
and its subsequent enlargement for fur- 
ther protection. This collar would be a 
key event in the evolution of the future 
mantle and shell of the brachiopods. Wa- 
ter current through the collar would be 
improved by the formation of two slits 
which divide the collar into two "mantle 
lobes" (Fig. 5D). Collapse of these soft 
lobes would be prevented by the forma- 
tion of a skeletal support-that is, the 
evolution of two external valves of or- 
ganic and later mineralized material (Fig. 
5E). The final stage in our model (Fig. 
5F) is an animal with a two-valved shell 
protecting a tentacular cavity, and with a 
soft body containing a coelomic cavity 
and two dissepiments supporting two 
pairs of metanephridia and gonads and 
suspending the intestinal canal. The dis- 
sepiments are an important part of the 
mechanism by which lateral body swell- 
ing is prevented during hydraulic shell 
opening. The posterior part of the worm- 
like ancestor is retained as the pedicle; 
its metamerism is lost but the muscular 
wall around the coelomic tube and the 
cuticular coat are retained. Existing 
transverse muscles could insert directly 
on the shell, and some could function as 
adductor muscles. The shell-opening 
mechanism is achieved by an indirectly 
operating system formed by a complex 
of laterally placed longitudinal muscles, 
fluid-filled coelomic cavities, and trans- 
verse bands, all parts of the existing hy- 
draulic locomotor system of the meta- 
meric wormlike ancestors. The morphol- 
ogy as abstracted in the final stage of our 
series is that of the Lingula-like In- 
articulata described at the onset (Figs. 
1A and 2). 
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Workers in a factory that manufac- 
tured chlordecone (Kepone) (I) were ex- 
posed to large quantities of this organo- 
chlorine pesticide for many months. 
The workers had high concentrations of 
chlordecone in their blood and fat associ- 
ated with clinical evidence of toxicity to 
the nervous system, liver, and testes (2). 
No treatment is available for patients 
poisoned with organochlorine pesticides, 
such as chlordecone, except for mea- 
sures aimed at relief of symptoms. One 
approach to therapy would be to acceler- 
ate the elimination of chlordecone from 
the body. This procedure is based on the 
assumption that the continued presence 
of the chemical in the tissues at high con- 
centrations is necessary for overt tox- 
icity and may also carry the potential for 
development of malignancy. The latter 
concern has been raised by the demon- 
stration that chlordecone is carcinogenic 
in rats and mice (3). 

In man chlordecone passes through 
the liver into bile, but only a small frac- 
tion of the biliary chlordecone entering 
the intestine appears in the stool (2). 
These observations suggest that elimina- 
tion of chlordecone from the body is cur- 
tailed by reabsorption of the chemical 
from the contents of the intestine, creat- 
ing an "enterohepatic recirculation" of 
chlordecone. If this hypothesis is cor- 
rect, then the rate of elimination of 
chlordecone would be augmented by oral 
administration of a nonabsorbable agent 
that would bind chlordecone in the in- 
testinal lumen. Cholestyramine, an anion 
exchange resin, binds chlordecone in vi- 
tro (Fig. 1). In short-term clinical tests of 
this resin, we have found that treatment 
of six patients with cholestyramine for 3 
days produced an average sixfold in- 
crease in excretion of chlordecone in the 
stool (2). These results in patients are en- 
couraging and suggest that a clinical trial 
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of cholestyramine therapy is warranted. 
However, it seemed important to test 
first in animals the effect of the resin not 
only on fecal excretion but also on tissue 
content of chlordecone. Furthermore, 
the concentration of organochlorine pes- 
ticide may be underestimated in human 
samples since metabolites of chlorde- 
cone, if present, may escape detection 
by gas-liquid chromatography (GLC). 
Animals given '4C-labeled chlordecone 
provide a ready means for studying the 
excretion of total organochlorine materi- 
al and the stimulation of this process by 
cholestyramine. 

Male Sprague-Dawley rats weighing 
175 to 200 g were selected for study be- 
cause the toxic manifestations of 
chlordecone in these animals (4) resem- 
bles those observed in man. The animals 
were housed individually in metabolic 
cages and allowed free access to food 
and water. After being fasted overnight, 
rats were given chlordecone (40 mg/kg) 
in solution by gastric tube. The solution 
of chlordecone was prepared by dis- 
solving one part of ['4C]chlordecone 
(Pathfinder Labs, St. Louis, Mo.) with 
stated specific activity 19.68 mCi/mmole 
and 49 parts of unlabeled chlordecone 
(Allied Chemical) in warmed corn oil. 
The purity of both chlordecone products 
was greater than 97 percent, as judged by 
GLC and thin-layer chromatography. 
The total output of feces from the labeled 
rats was collected at 24-hour intervals. 
The stool was weighed and homogenized 
(20 percent, weight to volume) in dis- 
tilled water. Portions (0.2 g) of the stool 
homogenates were vaporized (Packard 
306 Tri-Carb Oxidizer) with the use of 
Carbosorb. Radioactivity was measured 
by liquid scintillation spectrometry with 
[14C]toluene as an internal standard for 
counting efficiency. (Permaflow was 
used as counting fluid.) Urine, collected 
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Abstract. In rats, as reported in humans, chlordecone (Kepone) is excreted pre- 
dominantly in the feces. Cholestyramine, an anion exchange resin, binds chlorde- 
cone in rat intestine, increases its excretion into the feces, and decreases its content 
in the tissues. The resin appears to offer a practical method for treating chronic 
poisoning with this and possibly with other lipophilic toxins. 
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of the concentration of chlordecone in 
tissues after oral administration of 
[14C]chlordecone (4), indicated that the 
distribution of the pesticide rapidly 
achieved equilibrium. Seven days after 
receiving chlordecone, the rats were 
treated orally with either Questran (44 

was constant, being approximately 5 per- percent anhydrous cholestyramine) or a 
cent of the amount of chlordecone re- placebo in which cholestyramine was re- 
maining to be excreted. This observa- placed by 8 percent silica gel and 36 
tion, as well as sequential measurements percent cellulose (Mead-Johnson). Col- 

Table 1. Experimental conditions were as described for Fig. 1. After being treated for 2 weeks 
with either cholestyramine or placebo, rats were killed and biopsies of the indicated organs 
were removed, weighed (wet), and analyzed for [14C]chlordecone. Data are given as the mean 
+ S.E.M. for duplicate determinations in six rats. With the exception of fat, differences in 
tissue ['4C]chlordecone between rats treated with cholestyramine or placebo are significant at 
P < .05. Although the percentage decreases tended to be highest in gut and brain, the dif- 
ferences in the decreases among all tissues did not differ significantly (P > .05). 

[14C]Chlordecone concentration (dpm/g) Decrease Tissue 
Placebo Cholestyramine (%) 

Liver 188,684 ? 20,000 114,537 ? 12,000 39 
Adrenal 64,375 + 9,000 44,296 ? 3,100 31 
Fat 32,719 ? 6,600 22,805 ? 2,600 30 
Lung 45,062 ? 5,700 28,121 ? 4,800 37 
Stomach 29,999 + 3,000 14,286 + 950 52 
Small intestine 28,450 ? 3,000 13,582 ? 3,200 52 
Colon 15,244 ? 1,500 9,226 + 970 40 
Brain 25,495 ? 2,200 12,427 - 1,090 51 
Bile 8,006 ? 570 4,891 - 210 39 
Blood 3,794 ? 300 1,991 + 200 48 
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Fig. 1. Binding of ['4C]chlordecone in aqueous solutions by cholestyramine or placebo. Precipi- 
tation of ['4C]chlordecone from aqueous solutions at different pH values was studied using a 
modification of the method of Gallo (10). The incubation mixture consisted of 0.2 ml of 0.02N 
NaOH containing either 1 or 10 gg of [14C]chlordecone, 1.8 ml of Trizma buffer (pH 9, 7.5, or 6), 
and 5 or 50 mg of either cholestyramine as Questran? or of placebo. The mixture was agitated 
briefly and shaken in a water bath at 37?C for 1 hour. After a second brief agitation, the solid 
material was sedimented at 1500g for 15 minutes, and the radioactivity in 0.50 ml of the super- 
natant was counted. Binding of chlordecone to the resins was calculated by comparing the 
amount of radioactivity remaining in the supernatant in incubations with cholestyramine or 
placebo to that in a control incubation containing only buffer and [14C]chlordecone. The ratio of 
concentration of ['4C]chlordecone (micrograms per milliliter) and cholestyramine (CS) or pla- 
cebo (milligrams per milliliter) in the test tube was as follows: hatched bars, 1:5; solid bars, 
1:50; open bars, 10:5; dotted bars, 10:50. Each point was determined in duplicate. Washing 
the sedimented cholestyramine-chlordecone complex with an additional 1 ml of fresh buffer 
released only 2 percent of the total precipitated radioactivity into the supernatant. By contrast, 
the chlordecone precipitated with placebo was removed almost entirely by two washings with 
buffer. 
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lection of feces was continued. At the 
start of treatment, and at 7 and 14 
days thereafter, the concentration of 
['4C]chlordecone in the tissues was mea- 
sured. With the rats maintained at 37?C 
and under anesthesia (urethane, 1.2 g/ 
kg), the abdomen was exposed, and 
timed collections of bile were obtained 
from the bile duct, which was cannulated 
with P.E. 10 tubing. Next, the rats were 
killed by exsanguination, samples (20 
mg) of various organs were removed, 
and the entire animal was digested in 250 
ml of 10N NaOH. For determination of 
radioactivity, the samples of tissue and 
samples of the whole animal digest were 
oxidized and radioactivity was deter- 
mined as described above for stool sam- 
ples. 

For measurement of chlordecone 
chemically, some samples of tissue or 
excreta were acidified and extracted with 
a mixture of hexane and acetone. These 
extracts were analyzed for total radio- 
activity and for organochlorine sub- 
stances by GLC (5). Chlordecone was 
the only compound identified by GLC in 
all samples from eight rats. However, in- 
direct evidence for the presence of 
chlordecone metabolites was obtained 
by calculating the "apparent specific ac- 
tivity" of the extracted chlordecone. 
This value, expressed as disintegrations 
per minute per nanogram of chlordecone 
[mean + standard deviation (S.D.)] [in 
blood (2.19 ? 0.3), fat (2.2 ? 0.3), and 
liver (2.17 ? 0.16)] was similar to that of 
the administered chlordecone (2.20), ex- 
tracted from corn oil by the same proce- 
dure. By contrast, the apparent specific 
activities of chlordecone extracted from 
bile (2.56 ? 0.18) and stool (3.10 ? 0.18) 
were significantly higher. Recovery of 
radioactivity from the tissues and bile 
was 80 to 90 percent, whereas that from 
the stool was 64 percent. The increase in 
apparent specific activity of chlordecone 
extracted from bile and stool is best ex- 
plained by postulating the presence of 
metabolites of chlordecone which escape 
detection under conditions optimized for 
measurement of chlordecone by GLC. 
Isolation of these metabolites is needed 
in order to validate this hypothesis. 

In all animals, 96 + 7 (S.D.) percent of 
the administered radioactivity was ac- 
counted for in body stores or in excreta 
at each point of killing. Cholestyramine 
produced an increase in the fecal excre- 
tion of chlordecone which was detect- 
able within 24 hours (Fig. 1). The total 
excretion of pesticide in the stool during 
the 2 weeks of treatment with choles- 
tyramine was twice that of control ani- 
mals receiving placebo. Coinciding with 
stimulated excretion of pesticide, choles- 
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separately from the stool, showed negli- 
gible radioactivity throughout this study. 

Less than 10 percent of the oral dose 
of chlordecone appeared in the feces 
during the first 24 hours (Fig. 2). During 
the next 7 days, the daily excretion of 
chlordecone in the stool in each animal 
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Fig. 2. Stimulatory effect of cholestyramine on excretion of 
[14C]chlordecone in rats. Rats (20) were given a single dose of 
['4C]chlordecone (40 mg/kg). The animals were divided into two 
groups. On day 7 of the study, the diet was changed from standard 
laboratory chow in powdered form to the same meal supplemented 
with 4 percent of cholestyramine (group 1) or placebo (group 2). The 
animals in both groups consumed equal amounts of food and gained 
weight similarly. Total radioactivity was measured in four rats on day 
7, in a pair of rats for each treatment on day 14, and in six rats for each 
treatment on day 21. Cumulative excretion of radioactivity in the stool 
was calculated daily and is presented as the average for all rats re- 
maining in the study. Variation in the data is given as the standard 
error of the mean (brackets). As calculated from the excretion rate of 
chlordecone in the stools, other losses having been found negligible, 
linear regression of the natural logarithm of the amount of chlorde- 
cone remaining to be excreted (from day 7 to day 21) yields rate con- 
stants for excretion of chlordecone of 0.065 per day and 0.033 per day 
for rats treated with cholestyramine or placebo, respectively. 
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tyramine produced an equal decrease in 
the total radioactivity in the animal. A 
similar decrease in radioactivity was ob- 
served in individual tissues of choles- 
tyramine-treated rats (Table 1). The lat- 
ter finding suggests that, in cholestyr- 
amine-treated rats, the increment in 
excreted chlordecone did not arise from 
a small, readily mobilizable pool but 
rather was derived from each tissue ex- 
amined in proportion to the concentra- 
tion of chlordecone in the tissue. 

Total biliary excretion of [14C]chlor- 
decone in rats was not in excess of that 
appearing in the stool, in contrast to our 
findings in patients (2). Measurements of 
bile production and biliary [14C]chlor- 
decone excretion were made in rats 
after 14 days of treatment. Maximal 
bile flow was the same in rats treated 
with placebo [2.85 ? 1.3 ml/kg per hour 
(S.D.) N = 5], or cholestyramine [2.4 + 
0.6 ml/kg per hour (S.D.) N = 5]. Bili- 
ary excretion of [14C]chlordecone by 
placebo-treated animals represented 
103 ? 40 percent (S.D.) of the [14C]- 
chlordecone excreted in the stool in 
the preceding 24 hours. For cholestyra- 
mine-treated rats, biliary excretion of 
chlordecone accounted for only 47 ? 10 
(S.D.) percent of that excreted in the 
feces. In these calculations, the assump- 
tion was made that the maximal excre- 
tion of radioactivity in bile in one of 
three consecutive 30-minute collections 
was directly proportional to that ex- 
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creted for 24 hours in the intact animal. 
Therefore, on the assumption that sub- 
stantial amounts of biliary chlordecone 
are absorbed in the intestine, the data 
suggest that chlordecone enters the gas- 
trointestinal tract from a second source, 
in addition to bile. Moreover, entry of 
chlordecone into the intestine by this 
postulated additional pathway is aug- 
mented by cholestyramine. Among 
many possibilities, this pathway could be 
desquamation of chlordecone-laden cells 
lining the intestine or transport of 
chlordecone into the lumen directly 
across the intestinal mucosa. The exis- 
tence of a nonbiliary mechanism for ex- 
cretion of other lipophilic hydrocarbons 
into the intestine may also be inferred 
from studies of the pharmacodynamics 
of mirex (6), dieldrin (7), and poly- 
chlorinated biphenyls (8). 

On the basis of the present data we be- 
lieve that cholestyramine represents 
promising therapy for patients with high 
levels of chlordecone and possibly for 
asymptomatic individuals with low con- 
centrations of this pesticide. The resin 
has been used safely for many years to 
treat conditions that are ameliorated by 
binding bile salts in the intestine and thus 
interrupting their reentry into the hepatic 
circulation. However, the use of choles- 
tyramine therapy need not be confined to 
substances excreted in bile. The resin 
has been reported to stimulate nonbiliary 
excretion into the intestine of such hy- 

drophobic compounds as unconjugated 
bilirubin (9) and, in the present studies, 
chlordecone. Therefore, cholestyramine 
may offer a means for detoxification of 
patients exposed to various lipophilic 
substances. 

JAMES J. BOYLAN 
JOHN L. EGLE 

PHILIP S. GUZELIAN* 

Departments of Medicine and 
Pharmacology, Medical College of 
Virginia, Richmond 23298 

References and Notes 
1. Decachlorooctahydro- 1,3,4-metheno-2H-cyclo- 

buta[cd]-pentalene-2-one. 
2. W. J. Cohn, R. V. Blanke, F. D. Griffith, P. S. 

Guzelian, Gastroenterology 71, 901 (1976). 
3. C. Cueto, N. Page, U. Saffiotti, "Report of Car- 

cinogenesis Bioassay of Technical Grade 
Chlordecone (Kepone)" (National Cancer Insti- 
tute, Bethesda, Md., January 1976). 

4. J. Egle, in preparation. 
5. R. V. Blanke, M. Fariss, F. D. Griffith, P. Guze- 

lian, J. Anal. Toxicol. 1, 57 (1976). 
6. K. Pittman, M. Weiner, D. H. Treble, Drug Me- 

tab. Dispos. 4, 388 (1976). 
7. D. Heath and M. Vandekar, Br. J. Ind. Med. 21, 

269 (1964). 
8. H. Yoshimura and S. Yoshihara, in PCV Poi- 

soning and Pollution, K. Higuchi, Ed. (Academ- 
ic Press, New York, 1976), p. 47. 

9. R. Lester, L. Hammaker, R. Schmid, Lancet 
1962-II, 1257 (1962). 

10. D. Gallo, K. Bailey, A. Shetter, Proc. Soc. Exp. 
Biol. Med. 120, 60 (1965). 

11. We thank S. Fernandez for technical assistance, 
M. Farris and R. Blanke for measurements of 
chlordecone, and G. Makhlouf for review of the 
manuscript. P.S.G. is recipient of a clinical in- 
vestigator award in gastroenterology (NIH 
5K08-AM-00128). Supported by grants from the 
National Institute of Environmental Health Sci- 
ence (R01-ES-01519) and from Allied Chemical 
Corporation. 

* Send reprint requests to Box 217, MCV Station, 
Medical College of Virginia, Richmond 23298. 

20 June 1977; revised 1 November 1977 

895 


