordecone upon [Ca++]; was rapid, 
increasing its value by 75% within 60 sec (fig. 2). The Ca++ 
level continued to increase thereafter. When extrasynaptoso
mal Ca++ was low (<0.01 mM), chlordecone only had a very 
minor effect on [Ca++]; (fig. 3), suggesting that much of the 
source of the elevated [Ca++]; was from the incubation medium. 
This idea was supported further by a 40% inhibition (fig. 4) of 
the initial chlordecone-induced increase of [Ca++]; by 200 µM 
verapamil, a blocker of a group of voltage-sensitive Ca++ chan
nels (Nachshen and Blaustein, 1979). Verapamil alone did not 
affect the resting [Ca++]; or interfere with fura-2 fluorescence. 

The contribution of mitochondrial Ca++ to the chlordecone
induced elevation of [Ca++]; was studied by preincubation of 
synaptosomes for 5 min at 37•c with 5 µM valinomycin, a K+ 
and proton ionophore. This caused an elevation of [Ca++]; by 
50 to 60 nM in the presence of 1 mM extrasynaptosomal Ca++, 
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Fig. 1. Effect of chlordecol 18 and l'IWex on [ca++} In vitro. Fura-2-loaded 
synaptosomes (about 240 µM fura-2, 150 µg of protein) were Incubated 
with these agents in a cuvette at 37°C for 10 min and cca-i determined 
as described under "Materials and Methods.• Results are mean ± S.E. 
of six to eight separate detennlnations. *Differs slgnificantly (P < .05) 
from control value. 

TABLE1 
Effect of p,p•-DDT• and o,p'-DDT on (C.'"], 

0.5% DMSO (control) 
p,p'-DDT, 10 µM 
o,p'-DDT, 10 µM 

"" 417 ± 2011 

433 ± 21 
4n±25 

• Synaptoaomes (about 150 ,.g d protein) were Incubated with ttae agents for 

10 "*'· 
•Mean ± S.E., n • 6. 

1.4 
• 

1.2 

1.0 

0.8 • :I 
:i 

,...;- 0.6 
N 

0 
...!:l... 

0.4 

02 

0 1 min lOmin 
INCUBATION TIME 

Fig. 2. Tme COU"S8 of elevation of [C&++} by chlordecolie. Incubation 
conditions as in figure 1 except incubation time with chloldecol ie (20 
µM) varied. Mean ± S.E. of 6 to 12 determinations. •p < .001 as 
compared to all other values. 
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CHLOfllECONE 

Fig. 4. Effect of verapamll on chlordecone-lnctuced elevation of (Ca••}. 
Verapamil (200 µM) was added 10 min before chlordecone (20 µM) and 
the incubation continued for 1 min. Mean ± S.E. of six to seven 
determinations. tDiffers significantly (P < .001) from the respective 
control. *Differs significantly (P < .05) from the corresponding value in 
the absence of verapamil. 

probably due to inhibition of mitochondrial uptake of Ca++ and 
stimulated Ca•• release. A subsequent addition of 10 µM chlor
decone elevated further [Ca••]; in what appeared to be a syn
ergistic manner (fig. 5, right panel). However, no further in
crease in [Ca••]; was caused by the addition of valinomycin to 
synaptosomes incubated with 20 µM chlordecone (results not 
shown). A synergistic effect could also be observed when the 
extrasynaptosomal medium was nominally calcium-free (fig. 5, 
left panel). In this case, both 5 µM valinomycin and 20 µM 
chlordecone together were needed in order to produce a signif
icantly higher [Ca••];. 

The total protein content of synaptosomes incubated with 
chlordecone was found to be very critical. When the amount of 
synaptosomes incubated was doubled the effect of 20 µM chlor
decone on [Ca••]; was abolished (fig. 6). A threshold ratio of 
chlordecone to tissue content may be more critical than the 
concentration of chlordecone used, in order to detect an eleva
tion of [Ca••];. The critical value of this ratio was between 0.13 
and 0.26 µmol of chlordecone per mg of synaptosomal protein. 
Above this threshold, 10 µM chlordecone significantly depolar
ized the synaptosomal plasma membrane from 67 ± 4 to 28 ± 
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Fig. 3. Effect of extrasynaptosomal ea•• on [Ca++} and on its 
elevation by chloldecone. Synaptosomes (about 150 µg of protein) 
were incubated with chloldecol 18 (20 µM) in HEPES buffer containing 
1 mM ~ ([ea••]o, 1 mM) or Caeb omitted ([Ca++]o < .01 mM) tor 
10 min. Mean± S.E. of five determinations. tDiffers sigl'llflcantly (P 
< .001) from corresponding control value. •Differs significantly (P < 
.01) from the respective value in the presence of 1 mM ea••. 

08 

02 

20 20 0 0 
CHU>ADECONE CONC !,.Ml 

Fig. 5. Modulation of cea••i by vallnomycin and chlordecolie. Synapto
somes (about 150 µg of protein) were incubated either in HEPES buffer 
containing 1 mM ~ (right panel) or in nominally ea++ -free buffer (left 
panel). Vallnomycin (5 µM) was added 5 min before chloldecolie or the 
incubation continued without vallnomycin. The final incubation time with 
indicated chloldecone conc::entrations (CONC) was 10 min. Mean± S.E. 
of tour measurements. tDlffers significantly (P < .05) from the control 
value (no valinomycin, no chlordecol ie). *Differs significantly (P < .05) 
from the corresponding value in the presence of 5 µM valinomycin, alorl8. 

• 
1.2 D 15,.IJllll• protein 

1.0 • l50,.91m1 protein 

~ 0.8 
:I. 

~ 0.6 
~ 

0.4 

0.2 

CONTROL CHLORDECONE 
20,. M CHLORDECONE 

20,&M 

Fig. 8. Effect of varying synaptosomal protein on response of [Ca++} to 
chloldecolie. Synaptosomes either containing 75 µg/rrd of protein (total 
protein, 150 µg) or 150 mg/ml of protein (total protein, 300 µg) were 
incubated with chlordecolie <20 ,,M) tor 10 min and cea··i determiled. 
Mean ± S.E. of five to six determinations. *Differs significantly (P < .001) 
from control value. 
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3 mV (n = 6) (fig. 7). This reduction of membrane potential 
was not much greater when higher concentrations of chlorde
cone were used (fig. 7). Ten micromolar mirex, p,p' - or o,p' -
DDT did not have any effect on plasma membrane or mito
chondrial potential (fig. 8). However, the membrane potential 
of the mitochondria within synaptosomes (177 ± 3 m V, n = 6) 
was also significantly depressed down to 136 ± 4 mV (n = 6) 
by 20 µM chlordecone (fig. 7). 

Another parameter that the use of fura-2 allowed us to 
examine was the permeability of the synaptosomal membrane, 
as any extrasynaptosomal fura-2-related fluorescence could be 
quenched rapidly with 40 µM Mn Cl2 (Komulainen and Bondy, 
1987a). At chlordecone concentrations of 20 µMand above, the 
amount of fura-2 leaking out of the synaptosomes increased 
from control values of around 63 to 10 to 303 (table 2). This 
was interpreted as lysis of some synaptosomes or damage to 

200 

> .s 150 
..J 
<I 
i== z .... 
~100 

i J _ __.____.______.,__· __.___.__· .......__...__· --::IE l Pl.ASMA MEMBRANE 

0 5 10 15 20 25 30 
CONCENCENTRATION CF CHLORDECONE (,_M) 

Fig. 7. Effect of chlordecone upon plasma and mitochondrial membrane 
potential in synaptosomes. Synaptosomes (about 120 ,.g of protein) 
were incubated with 2 µM (3H)TPp+ in the absence or presence of 5 µM 
valinomycin in order to obtain total potential and plasma membrane 
potential, respectively, and various concentrations of chlordecone in 
HEPES buffer for 10 min. Membrane potentials were calculated from the 
distribution of [3H)TPP• between synaptosomes and medium as de
scribed under "Materials and Methods.· Mean± S.E. of six determina
tions. *Differs significantly (P < .05) from control value. 

• 
1!50 

D 
MITOCHONDRIAL • PLASMA 
MEAeRANE 

CONTROL .. REX A,.:ODT 
Ct«.ORDECONE e,IOOT 

Fig. 8. Effects of mirex, op' - and pp' -DDT on synaptosomal plasma 
and mitochondrial membrane potentials. Synaptosomes (about 120 µg 
of protein) were incubated with 1 O µM concentrations of these agents 
as in figure 7. Chlordecone was included as a reference. Mean± S.E. of 
six determinations. *Differs (P < .05) significantly from control value. 
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their external membranes. Mirex and the DDT-isomers did not 
show evidence of a similar disruption (table 2). 

Chlordecone (50 µM) inhibited K+ -stimulated uptake of 
••ca•• by 25 to 30% after 15 sec or 15-min preincubation (fig. 
9). It also inhibited ••ca•• uptake during a 10-min incubation 
under nondepolarizing conditions (fig. 10). Using a similar 
incubation of '°Ca-loaded synaptosomes with chlordecone, 
chlordecone was also shown to stimulate ••ca release (table 3). 
This effect was dependent on chlordecone concentration and 
also on protein content. Chlordecone (50 µM) released 483 of 
'°Ca•• when synaptosomal protein was 150 µg/ml but 853 of 
'°Ca•• at a protein concentration of 75 µg/ml (table 3). Under 
these latter conditions, 1.34 µmot of chlordecone were present 
per mg of protein. Mirex, at concentrations as high as 50 µM, 
did not significantly affect '°Ca•• uptake, but both p.p' - and o, 
p'-DDT inhibited K•-stimulated '°Ca•• uptake by 30 to 403 
(fig. 9). 

Discussion 

The elevation of free Ca++ within synaptosomes by chlorde
cone could occur by one or more of several mechanisms. Our 
data suggest a major route for this elevation is by increased 
influx of extrasynaptosomal Ca••. This is supported by the 
finding that chlordecone could increase [Ca••]; only in the 
presence of extrasynaptosomal ca••. When Ca•• was omitted 
from the incubation buffer, the effect of chlordecone was abol
ished. The basic mechanisms of action are not known at present 
but at high concentrations chlordecone had nonspecific mem
brane effects (discussed later). Hence, chlordecone might sim
ply increase Ca++ leakage through the plasma membrane. Ve
rapamil at 200 µM concentration inhibited the initial chlorde
cone-induced increase of [Ca••]; by 40 to 503, to the same 
extent as verapamil inhibits the increase caused by 50 mM 
extrasynaptosomal K• (Komulainen and Bondy, 1987a). This 
suggests that part of the chlordecone-induced increase in 
[Ca++]; might also occur via voltage-regulated calcium channels. 
Other experiments indicated that chlordecone induces a partial 
depolarization of the plasma membrane and such a membrane 
depolarization is expected to increasingly open ca•• channels. 
Cblordecone is known to inhibit Na•-K•-ATPase in vitro (De
saiah, 1981), but inhibition of this enzyme alone can not induce 
such a rapid and high increase in [Ca••]; (Komulainen and 
Bondy, 1987b). Chlordecone could also increase [Ca••J; in 
synaptosomes in which mitochondrial ca•• uptake was inhib
ited and Ca•• release facilitated by 5 µM valinomycin which 
depolarizes mitochondria but does not alter plasma membrane 
potential (Scott and Nicholls, 1980). The increase in [Ca••]; 
that was obtained with valinomycin (maximum 200 nM), was 
very similar to that reported by Nachshen (1985). Hence, it is 
unlikely that the enormous increase of [Ca••]; caused by chlor
decone could be attributed largely to mitochondrial inhibition. 
Such an effect on mitochondria by chlordecone has been pro
posed (Carmines et al., 1979; End et al. , 1979). However, chlor
decone did reduce mitochondrial membrane potential and is 
known to inhibit synaptosomal Mg••-ca•• ATPase (Ca•• 
pump) in vitro (Mishra et al., 1980). Inhibition of mitochondrial 
and plasma membrane mechanisms for removal of cytosol Ca•• 
could account for the prolonged increase of [Ca••]; with time 
caused by chlordecone. The partial depolarization of mitochon
dria by chlordecone is much less than the complete depolari
zation effected by valinomycin and does not support the con-
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TABLE2 
Synaptosomal damage, estimated by quenching• of extnlCellular funi-2 by 40 I'll Mn++ 
Numbers in parenttleses, number of detenninations. 

"' Deame in Aaaaca1Cll 81340 nM 

0 10,.M 

Chlordecone 
Mirex 
op'-ODT 
pp'-ODT 

6.4 ± 0.6 (14) 

9.0 ± 1.0"·. (12) 
8.0 ± 0.6 (6) 
7.0± 1.5(6) 

21.0 ± 1.0· (11) 28.5 ± 0.9* (6) 
5.3 ± 0.7 (6) 

7.6 ± 1.5 (6) 

•Mn- (40 ,.M) was added after a 10-min incubation of synaptosomes will the agents indicated. 
"Mean± S.E. 
• P < .05 or lower. 

120 
D 30-.....-. 

IOO ------------- ---------------------·15-.......... 
• • • 

• • 

CHl.DRDECONE alREX P,~DDT o,p'-ooT 

Fig. 9. Effect of organochloride insecticides on K+ -stimulated ea•• 
uptake in synaptosomes. Synaptosomes (160 iig of protein) were prein
CtJbated with the insecticides (50 µM) in Tris-buffer containing 1.5 mM 
CaCb either for 15 sec or for 15 mi. Then 0.5 µCl of "'Ca++ was added 
together with 50 mM K+ and the incubation continued for 15 sec. ca•• 
uptake in control samples was 5.0 ± 0.3 nmol/mg of protein per 15 sec 
and this was taken as 100%. *The value differs significantly (P < .05) 
from control value. Mean± S.E. of 12 determinations. 

Q 10 
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Cl 
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JLM CHLORDECONE 
Fig. 10. Effect of chlordeco11e on unstimulated uptake of ca++ by 
synaptosomes. Synaptosomes (70 iig of protein) were incubated as in 
figure 9 except "'Ca++ was added in Tris-buffer (5 mM K+) at the same 
time with chlordecone and the samples were incubated for 10 min. Mean 
± S.E. of six experiments. •Differs significantly (P < .05) from control 
value. 

cept of mitochondrial disruption and consequent massive ca•• 
release. 

The increase of [Ca••]i and decrease of uptake of46Ca caused 
by chlordecone appeared at first to be paradoxical. However, 
the demonstration of elevated 46Ca release from synaptosomes 
by chlordecone suggested the apparent inhibition of uptake to 
be due to synaptosomal lysis. Two independent observations 
converge on this possibility: the apparently reduced uptake and 
release of 46Ca by chlordecone-treated synaptosomes and the 

TABLE3 
Effect of varying C011C811ballo11s of chlonlecone on releue of 
-C.++ llCCUlllUlatecl previously by synaptosomes 

"" 0 
10 
20 
50 

% -ca- Ramaining within Synaptosomas· 
(Conlral - 100%) 

$ynllpaomlll prolBirl COllC8lilllliOll 
75 ,.g/ml 150 ,.g/ml 

100±1.1" 
95.0± 1.7 
92.9 ± 0.1· 
16.2 ± 1.1· 

100 ± 0.6 
89.4 ± 2.5" 
87.4 ± 2.5· 
47.8 ± 2.1· 

• Synaptosomes ware Incubated with varying COi IC8i 1b atloilS of chloldecol ie for 
10 mil at 37°C. Control tissue was Incubated with 0.5% DMSO vehicle. 

"Mean ± S.E., n .. 3. 
• P < .05 that value clffws signillcantly from corresponding control value. 

increased extrasynaptosomal fura-2 found after such an incu
bation. The magnitude of the 46Ca-flux effects and free fura-2 
effects of chlordecone are very similar (25-30%). The assay of 
[Ca••]; and of 46Ca fluxes differ considerably from a methodo
logical point of view. [Ca••]; measurement is independent of 
synaptosomal number whereas 46Ca fluxes diminish if some of 
the synaptosomes are disrupted. Thus, interpretation of data 
showing reduced 46Ca uptake in vitro must be cautious, as ca•• 
entry blockage and synaptosomal lysis can give identical re
sults. Some previously noted contraindications between chlor
decone-caused inhibition of synaptosomal calcium uptake and 
stimulation of neurotransmitter release (End et al., 1979) can 
be accounted for in terms of synaptosomal rupture. One should 
note that leakage of fura-2 out of synaptosomes by chlordecone 
also creates a potential methodological source of error for 
[Ca••]; when this extrasynaptosomal fura-2 has not been cor
rected. All liberated fura-2 is saturated with Ca•• (1 mM 
extracellularly) and gives a significant Ca++ signal. In the 
present experiments extrasynaptosomal fura-2 was quenched 
by Mn•• at the end of incubation and such an artifact does not 
contribute to [Ca••];. 

Mirex was practically inactive throughout these studies at 
the concentration range where chlordecone was toxic; this is in 
concert with the fact that it is much less neurotoxic than 
chlordecone (Desaiah et al., 1981; Fujimori et al., 1982). Our 
study shows that chlordecone is more potent than mirex in 
disrupting synaptosomes. This difference may be quantitative 
rather than qualitative. Neither p,p'-DDT nor the less neuro
toxic o,p'-DDT affected [Ca••]; at 10 µM concentration and 
chlordecone was the only organochlorine examined that re
duced plasma membrane or mitochondrial potentials at low 
concentration. However, 50 µM of either DDT-isomers appar
ently inhibited 46Ca uptake. 

The effect of chlordecone on [Ca••]; appeared to be strictly 
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dependent on the total amount of synaptosomes present. Chlor
decone is highly lipophilic and binds almost completely to 
biological membranes (End et al., 1979). Extra tissue can atten
uate the effects of a given amount of chlordecone, perhaps by 
an increased number of available binding sites. Thus, extrapo
lation of effects from in vitro studies to the living organism 
should be guarded and pharmacokinetics of chlordecone be 
considered. Also comparisons of results from different studies 
may not be relevant when differing amounts of tissue are used. 
In that respect, the present assays are comparable to each 
other. 

Chlordecone has the potential to increase [Ca++]i and this 
property is not shared by several other organochlorine insecti
cides. The relevance of this distinctive property to the neuro
toxicity of chlordecone remains to be definitely demonstrated. 
Although similar overall concentrations of chlordecone to those 
used here may be reached after an in vivo exposure (Fujimori 
et al., 1982), the final subcellular distribution of chlordecone is 
not known. The phenomena that we have described here may 
especially apply to a vulnerable subpopulation of susceptible 
nerve endings. Chlordecone, by effecting localized increase of 
[Ca++]i, might stimulate ca--dependent events in such nerve 
endings. This could account for the higher activity reported 
specifically for serotonergic and noradrenergic neurons, as de
duced by accumulation of neurotransmitter metabolites (Hong 
et al., 1984; Gandolfi et al., 1984; Chen et al., 1985). 
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